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1. Conceptual linkage exercise  
 

1.1 Rationale and Objective 

It has been previously posed that investing in large-scale physical activity promotion strategies could yield societal and 

planetary health benefits beyond non-communicable disease prevention.1,2 However, most of these arguments lack a 

systematic approach for establishing plausibility for causality.  

 

We conducted a conceptual linkage exercise to systematically rate the plausibility of observing improvements in SDG 

targets should the implementation of physical activity promotion strategies occur at large scale and globally. For this 

exercise, and throughout all of the components of this article, “physical activity promotion strategies” are defined based 

on the “seven best investments for physical activity” by the Toronto Charter.3  

 

1.2 Methods 

The rating process relied on deductive logic. All paper authors, plus all Lancet Physical Activity Series 3 authors and 

Executive Committee members were invited to complete this exercise (N=36), and a total of 33 global physical activity 

experts provided data (response rate = 91.7%).  Each author assigned a point-based rating for the plausibility of a positive 

effect of each best investment for physical activity (n=7) on each SDG indicator (n=231). Therefore, 1,617 “physical 

activity promotion strategy x SDG indicator” combinations were assessed per author. Following blind and independent 

completion of the rating process by all authors, the data were integrated and analyzed by DS.  

 

“Physical activity promotion strategy x SDG indicator” combinations were rated as being of “unlikely impact” (0 points), 

“somewhat likely impact” (1 point), or “likely impact” (3 points). Authors rated the combinations as being of “unlikely 

impact” when they could not think of any plausible causal pathway via which the physical activity promotion strategy 

could positively affect the SDG indicator. The “somewhat likely impact” rating was assigned when the author considered 

there to be one or more plausible causal pathways via which the physical activity promotion strategy could affect the 

SDG indicator, but through indirect effects, or with very low expected yield due to expected limited reach and/or effect 

size. Finally, the “likely impact” rating indicates that the author considered there to be at least one plausible direct causal 

pathway via which the physical activity promotion strategy could affect the SDG indicator, and the expected population, 

societal, and/or planetary impact would be moderate to high.  

 

Points assigned to physical activity promotion strategy x SDG indicator combinations with high consistency in their 

plausibility ratings were summed across each SDG indicator. High consistency was defined as one for which more than 

half of the responding series authors (n≥17) rated a large-scale physical activity promotion strategy as either “somewhat 

likely” or “likely” to positively effect a given SDG indicator (i.e., the combination was assigned at least one point by at 

least 4 authors). SDG indicators with a sum of 50 or more points for their expected gains from different physical activity 

promotion strategies were identified as “relevant SDG indicators” (i.e., those that could most plausibly benefit from the 

large-scale implementation of physical activity promotion strategies). This cut-point is equivalent to an assignment of a 

“likely” plausibility rating by at least 17 authors (>50% of the respondent pool), for at least one “physical activity 

promotion strategy x SDG indicator combination.” Finally, a “plausible impact score” was calculated for each SDG, as 

the percentage of SDG indicators with plausible benefits from the large-scale implementation of physical activity 

promotion strategies within each SDG (i.e., [number of “relevant indicators” over total indicators per SDG] x 100).  

 

1.2.1 Limitations 

While this exercise attempts to quantify the plausibility of there being a link between each of the 7 best investments for 

physical activity and each of the unique 231 SDG indicators, there are inherent limitations to this approach. First, as stated 

in its title, this exercise is conceptual in nature, and does not provide empirical evidence that the plausible linkages are in 

fact real. Actual scientific evidence demonstrating the plausible linkage is necessary for concluding that physical activity 

promotion can accelerate the attainment of certain SDGs through its impact on specific SDG indicators. Second, the 

sample size is restricted to 33 physical activity experts. Third, the way in which the plausibility impact score is calculated 

allows for a bi-modal distribution in some cases, i.e., there might be a specific combination of a physical activity policy 

in relation to an SDG indicator, for which half (or a substantial portion) of field experts consider the linkage to be highly 

plausible, with the other half (or substantial portion) considering it to be an unlikely linkage. This decision was made as 

we consider half of the respondents – well-respected physical activity experts – to be a substantial enough proportion for 

categorizing something as worth exploring. It is common in science to have discrepancies with colleagues regarding what 

a plausible hypothesis or relation worth testing might be, and deeming linkages as “not plausible” or relevant because of 

lack of unanimity can lead to the non-pursuit of important research questions. Hence, this exercise, and its findings, should 

be considered as a starting point for defining which relations (between specific physical activity policies and SDG 

indicators) are worthy of further exploration via the scientific method. 

 

1.3 Results 

The raw data for the assigned ratings of each respondent for the 1,617 “physical activity promotion strategy x SDG 

indicator” combinations is available at: https://osf.io/nb652/files/?view_only=bc344245004b4ee995d6ce2734ef80c4  

https://osf.io/nb652/files/?view_only=bc344245004b4ee995d6ce2734ef80c4
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Plausible beneficial impacts expected to result from the large-scale implementation of physical activity promotion 

strategies were identified for 14 of the 231 unique SDG indicators (6.1%), stemming from 6 of the 17 SDGs (35.3%). All 

of the physical activity promotion strategies, defined per the “seven best investments for physical activity” framework, 

by the Toronto Charter,3 were found to be plausible contributors to improvements for SDGs. The SDGs that could 

plausibly benefit from global, large-scale implementation of physical activity promotion, and the contribution of each of 

the seven best investments for physical activity to SDGs, are shown in Figure S1, below. Further, Table S1 shows the 

SDG indicators for which a benefit was deemed plausible given at-scale implementation of physical activity promotion 

strategies, with their respective SDG targets, and goals.  

 

Figure S1. SDGs that could plausibly benefit from the large-scale implementation of physical activity promotion 

strategies; and relevance of physical activity promotion strategies for the UN sustainable development agenda. 
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Table S1. SDG indicators, targets and goals that could plausibly benefit from at-scale implementation of physical 

activity promotion strategies (conceptual linkage results).  

 

Plausible 

Impact 

Scorea 

Goal Target Indicator 

33.3% 

SDG 11: Make cities and 

human settlements 

inclusive, safe, resilient 

and sustainable 

11.2 Affordable and 

sustainable transport 

systems 

11.2.1 Proportion of population that has 

convenient access to public transport, by sex, 

age and persons with disabilities 

11.3 Inclusive and 

sustainable urbanization 

11.3.2 Proportion of cities with a direct 

participation structure of civil society in 

urban planning and management that operate 

regularly and democratically 

11.6 Reduce the 

environmental impacts of 

cities 

11.6.2 Annual mean levels of fine particulate 

matter (e.g. PM2.5 and PM10) in cities 

(population weighted) 

11.7 Provide access to safe 

and inclusive green and 

public spaces 

11.7.1 Average share of the built-up area of 

cities that is open space for public use for all, 

by sex, age and persons with disabilities 

11.a Strong national and 

regional development 

planning 

11.a.1 Proportion of population living in 

cities that implement urban and regional 

development plans integrating population 

projections and resource needs, by size of 

city 

16.7% 

SDG 9: Build resilient 

infrastructure, promote 

inclusive and sustainable 

industrialization, and 

foster innovation 

9.1 Develop sustainable, 

resilient and inclusive 

infrastructures 

9.1.1 Proportion of the rural population who 

live within 2 km of an all-season road 

9.1.2 Passenger and freight volumes, by 

mode of transport 

16.0 %  

SDG3: Ensure healthy 

lives and promote well-

being for all at all ages 

3.4 Reduce mortality from 

non-communicable 

diseases and promote 

mental health 

3.4.1 Mortality rate attributed to 

cardiovascular disease, cancer, diabetes or 

chronic respiratory disease 

3.4.2 Suicide Mortality Rate 

3.6 Reduce road injuries 

and death 
3.6.1 Death rate due to road traffic injuries 

3.9 Reduce illness and 

deaths from hazardous 

chemicals and pollution 

3.9.1 Mortality rate attributed to household 

and ambient air pollution 

9.1 % 

SDG 4: Ensure inclusive 

and quality education for 

all and promote lifelong 

learning 

4.2 Equal access to quality 

pre-primary education 

4.2.1 Proportion of children under 5 years of 

age who are developmentally on track in 

health, learning and psychosocial well-being, 

by sex 

8.3 % 
SDG 1: End poverty in 

all its forms, everywhere 

1.a Mobilization of 

resources to end poverty 

1.a.2 Proportion of total government 

spending on essential services (education, 

health and social protection) 

4.3% 

SDG 16: Promote 

peaceful and inclusive 

societies for sustainable 

development, provide 

access to justice for all, 

and built effective, 

accountable and 

inclusive institutions at 

all levels 

16.1 Reduce violence 

everywhere 

16.1.4 Proportion of population that feel safe 

walking alone around the area they live 

a  Plausible impact score was calculated as the percentage of number of relevant indicators per SDG identified in the 

conceptual linkage exercise, over the total number of indicators for the given SDG.  
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2. Scientific evidence of the contribution of physical activity promotion towards the UN SDGs: 

systematic scoping review  

 
2.1 Introduction 

We conducted a scoping review of the peer-reviewed literature in accordance with the PRISMA Guidelines for Systematic 

Scoping Reviews.4 We used a systematic Snowball Sampling methodology to identify relevant published scientific 

articles reporting findings on the relation between physical activity promotion strategies and SDGs.5  

 

2.2 Methods 

2.2.1 Eligibility criteria 

The final set of articles eligible for full-text abstraction included in this systematic scoping review had to be original 

research manuscripts examining the effect of a physical activity promotion strategy (per the seven best investment 

framework)3 and at least one SDG target, excluding the known cardiometabolic and cancer health benefits of physical 

activity, as this review focused on the co-benefits of physical activity promotion. Other SDG 3 (ensure healthy lives and 

wellbeing) targets beyond cardiometabolic and cancer health outcomes were included as part of this review. This includes, 

for example, traffic injury prevention, health effects of pollution, mental health, etc. 

