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In this work, I produce the following original contributions to the fields of public health and engineering. 

 By finding that urban Colombian adults are experiencing a nutritional transition in which the 

burdens of overweight and obesity are shifting towards those with lower socio-economic status 

(SES). 

 By reporting a population-level systems dynamics (SD) model that gives guidelines to policy 

makers about the nutritional stages dynamics within a population by age and SES. I propose a 

population SD model that includes population accumulation structures based on aging chains by 

three body mass index (BMI) categories (not overweight, overweight, and obese) and 12 age groups. 

I identify the feedback structures that can have an effect on the transference rates (TR) between 

BMI categories. I propose four attributes (leisure time physical activity, transportation physical 

activity, consumption of processed foods and sugar drinks) as the coflow structures that could be 

associated with the nutritional stages of population in the aging chain. 

 By showing how the obesity dynamics can be modelled. I propose a mathematical model to assess 

the nutritional stages dynamics of a population by age and SES over time. This model includes a 

heuristic proposed to estimate the TR between BMI categories of the urban population by age and 

SES. The proposed model offers policy makers a useful tool for understanding the obesity epidemic 

better. In particular, the model could be employed to support the design of public health policy 

interventions aimed at preventing overweight and obesity.  

 By reporting a methodology for policy makers and practitioners in public health to understand the 
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this program in order to promote physical activity (PA). 

 By showing that there is no dominant model of children´s friendship ties in Bogotá, Colombia (a 

middle- income country). The results show that Children´s friendship ties were not based on weight 

status, meeting PA recommendations, organized activities, or sedentary behaviors, in comparison 

with the findings of previous studies in high-income countries, where children did tend to form ties 

with others based on these characteristics. 
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Abstract 

Overweight and obesity and physical inactivity (PI) have become a major problem worldwide. These risk factors are 

associated with non-communicable diseases (NCDs) like diabetes, cancer, and cardiovascular diseases. The economic 

transition that some low- and middle- income countries (LMICs) are experiencing towards increasing the gross national 

product (GNP) has contributed to demographic, epidemiological, technological, and nutritional transitions. In fact, 

countries experiencing urbanization, globalization of food systems, and nutritional transition processes have 

contributed to the shift of the global burden of NCDs from high-income countries (HICs) to LMICs. In this thesis, I 

propose a systemic framework to study the obesity dynamics. Obesity can be studied through different levels of 

analysis; however, in this work, it was studied through two levels of analysis (country level and individual level). 

At the country level, different investigations which have been developed to study the relationship between obesity, 

SES, and the country’s economic development level suggest that obesity tends to transition towards the lower-SES 

population as the country’s GNP increases. In this work, I propose a mathematical model that could be used to assess 

the nutritional transition by SES in LMICs. 

At the individual level, different studies have suggested that the hypothesis about the nutritional transition that some 

LMICs are experiencing should be tested through comparisons of time trends of obesity in different SES groups of a 

single population. In this document, I propose a population aging structure model to test if the urban Colombian 

population is experiencing a nutritional transition by SES. The results suggest that urban Colombian adults are 

experiencing a nutritional transition in which the burdens of overweight and obesity are shifting towards the lower-

SES population. Additionally, I propose a population SD model that includes the population aging structure model to 

understand the nutritional stages dynamics of a population by age and SES. This model can help policy makers to 

identify different subgroups of a population by age and SES and the effects that some attributes can have on the rates 

of change (transferences rates) between body mass index (BMI) categories of a population. 

In this thesis, I identify different societal groups that policy makers should target for intervention. Different methods 

and models were used to support policy interventions in public health to prevent overweight and obesity. In particular, 

we conduct a stochastic network analysis to examine the influence of the weight status, physical activity, and screen 

time on children‘s friendship networks in Bogota, Colombia. The results show that there is no dominant model for 

children´s friendship ties. Additionally, we conduct a social network analysis of the health and non–health related 

organizations that participate in Bogotá’s Ciclovía. We show that Ciclovía is a network whose structure emerged as a 

self-organized complex system. 

  

 



5 
 

Acknowledgements 

El trabajo que presento en este documento fue construido gracias al aporte y ayuda de diferentes personas 

que han estado apoyando me durante estos últimos 5 años y diferentes organizaciones que han apoyado y 

financiado mis estudios. Quiero antes que nada manifestar que estoy muy agradecido con la vida, con Dios, 

y con diferentes personas que me han dado la oportunidad de realizar mis estudios de doctorado y por poder 

compartir, aprender e investigar con diferentes científicos, amigos y compañeros. 

Primero, quiero agradecer el apoyo y la financiación que me dieron la Fundación CeiBA, Colciencias a 

través del Programa Nacional de formación doctoral Francisco José de Caldas (Convocatoria 511-2010) y 

el Departamento de Ingeniería Industrial de la Universidad de los Andes para realizar mis estudios de 

doctorado y apoyar mi investigación. También quiero agradecer al grupo de epidemiología de la 

Universidad de los Andes por apoyarme para participar en diferentes congresos y talleres en temas de salud 

pública y por la oportunidad de investigar en áreas relacionadas. Igualmente, quiero agradecer al grupo de 

investigación Teoría de los sistemas de las organizaciones (TESO) por darme la oportunidad de ser parte 

del grupo. 

De manera seguida quiero agradecer a diferentes amigos, compañeros, científicos y familia que me han 

estado apoyando durante mi doctorado. Primero que todo agradecer a mi esposa Beatriz Helena por todo el 

apoyo, comprensión, paciencia y amor que siempre me ha brindado. Por apoyarme en todos los momentos 

durante mi doctorado y por estar siempre a mi lado apoyándome, aconsejándome y dándome fuerzas para 

seguir adelante. Porque gracias a su apoyo y comprensión he podido realizar mis estudios de doctorado. 

Igualmente, quiero agradecer a mis padres por apoyarme durante cada una de las etapas de mi vida, porque 

gracias a ellos y a mi hermano Carlos es que he podido ser la persona que soy hoy. Especialmente quiero 

agradecer a mi hermano Carlos, porque me ha apoyado, ha sido mi concejero y ejemplo a seguir en la vida. 

Igualmente quiero agradecer a toda mi familia y familiares que me ha dado su apoyo y amor durante las 

diferentes etapas de mi vida, que me han permitido alcanzar este logro. 

Adicionalmente, quiero agradecer a mi tutor Roberto Zarama por la oportunidad que me ha brindado de ser 

un estudiante de doctorado y un "steward of the discipline". Quiero agradecerle por tomarse el rol de 

orientador y guía en mi formación, y por siempre estar dispuesto a corregir mi andar y caminar en la vida. 

Gracias Roberto por ser mi asesor, por brindarme tu amistad, por tomarte el rol de padre en mi formación 

académica y personal y por toda la paciencia que has tenido conmigo. También quiero agradecer a Alfonso 

Reyes, Silvia y Alfonsito por todo el apoyo que me han brindado durante estos últimos años y por permitirme 



6 
 

ser casi un miembro de su familia. Quiero agradecer a Alfonso por brindarme la oportunidad de realizar mis 

estudios de doctorado, por guiarme en mi proceso de formación académica, profesional y personal. Quiero 

aprovechar esta oportunidad para agradecerle también porque me ha permitido crecer como persona y como 

profesional. 

Igualmente, quiero agradecer a mi asesora Olga Lucia Sarmiento, por darme la oportunidad de estudiar la 

obesidad desde el enfoque de los sistemas complejos, por todo el tiempo y apoyo que me ha brindado para 

formarme como un investigador y por enseñarme como divulgar el conocimiento científico. También quiero 

agradecerle por darme la oportunidad de participar en diferentes proyectos internacionales como IPEN e 

ISCOLE y poder formar parte de esta gran red de cooperación y trabajo. Gracias Olga Lucia por ser mi 

asesora, por brindarme tu amistad,  y ser como una mama en mi formación académica y personal.  

También quiero agradecer a diferentes personas e investigadores que han sido cruciales para mi formación 

académica, personal y profesional. Primero, quiero a gradecer a mi asesor Camilo Olaya, por permitirme 

compartir sus ideas, por los diferentes consejos, ideas, aportes y el tiempo que me ha brindado para avanzar 

en mi investigación y por la oportunidad de vivir una experiencia de Champions. Igualmente, quiero 

agradecer al profesor Juan Alejandro Valdivia por la oportunidad que me brindó de realizar mi pasantía en 

la Universidad de Chile, por todo el apoyo, sugerencias e ideas que me ha brindado en los diferentes estudios 

que hemos participado juntos y por la oportunidad de compartir nuevas experiencias en su Universidad. 

También quiero agradecer a los profesores Miguel Kiwi y Jose Rogan por su hospitalidad en Chile y por las 

valiosas discusiones (entre otras cosas de Futbol) en el almuerzo de los viernes. De la misma forma, quiero 

agradecer a mis colegas y amigos de la Universidad de Chile Rafa, Max, Rodrigo, Natalia, Felipe Torres, 

Felipe Valencia, la maca, valentina, Jose, Roberto, Francisco, Cristopher y Maria Jose por toda la 

hospitalidad, apoyo y la amistad que me brindaron durante mi estancia en Chile. 

Adicionalmente quiero agradecer a diferentes compañeros y amigos con los que he compartido diferentes 

experiencias. Primero, quiero agradecer a mis compañeros trillizos, Felipe Montes y Pablo Lemoine, porque 

el doctorado sin su compañía, consejos, apoyo y aventuras no hubiera sido lo que fue, un holding de 

experiencias. Segundo, quiero agradecer a mis compañeros de doctorado y oficina Pablo Medina, Carlos 

Montoya, Juan Felipe Penagos, Sepideh Abolghasem y Roberto Carlos Jimenez que me han apoyado, 

escuchado y me han brindado su amistad. También quiero agradecer a mis hermanos mayores Jorge 

Villalobos, Juan Pablo Calderon, Nelson Lammoglia, Juan Camilo Bohorquez, José Bermeo, Ricardo 

Bonilla, Wilson Florez y Victor Buchelli, por introducirme a la ciencia de la complejidad, por ser mis tutores 

y amigos y por brindarme la oportunidad de aprender de ellos. 

 



7 
 

Table of contents 

Declaration of Original Research .................................................................................................................. 2 

Abstract ......................................................................................................................................................... 4 

Acknowledgements ........................................................................................................................................ 5 

Introduction ................................................................................................................................................... 9 

List of Figures ............................................................................................................................................. 13 

List of Tables ............................................................................................................................................... 14 

Chapter 1. Towards the study of obesity as a complex system ................................................................... 15 

1.1. Obesity: one of the major challenges in public health ................................................................. 15 

1.2. The association between obesity, SES, and the level of economic development: regression-based 

approaches ............................................................................................................................................... 17 

1.3. The advantages of using complex systems to address obesity .................................................... 18 

1.4. A systemic framework to address obesity ................................................................................... 19 

Chapter 2. Towards a model of the nutritional stages dynamics of a population ........................................ 24 

2.1. Population-level systems dynamics model .................................................................................. 24 

2.2. Discussion ................................................................................................................................... 30 

Chapter 3. Modeling the Colombian population: changes in the nutritional stages dynamics. ................... 32 

3.1. Nutritional stages Dynamics of the Colombian population ......................................................... 32 

3.1.1. Model of the nutritional stages dynamics of the Colombian population ..................................... 33 

3.1.2. Calibration of model and estimation of transferences rates between BMI categories................. 34 

3.1.3. Model of the nutritional stages dynamics of the population by age and SES ............................. 36 

3.2. Modeling the nutritional stages dynamics of population by age ................................................. 36 

3.3. Modeling the nutritional stages dynamics of the population by age and SES............................. 38 

3.4. Nutritional transition: a new context for the Colombian population ........................................... 42 

Chapter 4. Obesity related behaviors in children’s friendship networks. .................................................... 46 

4.1. Introduction ................................................................................................................................. 46 

4.2. Methods ....................................................................................................................................... 47 

4.2.1. Study site ..................................................................................................................................... 48 

4.2.2. Sample and Data collection ......................................................................................................... 48 

4.2.3. Variables and measures ............................................................................................................... 48 

4.2.4. Analytic methods ......................................................................................................................... 53 



8 
 

4.3. Results ......................................................................................................................................... 54 

4.3.1. Structural effects.......................................................................................................................... 54 

4.3.2. Receiver effects ........................................................................................................................... 54 

4.3.3. Sender effects .............................................................................................................................. 55 

4.3.4. Homophily effects ....................................................................................................................... 55 

4.4. Discussion and future work ......................................................................................................... 59 

Chapter 5. Understanding the inter-organizational structure of a health system: the Ciclovía Network .... 62 

6.1. Introduction ................................................................................................................................. 63 

6.2. Methods ....................................................................................................................................... 64 

6.2.1. Data collection ............................................................................................................................. 64 

6.2.2. Measures ...................................................................................................................................... 67 

6.3. Analysis ....................................................................................................................................... 68 

6.3.1. Visual and descriptive analysis ................................................................................................... 68 

6.3.2. Stochastic modeling .................................................................................................................... 69 

6.4. Results ......................................................................................................................................... 70 

6.4.1. Descriptive and visual analysis ................................................................................................... 70 

6.4.2. Stochastic modeling .................................................................................................................... 72 

6.5. Discussion and future work ......................................................................................................... 76 

Conclusions and future work ....................................................................................................................... 78 

References ................................................................................................................................................... 82 

 

 

 

 

 

 



9 
 

Introduction 

The prevalences of overweight and obesity and physical inactivity (PI) have become a major problem 

worldwide.1 These risk factors are associated with non-communicable diseases (NCDs) like diabetes, 

cancer, and cardiovascular diseases.2–7 Furthermore, High body mass index (BMI), which is used as an 

indicator of overweight and obesity, was the sixth leading risk factor for premature death and disability in 

2010.8 In fact, countries experiencing urbanization, globalization of food systems, and nutrition transition 

processes have contributed to the shift the global burden of NCDs from high-income countries (HICs) to 

low- and middle-income countries (LMICs).9 LMICs are experiencing a nutritional transition in which the 

burden of obesity tends to shift toward the lower-socioeconomic population.10–12 Recently, some researchers 

have shown that obesity in LMICs is not solely a disease of higher-socioeconomic status (SES) groups.11,12 

The burden of obesity in LMICs tends to shift toward the lower-SES population as the level of economic 

development of a country improves.10,11 In this thesis, I have studied obesity, in particular the nutritional 

transition by SES, as a complex system. I propose a systemic framework to study obesity through different 

scales or levels of analysis. Obesity can be studied through different levels of analysis; however, in this 

work, it was studied through two levels of analysis (individual level-micro level or country level-macro 

level).  

In order to study obesity and its associated features as a complex system, I used the proposed systemic 

framework. At the macro level (country level), the agents are the countries and the interactions between 

them are mainly economic interactions and resource transfers. At this level, different investigations have 

been developed to study the relationship between obesity, SES, and the economic development level of a 

country. Some studies, published prior to 1989, show that there was a positive relationship between SES 

and obesity in LMICs, and negative association in HICs, where obesity was positively related to low SES.13–

15 However, recent research suggests that obesity is not solely a disease of higher-SES groups.10,11 Rather, 

obesity, especially in women, tends to transition towards the lower-SES population as the country’s gross 

national product (GNP) increases.11,12 These nutritional transition processes have contributed to the shift the 

global burden of NCDs from HICs to LMICs.9 The burden of obesity tends to shift towards LMICs. In this 

work, I propose a population aging structure model that includes aging chains for three BMI categories (not 

overweight, overweight, and obese) and divide the population into 12 age groups to assess the nutritional 

stage dynamics of the urban Colombian population by age and SES. I propose a heuristic that estimates the 

transference rates (TRs) between BMI categories by age and SES. The proposed mathematical model could 

be used to assess the nutritional transition by SES in other LMICs, with the proper adaptations. With this 
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model, we could estimate the TRs and prevalences of the nutritional stages over time in different countries, 

in particular LMICs. With this information, we could study the relationship between obesity, SES, and the 

economic development level of a country over time. 

At the individual level, the agents can be individuals, small groups of individuals in a particular social 

context or organizations that interact between them to produce varied outcomes. At this level, significant 

research has been developed to study obesity and its associated features, particularly using statistical 

approaches. However, research evaluating the SES-related obesity dynamic as a complex system has been 

limited. The studies that do exist on the obesity dynamics and its associated features tend to adopt one of 

three different frameworks: system dynamics (SD) models, (ii) network analyses (NA), or (iii) agent-based 

models (ABM). According to the nutritional transition process by SES, different studies in some middle- 

and high-income countries (MHICs) have been developed to assess the relationship between obesity and 

SES. These studies have shown inverse or at least curvilinear associations between SES and obesity and 

suggest that the population may be experiencing a nutritional transition in which the burden of obesity tends 

to shift towards those with lower SES.16–21 Different authors have suggested that this hypothesis should be 

tested through comparisons of time trends of obesity in different SES groups of a single population.11,12,17 

In this research, I used the population aging structure model described in chapter 2 to test this hypothesis. 

In particular, I assessed the nutritional stage dynamics of the urban Colombian population by age and SES. 

The results suggest that the urban Colombian population is moving towards overweight and obese 

categories, but this shift mainly affects those with lower SES. The proposed model can be used to assess 

policy interventions in public health to prevent overweight and obesity. In particular, it can be used to 

identify which subgroups of the population by age and SES ought to be targeted. 

After we have understood the nutritional transition process by SES of a country, it is important understand 

the effect that the feedback structures can have on the TRs between BMI categories. I propose a population 

SD model that includes the aging population structure model. This model takes into account the feedback 

structures of some attributes that could have an effect on the TRs between BMI categories. In fact, the model 

could be used to understand the effects of leisure time physical activity, transportation physical activity, 

consumption of processed foods and sugary drinks, and screen time on the nutritional stage dynamics of the 

population.  

In this work, I identify different subgroups of the urban Colombian population that policy makers should 

target for intervention. In particular, I show that Colombian children aged 0 to 14 are moving from obese to 

overweight and from overweight to not overweight categories. In order to understand obesity in children and 

give guidelines to policy makers about the obesity-related behaviors that ought to be targeted for the 
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intervention efforts, here we examine the influence of weight status, physical activity, and screen time in 

children’s friendship networks in Bogota, Colombia. We propose that there is no dominant patron in the 

children friendship ties (a middle- income country). The results show that children’s friendship ties are not 

based on weight status, meeting physical activity (PA) recommendations, organized activities, or sedentary 

behaviors, in comparison with the findings of previous studies in HICs, where children did tend to form ties 

with others based on these characteristics.22–27 

The previous result indicating that children aged 0 to 14 are moving from obese to overweight and from 

overweight to not overweight categories are encouraging and unexpected. This result could be explained in 

part by two factors: (1) the prevalence of PA by walking for transportation has increased significantly 

between 2005 and 201028 ,and (2) the different actions taken by the Colombian government to improve PA 

levels in the population and prevent, treat, and control obesity and NCDs. For example, at the national level, 

Colombia has the Ciclovías Recreativas, a mass recreational program with national coverage implemented 

over a decade ago. This is considered a promising program and an environmental approach to promote 

PA.29,30 Environmental and policy approaches can be effective ways to promote PA, creating or enhancing 

access to places for PA with outreach programs.31 Implementation of these programs at both national and 

local levels requires knowledge of how multisectoral partners are working together and how collaboration 

could be improved. Therefore, we developed another study, at the individual level. We conducted a social 

network analysis of the health and non–health related organizations that participate in Bogotá’s Ciclovía. 

We propose a methodology for policy makers and practitioners in public health to understand the structure 

of organizational networks such as the Ciclovia Network. This study provides a framework to understand 

how Bogotá’s Ciclovía program is structured and what works to develop and support this program to 

promote PA. 

This document is organized into five chapters. Chapter 1 introduces obesity as a complex system and 

proposes a systemic framework to study obesity from a complex systems perspective. In Chapter 2, I 

propose a population SD model that could be used to give guidelines to policy makers about the nutritional 

stage dynamics within a population by age and SES. The model includes a proposed heuristic that estimates 

the TRs between BMI categories by age and SES. In chapter 3, I use the population aging structure model 

proposed in chapter 2, which includes aging chains for BMI categories and divide the population into 12 

age groups to assess the nutritional stage dynamics of the Urban Colombian population by age and SES. 

Additionally, I estimate the TRs between BMI categories by age and SES using the proposed heuristic in 

chapter 2. This chapter shows the changes in the nutritional stage dynamics of the Colombian population 

by age and SES. We conclude that the obesity epidemic operates at varying paces across SES and age 

groups. In particular, urban Colombian adults are experiencing a nutritional transition in which the burdens 
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of overweight and obesity are shifting towards the lower-SES population. Chapter 4 examines the influence 

of weight status, physical activity, and screen time in children’s friendship networks in Bogota, Colombia. 

