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Physical inactivity (PI) is associated with more than 5.3 million deaths per year. One 

potential way to diminish this trend is through active transport. We show that children 

that walk or travel by bicycle to school are less likely to be obese, have lower waist 

circumference and lower percentage body fat. This relation does not differ by country 

or sex. Bus Rapid Transit (BRT) systems are a growing trend around the globe. 

There is a positive association between using TM and walking more than 150 

minutes per week, there is also a positive association between access to TM and 

walking more than 150 minutes per week, also subjects living in neighborhoods in 

which TM was built increased more the number of minutes walking for transport and 

the likelihood of walking for transport more than 150 minutes. Using an agent based 

model (ABM) I show that the relation between use and access of TM and walking for 

transport could be explained through agents that decide the mode of transportation 

based on resources and time. According to the model TM increases the number of 

minutes walking for transport only in environments with a high density of bus 

stations. TM has a positive relation with walking for transport in Bogotá due to 

Bogotá´s high bus density, and TM´s price and speed. Understanding the system in 

terms of actual decision making processes driven by actors and their environment 

may prove helpful in designing policies to increase walking and PA without harming 

people´s quality of life.  

 

Introduction 

This thesis is the culmination of five years of work on different scientific articles 

related to non-communicable chronic diseases and transport. The objective is to 
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understand the relation between Bogota's BRT called TransMilenio and walking for 

transport in Bogota. As I state this objective two questions arise. The questions are 

of course, why is this important? And what does it mean to understand this relation? 

These questions will be briefly answered in this introduction and in more depth 

throughout the thesis.  

Global health has experienced a rapid transformation. People are living longer than 

ever before. The leading causes of death and disability have changed from 

communicable diseases in children to non-communicable diseases (NCDs) in 

adults1. Today Physical inactivity (PI) is associated with more than 5.3 million deaths 

per year and it is estimated that if PI was decreased by 25%, over 1.3 million deaths 

could be prevented every year 2, mostly in middle and low income countries 3. 

This trend is also happening in Colombia4. 

Overweight and obesity are product of an unbalanced consumption and expenditure 

of energy. One possible way to shift the current trends is increasing energy 

expenditure through physical activity (PA). Today the world is not only concerned 

with obesity levels, it is also concerned with Physical inactivity (PI), climate change, 

increased traffic, and declining oil supplies. Active transport is increasingly being 

recognized as a possibility to mitigate these problems 5. Active transport refers to all 

travel by non-motorized means including part of a trip chain for public transport 

users. Active travel modalities such as walking are associated with reductions in 

cardiovascular risk 6; a reduction in type-2 diabetes, cancer; improvement in overall 

fitness, and obesity 7. Accumulating short periods of PA by walking for transportation 

contributes to meeting PA recommendations 6 8 9. Therefore transportation 

infrastructure and active transport could play an important role in decreasing PI and 
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obesity 10 11. Chapter three further establishes this relation in a study with children. 

This Chapter is based on the paper “Relationships between active school 

transport and adiposity indicators in school age children from low-, middle- 

and high-income countries”. In this article we present a twelve-country study with 

10 year-old children. Results show that there is an inverse association between 

active transport and adiposity indicators. The article also presents the potential trips 

per country that may occur through active transport.  

The World health Organization (WHO) has recommended interventions for 

increasing PA. Some of the strategies are designed to motivate and educate 

individuals. However, in contrast to interventions targeting individuals, which tend to 

have weak and short-term effects, change in environments and policies can affect 

entire populations on a relatively permanent basis12. 

A world trend related to the  built environment, which can also be observed in 

Colombia is the growth of the Bus Rapid Transit (BRT) system which in Bogota is 

called TransMilenio (TM) (Figure 1). 

 

 
Figure 1. Bus Rapid Transit system growth throughout the world 
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Source: Hidalgo, D., & Gutiérrez, L., BRT and BHLS around the world: Explosive 

growth, large positive impacts and many issues outstanding, Research in 

Transportation Economics (2012) 

 

There is evidence that access to TM is associated with walking more than 150 

minutes per week13. However the research used a cross sectional design and only 

assessed access. Chapter four is based on the article “Walking and Bus Rapid 

Transit in Bogotá”. In this article we show that there is a positive association 

between meeting PA guidelines and using TM. This chapter also includes a cohort 

study from 360 individuals evaluated in 2005 and 2010. This analysis shows that 

people from our sample are walking more in 2010 than in 2005 and also that people 

who live within a 1000 meter network to TM are more likely to meet PA guidelines.  

So far I have established the importance of the objective of the thesis. Obesity´s 

growth is a mayor health concern; Active transport has the potential to decrease the 

current obesity trend; The number of BRT systems in the world is growing specifically 

in Bogotá we have three phases and there is a plan to build up to eight phases and 

people who use or have access to TM are more likely to meet PA guidelines. 

 

The study of Human decisions cannot be separated from their environment. Since 

our environment is changing with the growth of TM and there is a relation between 

the BRT system in Bogota and the city´s levels of PA it is important to understand 

this relation. However, even though we have established a positive association 

between walking and use and access to TM we still do not understand why it occurs 

nor do we have any solid ideas as to what will happen to Bogotá in terms of walking 

for transport if new TM lanes are built. 
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 Environmental effects on walking have received much attention as a strategy to 

increase PA. Meta-Analysis of ecological models have found consistent associations 

between environmental variables such as a high residential density, street network 

design and land-use mix, variables which are associated with proximity to 

destinations12,14. In terms of individual variables walking for transport has been 

associated with not having a car and being from a less affluent social class15. These 

results have been very useful, however this data-based approach excludes the 

notion of decision-making actors16 which is essential in understanding the decision 

of walking for transport.  

Knowledge according to Valente17, is the capacity to explain, that is, the capacity to 

explain how we can logically expect a state of the world to lead to a certain 

consequence. In this sense the associations we have established so far are mere 

descriptions. Since they cannot explain how TM, street network design, residential 

density, land use mix, or SES affect the decision of walking for transport. 

In this sense to understand something is to be able to establish a simple set of rules 

that explains it18, that causes it.  With this definition in mind chapter four based on 

the article “The effect of increased public transport infrastructure on walking 

for transportation” presents simple rules to explain the relation of walking for 

transport and TM. It should be stated that it is not the purpose of the chapter to 

explain every detail of the decision making process of transport nor the results of 

such decisions. The object is to identify the basic mechanisms of the decision 

process and to show the results in walking patterns behavior from this mechanism 

in a hypothetical city. The Agent Based Model (ABM) based on resources and time 

is able reproduce some results that have been observed in walking for transport as 
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TM lanes increase. We show that as TM lanes increase, walking for transport also 

increases as established in empirical studies. However the increment of TM lanes 

has a decreasing effect on walking for transport and for high densities of TM stations 

it may even reduce the number of minutes walking for transport. Finally chapter five 

presents a brief summary of the contributions and future research.     

 

1. Growing public concern with Overweight, Obesity and Physical Inactivity 

The object of this chapter is to state that overweight, obesity and PI are a growing 

problem in the world.  

Overweight and obesity are a major growing public health problem worldwide.19,20 

The rising prevalence of overweight and obesity in developed and developing 

countries has been called a global pandemic21. Increases in the prevalence of 

overweight and obesity have been substantial, widespread in developed and 

developing countries, and have arisen over a short time. Overweight and obesity 

have been associated with noncommunicable diseases (NCDs) like diabetes, 

cancer, and cardiovascular diseases.22–25. High body mass index (BMI), was the 

sixth leading risk factor for premature death and disability in 201026. According to the 

World Health Organization (WHO) it is projected that by 2030 there will be an 

increase in total deaths due to NCDs especially cardiovascular disease27.    

Latin American countries are experiencing a nutritional transition too. In the case of 

Colombia, according to The Colombian Nutritional Survey in 20104 (ENSIN) 34.6% 

of Colombians are overweight and 16.5% are obese for a total of 51,2% of the 

population with high BMI index (BMI > 25.0). In 2005 the proportion of adults with a 
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high BMI was 45.9%. These represent a 5.3% increment in the proportion of adults 

with a high BMI. The prevalence of overweight and obesity is higher in urban settings 

compared to rural settings. These results from the Nutritional Survey give support to 

the decision taken by the government to declare through the law 1355 from 2009 

obesity and associated NCDs a national public health priority to adopt measures 

such as guaranteeing the availability of fruits and vegetables in all cafeterias that 

belong to an educational institution and the promotion of active transport in order to 

control and prevent the obesity pandemic.  

Attempts to explain the large increases in obesity have focused on several potential 

contributors including increases in calorie intake, changes in the composition of diet, 

decreasing levels of physical activity, and changes in the gut microbiome18. The 

relative contribution of changes in energy intake versus energy expenditure has 

been vigorously debated27,28. However in the ENSIN adults with overweight and 

obesity were less likely to report meeting PA recommendations through spare time 

PA. 

PA itself is considered one of the main pillars of NCDs prevention. PI is the fourth 

mortality risk factor according to the WHO. Strong evidence shows that meeting PA 

recommendations is associated with diminishing the risk of premature death, 

cardiovascular disease, and some types of cancer. Therefore the study of any type 

of intervention that may help shift the current trends is of great value. The following 

chapters of this thesis will take a closer look at the relation between transport, body 

composition and PA. 
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2. Relationships between active school transport and body composition 

1indicators in school age children from low-, middle- and high-income 

countries 

 
As mentioned before obesity is a major problem not only in adults but in all ages. In 

less than one generation, childhood and adolescent obesity has increased 

worldwide29. Many low and middle-income countries (LMIC) have shown a similar or 

even more rapid increments of childhood obesity compared to high-income countries 

(HIC)30,31. Although the increment of obesity in some HIC seems to be leveling off, 

their prevalence remains very high29. Unfortunately, the data for time trends in 

physical activity (PA) and sedentary behaviors among children and adolescents from 

LMIC are extremely sparse32. Nonetheless, in some HIC, PA patterns among school-

age children are decreasing while sedentary behaviors are increasing32. 

 

Within this context of nutrition33 and PA transition34, in which PA patterns are often 

the result of environmental and societal changes, it is important to understand the 

role of activities that can be incorporated into everyday life, including active school 

transport (AST).  The prevalence of AST, unfortunately, has declined in several HIC 

including Canada35, USA36, Australia37, and Switzerland38. In LMIC the data is 

limited, but a study in Brazil showed that the AST trend in this country mirrored HIC 

trends39. 