 

2.2.2 Database search 

First, we defined a set of search terms denoting the physical activity promotion strategies, as defined by the seven best 

investments for physical activity of the Toronto Charter.3 We also defined a set of terms with variations of the term “co-

benefits”. Second, we conducted a database search for published articles available in either Scopus, Ovid Medicine, or 

SocIndex, which included both a physical activity promotion strategy term as well as a co-benefits term in the title or 

abstract. The database search was conducted on July 3, 2019. No date limitations were included as part of the search 

strategy, and only articles with an English language abstract available articles were included. This includes articles for 

which the full body of the text was in another language, as long as an indexed English abstract was available. The search 

terms used are shown in Table S2, below. Once duplicates and irrelevant results (e.g., notes, editorials, commentaries) 

were removed, a title and abstract scan was conducted to determine eligibility for inclusion in a start set, i.e., a set of 

articles to be used as the seed for the Snowball Sampling method.   

 

Table S2. Search terms and database-specific variations (Scopus, Ovid and SocIndex) for systematic scoping review. 

Search Term 

Categories 
Description Code: Scopus Code: Ovid Code: SocIndex 

Co-Benefits 

Includes all variations of 

the term "co-benefits" plus 

additional terms that 

broadly capture the same 

concept as "co-benefits", 

including "unintended 

consequence*", 

"unintended effect*", 

"unintended impact*", 

"unexpected 

consequence*", 

"unexpected effect*", 

"unexpected impact*" 

"co benefit*"  OR  

cobenefit*  OR  "co-

benefit*"  OR  

"unintended impact*"  

OR  "unintended 

consequence*"  OR  

"unintended effect*"  

OR  "unexpected 

impact*"  OR  

"unexpected 

consequence*"  OR  

"unexpected effect*"  

co benefit* OR 

cobenefit* OR co-

benefit* OR unintended 

impact* OR unintended 

consequence* OR 

unintended effect* OR 

unexpected impact* OR 

unexpected 

consequence* OR 

unexpected effect* 

"co benefit*"  OR  

cobenefit*  OR  "co-

benefit*"  OR  

"unintended impact*"  

OR  "unintended 

consequence*"  OR  

"unintended effect*"  

OR  "unexpected 

impact*"  OR  

"unexpected 

consequence*"  OR  

"unexpected effect*"  

Physical Activity 

(General) 

The general concept of 

physical activity captured 

by a single phrase 

("physical activity") 

"physical activity" physical activity "physical activity" 

Best Investment 

1: Whole of 

School 

Programs 

The following search terms 

were used to search for 

articles about the general 

concept of "whole of 

school programs": "active 

school*" 

"active school*" active school* "active school*"  
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Search Term 

Categories 
Description Code: Scopus Code: Ovid Code: SocIndex 

Best Investment 

2: 

Transportation 

Policies for 

Walking, 

Cycling & 

Public 

Transport 

The following search terms 

were used to search for 

articles about the general 

concept of "Transportation 

Policies, Walking, Cycling 

& Public Transport": 

"active transport*",  "active 

travel", and "active transit"  

"active transport*"  OR  

"active travel"  OR  

"active transit"  

active transport* OR 

active travel OR active 

transit 

"active transport*"  

OR  "active travel"  

OR  "active transit"  

Best Investment 

3: Urban Design 

Regulations & 

Infrastructure 

for Recreational 

& Transport-

Based PA 

The following search terms 

were used to search for 

articles about the general 

concept of "Urban Design 

Regulations & 

Infrastructure for 

Recreational & Transport-

Based PA":   "active urban 

design"  ,  "walkable urban 

design"  ,  "livable urban 

design" , "active 

neighborhood*" , 

"walkable neighborhood*" 

, "livable neighborhood*" , 

"active neighbourhood*" , 

"walkable 

neighbourhood*" , "livable 

neighbourhood*"  , "active 

city" , "walkable city" , 

"livable city" , "active 

cities" , "walkable cities" , 

"livable cities" , "green 

urban design" , "green 

neighborhood*" , "green 

neighbourhood*" , "green 

city" , and "green cities"   

  "active urban design"  

OR  "walkable urban 

design"  OR  "livable 

urban design" OR 

"active neighborhood*" 

OR "walkable 

neighborhood*" OR 

"livable 

neighborhood*" OR 

"active 

neighbourhood*" OR 

"walkable 

neighbourhood*" OR 

"livable 

neighbourhood*"  OR 

"active city" OR 

"walkable city" OR 

"livable city" OR 

"active cities" OR 

"walkable cities" OR 

"livable cities" OR 

"green urban design" 

OR "green 

neighborhood*" OR 

"green 

neighbourhood*" OR 

"green city" OR "green 

cities"   

active urban design OR 

walkable urban design 

OR livable urban design 

OR active 

neighborhood* OR 

walkable neighborhood* 

OR livable 

neighborhood* OR 

active neighbourhood* 

OR walkable 

neighbourhood* OR 

livable neighbourhood*  

OR active city OR 

walkable city OR livable 

city OR active cities OR 

walkable cities OR 

livable cities OR green 

urban design OR green 

neighborhood* OR green 

neighbourhood* OR 

green city OR green 

cities 

  "active urban design"  

OR  "walkable urban 

design"  OR  "livable 

urban design" OR 

"active 

neighborhood*" OR 

"walkable 

neighborhood*" OR 

"livable 

neighborhood*" OR 

"active 

neighbourhood*" OR 

"walkable 

neighbourhood*" OR 

"livable 

neighbourhood*"  OR 

"active city" OR 

"walkable city" OR 

"livable city" OR 

"active cities" OR 

"walkable cities" OR 

"livable cities" OR 

"green urban design" 

OR "green 

neighborhood*" OR 

"green 

neighbourhood*" OR 

"green city" OR "green 

cities"   

Best Investment 

4:  PA and 

NCDs 

Prevention into 

Primary Care 

The following search terms 

were used to search for 

articles about the general 

concept of "PA and NCDs 

Prevention into Primary 

Care": "physical activity 

promotion in primary care  

,  "exercise promotion in 

primary care"  ,  "physical 

activity promotion in health 

care"  ,  "exercise 

promotion in health care"  ,  

"physical activity 

prescription in primary 

care"  ,  "physical activity 

prescription in health care"  

,  "exercise prescription in 

primary care"  ,  "exercise 

prescription in health care"  

,  "exercise is medicine"  ,  

and "exercise as medicine" 

"physical activity 

promotion in primary 

care"  OR  "exercise 

promotion in primary 

care"  OR  "physical 

activity promotion in 

health care"  OR  

"exercise promotion in 

health care"  OR  

"physical activity 

prescription in primary 

care"  OR  "physical 

activity prescription in 

health care"  OR  

"exercise prescription in 

primary care"  OR  

"exercise prescription in 

health care"  OR  

"exercise is medicine"  

OR  "exercise as 

medicine" 

physical activity 

promotion in primary 

care  OR  exercise 

promotion in primary 

care  OR  physical 

activity promotion in 

health care OR  exercise 

promotion in health care  

OR  physical activity 

prescription in primary 

care  OR  physical 

activity prescription in 

health care  OR  exercise 

prescription in primary 

care  OR  exercise 

prescription in health 

care  OR  exercise is 

medicine  OR  exercise 

as medicine 

"physical activity 

promotion in primary 

care" OR  "exercise 

promotion in primary 

care"  OR  "physical 

activity promotion in 

health care"  OR  

"exercise promotion in 

health care"  OR  

"physical activity 

prescription in primary 

care"  OR  "physical 

activity prescription in 

health care"  OR  

"exercise prescription 

in primary care"  OR  

"exercise prescription 

in health care"  OR  

"exercise is medicine"  

OR  "exercise as 

medicine" 
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Search Term 

Categories 
Description Code: Scopus Code: Ovid Code: SocIndex 

Best Investment 

5: Mass Media 

Campaigns to 

Promote PA 

The following search terms 

were used to search for 

articles about the general 

concept of "Mass Media 

Campaigns to Promote 

PA": "physical activity 

campaign*" , "physical 

activity mass media" ,  and 

"physical activity media" 

"physical activity 

campaign*"  OR  

"physical activity mass 

media" OR "physical 

activity media"  

physical activity 

campaign* OR physical 

activity mass media OR 

physical activity media 

"physical activity 

campaign*"  OR  

"physical activity mass 

media" OR "physical 

activity media"  

Best Investment 

6: Community-

Wide Programs 

(multi-setting, 

multi-sector) 

The following search terms 

were used to search for 

articles about the general 

concept of "Community-

Wide Programs (multi-

setting, multi-sector):" 

active communit*" ,  

"physical activity 

community program*"  ,  

"physical activity 

community-wide 

program*"  ,  

and"community program* 

to promote physical 

activity" 

"active communit*"  

OR  "physical activity 

community program*"  

OR  "physical activity 

community-wide 

program*"  OR  

"community program* 

to promote physical 

activity" 

active communit*  OR  

physical activity 

community program*  

OR  physical activity 

community-wide 

program*  OR  

community program* to 

promote physical activity 

"active communit*"  

OR  "physical activity 

community program*"  

OR  "physical activity 

community-wide 

program*"  OR  

"community program* 

to promote physical 

activity" 

Best Investment 

7: Sports for All 

Programs 

The following search terms 

were used to search for 

articles about the general 

concept of "Sports for All 

Programs": "sport* for all"  

, "sport* polic*" , and 

"sport* program*" 

"sport* for all" OR 

"sport* polic*" OR 

"sport* program*" 

sport* for all OR sport* 

polic* OR sport* 

program* 

"sport* for all" OR 

"sport* polic*" OR 

"sport* program*" 

 

 

2.2.3 Snowball sampling 

Of 614 unique and eligible articles scanned, 52 were identified as meeting the criteria to constitute the start set (i.e., were 

either original research [n=43] or review articles [n=9] examining the effect of a physical activity promotion strategy [as 

defined by the seven best investments] and an SDG).  One iteration of both backwards and forwards snowball sampling 

methods was implemented. For the backwards sampling process, all the references of the original research articles of the 

start set were identified. For the case of review articles included in the start set, only the references pertaining to the final 

set of original articles of which findings were summarized to inform the main results of the review were included as part 

of the backwards sample. For the forward sample, all original research articles citing the start set were identified. For 

both the backward and forward samples, references which were not scientific manuscripts, or that were editorials, 

commentaries, notes, letters, expert opinions, etc., were excluded. Backwards and forward sampling was conducted on 

July 5, 2019. Once duplicates and ineligible articles were removed, the snowball sampling yielded 1,655 original new 

articles. A title and abstract scan to identify articles examining the effect of physical activity promotion strategies on 

SDGs was conducted, following the same procedures as the scan to identify the articles of the start set. This resulted in 

85 newly identified relevant articles, which, when summed with the original research articles of the start set, yielded a 

total of 128 original research articles for data abstraction.  