We did not find any evidence that relates children’s friendship ties with their weight status, meeting PA 

recommendations, or sedentary behaviors. However, friendship ties in most schools were more likely to be 

based on homophily in sex, indicating that most networks were sex-segregated. In chapter 5, we conduct a 

social network analysis of the health and non–health related organizations that participate in Bogotá’s 

Ciclovía. We conclude that Ciclovía is a network whose structure emerged as a self-organized complex 

system in which the organizations tend to cooperate, collaborate, or form partnerships in multisectoral 

clusters. In the final section, we present the conclusions, and future work. 
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Chapter 1. Towards the study of obesity as a complex 

system 

1.1.  Obesity: one of the major challenges in public health 

Overweight, obesity, and physical inactivity (PI) have in recent years become a major public health problem 

worldwide.1,32 This risk factor is associated with non-communicable diseases (NCDs) like diabetes, cancer, 

and cardiovascular diseases.2–7 Between 2001 and 2004, these factors have gone from seventh to among the 

top five leading risk factors of attributable death in the world, with a higher mortality in low- and middle-

income countries.33 In a recently policy report, high body mass index (BMI), which is used as an indicator 

of overweight and obesity, was the sixth leading risk factor for premature death and disability in 2010.8 In 

fact, countries experiencing urbanization, globalization of food systems, and nutrition transition processes 

have contributed to shift the global burden of NCDs from high-income countries (HICs) to low- and middle-

income countries (LMICs).9 The process of urbanization and globalization of food systems have been 

associated with the nutritional transition of LMICs, where the burden of obesity, especially in women, tends 

to shift toward the lower-socioeconomic population as the level of economic development of a country 

improves.10,11  

Many NCDs are products of changes in diet and lifestyles that result from the nutritional transition that 

accompanies economic development, the increasing urbanization of societies, and the globalization of food 

systems.34 According to the World Health Organization (WHO), cardiovascular diseases are the main cause 

of death in the world, particularly among women: 33.9% of all deaths in women and 29.2% of all deaths in 

men in 2012 were due to these diseases.35 Projected trends in global mortality by 2030, developed by the 

WHO, show an increase in total death due mostly to NCDs, especially cancers and cardiovascular diseases.36  

In the same manner, Latin American countries are suffering a shift in the burden of chronic diseases due to 

demographic and nutritional transitions, with significant changes in diet and lifestyle.37 The rate of mortality 

due to NCDs, mainly cardiovascular diseases and cancers, has increased during the last years.38  In 

Colombia, chronic diseases, in particular cardiovascular diseases, are the main causes of morbidity and 

mortality among the male and female adult populations. According to the Colombian National Department 

of Statistics (Departamento Nacional de Estadística [DANE]), 63% of adult mortality is due to these type 

of chronic diseases.39  
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Furthermore, the high prevalence of overweight and obesity is an important economic and public health 

problem. This risk factor affects the costs of public health systems, the sustainability of retirement pension 

systems, and economic and social stability.40–43 In USA, Finkelstein et al.44 estimated that the extra medical 

costs of obesity were $ 75 billion in 2003. Other studies reported that obese and overweight individuals 

have higher annual health-care costs than normal-weight individuals.43,45–47 Additionally, for different HICs, 

obesity has been estimated to vary between 2-7 % of total health-care expenditures.48–51 In Latin America 

the health care costs associated with overweight and obesity are also significant. For instance, in Mexico, 

people who develop diseases related to overweight and obesity live an average of 14.5 years while sick, and 

their life expectancy is reduced by seven years. Moreover, the estimated direct cost resulting from the 

medical care associated with diseases related to overweight and obesity increased by 61% between 2000 

and 2008. In 2008, that cost represented 33.2% of the federal spending for health services.40 Additionally, 

several studies suggest that the indirect costs of the lost productivity due to premature death attributable to 

overweight and obesity is several times larger than medical costs.52–54  

Different LMICs are experiencing a nutritional transition in which the higher prevalence of overweight and 

obesity is changing from the highest socioeconomic status (SES) to the lowest.10–12 Different studies 

published prior to 1989 showed that high SES was positively related to obesity in men, women, and children 

in LMICs, in contrast to the situation in HICs, where obesity was positively related to low SES.13–15 

Recently, however, some researchers have shown that obesity in LMICs is not solely a disease of higher-

SES groups, but rather that the burden of obesity, especially in women, in LMICs tends to shift toward the 

lower-SES population as the country’s gross national product (GNP) increases.10,11  

Some Latin America countries are experiencing a nutritional transition too, in which the prevalence of 

obesity, mainly among women of reproductive age, is growing at a higher rate in low SES than high 

SES.17,18,55 In the case of Colombia, according to the Colombian Demographic and Health Survey (Encuesta 

Nacional de Demografía y Salud [ENDS]),56,57 the prevalence of obesity among women of reproductive age 

in the lowest wealth index (WI) quintile increased by 27.66% from 2005 to 2010, in contrast with a marginal 

increase of 4.24% in the highest WI quintile. The changes in the dynamics of the nutritional stages of the 

Colombian population by SES, together with the epidemiological transition that entails, make it difficult for 

the Colombian public health system to design strategies and policies to prevent overweight and obesity, and 

may pose significant costs arising from these risk factors.  
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1.2.  The association between obesity, SES, and the level of economic 

development: regression-based approaches 

The researches about the relationship between obesity, SES, and the economic development level of a 

country have tended to focus on studying this relationship using statistics approaches. An important review 

of literature, based on research  published prior to 1989, showed that there was a positive relationships 

between SES and obesity in men, women, and children in LMICs, in contrast to the situation in HICs, where 

obesity was positively related to low SES.13–15 Recent studies about SES and women's obesity in LMICs, 

however, have shown that obesity is not solely a disease of higher-SES groups.10,11 For example, Monteiro 

et al.11 developed a study based on 14 studies on SES and obesity in male and female populations of LMICs, 

published between 1982 and 2002. They explored the relationship between the obesity, SES, and the level 

of economic development. The results showed that women in lower SES are most likely to be obese than 

women in higher SES, and as GNP increases this likelihood is accentuated. In the case of men, as GNP 

increases individuals from lower-SES groups tend to lose their protection against obesity.  

Additionally, Monteiro et al.10, in another study, analyzing data sets from 37 surveys conducted between 

1992 and 2000 in national samples of non-pregnant women in reproductive ages from 37 countries (low, 

lower–middle, and upper-middle countries), showed that the level of economic development of a country 

was a statistically significant modifier of the effect of SES on obesity. The burden of obesity in LMICs 

tends to shift toward the lower-SES population as the country’s GNP increases. Likewise, Martorell et al.58, 

using data sets from 38 surveys conducted between 1987 and 1996 in national samples of non-pregnant 

women of reproductive age from 32 LMICs, showed that the relative protection against obesity in low-SES 

groups was attenuated by rising national incomes.  

Recent studies confirmed the previous results. Dinsa et al. found that in low-income countries SES and 

obesity appear to be positively related for men and women; nonetheless, the association becomes mixed for 

men and negative for women in middle-income countries.59 In another study, McLaren60 analyzed data from 

333 published studies conducted between 1988 and 2004, classified the level of development of each 

country into three categories (high, medium, and low) according to the 2003 Human Development Index 

(HDI), and used different SES indicators. The results showed that as one moved from high- to low-HDI 

countries, the proportion of positive associations between SES and obesity increased, for both men and 

women.  

In the context of individual countries, studies in some middle- and high-income countries (e.g. Chile,19 

Brazil,16–18 Curacao20 and China21) have shown inverse or at least curvilinear associations between SES and 
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obesity in women. In particular, in Brazil, different studies that have compared national surveys conducted 

in 1975, 1989, 1997, and 2003 have revealed that from 1975 to 1989 results showed a progressive shift in 

the obesity prevalence rates among both men and women in all income groups, with a relatively higher 

increase in individuals in lower-income groups.16,18 In the second period (1989-2003), results showed a 

larger increase in the obesity prevalence rates among men in lower-income groups, a slight increase among 

women in lower-income groups, and a slight decrease in women in upper-income groups.17,18 Likewise, in 

China, Dearth-Wesley et al.21, using nationally representative data of children aged 6-17 years old, and 

adults, aged 18-54 years old, surveyed in 1991 and 2004 found that the prevalence of overweight increased 

fastest among adults in low-income and rural populations.  

Although different researchers have emphasized understanding the nutritional transition by SES using 

statistics approaches,10,11,16–21,58–60 less attention has been paid to understanding the dynamics of obesity as 

a complex adaptive system.61 Some systems science methods, in different investigations, have been used to 

study the dynamics of obesity and its associated features: (i) system dynamics (SD) models, employed to 

study body-weight regulation62,63 or understand obesity dynamics at the population level;64–66,61,67–69 (ii) 

network analyses (NA), conducted to study the spread of obesity70 or obesity-related behaviours in 

friendship networks;23 or  (iii) agent-based models (ABM), implemented to explore the possible role of 

economic segregation in generating income disparities in diet71 or dietary choice.72 However, investigations 

that study the dynamics of obesity by SES using a systemic approach in Latin America are limited. 

1.3.  The advantages of using complex systems to address obesity 

Obesity  has become a challenging public health problem due to the diversity of actors with different 

motivations (families, schools, retailers, industry, government agencies, the media, health-care providers, 

city planners, and others), who interact to produce varied outcomes73; levels of scale involved (genes, 

neurobiology, psychology, family structure, social context and social norms, environment, markets and 

public policy)73; and the different complex factors (food and physical, cultural, or economic environment) 

and the linkages and feedback between them that influence the development of obesity in individuals, and 

the success or failure of prevention efforts.74,75 The previous features are classic characteristics of a complex 

system in which a large number of internal and external elements affect the dynamics of the system in 

nonlinear and unexpected manners; therefore, it is natural to expect that the obesity can be studied using a 

complex-system approach.73  

The majority of studies have applied different statistical models (regression-based approaches) to 

understand the dynamics of obesity. However, studies evaluating the dynamic of obesity as a complex 
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system are limited. Study the obesity as a complex system have many advantages. Specifically, complex 

systems focus on dynamic interactions among actors, taking into account feedback loops and multiple levels, 

to study emergent phenomena over time. 71,73,76–80 In fact, in the obesity system there are diversity of actors 

with different motivations, who interact to produce varied outcomes.73 Indeed, the obesity involved different 

interacting actors, different levels of scale,73 different complex factors, and linkages and feedback between 

them that influence the development of obesity in individuals, and the success or failure of prevention 

efforts.75 Complex systems approaches are holistic, focusing on the complex structure of the system where 

the complexity emerges from the dynamic set of relationships between actors.76,81 Finally, complex systems 

approaches seek to address the unintended effects of intervening in the system and the long delays between 

causes and effects.82  

1.4.  A systemic framework to address obesity 

In order to study obesity as a complex system, I propose a systemic framework (Figure 1). Obesity can be 

studied through different levels of analysis; however, in this work, it was studied through two levels of 

analysis (country level-macro level or individual level-micro level). At the macro level (country level), the 

agents are the countries and the interactions between them are mainly economic interactions and resource 

transfers. At the country level, as I showed in a previous section, the relation between obesity, SES, and the 

economic development level of a country has changed in the last decades. Recent research suggests that 

obesity tends to transition towards the lower-SES population as the country’s GNP increases.11,12 

Globalization, and economic development have led to dietary patterns and lifestyle changes that are related 

to the consumption of high-value foods (processed foods and food consumed outside the home).83,84 

Different studies have reported that supermarkets, food manufacturers, and fast food outlets have had a rapid 

expansion in different LMICs.85–87 In particular, the changes in food supply chains have been associated 

with the rapid diffusion of supermarkets in LMICs. These countries are experiencing an increase in the 

availability of low-cost processed foods (fast foods and soft drinks), which are generally more energy-dense 

and higher in salt, sugar, and trans-fats.83,88,89 Transnational food and drink manufacturing, distribution, 

retailing, fast food, and allied enterprises have become colossal global corporations.90 In fact, food supplies 

are part of a global food system which is now dominated by processed products.90  

The economic transition that some LMICs are experiencing towards increasing GNP have contributed to 

demographic transition (rural-urban migration), epidemiological or health transition (to shift the global 

burden of NCDs from HICs to LMICs), technological transition (low to high mechanisation and 

motorisation); and nutritional transition (the burden of obesity tends to shift toward the lower-SES 

population) in these countries. 89 
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According to the proposed systemic framework, to study the obesity epidemic, first it is important to 

understand how is the nutritional transition process of a country (the obesity dynamics). To do that, I propose 

a population aging structure model that includes population accumulation structures based on aging chains 

by three BMI categories (not overweight, overweight, and obese) and 12 age groups of 5 years to model the 

nutritional stage dynamics of a population by age and SES. Furthermore, I propose a heuristic that estimates 

the transference rates (TRs) between BMI categories by age and SES (Chapter 3). This model could be used 

to assess the nutritional transition by SES in other LMICs, with the proper adaptations. We could use the 

proposed model to estimate the TRs and prevalence of the nutritional stages over time in different countries, 

in particular LMICs. With this information for these countries, we could study the relationship between 

obesity, SES, and the economic development level over time and we could test the hypothesis that obesity 

tends to transition towards the lower-SES population as the economic development level of a country 

improves. 

After we have identified what stage the country is in according to the nutritional transition process, I propose 

to study obesity at the individual level. Here, the agents can be individuals, small groups of individuals in a 

particular social context, or organizations that interact between them to produce varied outcomes. At this 

level, significant research has been developed to study obesity and its associated features, particularly using 

statistical approaches. However, research evaluating obesity using systemic approaches has been limited. In 

particular, as I mentioned three systems science methods have been used: (i) SD models62,63,64–66,61,67–69, 

network analyses23,70or agent-based models.71, 72 According to the nutritional transition process by SES, 

different research in some middle- and high-income countries (MHICs) (e.g. Chile,19 Brazil,16–18 Curacao20 

and China21) have been developed to study the relationship between obesity and SES. These studies have 

shown inverse or at least curvilinear associations between SES and obesity and suggest that the population 

may be experiencing a nutritional transition in which the burden of obesity tends to shift towards those with 

lower SES. Different authors have suggested that this hypothesis should be tested through comparisons of 

time trends of obesity in different SES groups of a single population.11,12,17 To test this hypothesis, I used 

the population aging structure model described in Chapter 2. In particular, I assessed the nutritional stage 

dynamics of the urban Colombian population by age and SES. The proposed model can be used to guide 

the design of public health interventions to prevent overweight and obesity related to age and SES. In 

particular, it can be used to identify which subgroups of the population by age and SES ought to be targeted. 

Once we have understood the nutritional stage dynamics of a country by age and SES, it is important to 

understand the effect that some attributes (physical activity, food patterns, sedentary behaviours, e.g.) can 

have on the TRs between BMI categories. To do that, I propose a population SD model that includes the 

population aging structure model used to study the nutritional stage dynamics of a population by age and 
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SES. This model takes into account some feedback structures that could have an effect on the TRs between 

BMI categories. In particular, I identify four attributes (leisure time physical activity, transportation physical 

activity, consumption of processed foods and sugary drinks, and screen time) as the coflow structures that 

could be associated with the nutritional stages of a population. We selected these attributes because, 

according to the literature review, these factors are important variables associated with obesity and 

nutritional transition,34,83,84 In particular, the selection of the attributes was based on the obesity system map 

developed by the UK Government's Foresight Programme. They developed a study that sought to 

understand the complex systemic structure of obesity and contributed to the development of a tool that helps 

policy makers in assessing and designing public health policies related to obesity.91 The obesity system map 

identifies the relevant factors and their interdependences that determine the condition of obesity for an 

individual or group of people in the UK. It is divided into seven thematic clusters: individual physiology, 

individual physical activity, physical activity environment, individual psychology, social psychology, food 

consumption, and food production. The proposed population SD model could be used to study the effects 

of intervening in the system considering the delays between causes and effects. In particular, it opens the 

possibility to test the effect of policy interventions by BMI category, age, and SES, taking into account the 

proposed coflow structures. 

Finally, the proposed complete model could help policy makers to identify subgroups of the population by 

age and SES and the effects that the attributes could have on the TRs between BMI categories of a 

population. With this information, researchers and policy makers could use different methods and models 

(statistical approaches, network analysis, agent based models, SD models, e.g.) to study obesity and its 

associated features in the identified subgroups of the population. The results of this methods and models 

could be used to modify the proposed model or to design new population models that seek to understand 

the obesity dynamic by age and SES. 

In this work, I identify different societal groups (segmented by age and SES) that policy makers should 

target for intervention. We used different methods and models to support policy interventions in public 

health to prevent overweight and obesity in some of these identified subgroups of the population. In 

particular, I show that urban Colombian children aged 0 to 14 are moving from obese to overweight and 

from overweight to not overweight categories (Chapter 3). Therefore, we developed a study to understand 

obesity in urban Colombian children and give guidelines to policy makers about the obesity-related 

behaviors that ought to be targeted of the intervention efforts. We conducted a stochastic network analysis 

to examine the influence of weight status, physical activity, and screen time on children’s friendship 

networks (Chapter 4).  
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Additionally, the result of the estimated TRs indicating that children aged 0 to 14 are moving towards 

overweight and not overweight categories is encouraging, puzzling, and requires further evaluation. We 

hypothesize that this result could be explained in part by factors such as the significant increment of the 

prevalences of PA by walking for transportation between 2005 and 201028 and the different actions taken 

by the Colombian government to improve PA levels in the population and prevent, treat, and control obesity 

and NCDs. In particular, Colombia has implemented the Ciclovías Recreativas program, which is 

considered as a promising program and an environmental approach to promote PA.31 Implementation of 

these programs at both the national and local levels requires knowledge of how multisectoral partners are 

working together and how collaboration could be improved. Therefore, we developed a social network 

analysis (at the individual level, in which the agents are organizations involved in the Ciclovia Network and 

the interactions are the links between the organizations that work together in some way to develop of the 

Ciclovia program) of the health and non–health related organizations that participate in Bogotá’s Ciclovía 

(Chapter 5). 
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Figure 1. Systemic framework proposed to study the obesity dynamics. 
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Chapter 2. Towards a model of the nutritional stages 

dynamics of a population 

This chapter is based on a paper submitted to Kybernetes.92 In order to study the obesity dynamics as 

complex system, I proposed a systemic framework in chapter 1. According to this framework, obesity was 

studied through two levels of analysis (country level-macro level or individual level-micro level). In this 

chapter, I propose a SD model to study the obesity dynamics at the individual level. I developed a population 

SD model that includes population accumulation structures based on aging chains (population aging 

structure) by three BMI categories (not overweight, overweight, and obese) and 12 age groups of 5 years to 

model the nutritional stages of a population by SES. I identified the feedback structures of some attributes 

that could have an effect on the TR between BMI categories. In particular, I propose four attributes leisure 

time physical activity, transportation physical activity, consumption of processed foods and sugary drinks 

as the coflow structures that could be associated with the nutritional stages of population in the aging chain. 

The SD model takes into account the feedback structures that there are between population aging chain by 

BMI categories and the coflows by each attribute. In particular, the model can be used to: 1) study the 

dynamics of the prevalences of overweight and obesity by age and SES over time; 2) identify which 

subgroups of the population by age and SES ought to be targeted; 3) and finally, guide the design of public 

health interventions to prevent overweight and obesity related to age and SES. The model could be used to 

gives guidelines to policy makers about the nutritional stage dynamics within a population by age and SES. 

2.1.  Population-level systems dynamics model 

We developed a model to study the dynamics of nutritional stages of a population by age. The model 

includes aging chains for three BMI categories or nutritional stages (not overweight, overweight, and obese). 

The population is divided into N age groups. We used aging chains by BMI categories and divided the 

population into age groups, because the actors are heterogeneous. Actors in each cohort by BMI category 

and age group have their own characteristics, and they exhibit different behavior patterns (in terms of dietary 

patterns and physical activity).56,57 We chose these BMI categories because we seek only to address the 

obesity problem, and to be consistent with the categories used in ENDS surveys, as shown in the final 

report.56,57 The population aging structure for each age group includes transitions from a previous age group 

and deaths. Of course, for the first age groups we have a birth rate.  
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The mathematical form of the model is as follows: 

𝑑𝑁0
𝑑𝑡

= 𝐵𝑁 + 𝜏4,0𝑊0 − 𝜏1,0𝑁0 − 𝐸0
𝑁(1 − 𝑆0) − 𝐸0

𝑁𝑆0                                                                                                (1) 

𝑑𝑁𝑖
𝑑𝑡

= 𝐸𝑖−1
𝑁 𝑆𝑖−1 + 𝜏4,𝑖𝑊𝑖 − 𝜏1,𝑖𝑁𝑖 − 𝐸𝑖

𝑁(1 − 𝑆𝑖) − 𝐸𝑖
𝑁𝑆𝑖 ,             𝑓𝑜𝑟 𝑖 ∈ (1, … , 𝑛 − 1)                                     (2) 

𝑑𝑊0
𝑑𝑡

= 𝐵𝑊 + 𝜏1,0𝑁0 + 𝜏3,0𝑂0 −𝑊0(𝜏2,0 + 𝜏4,0) − 𝐸0
𝑊(1 − 𝑆0) − 𝐸0

𝑊𝑆0                                                             (3) 

𝑑𝑊𝑖
𝑑𝑡

= 𝐸𝑖−1
𝑊 𝑆𝑖−1 + 𝜏1,𝑖𝑁𝑖 + 𝜏3𝑖𝑂𝑖 −𝑊𝑖(𝜏2,𝑖 + 𝜏4,𝑖) − 𝐸𝑖

𝑊(1 − 𝑆𝑖) − 𝐸𝑖
𝑊𝑆𝑖 ,            𝑓𝑜𝑟 𝑖 ∈ (1, … , 𝑛 − 1)     (4) 

𝑑𝑂0
𝑑𝑡

= 𝐵𝑂 + 𝜏2,0𝑊0 − 𝜏3,0𝑂0 − 𝐸0
𝑂(1 − 𝑆0) − 𝐸0

𝑂𝑆0                                                                                                 (5) 

𝑑𝑂𝑖
𝑑𝑡

= 𝐸𝑖−1
𝑂 𝑆𝑖−1 + 𝜏2,𝑖𝑊𝑖 − 𝜏3,𝑖𝑂𝑖 − 𝐸𝑖

𝑂(1 − 𝑆𝑖) − 𝐸𝑖
𝑂𝑆𝑖 ,            𝑓𝑜𝑟 𝑖 ∈ (1, … , 𝑛 − 1)                                       (6) 

where 𝑁𝑖 ,𝑊𝑖, 𝑂𝑖 are the population of not-overweight, overweight, and obese individuals in the age group i 

respectively; 𝐵𝑁 ,  𝐵𝑊, 𝐵𝑂 are the births for each BMI category of the first age group; 𝐸𝑖
𝑁, 𝐸𝑖

𝑊, 𝐸𝑖
𝑂 are the 

exit rates for each age group i and BMI category; and 𝑆𝑖 is the survival fraction for each age group i. The 

exit rate is the total number of individuals that leave each age group by BMI category and is divided into 

two flows: those who mature into the next age group 𝑆𝑖 and those who die (1 − 𝑆𝑖). The parameters 𝜏1,𝑖 and 

𝜏2,𝑖 are the transference rates (TR)s which corresponds to the fraction of individuals from the not overweight 

and the overweight categories that becomes overweight and obese respectively for each age group i. The 

parameters 𝜏3,𝑖 and 𝜏4,𝑖 are the TRs of individuals from the obese to the overweight category and from the 

overweight to the not overweight category respectively from each age group i (Figure 2). 

The number of births per year by each BMI category is given by: 

𝐵𝑁 = 𝜇𝜃𝑁 (
𝑓

(𝑌𝐹 − 𝑌𝐼 + 1)
) ∑(𝑁𝑖 +𝑊𝑖 + 𝑂𝑖)

𝑌𝐹

𝑖=𝑌𝐼

                         (7) 

𝐵𝑊 = 𝜇𝜃𝑊 (
𝑓

(𝑌𝐹 − 𝑌𝐼 + 1)
)∑(𝑁𝑖 +𝑊𝑖 + 𝑂𝑖)

𝑌𝐹

𝑖=𝑌𝐼

                        (8) 
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𝐵𝑂 = 𝜇𝜃𝑂 (
𝑓

(𝑌𝐹 − 𝑌𝐼 + 1)
) ∑(𝑁𝑖 +𝑊𝑖 +𝑂𝑖)

𝑌𝐹

𝑖=𝑌𝐼

                          (9) 

 

where 𝜇 is the total fraction of woman in the population in 2005, 𝜃𝑁, 𝜃𝑊, 𝜃𝑂 are the fractions of births by 

each BMI category, 𝑓 is the total number of children born to each woman during the childbearing years 

(fertility rate), and 𝑌𝐼 is the first and 𝑌𝐹 is the last childbearing year considered, respectively.  

 

Figure 2. Overview of the population aging structure. 