 

Active travel to school is one way in which children can increase their levels of PA 

and prevent obesity40. Recent systematic reviews showed that there is conflicting, 
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and very low-quality evidence, regarding the association between body composition 

indicators and AST41–43. Specifically, Larouche et al. found that in only 36% of the 

studies, AST was associated with more favorable body composition41. Furthermore, 

most of these studies assessed only body mass index (BMI), 27% measured body 

fat and 12% measured waist circumference41.  

 

In addition, 82% of the studies assessing the association between body composition 

indicators  and AST have been conducted in HIC in North America40,44–52, 

Australia53,54,  and Europe55–75 with few studies extending findings to LMIC such as 

the Philippines76,77, Indonesia78, China 79,80  Brazil52,81,82, Colombia83 and Kenya84 .  

 

The interpretation of different patterns of body composition indicators and AST 

associations across different world regions requires common standardized methods 

that have not been employed. Further, the limited variability in obesity, AST patterns 

and nutrition and PA transition within each country may have underestimated the 

strength of the associations. Thus, only international studies using comparable 

methods can help to elucidate the extent to which associations between obesity and 

AST are generalizable across countries or are country specific. Such findings could, 

in turn, support international and country-specific interventions to prevent obesity 

and could inform global efforts, such as the global strategy on diet, physical activity 

and health of the World Health Organization85, the United Nations political 

declaration on non-communicable diseases86 and the World Bank commitment to 

sustainable transport87. 
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In this context, the International Study of Childhood Obesity, Lifestyle and the 

Environment (ISCOLE) provides a unique opportunity to assess whether the 

relationship between obesity and AST differs across different environmental and 

socio-cultural settings. The objective of this study was to assess the associations 

between body composition indicators (i.e., obesity, percentage body fat and waist 

circumference) and AST in children from 12 different countries.-sites. 

 

2.1. Materials and Methods 

The International Study of Childhood Obesity, Lifestyle and the Environment 

(ISCOLE) is a multi-country, cross-sectional study conducted in 9-11 year-old 

children from 12 countries in 5 continents (Australia [Adelaide], Brazil [São Paulo], 

Canada [Ottawa], China [Tianjin], Colombia [Bogota], Finland [Helsinki, Espoo and 

Vantaa], India [Bangalore], Kenya [Nairobi], Portugal [Porto], South Africa [Cape 

Town], the United Kingdom [Bath and North East Somerset], and the United States 

[Baton Rouge]). Additional details on study design, participating countries, and 

methodology have been published elsewhere88. The Institutional Review Board at 

the Pennington Biomedical Research Center (coordinating center) approved the 

overarching protocol, and the Institutional/Ethical Review Boards at each 

participating institution also approved local protocols. Written informed consent was 

obtained from parents or legal guardians, and child assent was also obtained as 

required by local Institutional/Ethical Review Boards. The data were collected from 

September 2011 through December 2013. 

2.1.1. Participants 
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Of the 7,372 children enrolled in the ISCOLE study, 6,797 remained in the analytic 

dataset after excluding participants who did not have valid/information data on BMI 

(N=31), PBF (N=68), waist circumference (N=6), main mode of transportation to 

school (N=61), travel time to school (N=2), parental education (N=368), and motor 

vehicle ownership (N=39). The participants who were excluded in the present 

analysis were more likely to have parents who achieved less than high school 

(P=0.002), report walking to school (P<0.001) and report trips to school of less than 

5 minutes (P=0.004).  

2.1.2. Measurements 

2.1.2.1. Anthropometry 

Anthropometric data (i.e., height, weight, PBF, waist circumference) were directly 

measured by trained ISCOLE researchers during an in-school visit according to 

standardized procedures88. Weight (to the nearest 0.1 kg) and PBF (to the nearest 

0.1%) were measured using a portable Tanita SC-240 Body Composition Analyzer 

(Arlington Heights, IL, USA), after outer clothing and shoes were removed. The 

Tanita SC-240 has shown acceptable accuracy for estimating PBF when compared 

with dual-energy X-ray absorptiometry, supporting its use in field studies89. Height 

was measured with a portable Seca 213 stadiometer (Hamburg, Germany) at the 

end of a deep inhalation with participant’s head in the Frankfort Plane. Waist 

circumference was measured with a non-elastic tape at the end of gentle expiration 

held midway between the lower rib margin and the iliac crest90. Each measurement 

was repeated and the average was used for the analysis. The BMI was calculated 

and then categorized using the 2007 World Health Organization growth reference 
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tables91. The participants were classified as obese (BMI z-score [BMIz] > +2 SD) or 

non-obese (BMIz ≤ +2SD). 

2.1.2.2. Active transport 

Active school transport was assessed through questions adapted for each country 

from the Canadian component of the 2009-2010 Health Behaviour in School-aged 

Children Study92. The children were asked about the main mode of transport they 

used to go to school during the last week. The response options included active 

modes such as walking, bicycle, roller blades, scooter, non-active modes such as 

motorized vehicles (e.g., car, motorcycle, bus, train, tram, underground or boat), and 

others according to country specific modes of transport. Other modes of 

transportation included active modes such as running and jogging, and non-active 

modes such as the school van, matatu, bus feeder, pedicab, wheelchair and riding 

on the top tube of the bike’s frame. For this analysis, we classified children into two 

categories, active transport vs non-active transport. To assess biking and other 

wheeled modes of transport independent from walking we also classified a 

subsample of children into two categories (non-active vs biking or other wheeled 

modes of transport). In addition, a question regarding the time spent during the 

journey from home to school was included. The response options were: less than 5 

minutes, 5 to 15 minutes, 16 to 30 minutes, 31 minutes to 1 hour and more than 1 

hour.  Based on the AST and travel time variables, we created an AST-composite 

variable with the following categories non active-AST, less than 5 minutes to 15 

minutes, and at least 16 minutes. The common referent category of this composite 

variable was non active-AST. 

2.1.3. Covariates 
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The socio-demographic variables included age, sex, highest parental education and 

motorized vehicle ownership.  Age was computed from birth and anthropometry 

dates. Sex and parental education was recorded on the demographic and family 

history questionnaire. The highest parental education variable was created based 

on the highest education level of the mother or the father. Motorized vehicle 

ownership was reported as the number of motorized vehicles available for use in the 

household. Motor vehicles included cars, motorcycles, moped and/or trucks.   

In addition, the time spent in moderate-to-vigorous physical activity (MVPA) was 

obtained from 24-h, waist-worn accelerometry.  An Actigraph GT3X+ accelerometer 

(ActiGraph, LLC, Pensacola, FL, USA) was worn at the waist on an elasticized belt 

on the right mid-axillary line. The participants were encouraged to wear the 

accelerometer 24 hours per day (removing only for water-related activities) for at 

least 7 days (plus an initial familiarization day and the morning of the final day), 

including weekends. The minimal amount of accelerometer data that was considered 

acceptable for inclusion in the sample was 4 days with at least 10 hours of wear time 

per day, including at least one day of the weekend. MVPA was defined as all activity 

≥574 counts per 15 seconds. This protocol provided reliable estimates93. 

2.1.4. Statistical Analysis 

The descriptive characteristics included the means and standard deviations (SD) for 

continuous variables and the frequencies of categorical variables by study site. 

Associations between AST and obesity were estimated in terms of odds ratios using 

generalized linear mixed models (SAS PROC GLIMMIX). Associations between AST 

and continuous body composition variables (i.e., BMIz, PBF and waist 

circumference) were estimated using a linear mixed model (SAS PROC MIXED). 
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The Models were adjusted for age, sex, highest level of parental education and 

motorized vehicles. To assess effect modification by study site, an AST*study site 

interaction term was included in the multivariate model. To assess dose-response 

relationships between body composition and AST, we used the AST-composite 

variable of travel time.  In addition to the primary analyses, three sets of sensitivity 

analyses were conducted. First, analyses were conducted with sub-samples that 

included weekend MVPA as a covariate. We did not adjust for mean weekly MVPA 

because it is an intermediate factor in the conceptual model. Second, use of the 

public bus, which could include walking as part of the trip94, was reclassified within 

the active mode category. Third, the category of biking and other wheeled modes of 

transport was analyzed separately from walking in a sub-sample. Study sites and 

schools nested within study sites were considered as having random effects. The 

denominator degrees of freedom for statistical tests pertaining to fixed effects were 

calculated using the Kenward and Roger approximation95. All statistical analyses 

were conducted using SAS version 9.3 (SAS Institute, Cary, North Carolina, USA).  

2.2. Results 

2.2.1. Socio-demographic characteristics 

Reflecting the variability in the ISCOLE sample, selected countries differed in several 

socio-economic and transport indicators. According to the World Bank 

classifications, ISCOLE countries differed in income level and income distribution 

(Table 1). Likewise, ISCOLE sites also differed in number of motor vehicles with the 

US having the highest value (809 per 1000 inhabitants) and India having the lowest 

value (15.0 per 1000 inhabitants)96. According to the World Health Organization 

indicator on road traffic death rates, sites showed large differences with South Africa 



 

 
 

23 

having the largest rate (31.9 per 100000 population ) and UK having the lowest rate 

(3.7 per 100000 population)97.  

Table 1 also shows descriptive individual characteristics of participants stratified by 

study site. The children from the study were on average 10.4 (SD=0.6) years old and 

46.3% were male. Overall parental highest education differed by site with India 

having the highest percentage of parents with at least a college education (47.3%) 

and Colombia having the lowest percentage (17.5%). Overall, 76.7% of parents 

reported motorized vehicles in their households ranging from 24.4% in Colombia to 

97.7% in Australia. 

2.2.2. Body composition 

The overall percentage of obese children was 12.5%, which ranged from 5.3% in 

Finland to 23.7% in China. The mean PBF was 20.9% (SDS=7.7), and the mean 

waist circumference was 64.3 cm (SD=9.0). The mean PBF ranged from 16.6% in 

Kenya to 23.1% in Brazil and the mean waist circumference ranged from 62.2 cm in 

Kenya to 66.9 cm in Brazil.  

2.2.3. School transport 

Sites also differed by main mode of transport to school (Figure 1) and travel time 

(Table 1). Within the active mode category, the percentage of children reporting 

walking to school ranged from 3.8% in India to 71.5% in Colombia. Less than five 

percent of the children reported other active modes of transport like biking and 

wheeled modes of transport, ranging from 0.7% in the US to 24.7% in Finland. Within 

the non-active mode category, 22.7% reported some kind of public transportation 

ranging from 3.2% in the UK to 61.8% in India. About a third of the children reported 

car or motorcycle as their main modes of transport ranging from 7.4% in Colombia 
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and Finland to 63.7% in Australia. In the subsample of children from the study that 

reported AST, 26.1% reported spending less than 5 minutes commuting to school, 

53.2% spent 5 to 15 minutes commuting to school and 20.7%spent more than 15 

minutes (Table 1 and Figure7A). The active time spent commuting varied largely by 

site. In Australia 88.3% of the children reported less than 15 minutes of AST and in 

Kenya 19.7% of the children reported more than 30 minutes of AST. 