 

2.2.4 Data abstraction 

During this step, and upon examination of the full text, 38 out of the 128 articles identified via the database search and 

snowball sampling steps were further discarded, as they did not meet the previously described criteria for inclusion in the 

final analytic dataset (i.e., for full abstraction). Therefore, full text abstraction was conducted on a final set of 90 articles. 

We abstracted information on the type of journal where each paper was published (health-related vs. other fields), the 

world regions and countries where the research was conducted, the type of research study designs and methods utilized 

(i.e., empirical vs. simulation methods), and the physical activity promotion strategies (categorized per the seven best 

investments for physical activity framework) and SDGs studied. For all articles, we recorded whether a positive, negative, 

or non-significant effect/association of the physical activity promotion strategy on SDGs was reported. 

 

Figure S2 summarizes the systematic review process from database search to the identification of the set of papers for 

abstraction.   
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Figure S2. Flow chart of the systematic scoping review process for identifying peer-reviewed articles reporting evidence 

of the effect of physical activity promotion strategies on the United Nation’s Sustainable Development Goals. 
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2.2.5 Limitations  

As with any scoping review (versus a comprehensive systematic review with or without meta-analysis), the intent of this 

exercise was to acquire a broad sense of the state of the science, rather than an exhaustive list of all articles published on 

the effect of physical activity promotion policies or strategies on SDGs. Therefore, there is always the possibility that 

relevant articles may have been missed. The obtained results are a product of the selected search terms. Our approach 

was centered on finding a broad set of articles about the effects of physical activity on non-traditionally studied outcomes 

for the field (i.e., “co-benefits” beyond physical activity’s protective effects for cardiometabolic health, cancer, and 

dementia). Our search did not include SDG-specifc terms – this was something we attempted in a previous iteration of 

the exercise, but the results were too limited as the search was being too restrictive. Given our final selected search 

strategy, during the data abstraction phase, we coded all the articles on co-benefits of physical activity in terms of whether 

they had (or not) outcomes/dependent variables that could fall under at least one of the 17 SDGs, and if so, under which 

specific SDG targets. We were not able to perform the abstraction at the level of SDG indicators, given the high variability 

in the way that outcomes of interest were measured across studies. Finally, the scoping review results are limited to 

articles published in English, and that were available in print or online by July 5, 2019. 

 

 

2.3 Results 

Ninety original research articles of studies examining the effects of physical activity promotion strategies on SDGs and 

meeting all full-text abstraction criteria were identified through the scoping review. The majority were published in non-

health focused peer reviewed journals (57.8%), and were published in the past 5 years versus earlier (58.2%). Stark 

disparities were observed in terms of scientific productivity in the examination of the effect of physical activity promotion 

strategies on SDGs by World Bank Income groups, with 80% of the articles stemming from high-income countries 

(HICs). Seventy percent of the studies relied on real-world data (vs. simulation studies). Among studies using real-world 

data, the majority (75.8%) used a cross-sectional study design, with a few emerging quasi-experimental (natural 

experiments) studies – all from HICs or Upper-Middle-Income Countries (UMICs). Simulation-based studies ranged 

from being health impact assessments, comparative risk assessments, econometric models, transportation models, and 

complex systems models. The full abstraction table, including article title, author names, year of publication, country of 

first author, study type information, and which physical activity strategy – SDG relations were tested, can be found here: 

https://osf.io/nb652/files/?view_only=bc344245004b4ee995d6ce2734ef80c4. Descriptive statistics on the characteristics 

of the 90 studies identified for full-text abstraction via the scoping review, including stratification by country World Bank 

income level, are shown in Table S3. 

 

Table S3. Characteristics of studies examining the relation between physical activity promotion strategies and the United 

Nations’ Sustainable Development Goals: A Scoping Review of the peer-reviewed literature (2019). 

 
 Total 

Articles 

n (%) 

HIC 

Articles 

n (row %) 

Upper-MIC 

Articles 

n (row %) 

Lower-MIC 

Articles 

n (row %) 

 

Total Articles 

 

90 (100) 

 

73 (81.1) 

 

15 (16.7) 

 

2 (2.2) 

 

Type of Journal 

    

Health Journal 38 (42.2) 36 (94.7) 2 (5.3) 0 (0.0) 

Non-Health Journal 52 (57.8) 37 (71.2) 13 (25.0) 2 (3.8) 

 

Year of Publication 

    

<2005 5 (5.6) 5 (100.0) 0 (0.0) 0 (0.0) 

2005-2009 9(11.0) 8(90.0) 1 (10.0) 0 (0.0) 

2010-2014 23 (25.3) 22 (95.7) 1 (4.3) 0 (0.0) 

2015-2019 53 (58.2) 38 (71.7) 13 (24.5) 2 (3.8) 

 

Type of study 

    

Empirical (real-world data) 62 (70.0) 50 (80.6) 11(17.5) 1 (1.6) 

Ecological (n, column %) 1 (1.6) 1 (100.0) 0 (0.0) 0 (0.0) 

Cross-sectional (n, column %) 47(75.8) 37 (78.8) 9 (19.1) 1 (2.1) 

Cohort (n, column %) 3 (4.2) 3 (100.0) 0 (0.0) 0 (0.0) 

Quasi-experimental (n, column %) 11 (15.3) 9 (81.8) 2 (18.2) 0 (0.0) 

Scenario Simulations 28 (30.0) 23 (82.1) 4 (14.3) 1 (3.6) 

Health Impact Assessment (n, column %) 5 (17.9) 5 (100.0) 0 (0.0) 0 (0.0) 

Comparative Risk Assessment (n, column %) 2 (7.1) 0 (0.0) 2 (100.0) 0 (0.0) 

Economic Models (n, column %) 3 (10.7) 3 (100.0) 0 (0.0) 0 (0.0) 

Transportation Models (n, column %) 2 (7.1) 1 (50.0) 1 (50.0 0 (0.0) 

Complexity Science (n, column %) 16 (57.1) 14 (87.5) 1 (6.3) 1 (6.3) 

 

Physical activity promotion strategies 

    

Whole of School Programs 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

https://osf.io/nb652/files/?view_only=bc344245004b4ee995d6ce2734ef80c4
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 Total 

Articles 

n (%) 

HIC 

Articles 

n (row %) 

Upper-MIC 

Articles 

n (row %) 

Lower-MIC 

Articles 

n (row %) 

Active Transportation Policies 48 (53.3) 38 (79.2) 9 (18.8) 1 (2.0) 

Active Urban Design 57 (63.3) 47 (82.5) 8 (14.0) 2 (3.5) 

PA promotion in Primary Care 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Mass-media campaigns 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Community-wide programs 6 (6.7) 5 (83.3) 1 (16.7) 0 (0.0) 

Sports-for-all 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

 

SDG outcomes examined 

    

SDG 1: Poverty Reduction 1 (1.1) 0 (0.0) 1 (100.0) 0 (0.0) 

SDG 3: Good Health & Wellbeing 46 (51.1) 36 (78.2) 9 (10.0) 1 (2.1) 

SDG 6: Clean Water & Sanitation 1 (1.1) 0 (0.0) 1 (100.0) 0 (0.0) 

SDG 7: Affordable & Clean Energy 1(1.1) 0 (0.0) 1 (100.0) 0 (0.0) 

SDG 8: Decent Work & Economic Growth 1 (1.1) 1 (100.0) 0 (0.0) 0 (0.0) 

SDG 9: Industry, Innovation & Infrastructure 16 (17.8) 14 (87.5) 0 (0.0) 2 (12.5) 

SDG 11: Sustainable Cities & Communities 44 (48.9) 37 (84.1) 6 (13.6) 1 (2.3) 

SDG 12: Responsible Consumption & Production 2 (2.2) 2 (100.0) 0 (0.0) 0 (0.0) 

SDG 13: Climate Action 18 (20.0) 11 (12.2) 5 (27.8) 2 (11.1) 

SDG 16: Peace, Justice & Strong institutions 7 (7.8) 6 (85.7) 1 (14.3) 0 (0.0) 

 

 

Table S3 footnotes: 

 

- SDG targets included in studies coded as including SDG 1 outcomes: Sound policy frameworks for pro-poor 

development strategies (SDG Target 1.B).  

- SDG targets included in studies coded as including SDG 3 outcomes: traffic injuries (SDG Target 3.6), air-

pollution related morbidity and mortality (SDG target 3.9), mental health (SDG target 3.4), infant health and 

mortality (SDG target 3.2), communicable diseases (SDG target 3.3) and investment in & development of health 

infrastructure in developing countries (SDG target 3.C). Results pertaining to benefits for indicator 3.4.1 

(reductions in mortality due to non-communicable diseases) were not included in this review, as the focus is on 

the co-benefits of large-scale implementation of physical activity promoting strategies.  

- SDG targets included in studies coded as including SDG 6 outcomes: improved water quality due to reduced 

pollution and increased recycling (SDG target 6.3). 