The exit rates by each age group and BMI category are modeled as: 

𝐸0
𝑁 = 𝐷𝐸𝐿𝐴𝑌1(𝐵𝑁 + 𝜏4,0𝑊0

− 𝜏1,0𝑁0, 𝑌)                                                                               (10) 

𝐸𝑖
𝑁 = 𝐷𝐸𝐿𝐴𝑌1(𝐸𝑖−1

𝑁 𝑆𝑖−1 + 𝜏4,𝑖𝑊𝑖
− 𝜏1,𝑖𝑁𝑖, 𝑌),   𝑓𝑜𝑟 𝑖 ∈ (1, … , 𝑛 − 1)                                            (11) 

𝐸0
𝑊 = 𝐷𝐸𝐿𝐴𝑌1(𝐵𝑊 + 𝜏1,0𝑁0 + 𝜏3,0𝑂0 −𝑊0(𝜏2,0 + 𝜏4,0), 𝑌)                                                           (12) 

𝐸𝑖
𝑊 = 𝐷𝐸𝐿𝐴𝑌1(𝐸𝑖−1

𝑊 𝑆𝑖−1 + 𝜏1,𝑖𝑁𝑖 + 𝜏3,𝑖𝑂𝑖 −𝑊𝑖(𝜏2,𝑖 + 𝜏4,𝑖), 𝑌),   𝑓𝑜𝑟 𝑖 ∈ (1, … , 𝑛 − 1)             (13) 
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𝐸0
𝑂 = 𝐷𝐸𝐿𝐴𝑌1(𝐵𝑂 + 𝜏2,0𝑊0

− 𝜏3,0𝑂0, 𝑌)                                                                                          (14) 

𝐸𝑖
𝑂 = 𝐷𝐸𝐿𝐴𝑌1(𝐸𝑖−1

𝑂 𝑆𝑖−1 + 𝜏2,𝑖𝑊𝑖
− 𝜏3,𝑖𝑂𝑖, 𝑌),   𝑓𝑜𝑟 𝑖 ∈ (1, … , 𝑛 − 1)                                        (15) 

where DELAY1 function represents a first-order material delay using an exponential delay time of delay 

duration 𝑌. Finally, the survival fraction for each age group is given by:93 

𝑆𝑖 = 𝑒𝑥𝑝(𝑅𝑖𝑌) ,   𝑓𝑜𝑟 𝑖 ∈ (0,… , 𝑛 − 1)                        (16) 

In this formulation, 𝑅𝑖 is the mortality rate for each age group i.  

Additionally, each cohort by BMI category and age group has four attributes: leisure time physical activity 

(LTPA), transportation physical activity (TPA), consumption of processed foods and sugar drinks (PFSD), 

and screen time (ST) (Figure 3, Table 1). We chose these four attributes because, according to the literature 

review, these factors are important variables associated with obesity and the nutritional transition, 34,83,84 and 

these factors have been measured in the ENDS and the National Nutrition Survey in Colombia (Encuesta 

Nacional de la Situación Nutritional en Colombia [ENSIN]) surveys. 

These attributes are modeled using coflows due to the importance of keeping track of them as the individuals 

of different cohorts travel through the system’s stock and flow structure.93 The Coflow for each attribute is 

a stocks and flows structure that exactly replicate the population aging structure to keep track of the attribute 

of individuals in each BMI category and age group. The coflow structures are conserved: the attribute stocks 

by BMI category and each group can only change when individuals travel through the population aging 

structure. The average values of the coflow structures (attributes) have an effect on the TRs between the 

BMI categories by each age group. The average value of a coflow structure by each BMI category and age 

group is the total attribute level divided by the total number of individuals in the corresponding stock of the 

population aging structure. Here, there are different feedback structures between the population aging chain 

by BMI categories and the coflows by each attribute. For example, the coflow structure of LTPA attribute 

track the number of individuals who meet the requirements of leisure time physical activity embodied in the 

aging chain as persons move between the BMI categories and age groups. And the average values of the 

LTPA coflow structure (percentages of individuals who meet the requirements of LTPA) by BMI category 

and age group have an effect on the inflow and outflow rates between the BMI categories of each age cohort 

of the aging chain (Figure 3).The conceptualization of the complete model is shown in Figure 3. In the 

model, individuals remain at the same BMI category when passing from one age to the next. 
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Table 1.Attributes used to model the coflow structures by BMI category and age group. 

Attribute/ Coflow Definition Data sources /Literature 

Leisure time physical 

activity (LTPA)  

Number of individuals who 

meet the requirements of leisure 

time physical activity (150 

min/week)  

ENSIN 2010  

WHO. Global recommendations on physical 

activity for health. Geneva: World Health 

Organization; 2010.  

Transportation Physical 

activity (TPA)  

Number of individuals who 

meet the requirements of 

physical activity associated with 

transport (150 min/week) 

Consumption of 

processed foods and  

sugar drinks  (PFSD)  

Number of individuals who 

consume frequently (three or 

more times for week) processed 

foods and sugar drinks  

ENSIN 2010  

Screen Time (TP)  

Number of individuals who 

spend more than 2 of hours 

watching television, playing 

video games, or browsing the 

internet.  

ENSIN 2010  

 

Finally, the aging chains for the three BMI categories with their coflow structures can be modeled by SES, 

according to the World Bank’s Wealth Index 94–96 (WI). The model can be applied to each SES to study the 

dynamics of obesity by SES assuming that there is not transference of individuals between SES. The values 

of the stocks and the parameters of the model will differ according to age, BMI category, and SES. We 

modeled the system in iThink software, version 9.0.2 (isee systems, inc). 
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Figure 3. Overview of the model structure.
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2.2.  Discussion 

With the purpose of developing a model that can be employed to understand the dynamics of the Colombian 

population’s nutritional stages by SES, some results can be highlighted. First, we identified heterogeneous 

actors and the characteristics of the model structure that must be taken into account to model the system. 

We used population accumulation structures based on aging chains by three BMI categories and 12 age 

groups of 5 years. Second, we identified the feedback structures that can have an effect on the rates of 

change between BMI categories of the Colombian population. We propose four attributes (LTPA, TPA, 

PFSD and ST) as the coflow structures that can be associated with the nutritional stages of population in the 

aging chain. Third, we proposed a model structure to understand the dynamics of nutritional stages of 

Colombian population by SES, which take into account aging chains by three BMI categories and 12 age 

groups, and used coflow structures to keep track of the four attributes as the individuals of different stocks 

travel through the stock and flow structure of the system. 

The SD model uses aging chains by SES, which employ accumulation structures (stock and flow 

relationships) to divide the population into 12 age groups of 5 years by each BMI category. Accumulation 

structures allow characterizing the system and providing the information to support the decisions and actions 

to be taken.93 Additionally, the SD model takes into account the feedback structures that there are between 

population aging chain by BMI categories and the coflows by each attribute. The model helps to understand 

the effects of LTPA, TPA, PFSD, and ST on the dynamics of nutritional stages of the population. The 

complex behavior of a system normally arises over time from the interactions (feedbacks) among its 

components 93. Finally, the proposed model could be used to study the effects of intervening in the system 

considering the delays between causes and effects. In particular, opens the possibility to test the effect of 

policy interventions by BMI category, age group, and SES, taking into account the coflow structures 

proposed.  

The conceptualization of the model proposed in this study has some differences from the other SD models 

that have been developed to study the dynamics of obesity and its associated features at the population level. 

First, this study is focused on the complete urban Colombian population (population aged 0 to 64 years) 

which is a middle income country, with a high burden of NCDs. In contrast, Dangerfield and Zainal 

Abidin,61 focus solely on the child population in England, which is a high income country. Similarly, Homer 

et al.68 concentrated on children, teenagers, and adults (population aged 0-99 years) in the United States, 

which is a high income country.  

Second, this study seeks to understand the dynamics of nutritional stages of population by examining 
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changes in the prevalence of BMI categories using aging chains. It is worth mentioning that Dangerfield 

and Zainal Abidin61 modeled dietary intake and physical activity expenditure and their impact on changes 

in body weight and BMI. They did not use aging chains. Similarly, Rahmandad and Sabounchi64 built 

individual SD models for both childhood and adulthood to capture the energy balance and weight change 

throughout individuals’ lives and aggregated these individual models to population-level trends. Homer et 

al. 68 in contrast, studied changing obesity trends on the entire U.S. population, using four BMI categories 

in conjunction with the annual aging of population cohorts. They did not, however, seek to understand the 

dynamics of nutritional stages of population by SES.  

Finally, this study use coflow structures of the attributes that can affect the population’s nutritional stages. 

According to the literature review developed in this study, no previous research used coflow structures to 

model the variables related to the dynamics of nutritional stages of population. 
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Chapter 3. Modeling the Colombian population: 

changes in the nutritional stages dynamics.  

This chapter is based on a paper submitted to Kybernetes.92 In chapter 1, I propose a systemic framework 

to study the obesity epidemic. According to this framework, to study the obesity epidemic in a country, it is 

important to understand how the nutritional transition process of the obesity dynamics is. Different studies 

have shown inverse or at least curvilinear associations between SES and obesity and suggested that the 

population may be experiencing a nutritional transition in which the burden of obesity tends to shift towards 

those with lower SES.16–21 Recent researches have suggested that this hypothesis should be tested through 

comparisons of time trends of obesity in different SES groups of a single population.11,12,17 In this chapter, 

I used the population aging structure model described in Chapter 2 to test this hypothesis. I simulate the 

prevalence of each BMI category of urban Colombian population over time for the complete population and 

for each SES. Furthermore, I propose a heuristic to estimate the TR between BMI categories of the urban 

population by each age group for the complete population and for each SES. I show that urban Colombian 

adults are experiencing a nutritional transition in which the burdens of overweight and obesity are shifting 

towards the lower-SES population. Despite higher prevalences of overweight and obesity in higher SES, 

rates are increased faster in lower SES. As a result, target interventions in Colombia should take into account 

that higher TRs to overweight and obesity are among the most vulnerable group while highest prevalence 

of overweight and obesity are among the wealthiest. Additionally, the results show that children aged 0 to 

14, particularly of middle and higher SES, are moving from obese to overweight and from overweight to 

not overweight categories. The nutritional transition by SES that the urban Colombian adults are 

experiencing suggests that policy interventions should be differentiated by SES. The model presented 

provides a tool that could be adapted to understand the nutritional transition by SES in others LMICs. 

3.1.  Nutritional stages Dynamics of the Colombian population  

To study the dynamics of the nutritional stages of Colombian population by SES, three main steps were 

carried out. First, we used a population-level SD model that captures the aging urban population by BMI 

categories to study de dynamics of obesity by SES. Second, we calibrated the model and proposed a heuristic 

to estimate the TRs between BMI categories of the urban population by age group using data from ENDS 

2005 and 2010. Third, we applied the SD model to different SES and estimated the TRs between BMI 

categories by SES and age group using data from ENDS 2005 and 2010.  
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Our analysis used cross-sectional data from the 2005 and 2010 ENDS. These surveys applied a multistage, 

population-based sampling design stratified by clusters (household segments) that included 27794 

households in 2005 and 36412 households in 2010 at urban level. 

Representative data from ENDS for individuals of urban areas aged 0 to 64 years were used to calculate the 

distributions of BMI categories for each age group. We only used data of population of urban areas because 

the percentage of highest SES population is less than 0.05% in rural areas.56,57 

The sample for this analysis comprised 8.515 urban children younger than 5 years in 2005 and 11.368 in 

2010, 32.009 urban children and adolescents (5-17 years) in 2005 and 32.524 in 2010, and 48056 urban 

adults (18-64 years) in 2005 and 64.425 in 2010 with information on anthropometric measurements 

available.  

3.1.1. Model of the nutritional stages dynamics of the Colombian population  

We used the population aging structure model propose in the section 2.1 to study the dynamics of nutritional 

stages of the Colombian population by age. The model includes aging chains for three BMI categories (not 

overweight, overweight, and obese). The population is divided into 12 age groups of 5 years. We used aging 

chains by BMI categories and divided the population into age groups, because the actors are heterogeneous. 

Actors in each cohort by BMI category and age group differed in the levels of physical activity (PA), dietary 

patterns, and BMI prevalences.56,57 The population aging structure also includes births and deaths for each 

cohort. The death rates differ according to age group. Figure 2 shows an overview of the population aging 

structure by BMI category.  

We classified the individuals into the three BMI categories according to 2006 WHO child growth standards 

for children under five,97 2006 WHO child growth references for children 5 to 17,98 and WHO cutoff points 

for adults ≥ 18 years.99,100 For children and adolescents aged 0-17 years, the WHO system defines not 

overweight as a BMI for age and sex z-score ≤1 standard deviation (SD), Overweight as a BMI for age and 

sex z-score >1 SD and ≤ 2 SDs, and Obese as a BMI for age and sex z-scores >2 SDs. For adults, the WHO 

system defines not overweight as a BMI <25 kg/m2, Overweight as a BMI ≥25 and <30 kg/m2, and Obese 

as a BMI ≥30 kg/m2. 

Details of the source of the data for the model is described in Table 2. We conducted data processing in 

SAS, version 9.3 (Institute Inc., Cary, NC, USA) and Mathematica, version 9.0.1 (Wolfram research, Inc). 

We conducted all simulations in iThink software, version 9.0.2 (isee systems, inc). 
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Table 2. Sources of data used in the model†. 

Item Data Source 

Prevalence rates by BMI category, age, and SES 

Height-for-age z score and BMI for age and sex z 

score for children and adolescents 0 to 17 
ENDS (2005-2010) 

BMI category prevalence by age and SES 

Population Composition 

Population size by age 
DANE. Estimations and projections of population 

1985-2020101 

Deaths rates by age DANE. Vital Statistics (2005)39 

Fertility rate 

World Data Bank. World Development Indicators. 

(2005-2012) 

Projections for 2013-2030. Forecast series using the 

Holt-Winters no seasonal method in EViews 5 

(Quantitative Micro Software, LLC)   

Fraction of births by BMI category ENDS (2005) 

† ENDS, Colombian Demographic and Health Survey  (for the Spanish acronym); DANE, Colombian National Department of Statistics (for the 
Spanish acronym); WHO, World Health Organization; BMI, Body mass index. 

 

3.1.2. Calibration of model and estimation of transferences rates between BMI categories 

Data from ENDS provide information about BMI categories by age in Colombia. However, this survey 

allows to trace the growth of individuals by BMI categories and aged 0 to 64 years only for the periods of 

2005 and 2010 (ENDS surveys developed in the before years only provides data about BMI categories for 

some subpopulations). We used data from ENDS 2005, DANE, and World Bank to support the model (Table 

2). We initialized the model by using the distribution of BMI categories from the first survey in which data 

for each age group is available (2005). To calibrate the model, we estimated the TRs between BMI 

categories by age group, using data from ENDS 2005 and 2010. We proposed a heuristic to calculate the 

TRs between BMI categories by each age group. The heuristic seek to found the TRs that minimize the 

difference between the prevalence rates by BMI and age group and the estimated prevalences. We suppose 

that the TRs do not change into an age group. To calculate the TRs by BMI category we built the following 

system of equations for each age group i: 

𝑃𝑖+1
′ = B𝑖. 𝑃𝑖                       (17)  

http://databank.worldbank.org/data/home.aspx
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where 

𝐵𝑖 = 𝐴𝑖 . (𝐴𝑖 . (𝐴𝑖. (𝐴𝑖 . 𝐴𝑖))) 

𝐴𝑖 = (

𝛼1,𝑖 − 𝜏1,𝑖 𝜏4𝑖 0
𝜏1,𝑖 𝛼2,𝑖 − 𝜏2,𝑖 − 𝜏4,𝑖 𝜏3𝑖
0 𝜏2,𝑖 𝛼3,𝑖 − 𝜏3,𝑖

);        𝑃𝑖+1
′ =

(

 
 
 
 
 
 

𝑝𝑁10,i+1,1
′

𝑝𝑊10,𝑖+1,1
′

𝑝𝑂10,𝑖+1,1
′

..

.
𝑝𝑁10,i+1,𝑗
′

𝑝𝑊10,𝑖+1,𝑗
′

𝑝𝑂10,𝑖+1,𝑗
′

)

 
 
 
 
 
 

;       𝑃𝑖 =

(

 
 
 
 
 
 

𝑃𝑁05,i,1
𝑃𝑊05,i,1
𝑃𝑂05,𝑖,1
.
.
.

𝑃𝑁05,i,𝑗
𝑃𝑊05,i,𝑗
𝑃𝑂05,𝑖,𝑗)

 
 
 
 
 
 

; 

 𝑗 ∈ (1,… . ,5) is the corresponding year in each age group i; 𝑖 ∈ (0,… . ,11) represents an interval of 5 years 

(0-4, 5-9,....,55-59, 60-64); 𝑃𝑁05,𝑖,𝑗, 𝑃𝑊05,𝑖,𝑗, 𝑃𝑂05,𝑖,𝑗 are the prevalence rates by BMI category and age j in 

2005 for the age group i; 𝛼1,𝑖, 𝛼2,𝑖, 𝛼3,𝑖 are the retention rates of individuals by BMI category and age group 

i, which corresponds to the fraction of individuals who stay in the same BMI category between 2005 and 

2010; 𝜏1,𝑖 and 𝜏2,𝑖 are the TRs of individuals from not overweight to overweight category and from 

overweight to obese category for each age group i respectively. 𝜏3,𝑖 and 𝜏4,𝑖 are the TRs of individuals from 

obese to overweight category and from overweight to not overweight category from each age group i 

respectively; and 𝑝𝑁10,𝑖+1,𝑗
′ , 𝑝𝑊10,𝑖+1,𝑗

′ , 𝑝𝑂10,𝑖+1,𝑗
′  are the estimated prevalence rates by BMI category and age 

j in 2010 for the age group i, 5 years after. For example, we suppose that the individuals of 5 year old in 

2010 are the same individuals of 0 year old in 2005. The system of equations (17) was solved by each age 

group i minimizing the following equation: 

𝑀𝑖𝑛    𝑆𝐶𝑖 =∑[(𝑃𝑁10,𝑖+1,𝑗 − 𝑝𝑁10,𝑖+1,𝑗
′ )

2
+ (𝑃𝑊10,𝑖+1,𝑗 − 𝑝𝑊10,𝑖+1,𝑗

′ )
2
+ (𝑃𝑂10,𝑖+1,𝑗 − 𝑝𝑂10,𝑖+1,𝑗

′ )
2
]

5

𝑗=1

,      (18) 

With the restrictions 

α1,i + τ1,i = 1 

α2,i + τ2,i + τ4,i = 1 

                                                           α3,i + τ3,i = 1                                                       (19) 

0 ≤ αk,i ≤ 1,          (𝑘 = 1, 2, 3) 

0 ≤ 𝜏𝑙,𝑖 ≤ 1,          (𝑙 = 1, 2, 3, 4) 

where 𝑃𝑁10,𝑖+1,𝑗, 𝑃𝑊10,𝑖+1,𝑗, 𝑃𝑂10,𝑖+1,𝑗 are the prevalence rates by BMI category and age j in 2010 for the 
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age group i. To minimize the equation (18) and calculate the TRs, we used the FindMinimun function of 

Mathematica 9. It searches for a local minimum in a function for several variables and constraints. 

3.1.3. Model of the nutritional stages dynamics of the population by age and SES 

To study the dynamics of nutritional stages of the Colombian population by SES we applied the model to 

different SES. We used the World Bank’s Wealth Index95 as indicator of SES. This index takes into account 

the possession of assets such as a radio, television, refrigerator, car or motorcycle; and household dwelling 

characteristics such as drinking water source, flooring quality, or toilet installation. The index is estimated 

using principal components and is a continuous variable. The index is categorized into quintiles in the 

ENDS.  We used WI since this variable allows division of the population into socioeconomic groups, 

captures the quality of life markers, and is well validated.94,96 We grouping the WI categories in three SES 

as follows: the lowest and second quintile, middle quintile, and fourth and highest quintile. 

We applied the same SD model proposed before to each SES because, for now and simplicity, we supposed 

that there is not transference of individuals between SES. However, the TRs between BMI categories by 

each age group change because the distributions of BMI categories by age are different for each SES. We 

used the prevalence ratio (PR) of obesity to compare the prevalence rates of the obese population aged 20 

to 59 years of the lower SES with the higher. The PR of obesity is given by: 

𝑃𝑅 =

∑ 𝑂𝑖
111

𝑖=4

∑ (𝑁𝑖
1 +𝑊𝑖

1 + 𝑂𝑖
1)11

𝑖=4
∑ 𝑂𝑖

311
𝑖=4

∑ (𝑁𝑖
3 +𝑊𝑖

3 + 𝑂𝑖
3)11

𝑖=4

⁄                                       (20) 

where 𝑁𝑖
1,𝑊𝑖

1, 𝑂𝑖
1 are the population of not-overweight, overweight, and obese individuals of the lower SES 

in the age group i respectively, and 𝑁𝑖
3,𝑊𝑖

3, 𝑂𝑖
3 are the population of not-overweight, overweight, and obese 

individuals of the higher SES in the age group i respectively. 

To calibrate the model for each SES, we estimated the TRs between BMI categories by age group and SES 

using data from ENDS 2005 and 2010. We applied the same heuristic proposed in the section 3.1.2 to 

calculate the transference rates. 

3.2.  Modeling the nutritional stages dynamics of population by age 

Using the heuristic described in the section 3.1.2 and data from ENDS 2005 and 2010, we estimated the 

TRs between BMI categories by each age group. The results showed that the urban Colombian population 
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in general are moving towards overweight and obese categories. The only age groups that is moving towards 

not overweight and overweight categories are children aged 0 to 4 and 10 to 14 years respectively. 

Additionally, we can observe that the population aged 15 to 29 years have the largest increment in the TR 

towards overweight (from 0.019 to 0.036) and obese (from 0.0054 to 0.012) categories. The population 30 

to 60 years old continues moving to overweight and obese categories but with lower TRs (Figure 4). The 

retention rates of individuals by BMI category and age group i (𝛼1,𝑖, 𝛼2,𝑖, 𝛼3,𝑖) were close to 1.  

 

Figure 4. Transference rates between BMI categories by age group. 
 𝛕𝟏= Blue, 𝛕𝟐= green, 𝛕𝟑= red, 𝛕𝟒= orange.  

In addition, we use the estimated TRs to model the dynamics of nutritional stages of urban Colombian 

population from 2005 to 2030. We take 2005 as the initial condition. The results are aggregated across ages 

to report prevalence rates for three age groups (ages 0-4, 5-19, 20-59). The results of the simulation model 

show that children aged 0 to 4 years do not have major changes in the distribution of BMI categories over 

time (Figure 5a). For the population aged 5 to 19 years, the prevalences of overweight and obesity increase 

from 13.3% and 3.8% in 2005 to 16.6% and 4.2% by 2030 respectively (Figure 5b). For the population of 

adults aged 20 to 59 years, the prevalences of overweight and obese adults increases from 34.2% and 15.7% 

in 2005 to 47.7% and 19.2% by 2030 respectively (Figure 5c). Figure 5 shows that simulated curves of BMI 

categories closely replicate the observed prevalences in 2010. 
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Figure 5. Estimated fractions of BMI categories over time.  
a) Population aged 0 to 4 years. b) Population aged 5 to 19 years. c) Population aged 20 to 59 years. 