 

Figure 2.Estimated fractions of BMI categories by age group and SES. a) Not-overweight population of lower 

SES a) Overall transport to school mode distribution per site b) Mode distribution per site among trips 

shorter than five minutes 
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Figure 3. : Typology distribution according to active school transport and income level. Size of the dots 

represent proportion of obesity by country-site. 
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Multi-level analyses of the associations between AST and body composition are 

presented in Table 2. There were negative associations between AST and obesity 

(0.72, CI [0.60-0.87]), BMIz (-0.09, [SE=0.04]), PBF (-0.56, [SE=0.22]) and waist 

circumference (-0.90, [SE=0.26]) after adjusting for age, sex, parental education and 

car ownership. Similarly, when we analyzed only AST by bike and excluded walking, 

there were negative associations between AST and BMIz (-0.02, [SE=0.08]), and 

waist circumference (-1.27, [SE=0.59]) after adjusting for age, sex, parental 

education and car ownership. No differences between AST and sex and AST and 

site were apparent. We did not find a significant trend in the dose-response analysis 

(p for trend=0.213). The estimates did not change significantly when adjusting for 

weekend- 

 MVPA. When public bus was included in the active mode category the point 

estimates decreased in magnitude.  
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Table 1. Associations of body composition variables with active school transport in 6,797 9-11 year old children in the 

International Study  of Childhood Obesity, Lifestyle and the Environment (ISCOLE). 

 

   

 Unadjusted   Adjusteda   

    OR 95% CI p-value      OR 95% CI p-value AST*site 

         

Obesityb         

   Boys N=3149    

Active transportc 0.69 (0.55-0.87) 0.002  0.69 (0.55-0.88) 0.002  

   Girls N =3648    

Active transport 0.76 (0.59-0.99) 0.038  0.74 (0.56-0.96) 0.025  

     Total Sample    

Active transport 0.74 (0.62-0.88) 0.001  0.72 (0.60-0.87) <0.001 0.279 

         

Bicycle or other wheels 0.76 (0.51-1.14) 0.185  0.72 (0.48-1.09) 0.124 Did not converge 

         

 β SE p-value  Β SE p-value AST*site 

BMIzd         

   Boys N=3149    

Active transport -0.14 0.05 0.007  -0.12 0.05 0.026  

   Girls N =3648    

Active transport -0.12 0.05 0.012  -0.08 0.05 0.082  

     Total Sample    

Active transport -0.11 0.04 0.002  -0.09 0.04 0.013 0.132 

         

Bicycle or other wheels 0.16 0.08 0.049  -0.17 0.08 0.036 0.313 

         

Percentage body fat (%)         

   Boys N=3149    

Active transport -1.01 0.30 0.001  -0.88 0.30 0.004  

   Girls N =3648    

Active transport -0.60 0.30 0.043  -0.49 0.30 0.105  

     Total Sample    

Active transport -0.81 0.22 <0.001  -0.66 0.22 0.002 0.315 

         

Bicycle or other wheels -1.11 0.51 0.031   -0.88 0.49 0.077 0.603 

        

Waist circumference (cm)        

   Boys N=3149    

Active transport -1.17 0.38 0.002  -1.10 0.38 0.004  

   Girls N =3648    

Active transport -0.86 0.34 0.012  -0.87 0.35 0.012  

     Total Sample    

Active transport -0.90 0.26 0.001  -0.90 0.26 0.001 0.168 

         

Bicycle or other wheels -1.22 0.6 0.045  -1.27 0.59 0.034 0.589 

a Models were adjusted for age, parental education, and motorized vehicle ownership. The combined analyses of boys 

and girls were also adjusted for sex.        

b Obesity defined as BMI WHO z-score > 2       
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2.3. Discussion  

This study is the first to examine associations between AST and body composition 

indicators among a multi-national sample of children from low-to high-income 

countries. Our findings show that children who used AST were less likely to be 

obese, had lower BMIz, lower PBF and a lower waist circumference, compared to 

those who used a non-active mode of transport. Likewise, children who reported 

biking as their main mode of transport had a lower BMIz and waist circumference. 

Overall associations of obesity and AST did not differ by country or sex. The low 

evidence of heterogeneity in the associations between AST and body composition 

indicators among countries with a wide range of income distribution, transport 

indicators and stages of PA and nutrition transition provides evidence of the 

importance of promoting AST as one of the strategies to prevent obesity. 

Our results are consistent with the few previous smaller studies that found that active 

travelers had lower BMI and were less likely to be overweight and obese41. While in 

the same direction, our 12-country-site study showed larger negative estimates 

which could be due to a larger sample size with higher variability.  

 
The pathway in which AST is associated with lower measures of body composition 

indicators may occur in part through small increments of everyday levels of PA98. PA 

could potentially be increased if non-active trips of less than 5 minutes were replaced 

by active commuting in a suitably built environment with safe conditions. Specifically, 

our study shows that 10.3% of all trips to school are non-active and take less than 

c Active transport was defined as walking or riding a bike, roller blade, skateboard or scooter in the main part of the journey 

to school during the last week.        

d Body mass index z-score according to WHO reference data.     
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five minutes. For example, in the US (Baton Rouge) 76.5% of trips that take less 

than 5 minutes are motor vehicle-dependent. In contrast, in Finland (Helsinki, Espoo 

and Vantaa), only 15.6% of trips that take less than 5 minutes are motor- vehicle-

dependent.  

Nonetheless, walking extremely large distances could be associated with a low 

quality of life99,100. In our study, among the subsample of children who used AST, 

19.8% of children in Kenya reported walking to school for more than 30 min and 

10.1% walk more than one hour for one-way trip. Therefore, these trips should 

potentially be made using multimodal transportation combining active and non-active 

modes. Multimodal strategies that take into account AST should be implemented 

before unintended consequences of development negatively affect transport-related 

activity in those countries undergoing early stages of PA transition. 

 

Despite not finding significant differences between AST and body composition 

among the countries our results should be understood within the “need-based 

framework“ of LMIC and the “choice-based framework” of HIC101,102. Specifically, in 

LMIC where car ownership remains relatively low in comparison with HIC, AST may 

be more reflective of need rather than choice since a significant proportion of the 

children walk to school because they have no other option for transportation. 

Therefore, our results could be used to classify countries into four typologies that 

could be useful for future AST interventions (Figure 2). The first typology includes 

LMIC with higher proportions of AST, including Colombia, Brazil South Africa and 

Kenya. The second typology includes LMIC with lower proportions of AST, including 

India and China. The third typology includes HIC with lower proportions of AST, 
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including USA, Portugal and Canada. Finally, the fourth typology includes HIC with 

higher proportions of AST including Finland and the UK.   

 

Sites like Colombia and Finland, where a large proportion of AST was observed, 

have school transportation programs and built environment characteristics that 

promote AST. For both of these sites, proximity to the school is a key factor. In 

Bogota 90% of the children who attend public schools live within 2km103, and in 

Helsinki 70% of the primary school students go to their nearest school104. In Bogotá, 

the District Education Department has a School Transportation Program targeted 

mainly to public schools from low socio-economic levels with 2 main strategies. The 

first strategy promotes walking to school among children who live within 1 km of the 

school under the supervision of an adult. The second strategy “Al colegio en bici” 

promotes the use of the bicycle to go to school among children located within 1-2 

km of the school103.  In Finland, most of the children attending public schools, use 

an active mode of transport to go to school, and the municipalities provide free public 

transportation tickets for those children living within distances over 2 km; however, 

regardless of the mode of transport, Finnish children are very independent in their 

mobility104. Nonetheless, Finland differs significantly from Colombia, in car 

ownership, safety and traffic accidents. Both countries are non-car-dependent for 

different reasons; in Finland, by choice and in Colombia, by need due to low motor-

vehicle ownership. 

 

This study has several strengths, including a large international sample of children 

from 12 sites in five continents with different environmental and socio-economic 
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settings, multiple direct measures of body composition and standardized instruments 

and rigorous training protocols to ensure the comparability among sites. 

Nonetheless, our findings should be interpreted cautiously considering the following 

limitations. First, the design of the study is cross-sectional; therefore, we are unable 

to determine the direction of causality. Second, despite the large internationally 

diverse sample included, none of the countries had a nationally representative 

sample; hence the results may not be generalizable to country-sites. Third, AST was 

defined based only on the “main” mode of transport for the journey “to school”. Thus 

we assumed that both journeys were the same. However, the mode of transportation 

by journey could differ and could be multimodal. This, in part, explained why we did 

not find a dose-response relationship. Fourth, biking was combined with other 

wheeled modes of transportation, and its low prevalence provided very imprecise 

estimates. Finally, we did not independently assess the short active trips of public 

transportation.   

 

ISCOLE is the first multi-country study that shows associations between body 

composition and AST in a sample of 9-11-year old children. Such findings could 

inform global efforts to prevent obesity among school-age children. The large 

differences among countries in terms of AST patterns underscore the importance of 

considering the need-based and choice-based frameworks when designing 

interventions to prevent obesity by promoting active commuting. As shown in 

Chapter one obesity is a growing problem and is a problem for all ages. Given the 

wide range of obesity in children around the world, The International Study of 

Childhood and Environment (ISCOLE) was created. The object of the study is to 
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determine the relationship between lifestyle characteristics and obesity in children in 

twelve countries. In this chapter we specifically study the relationship between using 

active transport to school and obesity in children. Reviews have shown that children 

that use active transport to school accumulate more minutes of PA 105. However 

there is little evidence of the relation between active transport and obesity in children 

and none of the studies include all continents. 
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3. Bus Rapid Transit Systems to promote Physicial activity 

So far I have established that non communicable diseases are a major world 

problem. This problem is related to overweight, obesity and physical inactivity. 

Colombia suffers from overweight and obesity and simulations show the problem is 

expected to grow. I also showed that there is a negative association between active 

transport and obesity among children from twelve countries and that this association 

does not vary by country. The following chapters of this document will focus on the 

influence of the built environment on walking for transport. Specifically the BRT in 

Bogotá. 