- SDG targets included in studies coded as including SDG 7 outcomes: enhance international cooperation to 

facilitate access to clean energy research and technology, including renewable energy, energy efficiency and 

advanced and cleaner fossil-fuel technology, and promote investment in energy infrastructure and clean energy 

technology (SDG target 7.b). 

- SDG targets included in studies coded as including SDG 8 outcomes: Achieve higher levels of economic 

productivity through diversification, technological upgrading and innovation, including through a focus on high-

value added and labor-intensive sectors (SDG target 8.2). 

- SDG targets included in studies coded as including SDG 9 outcomes: develop quality, reliable, sustainable 

& resilient infrastructure with focus on equitable access for all (SDG target 9.1); and upgrade and/or retrofit 

infrastructure and industry to make it sustainable (SDG target 9.4). 

- SDG targets included in studies coded as including SDG 11 outcomes:  affordable housing for all (SDG 

target 11.1); safe, accessible and sustainable transport for all (SDG target 11.2); inclusive and sustainable 

urbanization (SDG target 11.3); reduce the adverse environmental impact of cities with special emphasis on air 

quality (SDG target 11.6); universal access to safe, inclusive and accessible green and public spaces (SDG target 

11.7); support positive economic, social and environmental links between urban, peri-urban and rural areas (SDG 

target 11.A).   

- SDG targets included in studies coded as including SDG 12 outcomes: achieve the environmentally sound 

management of chemicals and all wastes throughout their life cycle, in accordance with agreed international 

frameworks, and significantly reduce their release to air, water and soil in order to minimize their adverse 

impacts on human health and the environment (SDG target 12.4); ensure that people everywhere have the 

relevant information and awareness for sustainable development and lifestyles in harmony with nature (SDG 

target 12.8). 

- SDG targets included in studies coded as including SDG 16 outcomes: reduce violence and deaths 

everywhere (SDG target 16.1) 

- SDG 13: Integrate climate change measures into national policies, strategies and planning (SDG target 13.2). 

All articles coded under this target specifically examined reductions in carbon dioxide emissions due to 

motorized transportation in cities as an outcome of interest.   
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3. Agent-based model  
 

The description that follows has been organized according to the Overview, Design Concepts, and Details + Decision 

(ODD+D) protocol6, with the addition of a final section to address the limitations of our model. 

 

3.1        Overview 

3.1.1 Purpose 

To investigate the potential impacts of large-scale recreational and transport-related physical activity promotion strategies 

on six SDG related outcomes: road traffic deaths (SDG 3) transportation mode share (SDG 9), convenient access to public 

transport, levels of fine particulate matter, and access to public open spaces (SDG 11), and levels of carbon dioxide 

emissions (SDG 13). 

 

3.1.2 Entities, state variables, and scales 

Three cities were designed as abstract representations of common city types in high-, middle-, and low-income countries. 

These cities were not meant to resemble any particular real city but were instead designed to represent cities which were 

similar across a core set of characteristics. We did, however, use information from real-world cities to inform the attributes 

of each abstract city (Table S4). 

 

The city area was represented by a square grid of 65 by 65 patches with non-contiguous sides. With each square patch 

defined as an area of 0·25 km2, the city environment represented an area of 1056·25 km2. Grid dimensions, area of each 

patch, and total area of the grid/city were chosen according to the following requirements: 

a) Grid dimensions that, alongside the number of agents in the model (1,000), could accommodate behavioral, 

interpersonal, and environmental factors that are more relevant for this model, such as the size of the agents’ 

perception radius and the number spaces for recreational physical activity within an agent’s perception radius. 

b) Meaningful patch length and area for calculating distance to locations, a key factor for the agents’ selection of 

mode of transportation to each location. 

c) A total area that is within the range of what is observed in mid-to-large-size cities around the world. For example, 

the modelled city captured an area not too dissimilar to Phoenix, AZ (~1,300 km2), and Bogota, Colombia 

(~1,500 km2), which formed the basis for environmental data used to inform the high- and middle-income cities 

described in the paper. 

 

Some patches represented spaces for recreational physical activity; the others could be populated by workplaces, other 

destinations for social interaction (e.g., restaurants, shops, and malls), or a person’s residential location. Patches were also 

assigned scores which represented the quality of their road, pedestrian, and cycling infrastructure. Public transit stops 

were also represented in the city. Stops were also assigned quality and frequency scores which captured the quality and 

frequency of services. A complete list of properties assigned to environmental elements of the model are presented in 

Table S5. 

 

Cities were populated by 1000 agents representing adult persons. Properties assigned to persons included socioeconomic, 

recreational physical activity, and travel characteristics, as described in Table S6. 

 

Time was discrete and each iteration (time step) was defined as one week, a time frame frequently used for investigating 

physical activity behavior. Each model was run for a period of 528 weeks (48 burn-in weeks plus 480 valid weeks). 
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Table S4. Characteristics of cities represented in model. 
Characteristics High-income city Middle-income city Low-income city 

Exemplar real-world city Phoenix Bogota Accra 

World Bank income group High Middle-high Low or middle-low 

Income per capita High Middle Low 

Income inequality Medium. Rich people tend to live 

in the periphery. Middle- and 
low-income people tend to live in 

or close to the city center 

High. Rich people tend to live in 

or close to the city center. Low-
income people tend to live in the 

periphery 

High. Rich people tend to live in 

the periphery. Low-income 
people tend to live in or close to 

the city center 

Population density Low to medium Medium to high High 

Distribution of jobs Jobs concentrated in and close to 
the city center, with few options 

towards the periphery 

White-collar jobs concentrated in 
the city center. Blue-collar jobs 

more distributed but tend to be 

concentrated in or close to the 
city center 

White-collar and blue-collar jobs 
more distributed but tend to be 

concentrated in or close to the 

city center 

Public and private 

spaces for recreational 

physical activity 

Density Medium Medium to high Low. Mostly private spaces 

Coverage Evenly distributed, but more 

private places in the city center 
and more public places in the 

periphery 

More private and public places in 

and close to the city center 

More private and public places 

towards the periphery 

Quality Medium to good Medium to good in and close to 

the city center. Poor to medium 

in the periphery 

Public spaces are poor in the city 

center and poor to medium in the 

periphery. Private spaces are poor 

to medium regardless of location 

Distribution of other destinations 
(other spaces for social interaction) 

 

Concentrated in the city center 
with few options in or close to 

the periphery 

Evenly distributed Evenly distributed 

Road infrastructure Coverage Complete coverage  Complete in the city center. 
Generally good coverage in the 

periphery. Some peripheral areas 

of low SES have low coverage 

Patchy coverage 

Quality Good Medium in the city center. Poor 
to medium in the periphery. 

Quality is highly tied to 

neighborhood SES 

Poor to medium in the city 
center, but poor otherwise. 

Quality is moderately tied to 

neighborhood SES 

Walking infrastructure Coverage Almost complete coverage in city 

the center. Patchy in the 

periphery 

Complete in the city center. 

Generally good in the periphery. 

Some peripheral areas of low 
SES have low coverage 

Patchy coverage in the city 

center. Almost non-existent in the 

periphery 

Quality Medium to good Poor to medium. Considerably 

better in the city center 

Poor 

Cycling infrastructure Coverage Concentrated in the city center Concentrated in city center Mostly non-existent 

Quality Poor to medium in the city 
center. Poor in the periphery. 

Generally not segregated from 

traffic 

Poor to medium in the city 
center. Poor in the periphery. 

Generally not segregated from 

traffic 

Not applicable 

Public transport 

service (buses, BRTs, 

LRTs, trains, subways) 

Coverage Good in the city center with 

decreasing coverage towards the 

periphery 

Good in the city center with 

decreasing coverage towards the 

periphery and very high SES 

Formal system has medium 

coverage in the city center but 

low to almost inexistent towards 
the periphery. Informal system 

coverage is good with increasing 

coverage towards the periphery 
and inexistent in areas of high 

SES 

Quality Good Medium, better in and close to 
the city center 

Poor 

Frequency High in the city center. Low 

towards the periphery 

High. Medium to low in very 

high SES 

Medium in formal system. High 

in informal system 

Transport mode share 
(car, motorcycles, public transport, 

walking, and cycling) 

High- and middle-income people 
dependent on cars. Most low-

income dependent on cars and 

some on public transport. Low-
income people might be less 

inclined to use car for all trips, 

using it more for longer trips or 
when public transport is not 

convenient. Very low proportion 

of walking and cycling trips 

High-income people dependent 
on cars. Middle-income 

dependent on cars and public 

transport. Low-income dependent 
on public transport. Medium 

proportion of walking trips. Low 

proportion of cycling trips, 
mostly middle- and low-income 

High-income people dependent 
on cars. Middle- and low-income 

dependent on public transport and 

walking. Low proportion of 
cycling trips 

Outdoor air pollution Low. High proportion from 
transportation sources 

Medium. High proportion from 
transportation sources 

High. Medium proportion from 
transportation sources 

Road traffic death rates High Medium Medium 

Recreational physical activity A large proportion of the 

population engages in 
recreational physical activity 

weekly 

Less than half of the population 

engages in recreational physical 
activity weekly 

A small fraction of the population 

engages in recreational physical 
activity weekly 
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Table S5. Properties of environmental elements in the model. 
Properties Domain of values Assignment process 

Spaces for recreational physical activity 

Location Cartesian coordinates from -64 to 64 in 
both axes 

Random. Discrete probability distribution 
conditional to city type and area-level 

income 

Public (only for spaces for 
recreational physical activity) 

Public or private Random. Discrete probability distribution 
conditional to city type and area-level 

income 

Quality (only for spaces for 
recreational physical activity) 

0 to 1 (dimensionless) Random. Uniform probability distribution 
conditional to city type and area-level 

income 

Road infrastructure score Non-existent (0·00), poor (0·33), medium 

(0·66), or good (1·00) 

Deterministic. Conditional to city type and 
area-level income 

Pedestrian infrastructure score Non-existent (0·00), poor (0·33), medium 

(0·66), or good (1·00) 

Deterministic. Conditional to city type and 

area-level income 

Cycling infrastructure score Non-existent (0·00), poor (0·33), medium 

(0·66), or good (1·00) 

Deterministic. Conditional to city type and 

area-level income 

Workplaces 

Location Cartesian coordinates from -64 to 64 in 

both axes 

Random. Uniform probability distribution 

conditional to city type and area-level 
income 

Other destinations (e.g., restaurants, health clinics, grocery shops, etc.) 