 

3.3.  Modeling the nutritional stages dynamics of the population by age and SES 

Using the same heuristic described in the section 3.1.2 and data from ENDS 2005 and 2010, we estimated 

the TRs between BMI categories by age group and SES separately. The results show that the burden of 

overweight and obesity in Colombia is shifting towards the lower SES population (Figure 6a-6b). In 

particular, the TRs to overweight and obese categories of lower SES (mean TR to overweight =0.0215 and 

mean TR to obesity =0.0098) have increased faster than in middle (mean TR to overweight =0.0162 and 

average TR to obesity =0.0065) and higher SES (mean TR to overweight =0.0166 and average TR to obesity 

=0.0054) (Figure 6a, 6b). Only for children aged 0 to 4 years, these TRs have increased faster in the highest 

SES than the SES counterparts (Figure 6a, 6b). Unfortunately, the TRs from obesity to overweight and from 

overweight to not-overweight are almost zero for ages from 15 to 54 years for all SES. The TRs from obese 

and overweight to overweight and not-overweight of children aged 10 to 14 years of higher SES have 

increased faster than in middle SES (Figures 6c, 6d). For children aged 5 to 9 years the TRs from obesity to 

overweight in the middle SES have increased faster than in higher SES (Figure 6c). Children aged 5 to 14 

years of lower SES are not moving to not overweight category (Figure 6c, 6d). The TRs from overweight 

to not-overweight of children aged 0 to 4 years of lower SES have increased faster than in the others SES 

groups. Additionally, the results shows that there is a small fraction (<0.004) of population aged 55 to 59 

years of middle to high SES that are moving to healthy BMI categories (Figure 6c, 6d).  
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Figure 6. Transferences rates between BMI categories by age and SES. 
a) From not-overweight to overweight (𝛕𝟏). b) From overweight to obesity (𝛕𝟐). c) From obesity to overweight (𝛕𝟑). d) From overweight to 

not-overweight (𝛕𝟒).  

The observed patterns suggest that the obesity epidemic operates at varying paces across SES and age 

groups. To confirm this, we simulated the prevalence rates by BMI category, age group, and SES over time 

using the estimated TRs by age group and SES. The results are also aggregated across ages to report 

prevalences for three age groups (ages 0-4, 5-19, 20-59). The results of the simulations show that the 

distribution of BMI categories of urban Colombian population differ across age groups and SES over time 

(Figure 7,Figure 8). Overall the prevalence of overweight increases over time for all SES, mainly in the 

population aged 10 to 59 years (Figure 7d, 7e, 7f). The prevalences of overweight and obesity of lower SES 

population, mainly in adults, increases faster than in the others SES (Figure 7, Figure 8). Children aged 0 to 

4 years of lower and middle SES do not have major changes in the distribution of BMI categories over time 

(Figure 7a, 7b, Figure 8). However, the prevalence of obese children aged 0 to 4 years of higher SES 

increases from 6.27% in 2005 to a final value of 8.66% (Figure 7c, Figure 8i). For the population aged 5 to 

19 years, the prevalences of overweight and obesity of the lower SES increases from about 11.4% and 2.1% 

in 2005 to 14.3% and 3.3% by 2030 respectively. The prevalence of overweight population aged 5 to 19 

years of middle SES increases from 12.9% in 2005 to 15.8% by 2030; while for higher SES the increase is 

from 15.8% to 19.2% (Figure 7d, Figure 8). 
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Figure 7. Estimated fractions of BMI categories over time by SES. 
 a) Population aged 0 to 4 years of lower SES. b) Population aged 0 to 4 years of middle SES. c) Population aged 0 to 4 years of higher SES.  

d) Population aged 5 to 19 years of lower SES. e) Population aged 5 to 19 years of middle SES. f) Population aged 5 to 19 years of higher 

SES. g) Population aged 20 to 59 years of lower SES. h) Population aged 20 to 59 years of middle SES. i) Population aged 20 to 59 years of 

higher SES. 

 

In concordance with the results of TRs by SES, the results of the simulations show that the major changes 

in the distribution of BMI by SES are in adults aged 20 to 59 years (Figures 7, 8). For the lower SES adults, 

the prevalence of overweight increases from 30.7% in 2005 to 47% by 2030; for the middle SES adults, the 

increase is from 34.2% in 2005 to 44.3% by 2030; and for higher SES adults, the increase is from 36.4% to 

50%. In the case of obese adults, the difference between SES is larger. For the lower SES adults, the 

prevalence of obesity increases from 13% in 2005 to 21.3% by 2030; for the middle SES adults, the increase 

is from 16.3% in 2005 to 19.9% by 2030; and for higher SES adults, the increase is small from 17.1% to 

17.7% (Figures 7g, 8g, 8h, 8i). Figure 7 shows that simulated curves of BMI categories and SES closely 

replicate the observed prevalences in ENDS 2010. 
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Figure 8. Estimated fractions of BMI categories by age group and SES.  
a) Not-overweight population of lower SES. b) Not-overweight population of middle SES. c) Not-overweight population of higher SES. d) 

Overweight population of lower SES. e) Overweight population of middle SES. f) Overweight population of higher SES. g) Obese population 

of lower SES. h) Obese population of middle SES. i) Obese population of higher SES. 2005 = Blue, 2010 = Green, 2020 = Red, and 2030 = 

Orange. 

 

In order to confirm that urban Colombian population is experiencing a nutritional transition, we use the PR 

of obesity. Using the results of simulations for lower and higher SES, we compare the prevalence of the 

obese population aged 20 to 59 years of lower SES with higher SES. A PR of obesity less than 1 indicates 

that the obesity prevalence rate of higher SES population is greater than the obesity prevalence rate of lower 

SES population, and a PR of obesity greater than 1 indicates the contrary. Results shows that if the estimated 

TRs between BMI categories by age and SES remain unchanged to the end of the simulation in the year 

2030, the burden of obesity among adults tends to shift toward the lower SES population. Additionally, 

Figure 9 shows that approximately in 2018 the obesity prevalence rate of the lower SES equals the obesity 

prevalence rate of the higher SES. 
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Figure 9. Prevalence ratio of obesity among urban adults aged 20 to 59 years. 

 

3.4. Nutritional transition: a new context for the Colombian population 

Overweight and obesity is a growing epidemic and, in recent years, has emerged as one of the major 

challenges in public health,32,102 especially in low and middle income countries, where some researchers 

have proposed that the burdens of overweight and obesity tend to shift toward the population with lower-

SES as the level of economic development of a country improves.10,11 This study proposed a model to 

understand the dynamics of nutritional stages of a population by age and SES. The analysis showed that 

urban Colombian adults are experiencing a nutritional transition in which the burdens of overweight and 

obesity are shifting towards the lower-SES population. The distribution of BMI categories of urban 

population differs across age groups and SES over time, especially in adults aged 20 to 59 years. 

Additionally, the results showed that the urban population aged 15 to 29 years is a subgroup of population 

that ought to be targeted of the intervention efforts of policy makers.  

A key finding is that the TRs between BMI categories differ across age groups and SES between 2005 and 

2010. Particularly, the TRs to overweight and obese categories for ages from 15 to 29 years increase faster 

than the TRs for the other age groups for all SES. Additionally, the adults aged 20 to 59 years are 

experiencing a nutritional transition by SES. The TRs to overweight and obese categories of lower SES 

have increased faster than in middle and higher SES in the majority of age groups while the TRs from obese 

to overweight and from overweight to not-overweight categories are almost zero for ages from 15 to 59 

years for all SES. This finding is consistent with the results found by Jones-Smith et al.12, who showed that 

the highest prevalence of overweight and obesity remains most common in the highest SES groups across 
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most developing countries; however, 31% ( wealth as the indicator of SES ) and 54% (education as the 

indicator of SES) of countries showed a faster growth rate in overweight prevalence in the lowest compared 

to the highest SES groups. 

Furthermore, the estimated TRs showed that in general urban children aged 0 to 14, particularly of middle 

and higher SES, are moving to healthy BMI categories. This result may be explained by the different actions 

that the Colombian government has developed to improve the levels of PA of the population. At national 

level, Colombia has the Ciclovías-Recreativas Program, a mass recreational program with national coverage 

implemented from over a decade ago. Similarly,  the government formulated different policies (Laws 

115/1994 and 934/2004) in which is established that physical education is mandatory at schools for all 

grades. Additionally, at departmental level, there is a law (715/2001), which states responsibilities to 

departmental governments to promote PA; and most of Departments of Colombia included PA in children 

and youth as a priority in their Departmental development Plans. However, there is a lack of evaluation of 

the effectiveness of these policies and programs.103 

Overall the urban Colombian population is moving to overweight and obese categories. Our results showed 

that the major changes are in the distribution of BMI categories by SES in adults aged 20 to 59 years. In 

general, the prevalences of overweight and obese adults increase over time for all SES; however, the 

prevalences of overweight and obese adults of lower SES increase faster than in the others SES. This result 

confirms that the urban adults in Colombia are experiencing a nutritional transition by SES and suggests 

that policy interventions should be differentiated by SES. 

Our results are consistent to those documented by previous studies. According to Monteiro et al.,11 who 

explored the relationship between obesity, SES, and the level of economic development in male and female 

populations of developing countries, women in lower SES are most likely to be obese than women in higher 

SES , and as gross national product (GNP) increases this likelihood is accentuated. In the case of men, they 

showed that as GNP increases individuals from lower-SES groups tend to lose their protection against 

obesity. In other study, Monteiro et al.10, analyzing data of national samples of non-pregnant women in 

reproductive ages from 37 developing countries, showed that obesity was more common among woman of 

lower SES in all upper-middle-income economies. Similarly, Dinsa et al.59 found that in low-income 

countries SES and obesity appear to be positively related for men and women; nonetheless, the association 

becomes mixed for men and negative for women in middle-income countries. In the context of individual 

countries, studies in some middle-income and high-income countries (e.g. Chile,19 Brazil,16–18 Curacao20, 

and China21) have shown inverse or at least curvilinear associations between SES and obesity in women. 

Furthermore, the model proposed can be used to conduct simulations testing the effect of policy 
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interventions on the prevalence of overweight and obesity among different SES and age groups. For 

example, the Colombian government recently established the law 1355 of 2009, which defines the obesity 

and NCDs associated with it as a priority of public health and establishes actions to control and prevent it. 

We simulated the effect of some of the action lines of this law "the public and private schools of the country 

should adopt a healthy food program and promote the PA". We assumed that these actions have an increase 

in the TRs from obesity to overweight  and overweight to not-overweight category of population aged 5 to 

14 years. We supposed a new value of these TRs of 0.02 from 2011 to 2030. The results of this scenario 

showed that the prevalence rates of overweight and obesity of population aged 5 to 19 years are reduced in 

4.3% and 2.5% by 2015, and 9% and 9.5% by 2030 respectively compared with the base scenario. For the 

population aged 20 to 59 years, the reduction is of 0.8% and 0.5% respectively by 2030. In contrast, if we 

simulated the same effect in the same TRs for the adults aged 15 to 24 years (the period in which the TRs 

are larger), the overall reduction has a major impact for the adults population. For the population aged 5 to 

19 years, the reduction is of 0.9% and 0% by 2015, and 3% and 4.8% by 2030 respectively; and for the 

adults aged 20 to 59 years, the reduction is of 0.72% and 0.6% by 2015, and 2.7% and 3.1% by 2030 

respectively compared with the base scenario. 

The model proposed presents some limitations. Due to the lack of longitudinal data to trace the growth of 

individuals by BMI categories and age, we only used data from ENDS 2005 and 2010 to estimate the TRs 

between BMI. In future studies is necessary to include more time points to validate the model. Therefore, it 

is important that the government continue collecting complete data, about BMI categories and others health 

attributes such as PA, for all population by age, SES, gender, and region for the next Demographic and 

Health Surveys. Another limitation is related to the assumptions that TRs do not change into each age group. 

However, the results showed that the model is able to reproduce the dynamics of the prevalence rates by 

BMI category and age observed in data from ENDS. Although we showed that the obesity epidemic operates 

at varying paces across SES and age, the behavioral and environmental factors that explain the differences 

in the TRs between BMI categories by age and SES have not been identified. Future studies should focus 

on understanding the differences between BMI categories by age and SES including other factors such as 

PA, gender, consume of processed food and sugary drinks, and sedentary behaviors. 

In summary, in Colombia, as it is worldwide, the prevalence of overweight and obesity has increased in the 

last years. However, urban Colombian population, as in other middle income countries, are experiencing a 

nutritional transition by SES in where the subgroup of population aged 15 to 29 years is the subgroup that 

has the greatest TRs to unhealthy weight categories. The model proposed offer a tool to understand the 

obesity epidemic. Particularly, it can be employed to study the changes in the distribution of BMI categories 

by age and SES over time. Additionally, the model can be used to assess policy interventions in public 
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health to prevent overweight and obesity. It gives understanding to policy makers about which subgroups 

of the population by age and SES ought to be targeted. Finally, the model presented can be used to assess 

the nutritional transition by SES in other low and middle income countries, with the proper adaptations. 

In this chapter, using the proposed model and the TRs indicator, I identified different subgroups of the urban 

Colombian population that policy makers should target for intervention. In particular, I showed that children 

aged 0 to 14, particularly of middle and higher SES, are moving from obese to overweight and from 

overweight to not overweight categories, which is a encourage and unexpected result. Therefore, it is 

important to understand the obesity dynamics in children and adolescents, and give guidelines to policy 

makers about the obesity-related behaviors that ought to be targeted of the intervention efforts. In the next 

chapters, we use different methods and models to study obesity and its associated features in this subgroup 

of population. In particular, we examine the influence of weight status, physical activity, and screen time in 

children’s friendship networks in Bogota, Colombia (chapter 4), and we conduct a social network analysis 

of the health and non–health related organizations that participate in Bogotá’s Ciclovía (chapter 5). 
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Chapter 4. Obesity related behaviors in children’s 

friendship networks. 

In the previous chapter, I used a population aging structure model to assess the nutritional stage dynamics 

of the urban Colombian population by age and SES. As important result, I identify that children aged 0 to 

14, particularly of middle and higher SES, is an interesting subgroup of the population because this is the 

only age group that are moving from obese to overweight and from overweight to not overweight categories. 

Therefore, in this chapter, we conduct a stochastic network analysis to understand obesity in urban 

Colombian children and give guidelines to policy makers about the obesity-related behaviors that ought to 

be targeted of the intervention efforts. In particular, we examine the influence of weight status, physical 

activity, and screen time in children’s friendship networks in Bogota, Colombia. The results show that there 

is no dominant patron in the children’s friendship ties in Bogota, Colombia (middle- income country). 

Children’s friendship ties were not based on weight status, meeting PA recommendations, organized 

activities, or sedentary behaviors, in contrast with the findings of previous studies in HICs, where children’s 

friendship ties were based on these characteristics.22–27 These findings thus make a useful contribution to 

the emerging literature on the influence of obesity, PA, and sedentary behaviors in social networks in 

countries undergoing nutritional transition and have important implications for intervention programs. 

4.1.  Introduction 

Overweight among children is a growing epidemic and a major public health challenge across the globe.104 

In the short term, obese children are more likely to have early markers of cardiovascular disease, diabetes, 

hypertension, abnormal glucose tolerance, and psychosocial problems such as depression, low self-esteem, 

social isolation, and stigmatization.105 In the long term, overweight and obese children are more likely to be 

obese in adulthood.104  

In this context, promoting physical activity (PA) is a priority action to prevent obesity.106,107 PA has positive 

physical and psychosocial effects that contribute to the prevention of overweight and obesity and their 

associated consequences.108–111 Despite these benefits, most children do not meet global PA 

recommendations110,112 and spend excessive time in sedentary behaviors.112 Sedentary behaviors, as screen-

based activities are predictors of obesity in children and can be linked to the displacement of PA during 

leisure time.113,114 
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Globally, around 170 million children under 18 are estimated to be overweight.115 Around  80% of the 

adolescents aged 13–15 years do not meet WHO PA recommendations112 and 77% exceed the recommended 

2-hour daily limit for screen-based sedentary behaviors.116 Although the prevalence of overweight seems to 

be leveling off in some high-income countries,117 it is rapidly increasing in most Latin American 

countries.118 These countries are in the middle of a lifestyle transition119 characterized by increased rates of 

overweight120 and decreased levels of physical activity, with 20–25% of children and adolescents being 

overweight or obese.118 In Colombia specifically, this prevalence, although slightly lower than the global 

average, increased rapidly between 2005 and 2010 (from 13.9% to 17.5%).121 Recent statistics suggests that 

74% of Colombian youth aged 13–17 years do not meet PA recommendations, while 57.9% of school age 

children and 67% of adolescents spend 2 or more hours in sedentary behaviors.103  

One factor associated to weight status, PA levels, and sedentary behaviors is the social environment in which 

an individual develops.26 For example, studies on obesity-related behaviors within friendship networks have 

shown that children and adolescents tend to cluster in friendship groups with similar levels of physical 

activity and sedentary behaviors22,70 and are more likely to have friends with a similar weight status.24 

Among adults also, a longitudinal study of a large social network over 32 years found that individual weight 

status is influenced by the weight status of close friends, siblings, and spouses.70 These studies, although 

conducted mainly in developed countries, provide clear evidence that individuals may be significantly 

influenced by their friends’ weight status, PA levels, and obesity-related behaviors.22–25,27,70 Nonetheless, 

there is as yet no evidence from populations in developing countries in different stages of nutritional 

transition. 

One promising statistical model for studying the link between individuals’ social environment, network 

structure, and health behaviors is the exponential random graph model (ERGM),23,27,122 which is often used 

to analyze complex network data.123 This model, which evaluates the connections between the relationship 

network structure, link attributes, and actor attributes,23,27,122 can be used with cross-sectional and 

longitudinal network data to simulate the common features of social networks and estimate the effects of 

their covariates.124,125 ERGM results are reported as probability distributions of graphs on a fixed node set, 

with the probability of observing a graph dependent on the presence of both network statistics and nonzero 

parameters for different configurations in the model.126 ERGM allows dependence assumptions about the 

presence of network ties that account for the emergence of larger group structures.127 The present study uses 

ERGM to assess whether children and their close friends are similar in weight status, PA, and sedentary 

behaviors. 

4.2.  Methods 
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4.2.1. Study site 

This study was conducted in Colombia´s capital city, Bogotá, which has an estimated population of 7.3 

million, of whom 597,402 are 6–10 years old.128 Based on neighborhood SES, 48.8%, 35.5%, and 13.8% of 

the population are from low, middle, and high SES, respectively.129 In 2012, the net school enrollment rate 

for elementary school was 89.3%,128 with 58.7% of school-aged children attending public schools, 33.5% 

attending private schools, and 7.8% attending government-subsidized private schools.130 Although physical 

education is a mandatory course for all school levels, the PA-related policies do not specify a mandatory 

activity period. Moreover, in 2012, only 6.1% of Colombian children in preschool and elementary school  

attended physical education classes taught by a professional.103 

4.2.2. Sample and Data collection 

The study data are taken from the International Study of Childhood Obesity, Lifestyle and Environment 

(ISCOLE), a collaborative study conducted in 12 countries.131 The sample comprises 916 fourth and fifth 

grade elementary students from 20 randomly selected schools in Bogota, 15 of them public and 5 private, 

with an overall response rate of 75%. 

The survey data were collected using a questionnaire designed to evaluate the children’s physical activity 

and sedentary behaviors. The survey items were based on those used in previously validated 

questionnaires.131 The children’s parents/guardians were informed about the study at school meetings, and 

both parents/guardians and children signed a consent form. All protocols and questionnaires were reviewed 

and approved by Universidad de los Andes’s Institutional Review Board. 

4.2.3. Variables and measures 

Socio-demographic variables 

The participants, 51% of whom were female, ranged between 9 and 11 years in age, with a mean of 10 

years (S.E. = 0.02). In terms of household SES, 76.3% of the parents reported having low SES, while 

18.3% and 5.34% reported middle and high SES, respectively. In terms of maternal education, 40.5% of 

the mothers had completed less than high school, 29% had a high school diploma, and 30.5% had a 

technical, undergraduate, or post graduate degree. 

Anthropometric measures 
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Anthropometric measurements were taken according to the ISCOLE protocol.131 BMI was calculated based 

on weight, measured on a TANITA SC240 scale, and height measured with a Seca 213 portable stadiometer. 

The children’s weight statuses were then categorized based on BMI using the 2007 WHO growth reference 

tables98 to produce the following classifications: underweight = (<-1 BMI Z-Score [BMIZ]), normal weight 

= (≥-1 and ≤1 BMIZ), and overweight = (>1 BMIZ). 

Physical activity 

Physical activity was measured both objectively and subjectively. The objective measure was minutes spent 

on moderate to vigorous PA (MVPA) as assessed by an Actigraph GT3X+ Accelerometer,131 calculated 

using the Evenson equation132 and dichotomized according to the WHO PA recommendations for 

children.133 The children were asked to use the accelerometer 24 hours a day for 7 days, with the valid wear 

time criteria specified as at least 4 days with a minimum of 10 hours per day and at least one weekend day.131 

Missing values, which represented only 6.7% of the sample, were imputed from the median MVPA for each 

school. The subjective measures were obtained through a questionnaire, which asked the children directly 

about their PA levels: “During the past week (7 days), on how many days were you physically active for a 

total of at least 60 minutes per day?” The responses were given a value of 1 if the respondent reported being 

physically active during 60 minutes for at least 5 days and 0 otherwise. The children were also asked about 

their participation in organized activities: “During the past year (12 months), did you do any of these 

activities?” Sports teams, dance/martial arts class, arts/music class, or none of these.” The answers for each 

category were also dichotomized. 

Screen Time 

Screen time was measured solely by questionnaire, which asked the children to report the number of hours 

spent watching TV and playing video games/computer games on a school day and on a weekend day. 

Respondents ranked their answers based on time spent in each activity, with 1 equaling no hours and 5 

representing 5 hours or more. An overall score for the two categories was determined by calculating the 

means for school days and weekend days. The resulting descriptive measures of weight status, physical 

activity, organized activities, and sedentary behaviors are summarized in Table 3. 

Friendship networks 

For each school, one child friendship network was constructed based on the relations reported by males and 

females in their responses to the following item: “Please tell me the name of your friends in your classroom 

with whom you hang around the most.” Males and females were aggregated in the same network to avoid 

network fragmentation. 
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Network characteristics 

The number of nodes and ties in the different networks were similar. The densities ranged between 0.04 and 

0.14, indicating that approximately 1 to 3.5 of 25 possible ties were present among all the school networks. 

The reciprocity measurement ranged between 34.78% and 55.36%, suggesting a high percentage of 

reciprocal and low one-sided relationships between the children. The clustering coefficients ranged from 

0.22–0.39, indicating high transitivity between the children and clusters of friends, while the average path 

length was 2.34–4.4, a low distance between children that suggests the friendship groups are themselves 

connected in networks. The characteristics of the school-specific networks are summarized in Table 4. 
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Table 3. Characteristics of the participants of the study. 