In general, PA interventions can be classified into community-based, health care and 

other sector interventions. Community-based interventions are interventions 

designed for a specific community, such as active pauses in organizations or PA 

programs in a school. Health care interventions are an initiative of the health care 

system, for example a clinical medication of PA. Finally, other sector interventions 

are those interventions whose main goal is not PA but as an externality promote it. 

These interventions specifically in transport infrastructure will be our main focus. 

Studies on access and use of public transit and walking have shown inconsistent 

results. On one hand, positive associations are seen between public transit access 

and walking for transportation. Walking has been positively associated with distance 

to the nearest transit stop 106. Specifically, walking for transport has been associated 

with access to Bus Rapid Transit (BRT) stations in Curitiba 107 and Bogotá 108 109, 

use of trains in New Jersey 110, access to transit stops in Atlanta 111, and in public 

transport use in Australia 112. On the other hand, studies assessing perception of 

distance to public transit in 11 countries showed positive, negative and null 
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associations 113. Nonetheless, most of the studies have assessed only access 

instead of use, have been cross-sectional, and have been conducted in cities in the 

developed world 114. 

 

3.1.  BRT a global trend 

The Colombian Nutritional Survey (La encuesta Nacional de Situación Nutricional  

[ENSIN, 2010]) states that 53.5% of adults in Colombia meet PA recommendations, 

19.9% meet the PA recommendations through spare time PA, 33.8% meet the 

recommendations walking for transport and 5.6% through biking for transport. This 

means that 73% of people that meet PA recommendations in Colombia meet them 

through active transport. Bogotá is very similar, 57.8% of adults meet the PA 

recommendations and 77% of those that meet the recommendations meet them  

through transport (See Figure 9).   

Figure 4. Percentage of adults that meet physical activity recommendations in Bogotá and Colombia. 
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Source: ENSIN 2010 

In the world more than 4,000 km of BRT and bus corridors have been 

implemented in 160 cities across the globe, serving 29 million passengers per day 

115. BRT success can be partly attributed to the mode’s low cost, rapid 

implementation, and impact on mobility 116. Bogotá has been part of that trend. The 

TransMilenio (TM) system in Bogotá is a BRT referent for planners and practitioners 

worldwide 117. Before 2000, Bogotá had public transport services offered by small-

vehicle owners with little supervision by the city. Old public transportation buses do 

not have stops: they drop and pick passengers everywhere, and thousands of routes 

exist. The result was an ample supply with relatively low costs, but with high negative 

impacts, mainly congestion, air pollution, and road traffic incidents. In response, the 

city initiated the implementation of an organized system with BRT corridors and 

feeder routes, called TransMilenio (TM), which was expected to contribute to mobility 

in the city by significantly decreasing traffic congestion and travel times 118. Several 

evaluations of the TM system impacts have confirmed these expectations 116. 119. 

According to Hidalgo et al.120, the first two phases, comprising 84 km of the BRT 

network and 663 km of feeder routes, and serving 1.7 million passengers per day (in 

2011), resulted in the equivalent of USD $3.1 billion in societal benefits from 2000 to 

2008 (using a 12% discount rate). Benefits came from travel-time savings for transit 

users, savings on the operation of traditional buses removed from service, and 

reductions in deaths and illnesses from reduction in air pollution, reductions in 

particulate matter, and increased traffic safety 120. However, these estimates did not 

include benefits from increased PA. In 2012, TM was expanded to 106 km, and in 

2013 it was moving close to two million passengers per day 115. 
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Initial plans included the construction of 388 km of BRT corridors with 85% spatial 

coverage of the city by 2016 119. 

Figure 5. Constructed and projected TM in Bogotá 

 

 

 
 

 The plan is advancing at a slower pace than originally envisioned: only 27% 

of the system planned in 2000 was in operation by 2013. Nevertheless, TM is 

expected to continue expanding over the upcoming years, including adding 34 km 

to the system over the next three years, with complementary investments in rail 

transit and cable cars 121.  This study contributes to the field of health and 

transportation research by assessing the association between the use of and access 

to a growing BRT and walking behaviors using repeated cross-sectional studies 

conducted in 2005 and 2010-11 a longitudinal analysis of a cohort sampled during 

both periods and an agent based model which has the capacity to explain patterns 

observed in the real world, e.g., in Bogota's mobility survey 122 
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3.2.  Setting 

The study was conducted in Colombia´s capital city, Bogotá, which has an 

estimated population of 7.4 million 123. In Bogotá, 41% of trips 15 minutes or longer 

are made using public transport, 28% are made on foot, 14% in automobile, 5% by 

taxi, and the remainder using other modes of transportation 122. 

3.3. Study design 

The study is composed from two cross sectional studies. The first cross-

sectional study was conducted in 2005 108 and the second in 2010-11 as part of the 

Colombian component of IPEN (International Physical Activity Environment 

Network), a collaborative network of researchers studying the associations between 

PA and the built environment in 12 countries 124. To assess the association between 

walking and TM access, we used combined data from these two cross-sectional 

studies in a post-hoc cross-sectional and a cohort analyses. The latter takes 

advantage of a natural experiment: the replacement of the traditional-bus transport 

system by TM in selected geographic units, allowing us to study the influence of a 

faster and more organized mode of transit on walking for transport (Figure 1). 

Figure 6. Sampling design for cross-sectional and cohort studies using 2005 and 2010-11 data.Group 1 = 

adults living in geographic units with at least one TransMilenio station in 2005 and 2010. Group 2 = adults 

living in geographic units with no TransMilenio station in 2005 but at least one in 2010. Group 3 = adults 

living in geographic units with no TransMilenio station in either 2005 or 2010–2011. 
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The studies used a multistage stratified sampling design. First, a 

representative sample was taken of 30 neighborhoods stratified by socioeconomic 

status (SES), average slope of terrain, proximity to TM stations, and public park 

provision 108. Next, five blocks were randomly selected within each neighborhood, 

and within each block 10 households were randomly selected, and in each 

household one adult was systematically surveyed. If the selected adult did not 

answer the survey, then a replacement adult was chosen from the next house. For 

the 2010-11 survey, in accordance with IPEN protocol, households were randomly 

selected after being stratified by a walkability index. Although this procedure 

preserved all the geographic units from the 2005 cross-sectional study, it led to 

differences in the households and adults surveyed in 2010-11. Nonetheless, we 

were able to follow a subsample of 360 adults for the cohort analysis 

3.4. Data collection 

The survey data for both cross-sectional studies (2005 and the 2010–11 

IPEN-Colombia) were collected through face-to face interviews with subjects who 

met the following criteria: had lived in the household for at least a year, were between 

18 and 74 years old, and had no physical or cognitive disabilities. All the protocols 

and questionnaires were reviewed and approved by the Institutional Review Board 

of the Universidad de los Andes in Bogotá. 

3.5. Physical activity measurements 

3.5.1. Subjective physical activity measurements 
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PA was measured using the long version of the International Physical Activity 

Questionnaire (IPAQ) 125, a validated self-report measurement tool 126. The PA 

dimension assessed was walking for transport, classified based on three cut-off 

points: (1) Walking for transport ≥10 minutes/week vs. walking ≤ 10 minutes/week, 

which is characteristic of short trips walking to transit. (2) Walking for transport ≥120 

minutes/week vs. walking ≤ 120 minutes/week, the inflection point of the continuous 

measures of walking minutes and TM access using smoothed LOESS curves (e.g. 

robust locally weighted regression) 127. (3) Meeting the weekly PA recommendation 

of ≥150 minutes/week vs. walking  ≤150 minutes/week.  

3.5.2. Objective physical activity measurements 

Objective measures provide more accurate measurement of PA frequency 

and intensity, particularly when walking. PA was also measured objectively in a 

subsample of 250 participants from the 2010-11 study. The inclusion criteria for this 

analysis were the same as those used for the questionnaire with one addition: having 

no plans to travel in the next week. These participants, who were evenly distributed 

by neighborhood, were asked to wear accelerometers (model GT3X ActiGraphTM, 

Pensacola, CA) twelve hours a day for seven days except when sleeping, showering, 

or swimming.  

In accordance with the IPEN-study protocol, all accelerometry data were 

stored in 60-second epochs, and were scored using MeterPlus 4.2 based on 

Freedson's cut-off points for adults 128. The intensity of moderate-to-vigorous activity 

corresponded to ≥1,952 counts per minute. The results were considered valid if 

participants wore the accelerometer for at least ten hours a day for five days. If not, 

they were asked to re-wear the device for the days needed to comply with the 
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measurement requirements. An hour was considered invalid any time zero PA was 

recorded for 60 minutes. The cut-off point used with the accelerometer data was an 

average moderate and vigorous physical activity (MVPA) per day of more than 22 

minutes. 

3.6.  Independent variables 

3.6.1. Individual variables 

To account for characteristics that may influence walking behavior 129, 

individual variables included sex, age, marital status, education, monthly household 

income, neighborhood SES, occupation over the last 30 days, years of residency in 

the neighborhood, and motorcycle and car ownership. The 2010–11 study, as part 

of its transportation module, also evaluated modes of transportation and minutes 

spent on each mode (public bus, TM, feeder bus, car, taxi, motorcycle, and others) 

in the previous seven days.  

3.6.2. Geographic units and built-environment characteristics 

The geographic unit was a 1,000-meter network around the block centroid in 

each neighborhood (Figure 2). These units were classified into three groups: those 

with at least one TM station in both 2005 and 2010, those with no TM station in 2005 

but at least one in 2010, and those with no TM stations in either 2005 or 2010.  
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Figure 7. Sampling design for cross-sectional and cohort studies using 2005 and 2010-11 data. (a) Group 1 

= adults living in geographic units with at least one TransMilenio station in 2005 (Phase 1) and 2010-11 

(Phase 2). (b) Group 2 = adults living in geographic units with no TransMilenio station in 2005 (Phase 1) 

but at least one in 2010-11 (Phase 2). (c) Group 3 = adults living in geographic units with no TransMilenio 

station in either 2005 (Phase 1) or 2010-11 (Phase 2). 

 
a) b) c) 

   

 

The built-environment (BE) characteristics were slope of terrain, presence of 

public park(s), proximity to TM, and walkability index. In line with the IPEN protocol, 

geographic units were classified according to the walkability score derived as a 

function of the z-score of four variables: (i) net residential density (ratio of residential 

units to the land area devoted to residential use); (ii) land-use mix (diversity of land-

use types per block), whose normalized scores ranged from 0 (single use) to 1 (an 

even distribution of area across several use types, including residential, retail, 

entertainment, office, institutional); (iii) intersection density (connectivity of street 

network measured as the ratio of number of intersections with three or more legs to 

land area of the administrative unit); and (iv) retail floor-area ratio (the ratio of retail 



 

 
 

42 

building floor area to retail land area). Walkability index, which was subsequently 

divided into high and low walkability, was calculated using the following function: (2 

x z-intersection density) + (z-net residential density) + (z-retail floor area ratio) + (z-

land use mix) 130. The data for BE characteristics were collected from Bogotá’s 

Planning Department, its Cadester’s 2010 digital map, the Corporation of 

Universities in the Center of Bogotá, and Universidad Jorge Tadeo Lozano. All GIS 

variables were generated using ArcGIS 9.3 (ESRI, Inc., Redlands, CA, USA). 