Location Cartesian coordinates from -64 to 64 in 

both axes 

Random. Uniform probability distribution 

conditional to city type and area-level 
income 

Public transport stops 

Location Cartesian coordinates from -64 to 64 in 

both axes 

Random. Uniform probability distribution 

conditional to city type and area-level 

income 
Quality 0 to 1 (dimensionless) Random. Uniform probability distribution 

conditional to city type and area-level 

income 
Frequency 0 to 1 (dimensionless) Random. Uniform probability distribution 

conditional to city type and area-level 

income 

 

3.1.3 Process overview and scheduling 

Persons made two types of decisions in the mode (Figure 3 in the manuscript). First, they decided whether to engage in 

recreational physical activity. Second, they selected modes of transportation to travel to their destinations: workplace, 

preferred space for recreational physical activity (if they choose to engage in this type of activity), and to other 

destinations. 

 

Every week, each person updated their intention, expressed as a probability, of engaging in recreational physical activity. 

The process by which people change their intention was dependent on their own past behavior, and the behavior of their 

personal network and the community at large. According to this new intention level and conditional on the utility score 

of what the person considers the best recreational place, a decision is made regarding engaging in recreational physical 

activity over the week. If the person decides to practice at all, a weekly frequency is then assigned. 

 

Modes of transportation (i.e., walking, bicycle, public transportation, car, or motorcycle) were defined for every 

destination (i.e., work, recreational physical activity, and each of the places in the set of 20 other destinations). Modes 

were chosen by considering the person’s vehicle ownership status, trip travel time and costs by mode, the proximity and 

characteristics of the transit infrastructure, the person’s own past behavior, and the behavior of their personal network 

and the community at large. The decision process occurred every four weeks (roughly one month). Once a given mode 

was chosen for a certain destination, the person was assumed to use the chosen mode for all journeys in the subsequent 

month. Although commuting to work occurred each workday, the number of trips made to spaces for recreational physical 

activity and other destinations were determined by the destination choice rule and, therefore, varied from week to week. 

 

All processes were synchronous (i.e., every person updates the same properties and behaviors at the same time). 
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Table S6. Properties of persons in the model. 
Properties Domain of values Initial assignment process Update 

Socioeconomic  

Residential location Cartesian coordinates from 

-64 to 64 in both axes 

Random. Uniform distribution. Cannot be 

a patch assigned as spaces for recreational 

physical activity 

No update 

Income Low, middle, or high Deterministic. Conditional to city type and 
residential location 

No update 

Car ownership Yes or no Random. Discrete probability distribution 

conditional to city type and income 

No update 

Motorcycle ownership Yes or no Random. Discrete probability distribution 

conditional to city type and income 

No update 

Bicycle ownership Yes or no Random. Discrete probability distribution 

conditional to city type and income 

No update 

Size of personal network 1 to 999 ties Random. Poisson distribution (λ = 11) No update 

Perception radius 0 to 1056·25 km2 Deterministic. Same value to all people No update 

Recreational physical activity  

Intention 0·000000001 to 

0·999999999 

(dimensionless) 

Random. Beta distribution “Recreational physical activity 

behavior” section 

Preferred recreational 

place 

One or none of the 

recreational places in the 

perception radius 

Deterministic. Conditional to utility of 

recreational places in perception radius 

“Selection of space for 

recreational physical activity” 

section 

Practice over the week Yes or no Random. Discrete probability distribution 

conditional to intention and utility of 

preferred recreational place 

“Recreational physical activity 

behavior” section 

Weekly frequency 0 to 7 days Random. Discrete probability distribution “Recreational physical activity 

behavior” section 

Travel behavior  

Travel mode choices over 

the week, per destination 

(work, recreational 
physical activity, and other 

destinations) 

Walking, bicycling, car, 

motorcycle, or public 

transport 

Deterministic. Utility function conditional 

on vehicle ownership, income, travel time 

and cost, and quality of transit 
infrastructure 

“Selection of modes of 

transportation” section 

Workplace location Locations assigned as 

workplaces 

Random. Discrete probability distribution No update 

Set of 20 potential other 

destinations 

Locations assigned as other 

locations 

Random. Discrete probability distribution 

conditional to distance to the person’s 

residence 

No update 

Number of other locations 

visited over the week 

0 to 20 other locations Random. Poisson distribution (λ = 5) “Selection of destinations” 

section 
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3.2    Design concepts 

3.2.1 Theoretical and empirical background 

The overarching structure of the model (Figure S3) was based on the social-ecological model for physical activity7, in 

which a behavior is not a product of individual characteristics but dependent of the interaction of the person with the 

social and physical environments. Elements of social practice theories8,9 complemented the theoretical basis, particularly 

the concept of mutual reinforcement between individual agency and social structure. 

 

The decision models governing people’s behavior were based on elements of the discrete choice theory,10 opinion 

dynamics,11,12 and multi-level theory of behavior,13 which recognizes that choices and preferences behind the behavior 

are influenced by cognitive habits and social contexts that evolve over time. 

 

Figure S3. Overview of the model’s structure. 

 
 

3.2.2 Individual decision-making 

Decision-making was modelled only at the person level. Persons decided whether to engage in recreational physical 

activity (every week), and the modes of transportation used to commute to their various destinations (every month). 

 

There were no explicit goals informing the decision of engaging in recreational physical activity. However, persons 

tended to maintain their habitual behavior while seeking to adapt it in accordance with the behavior of their personal 

network and the community at large (social norms). The decision occurred in a probabilistic manner, informed by the 

person’s intention to practice recreational physical activity and the characteristics of the social and built environment. 

However, the stronger the intention, the less influential factors in the built and social environment became in the decision-

making process14. 

 

For every trip, people chose the mode of transportation with the highest utility according to a utility function that included 

considerations of vehicle ownership, travel time and cost, and transit infrastructure coverage and quality. Again, persons 

tended to maintain their habitual behavior but also considered the behavior of their personal network and the community 
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at large to make their decisions. Decisions were deterministic as no uncertainties were considered as part of the utility 

calculations. 

 

3.2.3 Learning 

Persons in the model did not have the capacity to adapt their decision rules over time. 

 

3.2.4 Individual sensing 

Persons were capable of observing the behavior of their personal network, a closer group of people such as family 

members and friends, and also sense the social environment within their perception radius. That means, each person could 

infer social norms by observing the behavior of a fraction of the community, which reflects the fact that no one has full 

and perfect knowledge about the behavior of the entire community. 

 

The perception radius also delimited the area in which the person considered spaces for recreational physical activity and 

transit stops (i.e., what was available for them), and from which the person inferred the quality of the road, pedestrian and 

cycling infrastructure. 

 

3.2.5 Individual prediction 

Persons in the model did not have the capacity to predict the potential consequences of their actions. 

 

3.2.6 Interaction and collectives 

Each person interacted with their personal network and a fraction of the community. Concurrently, they could be part of 

other persons’ social influences. 

 

The personal network comprised a group of closer, personal relationships.15 On model initialization, the size of a person’s 

network was drawn from a  Poisson distribution (λ = 11), informed by Wrzus et al.’s meta-analysis.15 Everyone had at 

least one person in their networks. The probability of connection between any pair of persons was a function of the 

distance between them on the grid. A roster of people ordered by distance was used so that those in closer distances were 

first considered for friendship links. That meant to capture that most friends lived in similar social and environmental 

conditions and a fairly high social clustering. 

 

All people within a given person’s perception radius were part of the perceived community, a fraction of the community 

from which the person infers the social norms. 

 

A given person’s decisions related to recreational physical activity engagement and transportation modes choice were 

influenced by the behavior of their personal network and of the community within their perception radius. 

 

3.2.7 Heterogeneity 

Persons in the model had an identical set of properties and were governed by the same decision rules. Values assigned to 

each property may change though. 

 

3.2.8 Stochasticity 

Properties assigned stochastically at the model initialization are listed in Tables S2 and S3. During the simulation, the 

following procedures relied on stochastic processes: 

a) Decision about engaging in recreational physical activity (weekly). 

b) Decision about number of other destinations to visit (weekly). 

 

3.2.9 Observation 

The proportion of people engaging in recreational physical activity and number of trips and distance travelled by mode 

were recorded for the entire population and by income groups every time step (week). 

 

Access to public transport (distance to the nearest transit stop and proportion of the population with a transit stop with 

500 and 1000 m) and to public space for recreational physical activity (distance to the nearest public space, proportion of 

the population with a public space within the perception radius, and proportion of the population for which a public space 

is the preferred space for recreational physical activity) were also recorded for the entire population and by income groups. 

 

Road traffic death rates and levels of fine particulate matter (PM2.5) were estimated exogenously for every 48 weeks 

(roughly one year), using the mode share data simulated and aggregated over the period. 

 

3.3 Details 

3.3.1 Implementation details 

The model was implemented in NetLogo 6.1.1. The code can be accessed at 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4. 

 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4
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3.3.2 Initialization 

The initialization process was identical for all city types. First, a proportion of patches was randomly assigned as public 

or private spaces for recreational physical activity, and locations of workplaces and other destinations were assigned 

based on the expected spatial distribution of these places. Patches assigned as a space for recreational physical activity 

were also assigned a quality score according to what was expected for a particular city type location (more central or 

peripheral), and type (public or private). 

 

Second, all patches that were not spaces for recreational physical activity were assigned scores which represented the 

quality of their road, pedestrian, and cycling infrastructure. These scores were informed by the description regarding the 

distribution and properties of these three infrastructures over the city. 