    Networks 

    N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12 N13 N14 N15 N16 N17 N18 N19 N20 

Nutritional Status (%)                     

 Underweight 2.50 2.27 0.00 0.00 2.13 1.64 0.00 2.70 0.00 3.85 2.50 2.94 0.00 0.00 1.69 0.00 3.70 0.00 1.75 0.00 

 Normal Weight 70.00 88.64 88.89 82.26 68.09 72.13 81.08 78.38 80.85 71.15 55.00 67.65 43.90 85.71 79.66 78.26 74.07 86.84 77.19 74.29 

 Overweight 27.50 9.09 11.11 17.74 29.79 26.23 18.92 18.92 19.15 25.00 42.50 29.41 43.90 14.29 18.64 21.74 22.22 13.16 21.05 25.71 

PA by Questionnaire (%) 25.00 9.09 36.11 8.06 27.66 13.11 18.92 32.43 17.02 42.31 30.00 36.76 19.51 14.29 15.25 13.04 7.41 18.42 21.05 17.14 

PA by Accelerometer (%) 60.00 77.27 86.11 74.19 59.57 49.18 29.73 83.78 48.94 59.62 30.00 58.82 36.59 80.95 62.71 63.04 40.74 60.53 73.68 48.57 

Activities (%)                     

 Sports Team 47.50 90.91 38.89 70.97 82.98 54.10 62.16 27.03 48.94 73.08 75.00 80.88 75.61 61.90 44.07 47.83 62.96 55.26 77.19 40.00 

 Dance/Martial Arts 30.00 6.82 25.00 17.74 8.51 34.43 72.97 8.11 27.66 11.54 30.00 14.71 29.27 50.00 11.86 30.43 22.22 21.05 47.37 25.71 

 Art/Music 45.00 18.18 13.89 22.58 29.79 18.03 59.46 10.81 19.15 28.85 50.00 57.35 17.07 54.76 13.56 19.57 25.93 63.16 21.05 37.14 

 None of These 30.00 9.09 55.56 24.19 10.64 29.51 5.41 64.86 38.30 17.31 17.50 10.29 12.20 14.29 50.85 30.43 25.93 18.42 15.79 31.43 

Average computer 

games/videogamesa 
2.38 1.97 2.31 2.10 2.38 2.34 2.27 2.51 1.91 2.69 3.14 2.67 2.49 1.86 2.50 1.87 2.06 2.25 2.59 3.07 

Average TVb 4.33 3.95 4.21 3.81 3.91 4.51 4.36 4.36 3.99 4.22 4.48 3.88 4.39 4.07 4.09 3.68 4.278 4.21 4.06 4.39 

a = Did not play video/computer games or use a computer other than for school, 1= Less than 1 hour, 2= 1 hour, 3 = 2 hours, 4 = 3 hours, 5 = 4 hours, 6 = 5 or more hours. 
b = Did not watch TV, 1= Less than 1 hour, 2= 1 hour, 3 = 2 hours, 4 = 3 hours, 5 = 4 hours, 6 = 5 or more hours. 

 

 

 

 



52 
 

 

 

 

 

Table 4. Characteristics of the children friendship networks. 

  
Networks 

N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12 N13 N14 N15 N16 N17 N18 N19 N20 

Girls 21 27 20 33 15 32 18 23 29 23 15 30 17 22 32 27 11 22 26 19 

Boys 19 17 16 29 32 29 19 14 18 29 25 38 24 20 27 19 16 16 31 16 

Nodes 40 44 36 62 47 61 37 37 47 52 40 68 41 42 59 46 27 38 57 35 

Arcs 152 112 112 134 190 222 133 79 157 195 171 410 180 116 189 159 69 98 238 166 

Mean Degree 3.80 2.55 3.11 2.16 4.04 3.64 3.60 2.14 3.34 3.75 4.28 6.03 4.39 2.76 3.20 3.46 2.56 2.58 4.18 4.74 

Density 0.10 0.06 0.09 0.04 0.09 0.06 0.10 0.06 0.07 0.07 0.11 0.09 0.11 0.07 0.06 0.08 0.10 0.07 0.08 0.14 

Reciprocity 

Percentage 
0.51 0.55 0.45 0.51 0.52 0.38 0.36 0.46 0.42 0.44 0.46 0.47 0.53 0.36 0.44 0.54 0.35 0.39 0.49 0.47 

Clustering 

Coefficient 
0.25 0.32 0.33 0.26 0.35 0.28 0.32 0.24 0.25 0.27 0.39 0.36 0.38 0.23 0.22 0.31 0.25 0.24 0.30 0.35 

Mean Path 

Lenght 
4.35 2.34 3.10 2.90 3.89 3.86 3.65 2.50 3.37 3.68 3.34 3.36 2.62 2.68 4.40 3.09 3.05 3.35 4.13 2.89 
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4.2.4. Analytic methods 

To understand the implications of structural parameters (endogenous effects) and node level effects 

(exogenous effects) in the friendship networks, we applied the ERGM, using a Markov Chain Monte Carlo 

approach, allowing us to comprehend the underlying processes that create and sustain an “observed” 

network.134 The estimations of the model parameters were conducted using PNet.135 A positive estimate 

indicates that the variable is more prevalent than randomness, while a negative estimate indicates that its 

prevalence is less than by chance (a zero estimates indicates that occurs as chance).134 The effects were 

tested using a t-ratio (the parameter estimate divided by the standard error) 23,122,134 and assessed as 

significant when the absolute ratio exceeded two. Once the different model parameters were estimated, a 

goodness of fit was conducted via PNet simulation. The graph density was fixed in every school’s model in 

order to facilitate convergence.134  

All models included five different structural parameters: reciprocity, activity spread, popularity spread, 

multiple connectivity, and path closure.127,134 Reciprocity models the tendency for ties to be reciprocated, 

activity spread models the out-degree distribution, popularity spread models the in-degree distribution, 

multiple connectivity models the tendency for nodes to be connected by many 2-paths, and path closure 

models the tendency for 2-paths to be closed.23,134 The models also included three different node level 

effects: sender effect, receiver effect, and homophily (with the interaction effect used in binary variables 

and the absolute difference effect used in continuous variables).134 The sender and receiver effects model 

the tendency for nodes with a particular attribute to send or receive ties to other nodes (whether or not that 

other node has the attribute). The homophily effect models the tendency for nodes with a particular attribute 

to have a tie between them (with homophily shown by a positive significant estimate for the interaction 

effect or a negative significant estimate for the difference effect).23,134 

These structural parameters were first tested in a base model to identify the endogenous effects of the 

network. The significant structural network parameters were then added into the different node level effects 

models (sender, receiver, and homophily effects), and each attribute was tested independently to assess its 

significance. Finally, all significant effects were tested in conjunction with the significant structural network 

parameters in order to produce the final models, which were selected using a backward selection that 

removed nonsignificant effects one at a time. The final models were therefore composed only of node level 

effects and structural parameters that were significant. 
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4.3.  Results 

4.3.1. Structural effects 

The reciprocity effect was significant in all 20 networks, indicating that friendship references are likely to 

be reciprocal among dyads. It means that if one child refers another child as a friend, the other child tends 

refer him/her back. The path closure parameter was significant and positive across all 20 networks and the 

multiple connectivity parameter was significant and negative for 19 of the 20 schools, The presence of these 

two parameters not only reflects a tendency for “a friend of a friend to become a friend” but shows that the 

network has clustered friendship groups.23 The popularity and activity spread parameters were significant 

in 4 and 6 schools, respectively, although the significant popularity spread estimates in the former were 

negative, suggesting no trend of “popular children.”  In 5 of the 6 latter schools, the activity spread parameter 

was significant and negative, suggesting the unlikeliness of children with a high out-degree. For the other 

school, the activity spread parameter was significant and positive, indicating that was a network centralized 

by the out-degree. The isolation parameter was significant and positive for only one school, indicating that 

in that particular case, some children had no friendship ties. All these results are summarized in Table 5. 

4.3.2. Receiver effects 

In most of the 20 schools, the receiver effects for the different attributes were not significant, indicating that 

these attributes were not a strong selection or influence mechanism for how the children relate to their 

friends. In 16 of the 20 schools, the PA attribute (whether accelerometer based or self-reported) was not 

significant, indicating that this attribute has no influence over friendship references. In the other 4 schools, 

the receiver effects associated with both PA measures were significant, but in 3 cases, they were negative 

(parameter estimates: N9 = -0.66 [S.E. = 0.22], N15 = -0.50 [S.E. =0.24], N20 = -0.30 [S.E. = 0.12]), 

indicating that the physically active children were less likely to be referenced as friends. In the one 

remaining school, they were positive (parameter estimate: N19 = 0.39 [S.E. = 0.14]), suggesting that the 

physically active children were more likely to be referenced as friends. The receiver effects associated with 

organized activities was not significant in 19 of the 20 schools, indicating that the children did not consider 

them when reference their friends. In the one remaining school, the effect of the dance/martial arts class was 

actually negative (parameter estimate: N12 = -0.41 [S.E. = 0.19]), indicating a tendency to be less 

referenced. 

The TV-related screen time attribute was not significant in any school, whiles the computer 

games/videogame-related screen time attribute was not significant in 17 of the 20 schools, indicating that 
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the children were not referenced by their friends based on time spent in this activity. Nonetheless, in 3 of 

the 20 schools, the effects of playing video games/computer games was both significant and positive 

(parameter estimates: N1 = 0.21 [S.E. = 0.061], N3 = 0.20 [S.E. = 0.078], N19 = 0.11 [S.E. = 0.038]), 

indicating that children playing video games/computer games with higher frequency were more likely to be 

referred as friends. 

4.3.3. Sender effects 

In most of the schools, the sender effect for the different attributes was also not significant indicating that 

the children did not reference their friends based on weight status, meeting PA recommendations, 

participation in organized activities, or sedentary behaviors. Moreover, in 19 of the 20 schools, weight status 

had no influence on friendship references. In the remaining school, however, the effect of the weight status 

variable was significant and positive (parameter estimate: N4 = 0.67 [S.E. = 0.30]), indicating that 

overweight children were more likely to reference more friends. In 17 of the 20 schools, the PA-related 

attributes were not significant; indicating that the children did not referenced friends for being physically 

active. Nevertheless, in 3 schools, the effect of PA measured by accelerometer was significant, 2 positive 

(parameter estimate: N7 = 0.29 [S.E. = 0.12], N18 = 0.44 [S.E. = 0.20]) and the other negative (parameter 

estimate: N13 = -0.24 [S.E. = 12]). The positive parameter estimate was associated with a tendency for 

children who engage in more than 60 minutes of PA to reference more children as friends, whereas the 

negative parameter estimate indicates a tendency for them to nominate fewer children as friends.  

In 18 of the 20 schools, the organized activities attribute was also not significant, suggesting that such 

activities had no influence over how the children referenced their friends. Nonetheless, the art/music class 

effect was significant and positive in 2 schools (parameter estimate: N14 = 0.42 [S.E. = 0.16], N19 = 0.44 

[S.E. = 0.14]), indicating that children who practiced arts/music were more likely to reference more children 

as friends. 

4.3.4. Homophily effects 

The homophily effect of the different attributes was not significant across all schools, suggesting that the 

children did not relate to children with similar weight status, similar PA engagement, or similar time spent 

in sedentary behavior. They, however, tend to relate to same sex friends, a parameter that was significant 

and positive for 12 of the 20 schools (Table 6). In 19 of the 20 schools, however, the children did not 

reference friends with similar weight status: in only one school was this effect significant, indicating that 

the children were likely to relate to others with similar weight status (Table 6). 
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Whereas in 16 of the 20 schools, the children did not engage in similar organized activities as nominated 

friends, in 4 schools, the related attributes were significant and positive, and in 2 of these, the children 

tended to relate to others engaged in sports teams. In one school, the children tended to engaged in 

dance/martial arts, and in the other, to others engaged in art/music classes (Table 6). On the other hand, 

physical activity itself had no significant influence on friendship relationships in 19 of the 20 schools; in 

only one school children were likely to relate between children who were physically active (Table 6). 

Similarly, in only 2 schools was there a tendency for children to relate with others who spent similar time 

playing computer games/videogames; in 18 of the 20 schools, friends were not linked by the time spent in 

screen-related activities (Table 6). 
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Table 5. Significant model parameter estimates for structural network effects. 

Parameters 
Networks 

N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12 N13 N14 N15 N16 N17 N18 N19 N20 

Reciprocity a 2.35 2.55 1.99 2.67 2.21 1.37 1.19 2.56 1.66 1.60 0.53 0.69 1.93 1.75 2.59 2.31 1.56 1.61 1.98 1.88 

Path Closure b 0.68 1.03 0.86 1.16 0.78 1.16 0.94 0.85 1.06 1.04 1.10 1.43 0.81 1.04 0.85 0.88 0.47 1.10 0.99 0.66 

Multiple 

connectivity c 
-0.26 -0.23 -0.37 -0.28 -0.27 -0.28 -0.27 -0.47 -0.24 -0.30 -0.32 -0.14 -0.27 -0.33 -0.25 -0.29  -0.25 -0.21 -0.25 

Popularity 

Spread d 
        -1.06  -1.72 -1.76      -0.83   

Activity Spread e    -1.48  -0.50     -1.95 -2.18     0.63  -0.78  

Isolates f    2.46                 

Note: Only significant (t-ratio exceeds two) values are shown in the table. 

a Reciprocity models the tendency for ties to be reciprocated.  

b Path closure, models the tendency for 2-paths to be closed. 

c Multiple connectivity models the tendency for nodes to be connected by many 2-paths,. 

d Popularity spread, models the in-degree distribution of the nodes. 

e Activity spread, models the out-degree distribution of the nodes. 

f Isolates, models the tendency for nodes without connections. 
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Table 6. Significant model parameter estimates for homophily effects. 

Parameters    Networks 

Attribute   N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12 N13 N14 N15 N16 N17 N18 N19 N20 

Sex a  0.28  0.39 0.43 0.27 0.2 0.28 0.56 0.47  0.65 0.3   0.22 0.21     
Mean week computer 

games/video games b 
    -0.16       -0.13          

Nutritional Status b         -0.5             

PA by accelerometer a            0.34          

Activities                      

Sports team a                   0.4  0.27 

Dance or martial arts a                 0.27     

Art or music a          0.5            

None of these a       0.78       0.57         

Note: Only significant (t-ratio exceeds two) values are shown in the table. 

a A positive estimate shows homophily (interaction).  

b A negative estimate shows homophily (difference). 
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4.4.  Discussion and future work 

The consistency of the analytic results for the 20 school networks suggests no homophily on weight status, 

meeting PA recommendations, organized activities, or sedentary behaviors, which indicates that the child 

friendships were not based on weight status or these behaviors. Our results thus differ from the findings of 

previous studies in high income countries, where children did indeed show homophily on these 

characteristics.22–27 It thus makes a useful contribution to the emerging literature on the influence of obesity, 

PA, and sedentary behaviors in social networks in countries undergoing nutritional transition.  

Studies conducted in high income countries have found that overweight adolescents are more likely to have 

overweight friends than their normal weight peers.24,27 In addition overweight adolescents refer more friends 

and are slightly less likely to be referred as a friend.24,27 Nonetheless, the results from Colombia do not 

provide evidence of this potential social contagion of obesity, social affiliation by weight status or social 

marginalization by overweight. This difference could be attributable to demographic characteristics like the 

age or the race/ethnicity. As observed by Strauss et. al,136 despite social marginalization effect is evident 

among overweight children, when the analyses are controlled by race or ethnic groups this effect is less 

prevalent among African-American and Hispanic children.  

Similarly, studies conducted in high income countries showed adolescents friends tend to engage in similar 

sports activities, regular exercise,22 and organized PA.23,25 Our findings, however, showed none of these 

observations for Colombia. Hence, to better understand the absence of a significant pattern of PA and 

organized activity’s influence across all the schools, it is important to consider classroom characteristics 

that may explain the children´s interactions, such as the norms of expected behavior among social group 

members.137 According to this latter, if being physically active is a classroom norm, children will be active 

and try to associate with children that conform to this expectation. Our results would then imply a lack of 

PA norms in the classroom. On the other hand, a recent study for Colombia found that PA-related norms do 

not predict actual PA, even when the reference peer group (e.g., friends or classmates) is considered,138 

which suggests that children in this age group and context may not create norms regulating the group’s 

physical activity. Nonetheless, further analysis conducted for this same study showed that the majority of 

variance in children’s physical activity could be explained by sex: being a boy was associated with generally 

higher levels of physical activity.138 

Regarding sedentary behaviors, different results have been found. De la Haye et al.23 found that female 

friends were similar on sedentary screen based activities. While Ali et al.22 found that there was no evidence 

for similarities on TV viewing. Our results are consistent with these latter findings. Also, we did not find 
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any evidence for similarities on the time spent on computer/videogames. Our findings on screen time 

activities, could be explained by the fact that these behaviors take place primarily in the children’s home, 

which may explain why the time spent in them is not significantly related to how much time friends spend 

in the same activities.22 

In addition, although we find no significant associations between friendship ties and the variables studied, 

friendship ties in most schools were indeed more likely to be based on sex homophily, suggesting that most 

networks were segregated by sex. The results therefore imply that sex was being used as a friend selection 

mechanism, which transformed into a self-organizing mechanism in the networks. Our results are also 

consistent with other studies of preschool and school-aged children that identify sex as the main criterion 

for friendship selection in certain developmental stages.122,139,140 This observation is supported by extensive 

theoretical and empirical work demonstrating that girls and boys prefer to interact and relate with same-sex 

peers throughout childhood,141 with same sex interactions accounting for 80% to 90% of child friendships.142 

Although this study is subject to certain limitations, it is also characterized by several strengths. The use of 

different measures of PA, an objective accelerometer PA measure together with the subjective self-reported 

survey measure. Our analysis shows that the children studied tended to underestimate self-reported PA 

measures, making the objective PA measure more reliable. Admittedly, imputing missing PA values based 

on the median of each school is a weakness; however, these values accounted for only about 7% of the 

participants. Another strength of this study is that, to better understand the dynamics underlying the 

children’s friendship networks, the analysis addressed not only the children’s weight status but also various 

other behaviors in which they engaged. Again, because these additional control variables were based on 

self-reported measures, there is an admitted risk of bias. Nonetheless, the results provide convincing 

evidence not only that these behaviors had no significant effect on the children’s friendship tie formation 

but also that the friendship networks tended to be sex segregated. Finally, although our sampling may not 

have accounted for all important contributors to the classroom dynamic in one or more schools, the response 

rates were generally high and the sample size was sufficiently large to allow accurate determination of the 

effects of weight status, PA, and sedentary behaviors in the child friendship networks.  

Despite we did not find any evidence that relates children friendship networks with their weight status, 

meeting PA recommendations, and sedentary behaviors, it could be possible that these variables have an 

effect over time. Hence, future research might consider incorporating longitudinal data to assess changes in 

these variables and in the network structures. This approach would throw additional light on whether these 

variables work as an influence or selection mechanism in children’s friendship tie formation. Likewise, 

although we found no homophily for meeting PA recommendations variable or being involved in sports 
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team, approximately 60% of the children met PA recommendations and 62 % of the children were active in 

sports team. This observation, together with our finding that child friendship networks are sex segregated, 

has important implications for intervention programs. Future interventions to promote healthy lifestyles 

among school aged-children should be planned as a prevention mechanism instead of a control intervention. 

According to our findings, these initiatives should be focalized in children’s sex and not on weight status 

and sedentary behaviors. 

To conclude, differing from children from high income countries, Colombian children do not marginalize 

or select their friends based on the observed attributes. This difference represents an opportunity to avoid 

the social contagion of overweight, obesity, and unhealthy behaviors. 
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Chapter 5. Understanding the inter-organizational 

structure of a health system: the Ciclovía Network  

This chapter is based on a paper published in the American Journal of Health Promotion.143 In chapter 1, I 

propose a systemic framework to study the obesity dynamics. Obesity can be studied through different levels 

of analysis. In this work, it was studied through two levels of analysis (country level and individual level). 

At the country level, I propose a mathematical model that could be used to assess the nutritional transition 

by SES in different LMICs. At this level, the agents are the countries and the interactions between them are 

mainly economic interactions and resource transfers. At the individual level, the agents can be individuals, 

small groups of individuals in a particular social context or organizations that interact between them to 

produce varied outcomes. At this level, I use the population aging structure model described in Chapter 2 

to assess the nutritional stage dynamics of the urban Colombian population by age and SES. One of the 

encouraging and unexpected results of the proposed model shows that children aged 0 to 14, particularly of 

middle and higher SES, are moving from obese to overweight and from overweight to not overweight 

categories. This result could be explained by different factors such as the prevalences of PA by walking for 

transportation has increased significantly between 2005 and 201028 and the different actions taken by the 

Colombian government to improve PA levels and prevent, treat, and control obesity and NCDs. One of the 

actions that Government has implemented is the Ciclovías Recreativas, which is considered as a promising 

program and an environmental approach to promote PA.29,30  

PA can be assessed in different domains such as leisure-time activity, occupational activity, household 

activity, and transportation. In the context of leisure time physical activity, environmental and policy 

approaches can be effective ways to promote PA, creating or enhancing access to places for physical activity 

with outreach program.31 However, the implementation of these programs at both the national and local 

levels requires knowledge of how multisectoral partners are working together and how collaboration could 

be improved. Therefore, in this chapter, we develop a study, at the individual level, in which the agents are 

organizations involved in the Ciclovia Network and the interactions are the links between the organizations 

that work together in some way to develop of the Ciclovia program.  We conduct a social network analysis 

of the health and non–health related organizations that participate in Bogotá’s Ciclovía Recreativa. We 

conclude that Ciclovía is a network whose structure emerged as a self-organized complex system in which 

the organizations tend to cooperate, collaborate, or form partnerships in multisectoral clusters. Furthermore, 

the results show that the most central organizations in the network were outside of the Health sector and 
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include Sports and Recreation, Government, and Security sectors. This chapter provides a methodology for 

policy makers and practitioners to understand the structure of organizational networks such as Ciclovia 

Network. 

6.1.  Introduction 

NCDs are the leading cause of death worldwide.331 The prevalence of NCDs is increasing globally, with 

most cases occurring in low- and middle-income countries.33,144 Physical inactivity is one of the major risk 

factors for NCDs, accounting for an estimated 5.3 million deaths per year.145 

To address the NCD burden due to inactivity, environmental and policy approaches can be effective ways 

to promote PA, creating or enhancing access to places for physical activity with outreach programs.31 

Intersectoral partnerships can support the creation of healthy policies that influence physical environments. 

Increasing population PA requires synergistic policies through intersectoral collaboration.146 

Ciclovía Recreativa (Ciclovía) is considered as a promising program to promote PA.29,30 Ciclovía is a 

multisectoral, community-based mass program in which streets are temporarily closed to motorized 

transport, allowing exclusive access to individuals for leisure activities and PA.29 In this program, 90% of 

the participants are from low and middle socioeconomic strata.147 In a recent work, a cost-benefit analysis 

of four Ciclovía programs showed that the programs are cost beneficial for promoting PA.148 

Ciclovía programs are expanding rapidly worldwide and can be found in more than 100 cities in at least 20 

countries in North, Central, and South America.149,150 Currently, there are at least 75 programs in the United 

States as part of the Open Streets.150 Implementation of this program at both the national and local levels 

requires knowledge of how multisectoral partners are working together and how collaboration could be 

improved. Specific information about networking, such as barriers, importance and frequency of contact, 

and type of collaboration, as well as structural characteristics of the organizations, are important for 

understanding the collaborative relationships between the organizations involved in Ciclovía. 