3.7. Statistical analyses 

3.7.1. Cross-sectional analysis using 2010-11 data 

For the cross-sectional analysis of the 2010-11 data (N = 1,000 adults), our 

analytic strategy involved three steps. First, we conducted bivariate analyses to 

assess the association between ≥150 minutes/week of walking for transportation and 

sociodemographic characteristics, BE characteristics, and transportation patterns. 

Second, we evaluated collinearity between independent variables using Pearson 

correlation coefficients. Third, we employed a multilevel multivariate Poisson 131 

model to measure the association between TM use and walking for transportation 

for ≥150 minutes/week. The model used is as follows: 

𝐿𝑜𝑔{𝑢𝑖𝑗} = 𝑓(𝑥𝑖𝑗) + 𝜖𝑖, 

Where  𝑢𝑖𝑗 = 𝐸(𝑦𝑖𝑗)  and   𝑦𝑖𝑗~𝑃𝑜𝑖𝑠𝑠𝑜𝑛. 

 
 
𝑳𝒐𝒈(𝑼𝑖𝑗) =  𝛽0𝑗 + 𝛽1𝑥𝑖𝑗 + 𝜀𝑖𝑗, to distinguish the different levels we have a random 

intercept for each different unit in level two. Therefore 𝛽0𝑗 = 𝛾00 + 𝐾0𝑗 where  

𝑖 indicates level-one unit (individuals) 

𝑗 indicates level-two unit (geographical units) 
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𝑥𝑖𝑗 indicates explanatory variables at the individual level 

𝛾00 is the average intercept 

𝐾0𝑗   is the geographical unit effect with normal distribution (0,τ)  

3.7.2. Subsample of adults with objective physical activity measures 

For the subsample of adults who wore accelerometers (N = 250), the analytic 

strategy involved three steps: (i) identifying the differences in sociodemographic 

characteristics between the overall sample and the accelerometer subsample, (ii) 

assessing the differences in MVPA minutes among TM users and nonusers, and (iii) 

comparing MVPA minutes throughout the day between users and nonusers. These 

comparisons were conducted using the generalized additive model (GAM) function 

of the MGCV package in R version 3.0.1 (R Foundation for Statistical Computing) 

with a smooth covariate function (time of day) for each group. We fitted the GAM to 

the data using a Poisson distribution with a log-link function and used thin-plate 

regression splines to estimate a smooth function 132. The model structure used for 

users and nonusers was: 

𝐿𝑜𝑔{𝑢𝑖} = 𝑓(𝑥𝑖) + 𝜖𝑖, 

Where  𝑢𝑖 = 𝐸(𝑦𝑖)  and   𝑦𝑖~𝑃𝑜𝑖𝑠𝑠𝑜𝑛. 

𝑦𝑖 is MVPA minutes throughout the day, 𝑥𝑖 is time of day, 𝑓 is a smooth function of 

the covariate 𝑥𝑖 represented using a thin-plate regression spline basis, and 𝜖𝑖 are 

i.i.d.  𝑁(0, 𝜎2) random variables.  

 

3.7.3. Cohort analysis using both the 2005 and 2010-11 data 
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For the cohort analysis (N = 360 adults), our analytic strategy involved four 

steps. The first estimated the differences in sociodemographic and transportation 

characteristics based on TM accessibility. The second calculated the differences in 

walking ≥150 minutes/week in both 2005 and 2010 between Group 2 (geographic 

units with no TM station in 2005 but at least one in 2010) and Group 3 (geographic 

units with no TM stations in either 2005 or 2010). The fourth identified the association 

between walking for transport in geographic units with TM stations Group 1 

(geographic units with TM station in 2005 and 2010) in 2005 and in 2010 Groups 1 

and 2 and walking for transportation. All these analyses except the GAM were 

conducted using the new SAS (version 9.2) GLIMMIX procedure with a Poisson 

distribution and log-link functions with robust error variance 131. 

3.8. Results 

3.8.1. Cross-sectional sample based on 2010-11 data 

Individual characteristics 

The 2010-11 survey was applied to 1,000 participants, with an overall 

response rate of 56.6%. Of these 1,000 participants, 63.7 percent were female. The 

mean age was 41.1 (SD 14.52), 34.3% were single, 53.1% were married or 

partnered, and 12.6% were divorced, separated, or widowed. In terms of education, 

39.0% had a technical, college, or graduate degree. Nevertheless, 47.6% of the 

participants reported a household income of less than USD $350 per month, and 

49.0% reported living in a low-SES area. Forty-eight point three percent of the 

sample reported being employed, and 48.1% named “working” as their principal 

activity in the last 30 days. The mean length residence in the neighborhood was 15.5 

years (SD12.6). The socio-demographic characteristics resemble Bogotá’s 
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characteristics in terms of neighborhood SES. However, participants from the study 

are more likely to be female, married, more educated, and older.     

Transportation characteristics 

Although 31.9% of the participants reported family car ownership, with 15.4% 

having two or more cars, the most frequently used mode of transportation over the 

last seven days was public bus (68.1%), followed by car (33.2%) and TM (29.3%). 

The median minutes and days per week for use of each mode of transportation were 

240 minutes over three days for the bus, 180 minutes over two days for the car, and 

120 minutes over two days for TM.  

Association between walking for transportation and TM use  

About half the participants reported walking ≥150 minutes/week for 

transportation (Table 1) (i.e., moderate aerobic physical activity). Bivariate analysis 

results indicate users of TM were more likely to walk for transport ≥150 minutes/week 

[1.2] 95% CI [1.0-1.4]. Correlation coefficients did not show correlations above 0.3 

for the variables used in the analysis.  Users of TM were more likely to report walking 

for transport ≥150 minutes/week compared to non-users (57.6% vs. 48.1 %; PR 

unadjusted [1.2] 95% CI [1.1-1.4]; PR adjusted [1.2] 95% CI [1.1-1.4]) (Table 2).  

3.8.2. Subsample of adults with objective physical activity measures 

Individual characteristics 

The subsample of adults who wore accelerometers was older than the 

general population, less educated, and with a lower SES. Sixty-eight percent were 

female, and the mean age was 48.1 years (SD 13.4) (data not shown) 
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Physical activity patterns 

Among these adults, 65.6% overall averaged more than 22 minutes of MVPA 

per day. Twenty-six percent were TM users, and 74% were non-users. TM users, 

however, had more minutes than nonusers, a median of 38.4 versus 28.0 minutes a 

day ( Figure 3). TM users were also more likely to average over 22 minutes of MVPA 

daily (87.7% vs. 59.4%: unadjusted PR = [1.4] 95% CI [1.2-1.7]; adjusted PR = [1.3], 

95% CI [1.1-1.6]).  The average difference in fitted MVPA minutes per day between 

TM users and nonusers was 12 minutes. Based on trip distribution across the city, 

the largest differences are consistent with peak transportation hours (6:15-7:15, 

11:45-12:45, 17:30-18:30) (Figure 13) 122. 

Figure 8. Relationship between moderate and vigorous physical activity (MVPA) minutes per hour and time 

of day for users and nonusers of the TransMilenio (TM) (N = 250). 

 

 

3.8.3. Cohort analyses using 2005 and 2010-11 data 

Individual characteristics 

The subsample of adults (N = 360) in the cohort study differed from the overall 

sample in the 2010-11 cross-sectional analysis on four sociodemographic 
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characteristics: they reported lower SES and were older, less likely to be single, and 

less likely to be studying. The surveyed geographic units were 12.2% from Group 1, 

23.6% from Group 2, and 64.2% from Group 3. 

Transport characteristics and access to TM 

Although family car ownership increased from 15.6% in the 2005 data set to 

25.8% in the 2010-11 data set (Table 3), the mode of transportation most frequently 

reported in 2010-11 was bus (54.7%), followed by TM (17.5%) and car (15.3%) 

(Table 3). With the introduction of the second TM phase the number of adults with 

TM stations available increased from 10.8% in 2005 to 32.2% in 2010. A 

corresponding increase occurred in the percentage of adults with access to more 

than one TM station: from 3.8% in 2005 to 17.0% in 2010.  

Association between walking for transportation and TM access  

The number of minutes walking for transportation increased in all three 

groups. However the smallest increment in walking for transportation greatest 

increment occurred in group two, the group that did not have access to TM in 2005 

and acquired access in 2010  
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Figure 9.Median of minutes walking for transportation in 2005 and 2010 according to group  

 

 

When comparing the prevalence of walking ≥150 minutes/week based on the 2005 

data, Group 1 (TM access in both 2005 and 2010-11) had the highest prevalence of 

walking ≥150 minutes/week for transportation (48.7%), followed by Group 2 

(geographic units with no TM station in 2005 but at least one in 2010) (32.5%) and 

then Group 3 (geographic units with no TM stations in either 2005 or 2010) (25.8%). 

According to the 2010-11 data, Group 2 had the highest prevalence of walking for 

transportation ≥150 minutes/week (63.6%), followed by Group 3 (47.5%) and Group 

1 (46.2%).  

Based on data from 2005, Group 2 was more likely than Group 3 to walk ≥150 

minutes/week in 2010-11 (adjusted PR2005  = [1.4], 95% CI [0.8-2.4]); based on data 

from 2010 this likelihood increased (adjusted PR 2010-11 = [1.5], 95% CI [1.0-2.2]) (not 

shown in table 2).  
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Based on the combined 2005 and 2010-11 data using different cut-off points, adults 

were more likely to walk for transportation ≥150 minutes/week and ≥120 

minutes/week  in 2010 than in 2005, and adults living in geographic units with TM 

stations were also more likely to walk for transport ≥150 minutes/week (PR = [1.4], 

CI 95% [1.0-2.0]) (see Table 2). 