 

Third, public transit stops were randomly distributed according to the spatial distribution of the public transport service. 

Each stop was assigned quality and frequency scores representing the quality and frequency of the service on the 

surrounding area. 

 

Fourth, persons were randomly assigned a position on the city. Each person was assigned an income level (low, middle, 

or high) according to the spatial distribution and inequality of income expected for the city. Then, vehicle ownership 

status was randomly assigned based on the proportion of these characteristics by income level. Next, the personal network 

was set up following the procedures described in the ‘Interaction and collectives’ section. 

 

Once the social and built environment were set up and all the person’s sociodemographic proprieties were defined, the 

properties regarding recreational physical activity and travel behavior were assigned. 

 

As for recreational physical activity, all persons calculated the utility of all spaces for recreational physical activity within 

their perception radius. Utility was based on the space’s quality, accessibility (represented in the model as the Euclidian 

distance between the person and the space),16 and the type of space (public or private) in relation to the person’s income. 

Persons then selected the space with the highest utility as their preferred space for recreational physical activity. 

 

An intention level was then assigned to all persons, drawing from a Beta distribution. Next, all persons were assigned an 

initial recreational physical activity behavior with probability equal to their intention. If the person decided to practice, a 

weekly frequency was then randomly assigned drawing from a discrete probability distribution. Persons who did not have 

any spaces for recreational physical activity within their perception radius could not engage in this type of activity at all. 

 

As for the travel behavior, first a workplace was assigned to all persons. Second, a set of other 20 potential other 

destinations were assigned, with destinations selected probabilistically as a function of the distance between place and 

the person. Destinations were ordered by distance so that those in closer distances to the person were considered first. 

Next, a mode of transportation to each destination (workplace, preferred space for recreational physical activity – if any 

–, and the list of 20 other destinations) was chosen following the procedures described in the “Selection of modes of 

transportation” section. 

 

Several of the initialization procedures relied on stochastic process. Therefore, the initial configuration could differ 

between replications of the same scenario. 

 

3.3.2.1 Scenarios 

Six scenarios were designed, one representing the business-as-usual (baseline or reference) condition and the other five 

emulating large-scale physical activity promotion strategies with potential to impact a series of SDG indicators: 

A. Public transport scenario (Best investment 2 – transportation systems prioritizing active travel and transit use): 

reduction in inequalities in coverage and quality of public transport infrastructure and service frequency. 

B. Public recreational spaces scenario (Best investment 3 – urban design to promote transport and recreational 

physical activity): reduction in inequalities in the spatial distribution and quality of public spaces for recreational 

physical activity. 

C. Walking and cycling infrastructure scenario (Best investments 2 and 3): reduction in inequalities in coverage 

and quality of cycling and walking infrastructure. 

D. All scenarios combined: scenarios A to C combined. 

E. All scenarios combined and increasing cost of car trips: scenarios A to C combined and increase in the costs of 

car trips. 

Scenarios were initialized using the same process described above. The strategies were implemented in week 96 (i.e., 

after one valid year) and sustained until the end of the simulation. Reductions in inequalities in each scenario were 

achieved by slightly expanding and improving the recreational and transport infrastructure in the best-serviced income 

group in the business-as-usual condition, and then, by bringing all the other income groups to the same standards. 
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3.3.3 Global and city-specific parameters and input data 

We used data from three real-world cities which broadly fit the description of each city type to inform the environment 

of these cities. Data from Phoenix, United States, was used to inform the high-income city, while Bogota, Colombia, and 

Accra, Ghana, were respectively used to inform the middle- and low-income cities in the model. 

 

Parameters and inputs used to initialize each city type and scenario, as well as data collection and processing procedures 

to inform these values, can be found at https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4. Details 

on the obtention and processing of geographical data is provided in section 3.3.3.1. 

 

Model calibration followed the pattern-oriented modelling approach,17 in which patterns observed in real systems are 

used to inform the model structure, parameters, and variables, and to test its overall behavior. We tuned the value of the 

parameters for which no reliable data was available so that the prevalence of recreational physical activity and the 

transportation mode share in the business-as-usual (baseline) scenario over the period simulated were similar to those 

observed in real-world examples of the city types in our model.  

 

3.3.3.1 Data used to inform the spatial characteristics of each city type 

We began by downloading shapefiles corresponding to the boundary for each city from City of Phoenix website18 and the 

Humanitarian Data Exchange19,20 and visualizing these in ArcGIS Pro. We then sourced data from a range of sources to 

inform the spatial distribution of free and paid recreational physical activity spaces (e.g., parks and gyms, respectively), 

public transportation stops (i.e., to characterize access to public transport services), and other commonly visited 

destinations (i.e., banks, doctors, pharmacies, supermarkets, etc.). 

 

Spatial data on parks in each city was used to inform the distribution of free recreational physical activity spaces for each 

city type in the model. Specifically, for Phoenix, we used the Environmental Systems Research Institute (ESRI) parks 

data to map the distribution of parks within the city boundary. We additionally mapped information on swimming pools, 

dog parks and recreational centers.21 For Bogota and Accra, however, we used zoning data from OpenStreetMaps to 

identify areas zoned as green spaces. For Bogota, forests, grasslands, meadows, nature reserves, parks and scrub, as well 

as “health” areas which appear to line up with the forest region in the far east of the city were included.19 For Accra, 

forests, grasslands, parks and recreational grounds were considered.22 

 

Shapefiles containing the data for public transportation stops in Phoenix, Bogota and Accra were sourced from 

OpenStreetMaps.22-24 

 

We sourced information relating to the spatial distribution of a range of other destinations including, gyms (as proxy of 

private spaces for recreational physical activity), banks, doctors, pharmacies, grocery stores and supermarkets, restaurants 

and clothing stores through the GooglePlaces Application Programming Interface (API). Data requests were made 

through the GooglePlaces API by searching for each type of location within a series of buffers distributed at regular 

intervals throughout each city. Specifically, we created buffers of two different sizes: 150m buffers in downtown districts 

and in areas zoned as ‘retail’ or ‘commercial’, and 500m buffers for the remaining areas of the city. We used smaller 

buffer sizes in downtown areas compared to the rest of the city because the GooglePlaces API limits data requests to 60 

locations per buffer, and we wanted to ensure that all locations were captured within these dense areas. We requested data 

relating to the name and address of each location type listed in the table below, as well as additional information provided 

through the platform. 

 

The extracted data was then cleaned to remove duplicates in R. We then visualized the de-duplicated data in ArcGIS Pro 

and created kernel density plots showing the number of locations per square kilometer (including points that may be 

located just outside the city boundary). The kernel maps of these destinations were used to inform the spatial distribution 

of key environmental attributes of each city. 

 

3.3.4    Submodels 

3.3.4.1 Selection of space for recreational physical activity 

At the initialization, all persons calculated the utility of all spaces for recreational physical activity within their perception 

radius following Equation 1: 

 

 𝑢𝑠,𝑖 =
𝑞𝑠

2
+  

1

2(1 − 𝑑𝑖,𝑠)
 (1) 

 

us,i = utility of space s as perceived by person i. 

qs = quality of space s. 

di,s = rescaled distance between person i and space s. Rescaling was done dividing the distance by the perception radius 

size. 

 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4
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The person’s income level could restrict whether private spaces could be accessed. Low-income people could not afford 

private spaces. For middle-income people, half of the private spaces in the perception radius could be afforded (selected 

randomly at the initialization). High-income people had no restrictions to access private spaces. Public spaces were 

accessible to all regardless of income level. 

 

The space with the highest utility (uh,i) was defined as the person’s preferred space for recreational physical activity. Its 

utility was then rescaled so that places with utility smaller than 0·5 had a negative influence on intention (Equation 2): 

 

 𝑟ℎ,𝑖 =
𝑢ℎ,𝑖 −  0·5

0·5
 (2) 

 

The person’s preferred space was fixed along the entire simulation, except in Scenarios A, D and E. In these scenarios, a 

new utility calculation was conducted after the changes in the number and quality of public recreational spaces, in week 

96. 

 

3.3.4.2 Recreational physical activity behavior 

At the initialization, all persons were assigned an intention level drawing from a Beta distribution. All persons were 

assigned an initial recreational physical activity behavior with probability equal to their intention. 

 

In the following weeks, the intention level was updated based on person’s own behavior in the past week, as well as the 

behavior of their personal network and the community at large. This updating process was based on an extension of the 

Continuous Opinions and Discrete Actions (CODA) model12,16 and assumes that some discrete actions (in this case, 

engaging in recreational physical activity or not) are a function of a continuous internal opinion (in this case, intention). 

The update happens at the log-odd scale12,16 following Equation 3. The use of log-odds cancels the normalization constant 

from the Bayes’ theorem, simplifying arithmetic operations, and also allows the updating process to account for the fact 

that people with stronger intentions are less affected by environmental cues.14 

 

 𝐿𝑖,𝑡 = 𝐿𝑖,𝑡−1 + 𝛾𝑏𝑖,𝑡−1 +
𝛿

𝑝
∑ 𝑏𝑥,𝑡−1

𝑝

𝑥=1

+
휀

𝑐
∑ 𝑏𝑦,𝑡−1

𝑐

𝑦=1

+ 휁𝑟ℎ,𝑖 (3) 

 

Li,t = log-odds of intention of person i in time t: 𝑙𝑛[𝑖𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑖,𝑡 (1 − 𝑖𝑛𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑖,𝑡)]⁄ . 

γ = weight that person’s i own past behavior has upon the new level of intention (0·0016). 

bi,t-1 = behavior of person i in the past week. bx and by are the behavior of the xth and yth member of the personal network 

and person in the perception radius, respectively. It can take two values: +1 or -1 (did or did not engage in recreational 

physical activity). 

δ = weight that behavior of person’s i personal network has upon the new level of intention (0·0013). 

p = size of the personal network. 

휀 = weight that behavior of the community at large has upon the new level of intention (0·0011). 

c = number of people within the perception radius. 

rh,i = rescaled utility of the preferred space for recreational physical activity. 