Bogotá’s Ciclovía is of particular interest because it has a 38-year history and is currently the largest such 

program in the world.151 It started in 1974 with a group of students and activists who, supported by city 

officials, took over several streets to use their bicycles. In the 1980s the city’s Ciclovía became a weekly 

program in which main avenues are temporarily closed for recreation and PA. Today it has a 121-km 

continuous circuit, its attendance ranges from 600,000 to 1,400,000 users every Sunday and holiday, and 

organizations from various sectors work together to make the program possible.151 
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The objective of this study was to conduct a network analysis of the organizations that participate in Ciclovía 

to 1) characterize the network structure and 2) assess the relationship between variables or 

structural tendencies and the likelihood of integration between the network’s members. 

6.2.  Methods 

6.2.1. Data collection 

The selection of organizations for the study had two phases. First, we conducted a review of Ciclovía’s 

history, in which we identified 11 main organizations.151 Second, we contacted the director of the program, 

who identified another 14 organizations. An individualized e-mail (including a recruitment statement) and 

a follow-up phone call were sent to each organization, inviting them to complete a questionnaire. The data-

collection questionnaire was adapted from the Guide for Useful Interventions for Physical Activity in Brazil 

and Latin America’s network analysis project survey.152,153 All materials were translated into Spanish and 

culturally adapted. The questionnaire was administered face to face (77% of organizations) or by e-mail or 

telephone (23% of organizations) from March to June 2009. Each participant of the study signed an informed 

consent form. The protocol was reviewed and approved by Universidad de los Andes’s Institutional Review 

Board. 

Of the 25 eligible organizations, 22 responded to the survey, for an 88% response rate. The organizations 

were classified into the following nine sectors: (1) Sports and Recreation, which included 12% of the 

organizations; (2) Transport and Urban Planning, which included 20% of the organizations; (3) Health, 

which included 8% of the organizations; (4) Education, which included 4% of the organizations; (5) 

Security, which included 8% of the organizations; (6) Marketing/Services, which included 16% of the 

organizations; (7) Research and Academy, which included 16% of the organizations; (8) Government, 

which included 12% of the organizations; and (9) Environment, which included 4% of the organizations 

(Table 7 for definitions and functions of the organizations, acronyms, and corresponding nodes). 
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Table 7. Organizations Participating in Ciclovía* 

Organizations Sectors 
Description /Organizational 

mission 
Functions within Ciclovía 

Node 1. City Hall  Government 

Designs policies and 

implements them through the 

different institutes and 
secretariats.  

Ciclovía is an IDRD program approved by City Hall. The 
IDRD depends from SCRS, which in turn depends from the 

City Hall.  

Node 2. Secretariat of 

Movility (SoM) 

Transport and 

Urban Planning 

Formulates, directs, and 

implements policies that 
ensure the mobility of the city. 

The SoM evaluates and implements the IDRD requirements 

regarding Ciclovía connectivity problems, with the smallest 
possible impact on the city’s mobility.  

Node 3. Secretariat of 

Government (SoG) 
Government 

The SoG works with City Hall 

to design and asses public 

policies in terms of human 
rights, security, inequality and 

coexistence. 

As with all policies and programs, Ciclovía was assessed 

and approved by the SoG. 

Node 4. Secretariat of 

Health (SoH)  
Health 

In charge of preventing 
disease and guaranteeing 

access to health services to all 

residents of Bogotá. 

Creates the procedures that the Ciclovia personnel must 

follow in case of accidents or emergencies.  

Node 5. Secretariat of 

Education (SoEdu) 
Education 

Promotes educational 

offerings in the city to ensure 

access and retention of 
children in the education 

system. 

In order to graduate, high school students must perform a 

number of hours of community service. Some students do 
these hours at Ciclovía working as guides. 

Node 6. Secretariat of 

Planning (SoP) 

Transport and 

Urban Planning 

Leads the integrated planning 

of the Capital District through 
guidance, coordination and 

monitoring of land, economic, 

social, environmental, and 

cultural policies. 

Ciclovía benefits from programs developed by the SoP that 

are related to the built environment, the mobility of the city, 
and bicycle use. 

Node 7. Secretariat of 
Social integration (SoSI)  

Government 

Designs, implements, and 

evaluates public policies 
aimed at improving the 

quality of life in Bogotá. 

Ciclovía has recreovías, which are adaptations of public 

space to encourage PA among people of all ages, 
ethnicities, and social statuses. These programs are related 

to the SoSI’s goal. 

Node 8. Secretariat of 
Environment (SoEnv) 

Environment 

Promotes and designs 

sustainable development and a 

healthy city environment. 

Programs such as the Car-free Day, Night Ciclovía, and 

Ciclovía have a positive influence on the quality of the air 
and reduce noise pollution, and are therefore of interest to 

the SoEnv. 

Node 9. Secretariat of 

Culture, Recreation and 
Sport (SCRS) 

Sports and 

Recreation 

The governmental institution 
that guarantees the cultural 

and recreational rights of the 

people who live in Bogotá. 

The SCRS, with City Hall and the SoG, designs the policies 

that the IDRD must follow.  

Node 10.  District 
Institute of Recreation 

and Sports (IDRD, for the 

Spanish acronym) 

Sports and 

Recreation 

The governmental 

organization committed to the 

promotion of recreation, PA, 
the good use of parks, and 

sports in Bogotá. 

The IDRD leads the Ciclovía program and is attached to the 

SCRS. The IDRD is in charge of designing and 

implementing Ciclovía. Ciclovía is designed with the SoM 
and with the objective of being near people’s homes and 

running through important avenues without compromising 

the city’s mobility. Once a Ciclovía corridor is approved, 
the IDRD promotes the new corridor, acquires the signs and 

hires the guides needed for Ciclovía to work. 

Node 11. Coldeportes 

(Colombian Institute of 

Sports) 

Sports and 
Recreation 

Responsible for formulating, 

coordinating and monitoring 
the practice of sport, 

recreation, physical education, 

leisure time, and PA; aimed at 
improving the quality of life 

of Colombian society. 

Coldeportes helps through the development and 

implementation of public policies. Through programs such 
as the program of Healthy Life Style, which includes the 

Ciclovía program as a strategy to increase physical activity. 

Node 12.  Institute of 
Urban Development 

(IDU, for the Spanish 

acronym) 

Transport and 

Urban Planning 

In charge of maintaining the 
street network and managing 

the city’s infrastructure 

projects. 

The IDU is in charge of maintaining the streets. Since 
Ciclovía uses the same roads as the cars, the street 

maintenance is for car mobility as well as that of bicycles 

and pedestrians using the program.  

Node 13. Metropolitan 

Police (MP) 
Security 

In charge of maintaining 

public order in the city.  

The IDRD has a contract with the MP to provide high 
school graduates doing military service to supervise 

Ciclovía. 

Node 14. Transit Police 

(TP) 
Security 

In charge of enforcing the 
traffic code and responding to 

traffic accidents. 

Handles critical intersections throughout the city, some of 
which are in Ciclovía. Duty is mostly related to traffic 

issues. 
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Organizations Sectors 
Description /Organizational 

mission 
Functions within Ciclovía 

Node 15.  Administrative 

Department for the 

Defense of Public Space 
(DADEP, for the Spanish 

acronym) 

Transport and 

Urban Planning 

DADEP is the institution in 

charge of protecting Bogotá’s 
public space. 

Ciclovía takes place in public space. The DADEP makes 
sure that the space and the goods that are part of the public 

space are well used in the program and that after the 

program the public space is returned to its usual form. 

Node 16. Ministry of 

Health (MoH) 
Health 

Directs and organizes the 

health system to guarantee 
access to health services and 

disease prevention programs 

throughout the country.  

The MoH has an indirect role in the Ciclovía. Through the 

National Plan of Public Health and obesity law promotes 

Ciclovías throughout the country as a strategy to promote 
physical activity.  

Node 17. Chamber of 

Commerce (CoC) 

Research and 

academy  

Aims to increase the 

prosperity of Bogotá’s 

residents through 

strengthening of business 

skills and a competitive 

environment. 

Looks after the city’s heritage, of which Ciclovía is a part. 

Among other actions, opposed an initiative to reduce the 

hours of Ciclovía. 

Node 18. Academy 

(Universidad de los 

Andes)  

Research and 
academy 

Purpose is to train 
professionals and scientists 

and to contribute to the 

country’s scientific and 
technological development. 

Does scientific research into Ciclovía to study its effects on 
public health, social capital, and other issues. 

Node 19. Research 

(Centers for Disease 

Control and Prevention 
[CDC]) 

Research and 

academy 

Collaborates to create the 

expertise, information, and 
tools that people and 

communities need to protect 

their health. 

Works with the Ciclovía Recreativa de las Américas (CRA), 

which includes Bogotá’s Ciclovía. Does a systematic 
scientific review of health issues, workshops for health 

promotion and disease prevention, and development of 

guides to expand the CRA.  

Node 20. Fund of 
Education and Road 

Safety (FONDATT) 

Transport and 

Urban Planning 

Responsible for the 

management of traffic lights 

and, until 2007, collecting 
fines for traffic violations  

FONDATT was the manager of the traffic lights that run 
through Ciclovía until it was discontinued in December 

2009. Its responsibilities were assumed by the SoM. 

Node 21. Media (IDRD 

publicity department) 
Marketing/Services 

This node represents 

newspapers, radio and 

television channels used to 
communicate information. 

 Ciclovía, its schedule, and any changes are communicated 

through the media. 

Node 22. Providers  

(moving company 
Mudanzas) 

Marketing/Services 

These are logistics companies 

in charge of organizing 
events. 

Providers take care of the logistics involved in closing the 

streets to cars and assembling and dismantling pallets and 
stores.  

Node 23. Sponsors 

(pension and severance 
pay fund Porvenir S.A.) 

Marketing/Services 

This node represents the 

companies that use Ciclovía to 
promote their products. 

Sponsors promote their products through Ciclovía by 

paying a fee to have their brand on the event. 

Node 24. Public services 

(Administrative Unit of 
Special Public Services 

UAESP) 

Marketing/Services 

To manage and control solid 

waste and provide street 

lighting. 

Hires other company to keep Ciclovía clean; manages 

Ciclovía’s street lighting through Codensa, which is one of 

its operators. 

Node 25.  Foundation 
(Amigos de la Bicicleta 

Foundation) 

Research and 

academy 

Aim is to improve quality of 
life through the use of the 

bicycle. 

Uses Ciclovía in campaigns and to promote bicycle use. 

*IDRD indicates District Institute of Recreation and Sports (for the Spanish acronym); SoM, Secretariat of Movility; SoG, 

Secretariat of Government; SoH, Secretariat of Health; SoEdu, Secretariat of Education; SoP, Secretariat of Planning; SoSI, 

Secretariat of Social Integration; SoEnv, Secretariat of Environment; SCRS, Secretariat of Culture, Recreation and Sport; PA, 

physical activity; IDU, Institute of Urban Development (for the Spanish acronym); MP, metropolitan police; TP, transit police; 

DADEP, Administrative Department for the Defense of Public Space (for the Spanish acronym); MoH, Ministry of Health; CoC, 

Chamber of Commerce; CDC, Centers for Disease Control and Prevention; CRA, Ciclovía Recreativa de las Americas; 

FONDATT, Fund of Education and Road Safety; and UAESP, Administrative Unit of Special Public Services. 
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6.2.2. Measures 

To analyze the organizational structure of the participating organizations, seven variables were examined 

by using network analytic methods152,154,155: relationship, link attributes (integration, contact, and 

importance), and node attributes (leadership, years in the program, and the sector of the organization). 

Relationship. The relationship variable provided information concerning the existence of links between the 

organizations. Respondents were asked to indicate whether their organization was linked to other 

organizations participating in Ciclovía. Response options were “unlinked” (did not work together at all, 

relationship = 0) and “linked” (worked together in some way, relationship = 1). 

Importance. The importance variable provided information concerning the relevance of the organizations 

participating in Ciclovía. Respondents were asked about their perception of the importance of the 

participation of each of the other organizations to which they were linked. Response options were as follows: 

not important (importance = 0), of little importance (importance = 1), important (importance = 2), very 

important (importance = 3), and extremely important (importance = 4). 

Integration. The integration variable described the relationship between linked organizations. Respondents 

were asked to choose the response that best described the current relationship between their organization 

and each of the other organizations. Response options were as follows: communication (share information 

only when it is necessary), cooperation (share information and work together when any opportunity arises), 

collaboration (pursue opportunities to work together, but without establishing a formal agreement), and 

partnership (work together as a formal team with specified responsibilities to achieve common goals across 

multiple projects). 

Contact. The contact variable determines the frequency of contact among organizations. Respondents were 

asked to indicate how often their organization had contact with other organizations. Response options were 

as follows: yearly (contact = 1), quarterly (contact = 2), monthly (contact = 3), weekly (contact = 4), and 

daily (contact = 5). 

Leadership. The leadership variable provides information about the leadership of the organizations involved 

in Ciclovía. Respondents were asked to indicate which organizations could be leaders in the Ciclovía 

program. 

Organizational Attributes. Two node attributes were used in the analysis. First, each organization was 

classified by sector (categorical variable with nine categories), which was determined by considering each 
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organization’s role and type of activity. Second, each organization was classified by the number of years 

that it had been involved in Ciclovía. Additionally, to analyze the main barriers that make the integration of 

the organizations in Ciclovía difficult, respondents were asked to indicate which factors are barriers or 

enablers to working with other organizations. 

6.3.  Analysis 

The analysis followed two approaches: first, a visual and descriptive analysis, and second, a stochastic 

network method using an exponential random graph model.156 Analysis was conducted by using Pajek, 

UCINET, GEPHI, and R. 

6.3.1. Visual and descriptive analysis 

Network visualization and description were performed to (1) identify how the organizations were linked 

within the Ciclovía network, (2) identify the role of individual organizations in the Ciclovía network, and 

(3) recognize subgroups of organizations working together. 

The analysis focused on network and individual node properties. The measurements calculated for the 

sociometric relationships of the network were density (total number of connections divided by total possible 

connections), reciprocity (the percentage of correspondence of links in the network), in-degree (number of 

links that an organization has from others in the network), out-degree (number of links that an organization 

has to other actors in the network), betweenness (the extent to which an organization was acting as a bridge 

between other organizations that are not directly connected), and closeness (how close an organization was 

to all the other organizations in the network).157  

Additionally, a community detection algorithm was used to detect subgroups of organizations working 

together in the network.158 The algorithm consists of finding high-modularity partitions of the network, 

which are defined as communities. The modularity measurement is calculated as the number of internal 

links between the nodes of a community divided by the number of links between the community nodes and 

the other nodes of the network. Initially, each node belongs to a different community. Then the algorithm 

places a node in a neighboring community and calculates the modularity gain. If the gain is positive, the 

node stays in the community; if not, the node returns to its original community. The process is repeated for 

all nodes until no further improvement can be achieved. Finally, the process is applied again to a network 

where each node is one of the communities found before. The algorithm is repeated until there are no more 

changes in the communities, and a local maximum for the modularity gain is attained. 
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6.3.2.  Stochastic modeling 

An Exponential Random Graph Model (ERGM) was conducted to estimate the parameters for each of the 

predictors of the integration ties between the organizations. ERGM represents a probability distribution of 

graphs on a fixed node set. The probability of observing a graph is dependent on the configurations of the 

model.126 ERGM were estimated using a Markov Chain Monte Carlo (MCMC) method. The model gives 

approximate maximum likelihood estimates (MLEs). In this case, the ERGM model was able to predict the 

likelihood of integration between the organizations linked to Ciclovía from structural tendencies (transitivity 

and heterogeneity) and link and node attributes.123,126 

The model building was developed in four stages. First, we built a null model, which took into account the 

relationship variable (model 1). Second, node attributes were added to the model (model 2). Then, the 

importance and contact variables of the connected organizations were added to the model (model 3). Finally, 

the model 3 without including the contact variable (model 4) was assessed. For ERGM, the integration 

variable was dichotomized as 0 = unlinked or communication, and 1 = cooperation, collaboration, or 

partnership. This cutoff point was selected from the distribution of responses. 

Model 1. This model uses a single parameter (relationship) to explain the behavior of integration between 

two organizations. 

Model 2. This model assesses the effects of organizational attributes in integration between organizations. 

Model 3. For the construction of this model, two other variables (link attributes) were added to the model 

attributes: importance and contact. Additionally, three geometrically weighted terms (GWESP, GWDegree, 

and GWDSP) were included to analyze the network configuration and overcome the problem of model 

degeneracy.159–162 GWESP (geometrically weighted edgewise shared partner) is a measurement of the 

transitivity structure of the network. It captures the tendency of organizations that share a tie to form 

complete triangles with other organizations in the network.159,162 GWDegree (geometrically weighted degree 

statistic) captures the tendency of organizations with higher degree to form relationships with one 

another.160,162 GWDSP (geometrically weighted dyad-wise shared partner) is a measurement of the 

network’s structural equivalence. It captures the tendency of a pair of organizations to share ties with the 

same sets of partners.159 

Model 4. This model used the same attributes and predictors as model 3 without including the contact 

variable. Contact variable was excluded owing to poor convergence. 
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The network’s ERGM fit was assessed using the Akaike information criterion (AIC), the Bayesian 

information criterion (BIC), and the goodness-of-fit statistics for common network distributions.159–161 

These distributions included degree distribution (distribution of lines incident with each node in the graph), 

distribution of edge-wise shared partners (number of edges in which two partners have k partners in common 

for each value of k), geodesic distribution (number of pairs for which the shortest path between partners is 

of length k), and triad census distribution (counts of different groups of three nodes that arise in the 

network).159,160 

6.4.  Results 

6.4.1. Descriptive and visual analysis 

The most central organizations in the network were from the Sports and Recreation, Government, and 

Security sectors. The density of the directed network was .23, indicating that approximately one-fourth of 

the possible ties are present. The reciprocity measurement was 23.8%, indicating a low percentage of 

reciprocal relationships and a high percentage of one-sided relationships between organizations. 

According to the survey, 48.5% of the relationships were communication, 23.9% were cooperation, 9.7% 

were collaboration, and 17.9% were partnerships. Nonetheless, 79.1% of those relationships were reported 

to be very important or extremely important, while only 2.2% were reported to be not important or of little 

importance. The average time that organizations have been involved in Ciclovía was 22.3 years (range: 1–

35 years). In addition, the organizations that were perceived to be leaders in Ciclovía were the District 

Institute of Recreation and Sports (IDRD, for the Spanish acronym), the Secretariat of Culture, Recreation 

and Sport (SCRS), City Hall, the Secretariat of Movility (SoM), and the Secretariat of Health (SoH). 

Specifically, 56% of the nominations were for the IDRD, 24% were for each of the SCRS and City Hall, 

and 16% were for the SoM and SoH. The rest of the organizations were not nominated. 

The in-degree measurement showed that the organizations with the most ties from others in the network 

were from four sectors: Sports and Recreation (IDRD-node No.10 [14]), Security (TP [transit police]–node 

No.14 [9], and MP [metropolitan police]–node No.13 [9]), Transport and Urban Planning (SoM-node No. 

2 [8]), and Government (City Hall-node No. 1 [8]) (Figure 10a). The analysis of the out-degree measurement 

showed that the organizations most related to other organizations were from three sectors: Sports and 

Recreation (IDRD-node No. 10 [23] and SCRS-node No. 9 [23]), Government (City Hall-node No. 1 [12] 

and SoG [Secretariat of Government]-node No. 3 [11]), Transport and Urban Planning (SoM-node No. 2 

[11]), and Health (SoH-node No. 4 [11]) (Figure 10b). The betweenness measurement showed that the 
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organizations from the Sports and Recreation sector (IDRD-node No. 10 [109.3] and SCRS-node No. 9 

[20.8]) had the highest values, and therefore are the key intermediaries in the network (Figure 10c). The 

closeness measurement showed that the organizations from the Sports and Recreation sector (IDRD-node 

No. 10 [94.1] and SCRS-node No. 9 [94.1]) were also the most central nodes in the network, that is, the 

organizations closest to other organizations in the network (Figure 10d). 

a)                                                                              b) 

 

 

 

 
 
 
 
c)                                                                       d)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Network based on the centrality measurements.  
a) Network with node size based on the number of times an organization was identified as a collaborator (in-degree). b) Network with node size 

based on the number of ties that an organization has to other actors in the network (out-degree). c) Network with node size based on the number of 

times that an organization is acting as a bridge between other organizations that are not directly connected (betweenness). d) Network with node 

size based on how close an organization is to all the other organizations in the network (closeness) 

The community detection analysis showed that each of the four communities identified is formed by 

organizations of different sectors (Figure 11). For example, community one includes City Hall (node No. 

1), SoM (node No. 2), SoG (node No. 3), Secretariat of Social integration (SoSI) (Node No. 7), Secretariat 
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of Environment (SoEnv) (node No. 8), Institute of Urban Development (IDU) (node No. 12), Chamber of 

Commerce (CoC) (node No. 17), and public services (node No. 24). 

 

 

 

 

 

 

 

Community 1 2 3 4 
Color     

 
Figure 11. Network of Ciclovía organized by communities (Modularity) 

Of the organizations that responded to the questionnaire, 40.9% reported that there is no factor limiting their 

ability to work with other organizations, 27.27% indicated that organizational structure/bureaucracy is the 

main barrier to work with others, 4.54% reported lack of time, 4.54% reported incompatibility of goals or 

strategies, 4.54% indicated lack of formal agreements, and 18.18% reported no barrier. 

6.4.2. Stochastic modeling 

The results of the stochastic models showed that Model 4 had the best data fit. We compared AIC and BIC 

between models indicating that Models 3 and 4 had best data fit. Additionally, we compared the observed 

and simulated data for four networks distributions (degree, edge-wise shared partners, minimum geodesic 

distance, and triad census) to evaluate the fit of the stochastic models. The goodness-of-fit statistics for the 

network distributions showed that Model 4 had the best model fit; the distributions of observed data mostly 

fall inside the 95% confidence interval (Figure 12). 
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Figure 12. Goodness-of-fit diagnostics for Model 4 

 

The results of model 4 show that the variable “years working on Ciclovía” is inversely associated with 

integration and that importance was positively associated with integration. The log-odds of forming an 

integration tie decrease by .08 for every additional year that the organization participates in the program. 

The organizations considered most important by others are the most likely to cooperate, collaborate, or form 

partnerships.  

In addition, the following structural predictors of integration were statistically significant: GWOdegree, 

GWESP, and GWDSP (Table 8). There was a positive tendency for transitivity (GWESP), indicating that 

organizations tend to form complete triangles or cluster with other organizations. In this network, there was 
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no tendency for organizations with high out-degree (GWOdegree) to cooperate, collaborate, or form 

partnerships with other organizations that also have high out-degree. The positive value of GWDSP 

indicates that there is a structural equivalence in the network; that is, a pair of organizations in the network 

tend to share arcs with the same sets of partners. 
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Table 8. Stochastic Models predicting the probability of an integrative tie between two organizations that work to promote the Bogotá’s 

Ciclovía 
 

* P < 0.05; ** P < 0.01; *** P < 0.001. 