Moreover, whereas the 2005 data suggest that Group 1 was more likely to walk ≥150 

minutes/week than Groups 2 and 3 (adjusted PR2005 = [1.6], 95% CI [0.80-3.0]), the 

2010-11 data indicates a greater likelihood of walking ≥150 minutes/week for both 

Group 1 and Group 2 than Group 3 (adjusted PR2010 = [1.4], 95% CI [1.0-2.0]) than 

those living in geographic units without TM access. However the interaction term 

taking into account group and time did not show any influence. 

Cost-benefit ratio. 

Our estimates could be useful for a sensitivity analysis to estimate the TM/PA 

promotion cost-benefit ratio over the 2000-2013 period.  This value denotes the 

return in medical costs savings attributed to walking for transport for TM users for 

every dollar spent on the TM average annual costs. First, to calculate the average 

annual TM costs, we discounted the sum of the average construction (71%) and 

operational (29%) costs in 2013 U.S. dollars by assuming a 13-year period of TM 

usage (2000-2013). Considering the calculated costs, the number of users meeting 

PA recommendations, and the adjusted PR (Table 2), we estimated the health-care 

savings from transportation-related PA to be between 3% and 22% of every dollar 

spent on TM costs. Every TM user has a difference in the expected value of medical 

costs savings attributed to meeting the PA recommendations by walking for 

transportation of USD $10 per year compared to a non-user 133, which corresponds 
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to the portion of the direct health benefit for PA in Colombia attributed to PA for TM 

usage 134. According to the number of physically active users attributable to TM, we 

estimated an annual direct health benefit derived from PA and attributed to TM of 

between USD $3,310,278 and USD $22,068,518, which corresponds to 

approximately USD $2.63-USD $17.55 per user per year.  This benefit represents 

between 1% and 5% savings on the average annual medical costs per user. 

3.9.  Discussion  

Our analyses showed a positive association between walking for 

transportation and TM use and access. Adults with TM access were more likely to 

walk for transport, with nearly 6 out of 10 TM users walking at least 150 

minutes/week and reporting a median MVPA per day of 38.4 minutes. Likewise, the 

average difference in daily MVPA minutes between users and nonusers was 12 

minutes, signaling that TM offers a potential health co-benefit. This positive 

association may be relevant globally due to the high prevalence of NCDs 3 and the 

worldwide growth in BRT as a mass transit mode 116.  

The BRT in Bogotá has shown multiple positive externalities, including 

decreased air pollution, carbon emissions, and automobile accidents and improved 

urban environments for walking 120. Our study also underscores an additional 

positive externality: walking for transportation. This behavior, as we hypothesized, is 

positively associated with TM use and access, possibly because TM is the fastest 

mode of transport, has fixed stations, and is linked to built-environment 

transformations. TM is one of the fastest BRT systems in the world, as a result of the 

combination of dedicated lanes with large stations with level access to the buses 

through multiple doors, and overtaking lanes used by a combination of express and 
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local services. A commercial speed of 26 km/h allows for major time savings, 

especially on long trips 120. TM construction is also associated with improved walking 

infrastructure (pedestrian bridges and wider sidewalks) 135. These factors together 

may attract users to walk longer distances to access BRT stations rather than other 

modes of transportation.  

Our results are consistent with a study conducted in Curitiba, which found that 

a higher density of BRT stations was associated with walking at least 10 minutes per 

week 136. The fact that this study used a lower cut-off point than our study 

underscores the importance of assessing multiple thresholds in different settings. In 

addition, consistent with Bogotá’s mobility survey from both 2005 and 2010 122 and 

Colombia’s 2005-2010 National Nutrition Survey 4, our analysis shows an increased 

prevalence of walking for transportation among participants with no TM access in 

2005 and with access in 2010 (Group 2) and among those with no TM access in 

either 2005 or 2010 (Group 3). 

We hypothesize that this increment is related to three factors: (i) increased 

private transportation costs, (ii) restrictive car-use policies, and (iii) increased travel 

times due to a growth in car and motorcycle ownership in the face of a limited 

transport infrastructure. Regarding the first, from 2005 to 2010, Bogota´s gasoline 

prices increased more than 80%, from USD $0.61 to USD $1.11 per liter 137. This 

cost is not only higher than in the United States, Canada, and Mexico; it ranks among 

the highest in the Americas 138. Second, government policies to control car use 

strengthened from a twice-weekly partial restriction (from 6:30 a.m. to 9:00 a.m. and 

from 3:00 p.m. to 7:00 p.m.) to a twice-weekly stricter restriction (from 6:00 a.m. to 

8:00 p.m.). Third, because the infrastructure for handling increased traffic is limited, 
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the growth in car ownership, from 15.5% in 2005 to 25.8% in 2010 in our cohort 

(Table 3), has decreased speeds and increased travel times. More specifically, 

average travel speed by car in Bogotá decreased from 32.2 km/h in 2005 to 23.6 

km/h in 2010 139,  making car and bus trips less attractive than walking short 

distances. TM, with its exclusive corridors and average speeds of 28 km/h 120, is an 

attractive and time-effective option. 

Our estimates could be useful for a sensitivity analysis to estimate the TM/PA 

promotion cost-benefit ratio over the 2000-2013 period.  This value denotes the 

return in medical costs savings attributed to walking for transport for TM users for 

every dollar spent on the TM average annual costs. First, to calculate the average 

annual TM costs, we discounted the sum of the average construction (71%) and 

operational (29%) costs in 2013 U.S. dollars by assuming a 13-year period of TM 

usage (2000-2013). Considering the calculated costs, the number of users meeting 

PA recommendations, and the adjusted PR (Table 2), we estimated the health-care 

savings from transportation-related PA to be between 3% and 22% of every dollar 

spent on TM costs. Every TM user has a difference in the expected value of medical 

costs savings attributed to meeting the PA recommendations by walking for 

transportation of USD $10 per year compared to a non-user 133, which corresponds 

to the portion of the direct health benefit for PA in Colombia attributed to PA for TM 

usage 134. According to the number of physically active users attributable to TM, we 

estimated an annual direct health benefit derived from PA and attributed to TM of 

between USD $3,310,278 and USD $22,068,518, which corresponds to 

approximately USD $2.63-USD $17.55 per user per year.  This benefit represents 

between 1% and 5% savings on the average annual medical costs per user. 
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Nevertheless, the association between BRT system growth and an increased 

prevalence of walking for transportation in geographic units without TM access did 

not hold for adults with TM access in 2005 and greater access in subsequent years 

(i.e., an increased number of TM stations). We are currently assessing this trend 

using simulations of projected TM lines in agent-based models used in public health 

evaluations 140 141. 

 

Our study included several limitations. First, the sample size used in the post 

hoc cohort analysis and the fact that TM has been in service since 2000. 

Nevertheless, the consistency between our cross-sectional and cohort results 

provides evidence for the TM/walking for transportation association. To assess these 

associations, projected BRTs like that in Rio de Janeiro should leverage the natural 

experiment by measuring walking behaviors before and after BRT implementation. 

Future studies might also assess multimodalities through which the interaction 

between BRT and active transport could be enhanced.  Second we do not have 

constructs in our survey to better understand preferences towards walking for 

transport. 

Third biases in the sample include a higher response rate among women than 

man But all models were adjusted by sex and the sample focused on low to middle 

SES populations which represent 90% of the population. Finally, in terms of PA 

measurement, because the IPAQ captures 10-minute bouts, and shorter transit trips 

are not captured, future research might also consider incorporating objective 

measures of PA, such as accelerometry, activity diaries, and global positioning 

systems (GPS) to more accurately measure walking.  
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4. The effect of increased public transport infrastructure on walking for 

transportation 

So far we have shown in the cross sectional analysis that TM users were more 

likely to report walking for transport ≥150 minutes/week compared to non-users, and 

therefore more likely to meet physical activity recommendations.  

In addition, the objective measurement of PA with accelerometers showed an 

average difference of 12 MVPA minutes per day between TM users and non-users, 

with the largest differences during peak transportation hours. 

In the cohort analysis the relation between access to TM and walking for 

transport was evaluated, showing a general increase in walking for transport from 

2005 to 2011 in Bogotá.  

In 2005 and 2010-11, neighborhoods with access to TM showed a higher 

prevalence of walking for transport. And neighborhoods that gained access to TM in 

2010 showed the largest increase in walking for transportation, compared to the 

neighborhoods that already had TM and those that never had access to it.  

This study, so far underscores the potential importance of BRT in increasing 

walking for transport. It provides evidence of the benefit of incorporating 

considerations of increasing walking into public transportation planning in order to 

increase physical activity and prevent NCDs in the world’s rapidly urbanizing cities 

11. 

However, there is a need to examine if the stated hypothesis are sufficient to 

explain the growth in walking for transportation and if substantial increases in BRT 

access and use lead to an increase in PA 142. This is a complex problem, that 
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requires accounting for the distribution of people into neighborhoods, capture the 

dynamical relationships (feedback loops) and interactions between the environment 

and individuals 143, and an operational approach to understand how these dynamic 

processes shape the distribution of health outcomes 16. Agent Based models (ABM) 

represent an opportunity to analyze these complex relations since they help 

understand the system in terms of the actual decision making processes driven by 

actors 16. They naturally consider the relation between agents and the environment, 

include feedback loops and emergent phenomena appears. ABMs have been used 

to investigate ways in which physical environments contribute to health related 

behaviors and to understand the impact of policy alternatives in the presence of 

nonlinear relationships and feedback 143.  Although ABMs have been used to study 

pedestrian movement 143,144,145 applications in public health are scarce 143 and none 

that we are aware of model the relation between walking for transportation and BRT 

systems. 

 

4.1. Agent Based Model 

For the present case, we construct a hypothetical city inspired by Bogota, Colombia. 

The model, which is applied at the fully-disaggregated level of persons can therefore 

be considered an activity based travel demand model 146. The model considers 

agents that must transverse different commuting paths according to some transport 

matrix obtained from a statistical distribution. In this particular case, the model was 

calibrated using Bogota´s mobility survey 122 to analyze the influence of the current 

bus system and test the growth of the BRT system on the prevalence of walking for 

transportation. In the case of Bogota, the BRT system is call “Transmilenio” (TM). 
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We will show that the model has the capacity to explain patterns observed in the real 

world, e.g., in Bogota's mobility survey 122. 

4.2. Model Development 

The model was developed in Matlab® (Mathworks, Massachussets). It is a time 

discrete model with a day time step. The model includes only adults on working days 

that travel twice a day.  Agents decide their mode of transportation according to: i) 

time required to reach the destination and ii) cost among available modes of 

transport 147. The model is based on two characteristics of commuting trips: they are 

always to the same place 148 and they occur every day working 149. 