휁= weight that the recreational place has upon the new level of intention (0·0016). 

 

Weights were assigned based on work conducted by Garcia et al.16 

 

Li,t was converted back to the level of intention, representing the probability of recreational physical activity engagement 

in the current week (Equation 4). 

 

 𝑃𝑟𝑜𝑏(𝑏𝑖,𝑡) =
𝑒𝐿𝑖,𝑡

1 + 𝑒𝐿𝑖,𝑡
 (4) 

 

If the person engaged in recreational physical activity, a weekly frequency between one and seven was then randomly 

assigned from a discrete distribution. Persons who did not have any spaces for recreational physical activity within their 

perception radius could not engage in this type of activity at all. 

 

3.3.4.3 Selection of modes of transportation 

Every four weeks, all persons re-evaluated the mode of transportation for each of their potential destinations (i.e., 

workplace, preferred space for recreational physical activity – if any –, and the set of 20 other destinations). 

 

In the first stage, all modes that the person did not own were eliminated (i.e., car, motorcycle, and bicycle). When the 

nearest transit stop was located farther than the destination, public transport was also excluded. If the travel distance was 

superior to 5 km, walking was also eliminated as an option. 
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If two or more modes remained after eliminations in stage one, a utility calculation was conducted and the mode with the 

highest utility value was selected. Utility was calculated following Equation 5, considering the quality of the relevant 

transit infrastructure, travel time, cost relative to the person’s income, person’s own behavior in the past three months, as 

well as the behavior of their personal network and the community at large. 

 

 𝑈𝑚,𝑖,𝑘 = (
𝛼

𝑓
∑ 𝑒𝑗,𝑖

𝑓

𝑗=1

) +
𝛽𝑣𝑚

𝑤𝑖,𝑘

+ 𝜑(1 − 𝑔𝑚,𝑖) + (
𝜎𝑚𝑖

𝑡𝑖

+
𝜗

𝑡𝑝

∑ 𝑚𝑥

𝑝

𝑥=1

+
𝜔

𝑡𝑐

∑ 𝑚𝑦

𝑐

𝑦=1

) (5) 

   

 𝑣𝑚 = 𝑒𝑥𝑝 (−
(ln𝑛𝑚,𝑖,𝑘 − 𝜃𝑚)

2

2μ
𝑚

2
)

1

𝑛𝑚,𝑖,𝑘μ
𝑚√2𝜋

 (6) 

 

 

Um,i,k = utility of mode m for person i and destination k. 

α = weight that the mode-specific transit infrastructure has upon transportation mode selection. 

f = number of patches within the person’s perception radius that are not spaces for recreational physical activity. 

ej,i = mode-specific transit infrastructure score e of patch j (that is not a space for recreational physical activity) within 

the person i's perception radius. Only the relevant score for mode m was considered: for motorcycle and car, road 

infrastructure score; for bicycle, cycling infrastructure score; for walking, pedestrian infrastructure score. For public 

transport, the entire term in the first parentheses was substituted by the average of quality and frequency scores of the two 

nearest transit stops and divided by six. 

β = weight that mode-specific travel time has upon transportation mode selection. 

vm = value obtained from the travel time decay function for mode m, calculated using Equation 6 (see details below). 
wi,k = highest 𝑣𝑚 for person i and destination k. 
φ = weight that mode-specific travel cost has upon transportation mode selection. 

gm,i = rescaled cost of mode m for person i. Rescaling was done multiplying person i income category by the relative cost 

of mode m. 

σ = weight that person’s i own past travel behavior has upon transportation mode selection. 

ϑ = weight that travel behavior of person’s i personal network has upon transportation mode selection. 

ω = weight that travel behavior of the community at large has upon transportation mode selection. 

mi = total number of trips by mode m of person i in the last three months. mx and my are the total number of trips by mode 

m of the xth and yth member of the personal network and person in the perception radius, respectively, in the last three 

months. 

ti = total number of trips of person i in the last three months. tp and tc are the total number of trips of the personal network 

and persons in the perception radius, respectively, in the last three months. 

p = size of the personal network. 

c = number of people observed within the perception radius. 

 

The six weights in Equation 5 must sum to 1. In the main analysis, each weight was set to 1/6. The terms in the second 

parentheses in Equation 5 are not used at the initialization. For the first two calculations after initialization, when data of 

three months of trips were not available yet, trips of all predeceasing months were included. 

 

Terms in Equation 6 are: 

nm,i,k = time in minutes between person i and destination k, calculated using average door-to-door speed of mode m and 

distance between person i and destination k. 

θ, μ = parameters of decay function according to mode m. 

 

Once a given mode was chosen for a certain destination, the person was assumed to use the chosen mode for all journeys 

to that destination in the subsequent month. 

 

3.3.4.4 Selection of destinations 

Every week, besides commuting to work and to the preferred space for recreational physical activity (if engaging in this 

type of activity), trips to other destinations were also assigned to all persons. First, a number of other locations to visit 

over the week was randomly assigned from a Poisson distribution (λ = 5), resulting in around 3 trips in total per day per 

person on average, which is expected for a working population. Second, the destinations were randomly selected from 

the set of 20 pre-selected (at the initialization) potential destinations.  

 

3.4      Estimation of traffic deaths and air pollution levels 

We used transport-related outcomes of the agent-based model expressed as population-level annual distance travelled by 

each mode of transport to model changes in traffic deaths and air pollution. Distance by walking also include walking to 

public transport. Unlike other outcomes that are reported for each week, the standard practice in emissions and traffic 
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injuries is to report annual averages. To address uncertainty, we used 500 simulations and, in each step, randomly selected 

distance travelled by modes from the 100 replications of each of the 48 weeks in a given year. Next, the annual distance 

by modes for a given step was calculated as the sum of distance across the 48 weeks.  

 

We modelled road traffic deaths using empirical relationship between road deaths and travel patterns. In the context of 

pedestrians and cyclists, these relationships are termed ‘safety-in-numbers’25,26 and have been used by health impact 

models to estimate traffic deaths.27 The model uses baseline annual road deaths data expressed in the form of a matrix in 

which each crash is represented in the form of two parties involved in it (one who died in the crash, and the other with 

which the crash occurred). In this framework, changes in the road deaths of a given road user (e.g., pedestrians) is not 

only a function of the distance travelled by that road user, but also all other road users (cars, motorcycles, etc.) with which 

it can collide. The formulation of the model is based on Woodcock et al.27 For pedestrians and cyclists, we have used the 

updated parameters estimated in the latest meta-analysis.25 

 

The formulation uses the ratio of distance travelled by a given road user in the scenario to the distance travelled in the 

baseline. Within each scenario, the road fatalities were calculated for each subsequent year with the first year of simulation 

as baseline. For the high-income city (based on Phoenix, US), we used Fatality Analysis Reporting System dataset for 

years 2011 through 2016.28 This dataset includes traffic crashes that includes at least one fatality. For the middle-income 

city (Bogota, Colombia), we used case-specific data from traffic collisions between 2015 and 2017. The cases were 

recorded by the police department, and data was compiled and shared by the Bogota Secretary of Mobility in partnership 

with the World Resources Institute. For the low-income city (based on Accra, Ghana), we used data for the metropolitan 

area. We accessed case-level traffic fatality data from 2007 to 2016 from Building and Road Research Institute, which 

extracts data from police crash report files onto standardized data collection forms and enters them into an electronic data 

management system. 

 

We used fine particulate matter (PM2.5) as an indicator of ambient air pollution, given the overwhelming evidence of its 

impact on human health.29 To estimate ambient PM2.5 levels for the scenarios resulting from changes in distance travelled 

by different motorized modes, we needed three major inputs: baseline ambient PM2.5 concentrations, proportion of 

ambient concentrations contributed by the transport sector, and within transport, emissions contributed by each motorized 

mode. For Phoenix and Bogota, we used annual-average concentrations reported by the World Health Organization 

(WHO),30 and for Accra we used concentrations reported by Dionisio et al.31 For Phoenix and Bogota, we used transport 

PM2.5 emissions from the EDGAR database.32 For Accra, we calculated transport emissions using estimated fleet size of 

motorized vehicles33 and emission standards reported in the vehicular emission inventory for Ghana.34 We used WHO 

source apportionment database30 for transport share in ambient PM2.5 concentrations for the three cities. In short, for a 

given ambient PM2.5 concentration (e.g., 100µg/m3), and share of transport (e.g., 20%), we calculated the part of ambient 

concentrations which changes with transport emissions (20 µg/m3). Next, the changes in transport emissions (e.g., -5%), 

would result in changes in transport part of concentration (20 µg/m3 x (1 - 0·05) = 19 µg/m3). Added to the rest of the 

concentrations, the scenario concentrations are calculated (19 + 80 = 99 µg/m3). We estimated transport-related PM2.5 

emissions using distance of motorized modes (car, bus and motorcycle) and then estimated their impact on overall 

pollution level using transport’s share of ambient PM2.5 concentrations. 

 

We modelled Carbon dioxide (CO2) emissions of cars, buses, and motorized two-wheelers. We extracted on-road 

transport CO2 emissions for the three cities from EDGAR database.32 Similar to PM2.5 emissions, CO2 emissions specific 

to each mode were changed proportional to their changes in city-level travel distance. For Phoenix, we compared 

EDGAR-reported estimated with the estimates for Phoenix city reported by Arizona State University (ASU), and found 

EDGAR estimates to be much lower. We scaled EDGAR-reported emissions for all on-road modes to obtain a total equal 

to that of ASU estimates. For Accra and Bogota, we could not find an independent estimate at the city level. However, 

EDGAR-reported per capita CO2 emissions of transportation were comparable with the per capita estimates at the county-

level reported by Worldometers.35,36 The estimates by Worldometers were slightly higher as they also included non-road 

modes of transport such as ships and air transport. Since our scenarios result in changes in the use of cars, buses and 

motorcycles, we report results for CO2 emissions for these three modes of transport. 