† Main of the covariate years working on Ciclovía. This term adds a single network statistic to the model equaling the sum of the values for the attribute in the nodes (i) and (j) for 

all edges (i; j) in the network. For directed networks the model should use nodeicov and nodeocov. 

‡ Geometrically weighted degree statistic captures the tendency of organizations with higher degrees to form relations with one another. For directed networks the model should use 

GWIdegree and GWOdegree. 

§ Geometrically weighted edgewise shared partner captures the tendency for organizations that share a tie to form complete triangles with other organizations in the network. 

|| Geometrically weighted dyad-wise shared partner captures the tendency of a pair of organizations to share ties with the same sets of partners. 

Coefficient 

 

Model 1: Null model Model 2: Attribute predictors 
Model 3: Attribute and 

structural predictors 

Model 4: Attribute and 

structural predictors 

Logit 
Std. 

Error 
Odds Logit 

Std. 

Error 
Odds Logit 

Std. 

Error 
Odds Logit 

Std. 

Error 
Odds 

Edges  -2.04*** 0.13 0.11 -2.58*** 0.26 0.071 -19.52 15990 0 -4.32*** 1.08 0.01 

Years working on Ciclovía 

(nodeicov) † 
   0.02* 0.01 0.51 0.01 0.01 0.5 -0.01 0.01 0.5 

Years working on Ciclovía 

(nodeocov) † 
   0.01 0.01 0.5 -0.08*** 0.02 0.48 -0.08*** 0.02 0.48 

Sector     -0.13 0.45 0.47 -1.04 0.74 0.26 -1.57* 0.78 0.17 

Contact        21.54 15990 1    

Importance       0.28 1.90 0.57 6.70*** 1.18 0.99 

GWIdegree ‡       -1.02 0.87 0.27 -1.39 0.80 0.19 

GWOdegree ‡       -3.37*** 0.22 0.03 -3.49*** 0.20 0.03 

GWESP (clustering) §       0.29*** 0.03 0.57 0.28*** 0.03 0.57 

GWDSP  

(structural equivalence) || 
      0.03** 0.01 0.51 0.04*** 0.01 0.51 

Model Fit  Likelihood AIC BIC Likelihood AIC BIC Likelihood AIC BIC Likelihood AIC BIC 

 -214.1 430.21 434.61 -210.03 428.05 445.6 -50.09 120.2 164.2 -55.48 128.96 168.54 
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6.5.  Discussion and future work 

Ciclovía programs are rapidly expanding worldwide,146,151 and, therefore, information regarding their 

organizational structure is crucial. This study is the first to provide evidence of the institutional network 

structure of Bogotá’s Ciclovía, a promising program to promote PA, and it provides a methodology to assess 

similar PA programs. The analysis showed that Ciclovía is a multisectoral self-organized network with a 

small number of relationships within the organizations in charge of its management and operation. Most of 

the relationships in the network are considered important by the institutions even if there is no formal 

agreement establishing the network as a program policy. The organizations considered most important by 

others are most likely to cooperate, collaborate, or form partnerships. The centrality of the Sports and 

Recreation sector shows that it is crucial for mediating the relationships and activities carried out by the 

other organizations. 

The IDRD, which belongs to the Sports and Recreation sector, has a mediator role, which is determinant for 

the communication flow in the network, since it is the most likely organization to have access to all the 

other organizations involved. This is consistent with the functions of the IDRD within Ciclovía. IDRD is in 

charge of designing and implementing the Ciclovía. The management from IDRD started in the year 1996 

and strengthened the Ciclovía by promoting well-being, PA, and the provision of healthy options for leisure 

time for the population. In that period, the length of Ciclovía was increased by 50% and the circuit went 

through 70% of administrative districts. New activities were implemented, such as a complementary 

program of free PA classes. 

We also found that the organizations in the network work in multisectoral clusters. In each cluster there are 

organizations with specific roles and activities that work together on Ciclovía. This is consistent with the 

multisectoral organization of other Ciclovías in the Americas that involve mainly the sectors of transport, 

recreation, and security and are mainly funded by institutions from the government.29 

In addition, the network shows a positive tendency for transitivity, meaning that the organizations tend to 

cooperate, collaborate, or form partnerships in a group, rather than at the individual level. Within the 

clusters, the relationship between two organizations is often mediated by a third organization, explaining 

the observable lack of reciprocal ties. This work of the organizations in clusters may explain the network’s 

low density. 

Network analysis is a relatively new approach for PA research. In Latin America, a previous study was 

performed for the PA networks of Brazil and Colombia.153 In contrast with the Ciclovía network, those 



77 
 

networks are formally established by 35 participating institutions in the case of Brazil and 53 institutions in 

the case of Colombia. The network analysis of Brazil and Colombia showed that those networks have more 

density than the Ciclovía network and that the importance of organizations is also statistically significant in 

the integration prediction model. The networks that form the organizations that study and promote PA in 

Brazil and Colombia were established by government policies. The Ciclovía network, on the other hand, 

was not formally established; its structure emerged as a self-organized complex system with a history of 

more than 30 years. 

Some limitations in the study are worth noting. We interviewed only one person from each institution who 

was recommended as the most involved in Ciclovía, assuming that his or her answers accurately represented 

the whole organization. Therefore, in future studies it is important to survey multiple persons from each 

organization to assess consistency of the data. Additionally, 12% of the participating organizations did not 

respond to the survey; however, the analysis shows that these organizations were not central and prestigious 

in the network. In addition, this work only does an initial assessment of network’s integration level by using 

self-reported data as a snapshot of one point in time (2009). To address this, it would be important to 

periodically track the network integration’s evolution. For this purpose, future studies should include 

periodically self-reported data from members of the organizations and additional predictors, such as the 

projects worked on by the two organizations, the results obtained in these projects, and the resources 

invested. Finally, the high percentage of participants that reported no barriers to work with others could be, 

in part, due to social desirability in the response. 

Ciclovía is a network whose structure emerged as a self-organized complex system in which the 

organizations tend to cooperate, collaborate, or form partnerships in multisectoral clusters. Most of the 

relationships in the network are considered important by the institutions even if there is no formal agreement. 

Ciclovía of Bogotá is an example of a program with public health potential, formed by organizations of 

multiple sectors with Sports and Recreation being the most central sector. This study provides a framework 

to understand how Bogotá’s Ciclovía program is structured and what works to develop and support this 

program to promote PA. Therefore, and considering that Ciclovía programs are expanding worldwide and 

showing promise as cost beneficial interventions for promoting PA,148 the methodology presented could 

provide a framework for policy makers and practitioners to understand Ciclovía in their local context. 
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Conclusions and future work 

Overweight, obesity, and PI are some of the major public health problems worldwide.32,102 These factors are 

associated with NCDs like diabetes, cancer, and cardiovascular diseases,2,5–7 which are among the main 

causes of death in the world.8 In recent years, the disparities in the prevalence of overweight and obesity 

across SES groups have emerged as a one of the major challenges in public health, especially in LMICs. In 

particular, different LMICs are experiencing a nutritional transition in which the burden of obesity tends to 

shift toward the lower SES population as the level of economic development of a country improves.10–12 

These nutritional transition could generate high costs for the health care sector in these countries due to the 

population in them is concentrated in the lower SES.  

In this document, I propose a systemic framework to study obesity through two levels of analysis (individual 

level-micro level or country level-macro level). At the country level, I propose a population aging structure 

model that includes aging chains for three BMI categories and divide the population into12 age groups that 

could be used to assess the nutritional transition by SES in different LMICs. The model includes a heuristic 

that estimates the TRs between BMI categories by age and SES. Future research might consider this model 

to study the relationship between obesity, SES, and the country’s economic development level over time. 

With this model, we could estimate the TRs and prevalence of the nutritional stages of the population over 

time to different LMICs, with the proper adaptations. 

According to the systemic framework, to study the obesity epidemic in a country, it is important to 

understand how the nutritional transition process is of it. In this work, I studied the obesity epidemic in 

Colombia, at the individual level, in which the agents were the persons (urban Colombian population) 

grouped by BMI category, age, and SES. I used the population aging structure model proposed in Chapter 

2 to test if the urban Colombian population is experiencing a nutritional transition in which the burden of 

obesity tends to shift towards those with lower SES. The results show that the distribution of BMI categories 

of urban population differs across age and SES over time, especially in adults aged 20 to 59 years. In 

particular, adults are experiencing a nutritional transition in which the burdens of overweight and obesity 

are shifting towards the lower-SES population. Additionally, we show that the urban population aged 15 to 

29 years is a subgroup that ought to be targeted of the intervention efforts of policy makers. Furthermore, 

the results show that children aged 0 to 14, particularly of middle and higher SES, are moving from obese 

to overweight and from overweight to not overweight categories. This result is encouraging, puzzling, and 

requires further evaluation. The proposed model could be used to guide the design of public health 

interventions to prevent overweight and obesity related to age and SES. In particular, it could be used to 
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identify which subgroups of the population by age and SES ought to be targeted. 

Additionally, I propose a population SD model that includes the population aging structure model to 

understand the nutritional stage dynamics of a population by age and SES. The model also takes into account 

some feedback structures that could have an effect on the TRs between BMI categories, age, and SES. In 

particular, the model could help to understand the effects of the attributes LTPA, TPA, PFSD, and ST on 

the nutritional stage dynamics of the population by BMI categories, age, and SES. The proposed model is 

useful to understand the obesity epidemic. It could be employed to study the changes in the distribution of 

BMI categories by age and SES over time, conduct simulations testing the effect of policy interventions on 

the prevalence of overweight and obesity among different SES and age, and assess the nutritional transition 

by SES in other LMICs, with the proper adaptations. As future work, I propose assess the complete model 

propose in the chapter 1. The next ENSIN survey, for which the collecting data is planned for this year, will 

measure the different factors associated with PA, consumption of food, and sedentary behaviors for the all 

ages. With these data, we might assess the effects of LTPA, TPA, PFSD, and ST on the TRs between the 

BMI categories by each age and SES. Additionally, using data of the future ENSIN 2015, future studies 

should include this new data to validate the proposed heuristic to estimate the TRs between BMI categories 

by age and SES. 

The proposed model could help to policy makers to identify subgroups of the population by age and SES 

and the effects that the attributes could have on the TRs between BMI categories of a population. In case of 

Colombia, I identified different societal groups that policy makers should target for intervention efforts. 

Different methods and models were used to study obesity and its associated features in the Children and 

adolescents. In particular, the results of the population aging structure model show that the urban Colombian 

children aged 0 to 14, particularly of middle and higher SES, is an important subgroup because they is the 

only age group that is moving from obese to overweight and from overweight to not overweight categories. 

Therefore, we examine the influence of weight status, physical activity, and screen time on children’s 

friendship networks in Bogotá, Colombia using a stochastic network analysis. The results show that there 

is no dominant patron in the children’s friendship ties in Bogota, Colombia (middle- income country). 

However, children’s friendship ties were segregated by sex. These results differ from the findings of 

previous studies in HICs, where children’s friendships were based on these characteristics.22–27 These 

findings have important implications for intervention programs to promote healthy lifestyles among school 

aged-children in countries undergoing nutritional transition. These programs should be planned as a 

prevention mechanism instead of a control intervention, and it should be focalized in children’s sex and not 

on weight status and sedentary behaviors. Future research might consider incorporating longitudinal data to 

assess the influence of weight status, meeting PA recommendations, organized activities, or sedentary 
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behaviors on selection mechanism in children’s friendship tie formation. 

Finally, the results indicating that children aged 0 to 14, particularly of middle and higher SES, is the only 

age group that is moving from obese to overweight and from overweight to not overweight categories is 

encouraging and unexpected. This result could be explained in part by two factors: (1) the prevalences of 

PA by walking for transportation has increased significantly between 2005 and 2010. This increment may 

be related to the increase in the gasoline and public transport prices, the changes in the transport systems 

(the use and expansion of the BRT systems that has been experiencing the main cities in Colombia between 

2000 and 2010), and the built environment transformations that have generated these changes in the 

transport systems.28 And (2) the different actions taken by the Colombian government to improve PA levels 

and prevent, treat, and control obesity and NCDs (Laws 115/1994, 934/2004, and 1355 /2009). For example, 

at the national level, Colombia has implemented the Ciclovías Recreativas, a promising program and an 

environmental approach to promote PA.31 The implementation of these programs at both the national and 

local levels requires knowledge of how multisectoral partners are working together and how collaboration 

could be improved. Therefore, we conducted a social network analysis, at the individual level, in which the 

agents were the organizations (health and non–health related organizations) involved in Ciclovia Network 

and the interactions were the links between the organizations that work together in some way to develop the 

Ciclovia program. We show that Ciclovía is a network whose structure emerged as a self-organized complex 

system. The organizations in Ciclovía network tend to cooperate, collaborate, or form partnerships in 

multisectoral clusters. Additionally, we show that the Sports and Recreation sector is crucial for mediating 

the relationships and activities carried out by the other organizations. Furthermore, we provide a 

methodology for policy makers and practitioners to understand how Ciclovía programs are structured and 

what works to develop and support this programs to promote PA. In this study, we assess the network’s 

integration level by using self-reported data as a snapshot of one point in time (2009). As future work, we 

propose to develop a longitudinal network analysis to assess the network integration’s evolution. This 

analysis should take into account the periodically self-reported data from members of the organizations and 

additional predictors, such as the projects worked on by the two organizations, the results obtained in these 

projects, and the resources invested. 

Obesity and its associated features is one of the major challenges in public health, due to the interaction of 

diversity of actors with different motivations,73 the levels of scale involved,73 and the different complex 

factors and the linkages and feedback between them that influence the success or failure of prevention 

efforts.74,75 These features are classic characteristics of a complex system. The complex systems is a 

promising approach to study this system. Therefore, in this document, I propose a systemic framework to 

study the obesity dynamic. The framework seeks to guide the design of public health interventions to prevent 
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overweight and obesity. I propose that to study the obesity epidemic in a country (at the individual level) is 

important to identify in what stage the country is according to the nutritional transition process. To do that, 

the proposed model in this work could be used to assess the nutritional transition by age and SES, with the 

proper adaptations. This model could help policy makers to identify different subgroups of a population by 

age and SES and the effects that some attributes could have on the TRs between BMI categories of a 

population. Using this information, researchers and policy makers could use different methods and models 

(statistical approaches, network analysis, agent based models, SD models, e.g.) to study obesity and its 

associated features in the identified subgroups of the population. Finally, the results of these methods and 

models could be used to design of new population models or update the proposed model to understand the 

obesity dynamics by age and SES. 

 

 

 

 

 

 

 

 

 

 

 

 



82 
 

References 

1. Ng, M. et al. Global, regional, and national prevalence of overweight and obesity in children and 

adults during 1980–2013: a systematic analysis for the Global Burden of Disease Study 2013. The 

Lancet (2014). doi:10.1016/S0140-6736(14)60460-8 

2. Calle, E. E., Thun, M. J., Petrelli, J. M., Rodriguez, C. & Heath, C. W., Jr. Body-mass index and 

mortality in a prospective cohort of U.S. adults. N. Engl. J. Med. 341, 1097–1105 (1999). 

3. Eriksson, J. G. Epidemiology, genes and the environment: lessons learned from the Helsinki Birth 

Cohort Study. J. Intern. Med. 261, 418–425 (2007). 

4. Pate, R. R. et al. Physical activity and public health. A recommendation from the Centers for 

Disease Control and Prevention and the American College of Sports Medicine. JAMA 273, 402–407 

(1995). 

5. Wilson, P. W. F., D’Agostino, R. B., Sullivan, L., Parise, H. & Kannel, W. B. Overweight and 

obesity as determinants of cardiovascular risk: the Framingham experience. Arch. Intern. Med. 162, 

1867–1872 (2002). 

6. Fontaine, K. R., Redden, D. T., Wang, C., Westfall, A. O. & Allison, D. B. Years of life lost due to 

obesity. JAMA 289, 187–193 (2003). 

7. Renehan, A. G., Tyson, M., Egger, M., Heller, R. F. & Zwahlen, M. Body-mass index and incidence 

of cancer: a systematic review and meta-analysis of prospective observational studies. Lancet 371, 

569–578 (2008). 

8. Institute for Health Metrics and Evaluation. The Global Burden of Disease: Generating Evidence, 

Guiding Policy. (IHME, 2013). at <http://www.healthdata.org/policy-report/global-burden-disease-

generating-evidence-guiding-policy> 

9. Lopez, A. D., Mathers, C. D., Ezzati, M., Jamison, D. T. & Murray, C. J. Global Burden of Disease 

and Risk Factors. (2006). at <http://www.ncbi.nlm.nih.gov/books/NBK11812/> 

10. Monteiro, C. A., Conde, W. L., Lu, B. & Popkin, B. M. Obesity and inequities in health in the 

developing world. Int. J. Obes. Relat. Metab. Disord. 28, 1181–1186 (2004). 

11. Monteiro, C. A., Moura, E. C., Conde, W. L. & Popkin, B. M. Socioeconomic status and obesity in 

adult populations of developing countries: a review. Bull. World Health Organ. 82, 940–946 (2004). 

12. Jones-Smith, J. C., Gordon-Larsen, P., Siddiqi, A. & Popkin, B. M. Is the burden of overweight 

shifting to the poor across the globe? Time trends among women in 39 low- and middle-income 

countries (1991-2008). Int J Obes (Lond) 36, 1114–1120 (2012). 

13. Sobal, J. & Stunkard, A. J. Socioeconomic status and obesity: a review of the literature. Psychol Bull 

105, 260–275 (1989). 

14. Stunkard, A. in Obesity and poverty: a new public health challenge 23–8 (Pan American Health 

Organization, 2000). 

15. Brown, P. & Bentley-Condit, V. in Handbook of obesity 143–55 (Marcel Dekker, 1998). 

16. Monteiro, C. A., Mondini, L., de Souza, A. L. & Popkin, B. M. The nutrition transition in Brazil. 

Eur J Clin Nutr 49, 105–113 (1995). 

17. Monteiro, C. A., Conde, W. L. & Popkin, B. M. Income-specific trends in obesity in Brazil: 1975-

2003. Am J Public Health 97, 1808–1812 (2007). 

18. Monteiro, C. A., D’A Benicio, M. H., Conde, W. L. & Popkin, B. M. Shifting obesity trends in 

Brazil. Eur J Clin Nutr 54, 342–346 (2000). 

19. Berrios, X., Jadue, L., Zenteno, J., Ross, M. I. & Rodríguez, H. [Prevalence of risk factors for 

chronic diseases. A study in the general population of the metropolitan area, 1986-1987]. Rev Med 

Chil 118, 597–604 (1990). 

20. Grol, M. E. et al. Alarmingly high prevalence of obesity in Curaçao: data from an interview survey 

stratified for socioeconomic status. Int. J. Obes. Relat. Metab. Disord. 21, 1002–1009 (1997). 



83 
 

21. Dearth-Wesley, T., Wang, H. & Popkin, B. M. Under- and overnutrition dynamics in Chinese 

children and adults (1991-2004). Eur J Clin Nutr 62, 1302–1307 (2008). 

22. Ali, M. M., Amialchuk, A. & Heiland, F. W. Weight-Related Behavior among Adolescents: The 

Role of Peer Effects. PLoS ONE 6, e21179 (2011). 

23. de la Haye, K., Robins, G., Mohr, P. & Wilson, C. Obesity-related behaviors in adolescent 

friendship networks. Social Networks 32, 161–167 (2010). 

24. de la Haye, K., Robins, G., Mohr, P. & Wilson, C. Homophily and contagion as explanations for 

weight similarities among adolescent friends. J Adolesc Health 49, 421–427 (2011). 

25. Macdonald-Wallis, K., Jago, R., Page, A. S., Brockman, R. & Thompson, J. L. School-based 

friendship networks and children’s physical activity: A spatial analytical approach. Social science & 

medicine (1982) 73, 6–12 (2011). 

26. Sawka, K. J., McCormack, G. R., Nettel-Aguirre, A., Hawe, P. & Doyle-Baker, P. K. Friendship 

networks and physical activity and sedentary behavior among youth: a systematized review. Int J 

Behav Nutr Phys Act 10, 130 (2013). 

27. Valente, T. W., Fujimoto, K., Chou, C.-P. & Spruijt-Metz, D. Adolescent affiliations and adiposity: 

a social network analysis of friendships and obesity. J Adolesc Health 45, 202–204 (2009). 

28. González, S., Lozano, Ó., Ramírez, A. & Grijalba, C. [Physical activity levels among Colombian 

adults: inequalities by gender and socioeconomic status]. Biomedica 34, 447–459 (2014). 

29. Sarmiento, O. L. et al. The Ciclovía-Recreativa: A Mass-Recreational Program With Public Health 

Potential. J Phys Act Health 7, S163–S180 (2010). 

30. Hoehner, C. M. et al. Physical activity interventions in Latin America: a systematic review. Am J 

Prev Med 34, 224–233 (2008). 

31. Heath, G. et al. Evidence-based physicalactivity intervention: lessons from around the globe. The 

Lancet (2012). 

32. Finucane, M. M. et al. National, regional, and global trends in body-mass index since 1980: 

systematic analysis of health examination surveys and epidemiological studies with 960 country-

years and 9·1 million participants. Lancet 377, 557–567 (2011). 

33. World Health Organization. The global burden of disease: 2004 update. (2008). at 

<http://www.who.int/healthinfo/global_burden_disease/2004_report_update/en/index.html> 

34. Schmidhuber, J. & Shetty, P. in Overweight and obesity: A new nutrition emergency? 29, (SCM 

NEWS, 2005). 

35. World Health Organization. Disease and injury regional mortality estimates, 2000–2012. (2014). at 

<http://www.who.int/healthinfo/global_burden_disease/estimates/en/index1.html> 

36. World Health Organization. Projections of mortality and causes of death, 2015 and 2030. (2013). at 

<http://www.who.int/healthinfo/global_burden_disease/projections/en/> 

37. Gaziano, T. A. Cardiovascular disease in the developing world and its cost-effective management. 

Circulation 112, 3547–3553 (2005). 

38. Cuevas, A., Alvarez, V. & Olivos, C. The emerging obesity problem in Latin America. Expert Rev 

Cardiovasc Ther 7, 281–288 (2009). 

39. Departamento Administrativo Nacional de Estadística. Estadísticas vitales. (DANE, 2005). 

40. Gobierno Federal. Acuerdo Nacional para la Salud Alimentaria. Estrategia contra el sobrepeso y la 

obesidad. (Secretaria de Salud. Estados Unidos Mexicanos, 2010). at 

<http://avs.org.mx/docs/AcuerdoNacionalSaludAlimentaria.pdf> 

41. Bray, G. & Bouchard, C. Handbook of Obesity: Clinical Applications. (Marcel Dekker, Inc, 1998). 

42. Colditz, G. A. Economic costs of obesity and inactivity. Med Sci Sports Exerc 31, S663–667 (1999). 

43. Thorpe, K. E., Florence, C. S., Howard, D. H. & Joski, P. The impact of obesity on rising medical 

spending. Health Aff (Millwood) Suppl Web Exclusives, W4–480–6 (2004). 

44. Finkelstein, E. A., Fiebelkorn, I. C. & Wang, G. State-level estimates of annual medical 

expenditures attributable to obesity. Obes. Res. 12, 18–24 (2004). 