4.2.1. Setting 

The hypothetical city in the model is inspired by Bogotá, the capital city of Colombia 

with an estimated population of 7.4 million. Trips 15 minutes or longer are distributed 

as follows: 41% with public transport, 28% on foot, 14% in automobile, 5% by taxi, 

and the remainder using other modes of transportation 122. The model represents a 

city of 100 𝐾𝑚2 that is mapped to a 100 𝑥 100 grid space, so that each cell represents 

a block of size 100 𝑥100 𝑚𝑡𝑠. The distribution of Socio Economic Stratum (SES) is 

based on Bogota´s distribution 122: (a) lowest SES on the periphery, (b) SES two and 

three in the south, and (c) SES four five and six in the north. The number of blocks 

per SES and the number of agents per block are proportional to Bogotá. As in Bogotá 

jobs were concentrated in the central east part of the city. The distance between two 

points in the city is calculated using the Manhattan distance, which corresponds to 

the simple sum of the absolute value of the difference of horizontal and vertical 

components of each position in the grid. Routes and stops of public buses (not 

associated with TM) and TM are established in the grid according to each scenario. 
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To calibrate and assess the model a scenario with 4 TM lanes and 29 bus lanes was 

created (Figure 1). This is equivalent to the current number of TM lanes, however 

the number of bus routes in Bogotá is much larger. 

Figure 10. Bogota's inspired city of 100〖km〗^2 with four TM lanes, 29 bus lanes, distribution of SES, and 

centralized work zone based on Bogotá's survey 

 

 

 

 

4.2.2. Agents 

The population that moves through the simulated city is 188.300 individuals. Each 

individual is assigned a home and a place to work and is given the possibility of 

choosing a car with a probability that depends on the SES 150 (see Table 1). The 

neighborhood in which the individual is assigned determines the SES and therefore 

the money the agent receives which is equal to the average portion of income 

associated to transportation per SES 151 (see Table 1). If agents do not use all of 
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their available resources for a given day, they may use up to 50% of their savings 

the next day for transportation. 

Table 2. Percentage of agents, average daily expenditure on transport, percentage of daily budget spent on 

transport, probability of owning a car, and α for each SES 

 

 

SES 

Percentage 

of agents 

Income per 

person per day 

for 

transportation 

only   US $ 

Percentage 

spent on 

transport 

Probability of 

having a car 

Relative 

importance 

of resources 

α 

SES 1 9.5% $1,85 12,4% 0.04 1 

SES 2 40.3% $1,97 9,9% 0.05 0,8 

SES 3 36.2% $3,08 9,0% 0.17 0,72 

SES 4 9.2% $5,04 7,0% 0.49 0,56 

SES 5 3.0% $6,16 5,0% 0.64 0,40 

SES 6 1.5% $7,70 5,0% 1.00 0,40 

 

 

4.2.3. Modes of transportation 

For simplicity we take 5 modes of transportation, which are the most important 

modes of transportation in Bogotá, namely, car, taxi, bus, TM, and walking.  As 

mentioned above, agents choose the mode of transportation according to the total 

trajectory costs (c) and time (t) needed to cover the distance (see Table 2). Each 

mode of transportation has its own characteristic speed. For the modes car, bus and 

walking the time needed to get to the destination is the waiting time (𝑤𝑡) plus the 
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time required to cover the distance from home to work 𝑑ℎ𝑤 at the particular mode´s 

speed. For the bus and the TM the distances  𝑑ℎ𝑠  (home – station) and  𝑑𝑤𝑠 (work – 

station) needed to walk to and from the nearest station, respectively is taken into 

account, this is the access time (see table 5). 

 

To calculate the cost of a trip, we use the fixed cost of the bus or TM ticket and the 

variable costs from the car and taxi (see Table 5). 

 

Table 3. Costs, access time and speed of the different modes of transportation. 

 

Mode Cost (US dollars) Speed 

(km/h) 

Access time (min) Waiting time 

(min) 

Car 0,50* 𝑑ℎ𝑤 26,88 0 2 

Taxi 0,83+0,33*𝑑ℎ𝑤  

Minimum $1,71 

22,38 0 5 

Bus 0,7 18,28 13,69(𝑑ℎ𝑠 +   𝑑𝑤𝑠)  10 

TM 0,85 27,96 13,69(𝑑ℎ𝑠 +   𝑑𝑤𝑠)   10 

Walking 0 4,38 0 0 

 

 

4.2.4. Mode decision  

For each agent of a given SES (Table 2) we calculate the probability of taking the 

mode 𝑘, as a function of the time and resources needed to arrive at the destination. 
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We define the probability 𝑝(𝑘) of taking the mode 𝑘 is a weighted geometric average 

of the influence of time 𝑢𝑘  and resources 𝑟𝑘 given by 

 

  2)( kk urkp
   (1) 

We assume that α, reflects the relative weight agents assign to money when 

choosing a transportation mode. Different SES have a different α (Table 2). We 

conducted a sensitivity analysis on the α values, but we did not find a significant 

effect on walking patterns. 

 

 

We first compute the resource-based index (𝑟𝑘) of using mode 𝑘 according to the 

daily resources and the savings accumulated: 

 

                                                                       (2) 

Where 𝐺 is the set of available modes (restricted by the available resources), 𝑆 is 

the amount of savings that an agent has from the past, 𝐼 is the daily’s income for the 

agent and 𝐶𝑘 is the cost of traveling in mode 𝑘.  

 

Second, since exponential forms yield a better fit to the distribution of walking trips 

over distances152, the time-based index 𝑢𝑘 of taking mode 𝑘 is inversely proportional 

to the exponent of the total time 𝑡 expected to get to the destination.  

 

                 (3) 
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From these three equations the probability 𝑝(𝑘) of taking the mode𝑘 is established, 

therefore, at each time step we can use a random number between 0 and 1 to 

choose a particular transportation mode for each agent.  

4.2.5. Calibration  

Model assessment had three parts. First, model output for walking behavior was 

compared to Bogotá´s distance decay for walking calculated from Bogota´s mobility 

survey 122. Distance decay functions have been used in geography to mathematically 

describe how a given phenomenon varies as a function of distance 153. According to 

Fortheringham 154 estimates of distance decay are functions of spatial structure as 

well as interaction behavior.  

The second step was to compare the prevalence of walking according to distance 

and SES, empirical studies have found that lower SES tend to walk more for 

transportation 155 156. Finally, the third step was to calibrate the use of the transport 

modes by SES and to account for the fact that Bogotá is a centralized city where 

jobs are found throughout but are concentrated in the central east part 157. To this 

end, jobs were distributed 50% in the central area and 50% uniformly within 20 

blocks of each agent´s home except for the SES 6 were 50% of the jobs were 

distributed in the central area and 50% within 10 blocks of home given the ability of 

these people to live near their jobs. Commuting by foot depends largely on closeness 

between home and work 106. As we will see below, with this setup, a pattern similar 

to Bogota´s mode distribution per SES 122 was achieved with the model. 

 

Since walking levels became stable after 10 days each scenario and the calibration 

was run four times for forty days and the last 30 days were used for the analysis.   
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4.2.6. Model assessment results for the calibration scenario 

A specific distance-decay function fitted to real data is a precise description of the 

distribution of walking trips over distances 152. The calibration model results were 

similar to Bogota´s Distance-decay functions calculated from the survey (Figure 16). 

 

Figure 11. Distance decay function for walking obtained in the calibration model compared to Bogotas 

distance decay for walking to 

 

 

Consistent with other studies 155 156 lower SES have a higher prevalence of walking 

long distances. Twenty percent of agents from SES six with a 5 minute walk to work 

decided to walk. Similarly, in the case of the SES one 75% of agents with a 10 minute 

walk made the same decision. (Figure 17).  
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Figure 12 Prevalence of walking per travel time per SES in the calibration test case 

 

 

Figure 18 compares mode distribution per SES between Bogota and the model. In 

both cases a higher tendency of walking for transport and a higher likelihood to use 

public transport can be seen for low SES and a higher likelihood to use the car and 

taxi from the higher SES. The biggest difference between the model and Bogotá is 

in the use of the taxi.  
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Figure 13. Comparison mode distribution per SES for Bogotá and the ABM model for the calibration case. 

Bogotá´s mode of transportation 

distribution for trips from home to 

work per SES taking into account 

only walking bus BRT taxi and car 122. 

 

Model´s mode of transportation 

distribution per SES in the calibration 

test 

  

  

 

As can be seen from figures 2, 3 and 4, the model produces patterns that have been 

observed in empirical studies: a similar distance decay function, the prevalence of 

walking according to SES and mode distribution per SES. 

 

 

4.2.7. Scenarios  

In order to understand TM and bus influence on walking for transportation, we 

created two types of scenarios. In the first type, we simulated the growth of the BRT 

system through increase number of lanes which was varied from 0 to 10 lanes. BRT 

lanes replaced bus lanes therefore the number of bus lanes was decreased from 33 

to 23 lanes  
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Table 4. Average distance from home to the closest bus and BRT station plus average distance from work 

to the closest BRT and bus station according to number of lanes 

Number of Bus 

Lanes 

33 31 29 27 25 23 

Number of BRT 

Lanes 

0 2 4 6 8 10 

Bus (𝑑ℎ𝑠 + 𝑑𝑤𝑠 ) 1.92 2.26 2.44 2.62 2.91 3.17 

BRT (𝑑ℎ𝑠 + 𝑑𝑤𝑠 ) -   29.98   17.54  12.32 10.10   9.00 

       

For the second type of scenarios we randomly distributed throughout the city Bus 

and BRT stations with different densities. The densities tested were 0%, 3%, 7%, 

10%, 13%, 17%, and 20%. For example in the scenario with 3% bus density and 7% 

BRT each block in the city has a 3% probability of having a bus station and a 7% 

probability of having a BRT station. The densities are related to the number of blocks 

an agent must walk to get to a bus or BRT station (Table 3). In all cases the same 

distribution of agents and jobs throughout the grid, and the parameters of velocity, 

price and income stay the same. 

 

Table 5. Average distance from home to the closest bus or BRT station plus average distance from work to 

the closest BRT and bus station 

Density 0% 3% 7% 10% 13% 17% 20% 

BRT/Bus (𝑑ℎ𝑠 + 𝑑𝑤𝑠 ) - 6.8 4.6 3.6 3.1 2.7 2.1 
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4.3. Results from the different scenarios 

 

Scenarios with the added BRT lanes  

It is interesting to note that increasing the number of TM lanes produces an 

increment in the number of minutes walking for transportation.  