45. Thompson, D., Brown, J. B., Nichols, G. A., Elmer, P. J. & Oster, G. Body mass index and future 

healthcare costs: a retrospective cohort study. Obes. Res. 9, 210–218 (2001). 



84 
 

46. Yang, Z. & Hall, A. G. The Financial Burden of Overweight and Obesity among Elderly Americans: 

The Dynamics of Weight, Longevity, and Health Care Cost. Health Serv Res 43, 849–868 (2008). 

47. Finkelstein, E. A., Trogdon, J. G., Cohen, J. W. & Dietz, W. Annual medical spending attributable 

to obesity: payer-and service-specific estimates. Health Aff (Millwood) 28, w822–831 (2009). 

48. Finkelstein, E. A., Fiebelkorn, I. C. & Wang, G. National medical spending attributable to 

overweight and obesity: how much, and who’s paying? Health Aff (Millwood) Suppl Web 

Exclusives, W3–219–26 (2003). 

49. Lévy, E., Lévy, P., Le Pen, C. & Basdevant, A. The economic cost of obesity: the French situation. 

Int. J. Obes. Relat. Metab. Disord. 19, 788–792 (1995). 

50. Seidell, J. C. The impact of obesity on health status: some implications for health care costs. Int. J. 

Obes. Relat. Metab. Disord. 19 Suppl 6, S13–16 (1995). 

51. Segal, L., Carter, R. & Zimmet, P. The cost of obesity: the Australian perspective. 

Pharmacoeconomics 5, 45–52 (1994). 

52. Popkin, B. M., Kim, S., Rusev, E. R., Du, S. & Zizza, C. Measuring the full economic costs of diet, 

physical activity and obesity-related chronic diseases. Obes Rev 7, 271–293 (2006). 

53. Trogdon, J. G., Finkelstein, E. A., Hylands, T., Dellea, P. S. & Kamal-Bahl, S. J. Indirect costs of 

obesity: a review of the current literature. Obes Rev 9, 489–500 (2008). 

54. Finkelstein, E. A., DiBonaventura, M. daCosta, Burgess, S. M. & Hale, B. C. The costs of obesity in 

the workplace. J. Occup. Environ. Med. 52, 971–976 (2010). 

55. Albala, C., Vio, F., Kain, J. & Uauy, R. Nutrition transition in Chile: determinants and 

consequences. Public Health Nutr 5, 123–128 (2002). 

56. Profamilia. Encuesta Nacional de Demografía y Salud 2005 (ENDS). [National Demographic and 

Health Survey.]. (Profamilia, 2005). 

57. Profamilia. Encuesta Nacional de Demografía y Salud 2010(ENDS). [National Demographic and 

Health Survey.]. (Profamilia, 2010). 

58. Martorell, R., Khan, L. K., Hughes, M. L. & Grummer-Strawn, L. M. Obesity in women from 

developing countries. Eur J Clin Nutr 54, 247–252 (2000). 

59. Dinsa, G. D., Goryakin, Y., Fumagalli, E. & Suhrcke, M. Obesity and socioeconomic status in 

developing countries: a systematic review. Obes Rev 13, 1067–1079 (2012). 

60. McLaren, L. Socioeconomic status and obesity. Epidemiol Rev 29, 29–48 (2007). 

61. Dangerfield, B. C. & Zainal Abidin, N. Towards a model-based tool for evaluating population-level 

interventions against childhood obesity. in Procs of the International System Dynamics Conference, 

Korea, 2010. (2010). at <http://www.systemdynamics.org/conferences/2010/proceed/index.html> 

62. Abdel-Hamid, T. K. Thinking in Circles About Obesity: Applying Systems Thinking to Weight 

Management. (Springer, 2009). 

63. Karanfil, Ö. A System Dynamics Model of Body Weight Regulation and Obesity. in (2009). 

64. Rahmandad, H. & Sabounchi, N. S. Building and estimating a dynamic model of weight gain and 

loss for individuals and populations. in (2011). at 

<http://www.systemdynamics.org/conferences/2011/proceed/papers/P1230.pdf> 

65. Rahmandad, H. & Sabounchi, N. S. Modeling and estimating individual and population obesity 

dynamics. in 306–313 (Springer-Verlag, 2012). doi:10.1007/978-3-642-29047-3_37 

66. Rahmandad, B. Modeling the dynamics of human body growth and maintenance. in (2012). at 

<http://www.systemdynamics.org/conferences/2012/proceed/papers/P1170.pdf> 

67. Dangerfield, B. & Norhaslinda, Z. A. The Role of Behaviour Change in Eating and Physical Activity 

in the Battle against Childhood Obesity. in (2011). at <http://usir.salford.ac.uk/17831/> 

68. Homer, J., Milstein, B., Dietz, W, Buchner, D & Majestic, E. Obesity population dynamics: 

exploring historical growth and plausible futures in the US. in (2006). at 

<http://www.researchgate.net/publication/228433561_Obesity_population_dynamics_exploring_hist

orical_growth_and_plausible_futures_in_the_US> 



85 
 

69. Fallah-Fini, S., Rahmandad, H., Huang, T. T.-K., Bures, R. M. & Glass, T. A. Modeling US adult 

obesity trends: a system dynamics model for estimating energy imbalance gap. Am J Public Health 

104, 1230–1239 (2014). 

70. Christakis, N. A. & Fowler, J. H. The spread of obesity in a large social network over 32 years. N. 

Engl. J. Med. 357, 370–379 (2007). 

71. Auchincloss, A. H., Riolo, R. L., Brown, D. G., Cook, J. & Diez Roux, A. V. An agent-based model 

of income inequalities in diet in the context of residential segregation. Am J Prev Med 40, 303–311 

(2011). 

72. Phillips, C. V. Complex systems model of dietary choice with implications for improving diets and 

promoting vegetarianism. Am. J. Clin. Nutr. 70, 608S–614S (1999). 

73. Hammond, R. A. Complex systems modeling for obesity research. Prev Chronic Dis 6, A97 (2009). 

74. Karanfil, Ö. et al. A Multi-scale Paradigm to Design Policy Options for Obesity Prevention: 

Exploring the Integration of Individual-Based Modeling and System Dynamics. in (2011). at 

<http://www.sandia.gov/casosengineering/docs/SD2011_Obesity_2011-6146%20P.pdf> 

75. Huang, T. T., Drewnosksi, A., Kumanyika, S. & Glass, T. A. A systems-oriented multilevel 

framework for addressing obesity in the 21st century. Prev Chronic Dis 6, A82 (2009). 

76. Cilliers, P. Complexity and Postmodernism: Understanding Complex Systems. (Routledge, 1998). 

77. El-Sayed, A. M., Scarborough, P., Seemann, L. & Galea, S. Social network analysis and agent-based 

modeling in social epidemiology. Epidemiol Perspect Innov 9, 1 (2012). 

78. Luke, D. A. & Stamatakis, K. A. Systems science methods in public health: dynamics, networks, 

and agents. Annu Rev Public Health 33, 357–376 (2012). 

79. Sweeney, L. B., Sterman, J. D., Sweeney, L. B. & Sterman, J. Bathtub dynamics: initial results of a 

systems thinking inventory. System Dynamics Review, Volume 16, Issue 16, 249–286 (2000). 

80. Yang, Y., Diez Roux, A. V., Auchincloss, A. H., Rodriguez, D. A. & Brown, D. G. A Spatial Agent-

Based Model for the Simulation of Adults’ Daily Walking Within a City. American Journal of 

Preventive Medicine 40, 353–361 (2011). 

81. Mabry, P. L., Marcus, S. E., Clark, P. I., Leischow, S. J. & Mendez, D. Systems Science: A 

Revolution in Public Health Policy Research. American Journal of Public Health 100, 1161–1163 

(2010). 

82. Mabry, P. L., Olster, D. H., Morgan, G. D. & Abrams, D. B. Interdisciplinarity and systems science 

to improve population health: a view from the NIH Office of Behavioral and Social Sciences 

Research. Am J Prev Med 35, S211–224 (2008). 

83. Popkin, B. M. Global changes in diet and activity patterns as drivers of the nutrition transition. 

Nestle Nutr Workshop Ser Pediatr Program 63, 1–10; discussion 10–14, 259–268 (2009). 

84. Popkin, B. M., Adair, L. S. & Ng, S. W. Global nutrition transition and the pandemic of obesity in 

developing countries. Nutr. Rev. 70, 3–21 (2012). 

85. Reardon, T. & Berdegué, J. A. The Rapid Rise of Supermarkets in Latin America: Challenges and 

Opportunities for Development. Development Policy Review 20, 371–388 (2002). 

86. Reardon, T., Timmer, C. & Berdegue, J. The Rapid Rise of Supermarkets in Developing Countries: 

Induced Organizational, Institutional, and Technological Change in Agrifood Systems. eJADE: 

electronic Journal of Agricultural and Development Economics 1, (2004). 

87. Bruinsma, J. World agriculture: Towards 2015/30, an FAO perspective. (FAO, 2003). 

88. Popkin, B. M. Nutrition in transition: the changing global nutrition challenge. Asia Pac J Clin Nutr 

10 Suppl, S13–18 (2001). 

89. Popkin, B. M. The nutrition transition and its health implications in lower-income countries. Public 

Health Nutr 1, 5–21 (1998). 

90. Monteiro, C. A., Moubarac, J.-C., Cannon, G., Ng, S. W. & Popkin, B. Ultra-processed products are 

becoming dominant in the global food system. Obes Rev 14 Suppl 2, 21–28 (2013). 

91. Butland, B. et al. Tackling Obesities: Future Choices –Project Report. 2nd Edition. (UK 

Government’s Foresight Programme. Government Office for Science, 2007). at 

<https://www.gov.uk/government/publications/reducing-obesity-future-choices> 



86 
 

92. Meisel, J. D., Sarmiento, O. L., Olaya, C., Valdivia, J. A. & Zarama, R. A system dynamics model 

of the nutritional stages of the Colombian population. Kybernetics Submitted, (2015). 

93. Sterman, J. D. Business Dynamics: Systems Thinking and Modeling for a Complex World. 

(McGraw-Hill/Irwin, 2000). 

94. Fotso, J.-C. & Kuate-Defo, B. Measuring socioeconomic status in health research in developing 

countries: Should we be focusing on households, communities or both? Soc Indic Res 72, 189–237 

(2005). 

95. Rutstein, S. O. & Jonhson, K. The DHS Wealth Index. DHS Comparative Reports no. 6. (ORC 

Macro, 2004). 

96. Houweling, T. A., Kunst, A. E. & Mackenbach, J. P. Measuring health inequality among children in 

developing countries: does the choice of the indicator of economic status matter? Int J Equity Health 

2, 8 (2003). 

97. World Health Organization. WHO Child Growth Standards: Length/height-for-age, weight-for-age, 

weight-for-length, weight-for-height and body mass index-for-age: Methods and development. 

(2006). at <http://www.who.int/childgrowth/standards/technical_report/en/index.html> 

98. de Onis, M. et al. Development of a WHO growth reference for school-aged children and 

adolescents. Bull. World Health Organ. 85, 660–667 (2007). 

99. World Health Organization. El estado físico: uso e interpretación de la antropometría. Informe de 

un Comité de Expertos de la OMS. Serie de informes técnicos 854. (1995). at 

<http://www.who.int/childgrowth/publications/physical_status_es/en/index.html> 

100. Clinical guidelines on the identification, evaluation, and treatment of overweight and obesity in 

adults: executive summary. Expert Panel on the Identification, Evaluation, and Treatment of 

Overweight in Adults. Am. J. Clin. Nutr. 68, 899–917 (1998). 

101. Departamento Administrativo Nacional de Estadística. Proyecciones de población. at 

<https://www.dane.gov.co/index.php/poblacion-y-demografia/proyecciones-de-poblacion> 

102. Swinburn, B. A. et al. The global obesity pandemic: shaped by global drivers and local 

environments. Lancet 378, 804–814 (2011). 

103. González, S. A. et al. Results From Colombia’s 2014 Report Card on Physical Activity for Children 

and Youth. Journal of Physical Activity and Health 11, S33–S44 (2014). 

104. Wang, Y. & Lim, H. The global childhood obesity epidemic and the association between socio-

economic status and childhood obesity. International review of psychiatry (Abingdon, England) 24, 

176–88 (2012). 

105. Reilly, J. J. et al. Health consequences of obesity. Archives of disease in childhood 88, 748–52 

(2003). 

106. Beaglehole, R. et al. Priority actions for the non-communicable disease crisis. Lancet 377, 1438–47 

(2011). 

107. World Health Organization WHO. Global strategy on diet, physical activity and health. 21 (2004). 

108. Strong, W. B. et al. Evidence based physical activity for school-age youth. The Journal of pediatrics 

146, 732–7 (2005). 

109. Lees, C. & Hopkins, J. Effect of aerobic exercise on cognition, academic achievement, and 

psychosocial function in children: a systematic review of randomized control trials. Preventing 

chronic disease 10, E174 (2013). 

110. Jago, R. et al. Better with a buddy: influence of best friends on children’s physical activity. Medicine 

and science in sports and exercise 43, 259–65 (2011). 

111. Fitzgerald, A., Fitzgerald, N. & Aherne, C. Do peers matter? A review of peer and/or friends’ 

influence on physical activity among American adolescents. J Adolesc 35, 941–958 (2012). 

112. Hallal, P. C. et al. Global physical activity levels: surveillance progress, pitfalls, and prospects. 

Lancet 380, 247–57 (2012). 

113. Pate, R. R., Heath, G. W., Dowda, M. & Trost, S. G. Associations between physical activity and 

other health behaviors in a representative sample of US adolescents. American journal of public 

health 86, 1577–81 (1996). 



87 
 

114. Braithwaite, I. et al. The worldwide association between television viewing and obesity in children 

and adolescents: cross sectional study. PloS one 8, e74263 (2013). 

115. Lobstein, T., Baur, L., Uauy, R. & IASO International Obesity TaskForce. Obesity in children and 

young people: a crisis in public health. Obes Rev 5 Suppl 1, 4–104 (2004). 

116. Melkevik, O., Torsheim, T., Iannotti, R. J. & Wold, B. Is spending time in screen-based sedentary 

behaviors associated with less physical activity: a cross national investigation. The international 

journal of behavioral nutrition and physical activity 7, 46 (2010). 

117. Moreno, L. A., Pigeot, I. & Ahrens, W. in Epidemiology of obesity in children and adolescents 95–

110 (Springer, 2011). 

118. Rivera, J. Á. et al. Childhood and adolescent overweight and obesity in Latin America: a systematic 

review. The Lancet Diabetes & Endocrinology 2, 321–32 (2014). 

119. Popkin, B. M. The shift in stages of the nutrition transition in the developing world differs from past 

experiences! Public health nutrition 5, 205–14 (2002). 

120. Rivera, J. & Barquera, S. Nutrition transition in Mexico and in other Latin American countries. 

Nutrition Reviews 62, S149–S157 (2004). 

121. Instituto Colombiano de Bienestar Familiar ICBF. Encuesta Nacional de la Situación Nutricional en 

Colombia ENSIN. (2010). 

122. Daniel, J. R., Santos, A. J., Peceguina, I. & Vaughn, B. E. Exponential random graph models of 

preschool affiliative networks. Social Networks 35, 25–30 (2013). 

123. Robins, G., Pattison, P., Kalish, Y. & Lusher, D. An introduction to exponential random graph (p*) 

models for social networks. Social Networks 29, 173–191 (2007). 

124. Robins, G. A tutorial on methods for the modeling and analysis of social network data. Journal of 

Mathematical Psychology 57, 261–274 (2013). 

125. Cranmer, S. J. & Desmarais, B. A. Inferential Network Analysis with Exponential Random Graph 

Models. Political Analysis 19, 66–86 (2011). 

126. Robins, G., Snijders, T., Wang, P., Handcock, M. & Pattison, P. Recent developments in exponential 

random graph (p) models for social networks. Soc Networks 29, 192–215 (2007). 

127. Snijders, T. A. B. B., Pattison, P. E., Robins, G. L. & Handcock, M. S. New Specifications for 

Exponential Random Graph Models. Sociological Methodology 36, 99–153 (2006). 

128. Secretaria de Educación del Distrito. Bogotá D.C. Caracterización Sector Educativo 2012. (2013). 

129. Secretaria Distrital de Planeación. Población de Bogotá D.C. y sus localidades. Viviendas, hogares y 

personas por estrato. (2011). at 

<http://www.sdp.gov.co/portal/page/portal/PortalSDP/Informaci�nTomaDecisiones/Estadisticas/Pr

oyecci�nPoblaci�n> 

130. Departamento Administrativo Nacional de Estadística (DANE). Investigación de Educación Formal 

año 2012. (2012). at <https://www.dane.gov.co/index.php/es/educacion-cultura-gobierno-

alias/poblacion-escolarizada/89-sociales/educacion/3901-educacion-formal> 

131. Katzmarzyk, P. T. et al. The International Study of Childhood Obesity, Lifestyle and the 

Environment (ISCOLE): design and methods. BMC public health 13, 900 (2013). 

132. Evenson, K. R., Catellier, D. J., Gill, K., Ondrak, K. S. & McMurray, R. G. Calibration of two 

objective measures of physical activity for children. J Sports Sci 26, 1557–1565 (2008). 

133. World Health Organization WHO. Global recommendations on physical activity for health. (2010). 

134. Lusher, D., Koskinen, J., Robins, G. Exponential Random Graph Models for Social Networks: 

Theory, Methods and Applications. (Cambridge University Press, 2013). 

135. Wang, P., Robins, G. L. & Pattison, P. E. PNet: a program for the simulation and estimation of 

exponential random graph models. (2006). 

136. Strauss, R. S. & Pollack, H. A. Social Marginalization of Overweight Children. Archives of 

pediatrics & adolescent medicine 157, 746–752 (2003). 

137. Shaw, M. E. Group dynamics: the psychology of small group behavior. (MacGraw-Hill, 1981). 

138. Ramirez, L. et al. Asociación entre normas injuntivas y actividad física en la población escolar. 

(2014). 



88 
 

139. Bukowski, W. & Mesa, L. M. S. The Study of Sex, Gender, and Relationships with Peers: A Full or 

Empty Experience? Merrill-Palmer Quarterly 53, 507–519 (2007). 

140. Bukowski, W. M., Hoza, B. & Boivin, M. Measuring Friendship Quality During Pre- and Early 

Adolescence: The Development and Psychometric Properties of the Friendship Qualities Scale. 

Journal of Social and Personal Relationships 11, 471–484 (1994). 

141. Frazier, S. L., Atkins, M. S., Olson, L. H. & Lyon, A. R. Same-Sex and Other-Sex Peer Reports: 

Unique Contributors to Understanding Children’s School Adjustment. Journal of Psychopathology 

and Behavioral Assessment 31, 152–158 (2008). 

142. George, T. & Hartmann, D. Friendship networks of unpopular, average, and popular children. Child 

development 67, 2301–2316 (1996). 

143. Meisel, J. D. et al. Network Analysis of Bogotá’s Ciclovía Recreativa, a Self-Organized 

Multisectorial Community Program to Promote Physical Activity in a Middle-Income Country. Am J 

Health Promot 28, 127–136 (2014). 

144. Abegunde, D. O., Mathers, C. D., Adam, T., Ortegon, M. & Strong, K. The burden and costs of 

chronic diseases in low-income and middle-income countries. The Lancet 370, 1929–1938 (2007). 

145. Lee, I.-M. et al. Effect of physical inactivity on major non-communicable diseases worldwide: an 

analysis of burden of disease and life expectancy. Lancet 380, 219–229 (2012). 

146. Pratt, M. et al. The implications of megatrends in information and communication technology and 

transportation for changes in global physical activity. Lancet 380, 282–293 (2012). 

147. Torres, A., Sarmiento, O. L., Stauber, C. & Zarama, R. The Ciclovia and Cicloruta programs: 

promising interventions to promote physical activity and social capital in Bogotá, Colombia. Am J 

Public Health 103, e23–30 (2013). 

148. Montes, F. et al. Do health benefits outweigh the costs of mass recreational programs? An economic 

analysis of four Ciclovía programs. J Urban Health 89, 153–170 (2012). 

149. The World Bank. The Growing Danger of Non-Communicable Diseases: Acting Now to Reverse the 

Course. (The World Bank Human Development Network, 2011). at 

<http://siteresources.worldbank.org/HEALTHNUTRITIONANDPOPULATION/Resources/Peer-

Reviewed-Publications/WBDeepeningCrisis.pdf> 

150. Street Plan Collaborative & The Alliance for Biking & Walking. Open Streets Guide. (2012). at 

<http://www.bikewalkalliance.org/resources/reports/open-streets-guide> 

151. Díaz del Castillo, A., Sarmiento, O. L., Reis, R. S. & Brownson, R. C. Translating evidence to 

policy: urban interventions and physical activity promotion in Bogotá, Colombia and Curitiba, 

Brazil. Transl Behav Med 1, 350–360 (2011). 

152. Brownson, R. C. et al. Assembling the Puzzle for Promoting Physical Activity in Brazil: A Social 

Network Analysis. Journal of Physical Activity and Health 7(Suppl 2), S242–S252 (2010). 

153. Parra, D. C. et al. How does network structure affect partnerships for promoting physical activity? 

Evidence from Brazil and Colombia. Soc Sci Med 73, 1365–1370 (2011). 

154. Harris, J. K., Luke, D. A., Burke, R. C. & Mueller, N. B. Seeing the forest and the trees: using 

network analysis to develop an organizational blueprint of state tobacco control systems. Soc Sci 

Med 67, 1669–1678 (2008). 

155. Slonim, A. B. et al. Recommendations for Integration of Chronic Disease Programs: Are Your 

Programs Linked? Prev Chronic Dis 4, A34 (2007). 

156. Luke, D. A. & Harris, J. K. Network Analysis in Public Health: History, Methods, and Applications. 

Annual Review of Public Health 28, 69–93 (2007). 

157. Wasserman, S. & Faust, K. Social Network Analysis: Methods and Applications. (Cambridge 

University Press, 1994). 

158. Blondel, V. D., Guillaume, J.-L., Lambiotte, R. & Lefebvre, E. Fast unfolding of communities in 

large networks. Journal of Statistical Mechanics: Theory and Experiment 2008, P10008 (2008). 

159. Hunter, D. R., Goodreau, S. M. & Handcock, M. S. Goodness of Fit of Social Network Models. J 

Am Stat Assoc 103, 248–258 (2008). 



89 
 

160. Goodreau, S. M. Advances in exponential random graph (p*) models applied to a large social 

network. Soc Networks 29, 231–248 (2007). 

161. Hunter, D. R., Handcock, M. S., Butts, C. T., Goodreau, S. M. & Morris, M. ergm: A Package to Fit, 

Simulate and Diagnose Exponential-Family Models for Networks. Journal Of Statistical Software 

24, nihpa54860 (2008). 

162. van Duijn, M. A. J., Gile, K. J. & Handcock, M. S. A framework for the comparison of maximum 

pseudo-likelihood and maximum likelihood estimation of exponential family random graph models. 

Soc Networks 31, 52–62 (2009). 

 