Figure 14. Walking minutes TM users vs non users depending on the number of TM lanes. 

 

 

 

Figure 19 shows an increased number of minutes of walking for transportation as 

the number of TM lanes increases. This increment can also be seen among Non-

users of TM. These results show that walking time saturates as TM lanes are added 

to the system. Average walking minutes from TM users increases one minute 

between two TM lanes and four TM lanes, while the increment is only 0.5 minutes 

between 8 TM lanes and 10 TM lanes. A similar behavior is observed among non-
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users of TM. The introduction of the first two TM lanes had an increment of 1.5 

minutes, while between 8 BRT lanes and 10 BRT lanes there was practically no 

increment. The city´s average minutes of walking for transport goes from 5.0 to 10.4. 

Again the biggest increment happens with the introduction of the first two lanes and 

slowly diminishes.  

 

Scenarios with random distribution of BRT and bus stations  

 

Figure 6a is the three dimensional space average minutes walking for transport 

according to the TM and Bus densities evaluated, Figure 6b has the same 

information but only in two dimensions. These figures show that without bus and TM 

agents must walk great distances. The average number of minutes walking in a 

scenario without TM and bus goes up to 93.4 minutes. Prevalence of walking in SES 

1 and 2 is above 90% in SES 3 is above 50% in higher SES (4,5 and 6) the 

prevalence of walking is similar to the calibration scenario. As public transport 

becomes available the number of walking minutes decreases. However, it is 

important to note that that the increase of public transport does not necessarily 

decreases walking for transport. The introduction of BRT at a 3% density in 

scenarios that already have bus densities above 3% increments the number of 

minutes of walking per transport, with a 3% density and below the introduction of TM 

lanes reduces the number of minutes walking for transport. Higher densities of BRT 

decrease walking for transport in all scenarios.  
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Figure 15. Average minutes of walking for transport according to TM and bus densities  

a) 

 

b) 

 

  

4.4. Discussion 

This simple model is able to reproduce behaviors that have been observed in other 

studies such as a high probability of walking for short trips and a low probability of 

walking long trips155 156.  We also reproduced the higher willingness from the lower 
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SES (24), and the difference in walking between users and non-users of TM, as has 

been reported by other empirical studies (7) (10) (11) (12) . 

Model results suggests that walking for transport emerges from the relation between 

people with their built transportation environment and the existing modes of 

transportation.   Hence, this emergent behavior could be used to design transport 

systems in cities that increase the time users spent walking in their way to work, in 

an attempt to reach reasonable levels of PA. For example in our hypothetical city 

moving from 2 TM lanes to 4 lanes increased the average walking time for the city 

in 1 minute per day (See figure 5). As such, combining large surveys and agent 

based models, we have included some of the robust elements that may shape the 

distribution of time spend walking by the users and the shifting of transport system 

in a city such as Bogota. The results show that certain intuitive perturbations of the 

system, may produce unexpected results, like a threshold number of TM above 

which walking time does not increase. Also in figure 6 we found that above 3% TM 

density, regardless of the number bus stops, walking time diminishes.  

 

Results are consistent with the increment in walking for transport that has been 

observed due to the construction and use of TM or similar systems (12) (13)(27). 

This increment is also present in non-users of TM due to the fact that TM lanes 

replace regular bus lanes.  The increase in PA is expected to continue as more TM 

lanes are added but with decreasing benefits, unless changes to transportation 

environment are implemented such as a strong reduction of the non TM bus system. 
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The model also shows that the PA brought by BRT is related to other existing modes. 

According to the model’s results, Figure 6b shows that BRT increases PA but only 

in situations where bus densities are high (e.g. Bogotá). At Bus stops densities below 

3% increased TM produces lower walking times. At bus densities above 3%, the 

increased PA activity is due to BRT’s velocity, which is higher than all other modes 

of transport available in the city. Its high speed makes it an attractive mode of 

transportation worth walking a few extra blocks to save time. This result explains 

why in cities with low bus density BRT may decrease PA.  The model also stresses 

the importance of high accessibility to public transport, especially for low SES. In 

Figure 5 when TM and bus densities were low; walking for transport increased 

substantially, especially among the lowest SES that live furthest from the city center 

which is where most jobs are located. Of course, walking such distances has been 

related to a low quality of life (8).      

 

According to the model it is expected that the construction of a BRT network will 

continue leading to more minutes of PA as long as pedestrians walk more than 700 

meters per trip. This result is within international standard for accessibility which are 

usually between 400 and 800 meters160. Inaccessibility or bad accessibility of public 

transport means that the distance or time to walk to access public transport terminal 

is longer. 

 

The model, however, has some limitations. Bogotá is much larger than our 

hypothetical city. Therefore trips are shorter and thus taxi and car trips are less 

expensive, which may partly explain the large participation of the taxi in our results. 
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Mode choice is solely based upon resources and time but other variables such as 

comfort, weather and safety might play an important role (9). These factors actually 

could explain the small participation of motorcycle and bicycles in Bogotá despite of 

being inexpensive and fast 151 162. Another limitation is that we assumed that all 

agents from the same SES get the same amount of money for transport equal to the 

average income (only the portion associated to transportation) per SES in Bogotá. 

This amount of money is enough to have access to the bus or TM in any day, but 

this is not necessarily true for a city like Bogotá where 10,2% of Bogotá´s population 

lives under the poverty line (income below 100 US dollars per month)163, as a result 

they do not have enough resources to always access public transportation. This is 

most frequent among the lowest SES who live in the periphery and are therefore 

trapped or bound to walk great distances. This use of averages partly explains why 

in figure 2 the model´s distance decay function is steeper than Bogotá´s distance 

decay for large walking times. This difference in distance decay functions implies 

that results from the model underestimate people’s willingness to walk specially in 

low SES.   

 

Finally, Agent Based Models (ABM) give the opportunity to have a deeper 

understanding of how physical environment affects attitudes toward walking and the 

actual probability of walking since they are based on understanding the system in 

terms of actual decision making processes driven by actors and their environment. 

This understanding may prove helpful in designing policies to increase walking and 

PA without harming people´s quality of life.    
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5. Final remarks and future work 

Chapters 2, 3 and 4 are based on articles. Therefore, each chapter makes a 

contribution and stands for itself. Chapter one offers results to observe changes on 

body composition. These results show that obesity is growing. In terms of this 

document the object of the chapter is to show that overweight and obesity are a 

growing concern.  

The second chapter presents a large international study with children with strict 

protocols so that comparisons among countries may be made. The large sample 

allows great variability and therefore to establish better estimators of the effect of 

active transport on body composition indicators. Results show that there is great 

variance in terms of the modes of transport used to school. However despite this 

variation in transport mode use, the effect of active transport does not vary between 

countries or sex. This stable relation between active transport and body composition 

had not been presented before. This chapter also offers a connection between 

overweight and obesity and transport. The pathway of this association may occur in 

part through small increments of everyday levels of PA 

Chapter three presents associations between access and use of TM with walking 

more than 150 minutes per week. This chapter establishes through a cohort study 

that walking for transport has increased from 2005 to 2010.  The natural experiment 

presented in this chapter strengthens the relation between BRT and walking for 

transport. The contribution of this chapter is in presenting this relation through a 

natural experiment, stepping one step further on establishing causality between TM 

and walking for transport. 
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Chapter four presents an ABM based on the actual decision making process. This 

chapter shows that the entrance of TM with a high access to bus in an environment 

in which transport decisions are based on resources and time are sufficient 

conditions to increment the number of minutes walking. The model also shows 

through the randomized environment that it is not the distance between the stations 

but the speed of the TM that makes agents walk more. In this sense the chapter 

offers an explanation of the observed data, which constitutes knowledge and offers 

understanding since we offer a simple set of rules that explain the observed relation 

in chapter three.  

The document as a whole presents a small contribution on the old debate of non-

operational and an operational modes of reasoning. On one hand non-operational 

approaches to gain knowledge such as the associations presented on chapter 3 

have been criticized. These associations are made through a very sophisticated 

model designed to establish the variables that influence walking for transport in 

Bogota. The model contains a raft of variables woven together in a complex 

equation. But nowhere in the model did trips appear. If one asks how walking for 

transport is actually generated, one discovers that trips are essential. This could 

have perfectly been the example for Olaya´s article. In Olaya´s words this 

associations “are not explained beyond some obscure force of mechanism (scientist 

like the term law) that the researcher, passively instructed by data, attempts to 

uncover […] In a changing world this obscurity entails a larger issue: induction is 

perhaps the most contradictory way to source knowledge in a non-uniform world. 

[…] It is easy to appreciate the unreliable way to meet a changing world through 

analysis of data” 
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On the other hand Operational approaches like the one presented in chapter five 

have also been criticized. First they involve simulation models. Therefore, they 

cannot be classified as formally inductive, and as such, researchers cannot be 

confident of the range over which hypothesized relationships between model 

parameters and outcomes hold. Second, operational approaches generally 

incorporate complex dynamic relationships, implying that many possible outcomes 

are possible, and that small changes in parameter values and initial conditions may 

result in large changes in model outcomes. Finally decisions rules are established 

by the modeler, different decision rules may produce similar results never knowing 

how accurate decision rules are under different circumstances.  

This document uses both approaches to understand a system. I propose that both 

approaches are essential to gaining knowledge. The associations between use and 

access of BRT presented in chapter four without an explanation of why they occur 

would be mere descriptions of the system and not knowledge and might lead 

someone to believe that more TM means more walking for transport. Furthermore  

The ABM without TM or the established association with walking would not have 

anything to explain and would only become of value when the data became 

available. This happened to Einstein´s and Darwin´s theories. They became useful 

and of value when there was data to explain. Which are essential conditions in 

engineering. 

Future research should focus on operationalizing the first two associations 

presented in this document. Chapter two presents a trend in the world of growing 

overweight and obesity, and others have established a set of associations. However, 

we do not know in terms of the actual decision making processes why this is 



 

 
 

75 

happening. Chapter three also presents an association between active transport and 

body composition variables. The mechanism for this association has not been 

completely explained. Finally there are two paths of improvement for the model. First 

thanks to the available data we know the model is not perfect. This could be due to 

the initial parameters and future work might run the model with more accurate 

parameters (more realistic city, better income distribution). The second path is to 

prove the rules under different environments. For example cities in the U.S. have 

high incomes, large distances between jobs and homes and a high access to car. 

According to the model´s predictions these cities have a low prevalence of walking 

for transport. It would be interesting to test the model with data from other cities.         
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