 

3.5 Consistency analysis 

Consistency analysis was conducted to determine the number of replications of each scenario required to reduce 

uncertainties in the outputs due to stochasticity originating from random events in the model.37,38 

 

We tested the consistency of results attained with 1, 10, 20, 30, 40, 50, 60, 80, 90, and 100 replications. For each n number 

of replications, we created 20 sets, each set containing the results of n replications of the business-as-usual scenario for a 

testbed, stylized city (parameters provided at https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4.). 

From every replication, we recorded the proportion of recreational physical activity and of trips per mode (motorcycle, 

car, bicycle, public transport, and walking). Outputs were obtained immediately after the burn-in period (week 48), one 

year after (week 96, when interventions were implemented in scenarios A to E), and at the middle (week 288) and end 

(week 528) of the replication. 

 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4
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Using the Vargha-Delaney A Test,39 we evaluated whether the distribution of output values was consistent across the 20 

sets of n replications. This test yields an A score, an effect size measure ranging between 0 and 1. A value of 0·50 indicates 

that the median values of two distributions are similar, meaning a high consistency in the outputs and less uncertainty due 

to stochasticity. Scores around 0·56 indicate small differences, scores around 0·66 indicate medium differences, and 

scores higher than 0·73 indicate large differences.38,39 Median and maximum A scores were calculated for each output 

after comparing the distributions of the first against the remaining 19 sets. 

3.5.1 Results 

The full set of results is available at https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4. 

As expected, the results showed an increase in consistency as the number of replications rose, with decreasing marginal 

increments in consistency in the upper limit. Table S7 shows that a low degree of uncertainty in the outputs due to 

stochasticity can be achieved with 100 replications, with median A score always lower than 0·55, with the maximum 

never crossing 0·60. Therefore, we decided to use 100 replications for each scenario simulated. 

 

Table S7. Consistency analysis results for 100 replications. 

  A score 

Time Outputs Median Maximum 

Week 48 

 

 

 

% Recreational physical activity 0·51 0·56 

% Motorcycle trips 0·53 0·59 

% Car trips 0·52 0·55 

% Bicycle trips 0·51 0·57 

% Public transport trips 0·53 0·56 

% Walking trips 0·53 0·56 

    

Week 96 

 

 

 

% Recreational physical activity 0·52 0·56 

% Motorcycle trips 0·52 0·55 

% Car trips 0·53 0·56 

% Bicycle trips 0·53 0·57 

% Public transport trips 0·53 0·55 

% Walking trips 0·54 0·58 

    

Week 288 

 

 

 

% Recreational physical activity 0·51 0·60 

% Motorcycle trips 0·54 0·56 

% Car trips 0·55 0·59 

% Bicycle trips 0·51 0·53 

% Public transport trips 0·54 0·57 

% Walking trips 0·53 0·59 

 

Week 528 

 

 

 

% Recreational physical activity 0·52 0·57 

% Motorcycle trips 0·53 0·58 

% Car trips 0·52 0·57 

% Bicycle trips 0·51 0·54 

% Public transport trips 0·52 0·57 

% Walking trips 0·52 0·55 

 

3.6 Value-of-information analysis 

We conducted value-of-information analysis calculating the expected value of partial perfect information (EVPPI), 

following Jackson et al.,40,41 to investigate how the weights assigned to each factor considered in the agents’ decision-

making process drive variability in the outcomes. 

 

We investigated ten weighting parameters in total, four related to recreational physical activity (person’s own past 

recreational physical activity behavior, recreational physical activity behavior of the personal network,  recreational 

physical activity behavior of the community at large, and selected recreational place) and six to travel behavior (person’s 

own past travel behavior, travel behavior of the personal network, travel behavior of the community at large, travel cost, 

travel time, and quality of transit infrastructure). 

 

Latin Hypercube Sampling technique was employed to generated 24 parameter combinations by drawing values from 

each weighting parameter to optimize the exploration and coverage of the whole domain of all parameters simultaneously. 

The domain of values of each parameter and the 24 parameter combinations are available at 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4. Domains for the recreational physical activity 

weighting parameters were based on Garcia et al.16 

 

For each parameter combination, 100 replications were run per scenario per city. We then estimated average 10-year 

changes in physical activity and SDG outcomes relative to same time in the business-as-usual (baseline) scenario, as per 

Table S8, for each parameter combination. These values were then used to calculate the EVPPI per weighting parameter. 

3.6.1 Results 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4
https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4
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The full set of results is available at https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4. 

 

Figures S4 to S6 present EVPPI by outcome, scenario, and city. We found that changes in population levels of recreational 

physical activity after 10 years, relative to the business-as-usual (baseline scenario), were sensitive to the weight given to 

person’s past behavior, particularly in high-income and middle-income city types. Transportation mode share and 

consequent impacts (road traffic deaths, air pollution, and CO2 emissions) showed low (in most cases) to moderate 

sensitive to weights given to person’s past travel behavior and travel time (all city types), quality of transit infrastructure 

(particularly in high-income and middle-income city types), and travel cost (high-income city type). 

 

3.7 Limitations 

Given the purpose and the complexity in multiple dimensions of our model (i.e., two physical activity behaviors, each 

shaped by individual, interpersonal, and environmental factors; three cities with unique environmental and socio-

economic features; six scenarios; and six outcomes), we made some pragmatic decisions related to our model boundary. 

For instance, the three modelled cities do not represent the full spectrum of real cities, although they embody features of 

common city types in high-, middle-, and low-income countries. We simplified the degree of spatial complexity and 

representation; nevertheless, we used information from real-world cities to inform the attributes of each abstract city. 

People’s decision-making frameworks and weightings may differ across cities in high-, middle-, and low-income 

countries, and between people within the same city, according to, for instance, cultural and economic factors. Other 

individual factors that can affect recreational and travel behavior, such as gender and job arrangements, can be considered 

in future models. Moreover, our sensitivity analysis indicated that population levels of recreational physical activity were 

sensitive to uncertainty in the weight of assigned to a person’s own past behavior, particularly in high- and middle-income 

country city types. Transportation mode share and consequent health and environmental impacts were less sensitive to 

uncertainty in assigned weights. It is important to note that the parameters for which no reliable data was available were 

calibrated in the business-as-usual scenario. We focused on the most common transportation options across the cities and 

did not consider multi-modal trips, although public transport trips in our model included walking on both end of the trips. 

There were other physical activity promotion strategies and scenarios that we could have modelled, but we focused on 

the availability of infrastructure as of most importance. Given that most cities in the world lack good infrastructure for 

recreation, walking, cycling, and public transport, estimating the direct impact of such policies is of interest. 

 

 

 

https://osf.io/nb652/?view_only=bc344245004b4ee995d6ce2734ef80c4
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Figure S4. Expected value of partial perfect information (EVPPI), expressed as percentage of the outcome variance 

explained by parameter uncertainty, by outcome and scenario, for the high-income city type. Outcomes measured as 

average (from 100 replications) 10-year change relative to same time in the business-as-usual (baseline) scenario. RPA: 

recreational physical activity. There were no motorcycle trips in any scenario, hence EVPPI was not calculated. 
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Figure S5. Expected value of partial perfect information (EVPPI), expressed as percentage of the outcome variance 

explained by parameter uncertainty, by outcome and scenario, in the middle-income city type. Outcomes measured as 

average (from 100 replications) 10-year change relative to same time in the business-as-usual (baseline) scenario. RPA: 

recreational physical activity. 
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Figure S6. Expected value of partial perfect information (EVPPI), expressed as percentage of the outcome variance 

explained by parameter uncertainty, by outcome and scenario, in the low-income city type. Outcomes measured as 

average (from 100 replications) 10-year change relative to same time in the business-as-usual (baseline) scenario. RPA: 

recreational physical activity.  
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3.8 Estimated 5- and 10-year changes in physical activity and SDG outcomes relative to same time in the business-as-usual (baseline) scenario. 

 

Table S8. Estimated 5- and 10-year changes in physical activity and SDG outcomes resulting from the large-scale implementation of physical activity promotion strategies, relative to same time in the business-

as-usual (baseline) scenario. 

 High-income city Middle-income city Low-income city 

Indicators 
5-year change 

(UI95%) 

10-year change 

(UI95%) 

5-year change 

(UI95%) 

10-year change 

(UI95%) 

5-year change 

(UI95%) 

10-year change 

(UI95%) 

Recreational physical activity (percentage points) 

     Public transport 0·46 (0·17, 0·75) 0·65 (0·35, 0·94) 0·74 (0·48, 0·99) 0·47 (0·02, 0·74) -0·22 (-0·52, 0·09) -0·30 (-0·58, -0·02) 

     Public recreational spaces 8·13 (7·91, 8·34) 8·65 (8·43, 8·86) 7·69 (7·47, 7·91) 7·32 (7·09, 7·54) 19·37 (19·11, 19·62) 16·81 (16·57, 17·05) 

     Walking and cycling infrastructure -0·07 (-0·34, 0·21) -0·11 (-0·39, 0·17) 0·19 (-0·04, 0·42) -0·17 (-0·42, 0·07) -0·41 (-0·69, -0·13) -0·26 (-0·52, -0·01) 

     All combined 8·04 (7·80, 8·27) 8·36 (8·13, 8·58) 7·95 (7·73, 8·18) 7·16 (6·94, 7·37) 18·94 (18·68, 19·20) 16·59 (16·34, 16·84) 

     All combined + increase car trip costs 8·20 (7·98, 8·42) 8·70 (8·48, 8·93) 7·97 (7·75, 8·19) 7·61 (7·39, 7·83) 18·89 (18·64, 19·15) 16·60 (16·36, 16·85) 

Proportion of car trips (percentage points) 

     Public transport 0·00 (-0·02, 0·02) 0·03 (0·01, 0·05) -6·47 (-6·60, -6·34) -8·52 (-8·69, -8·36) -4·58 (-4·67, -4·48) -5·57 (-5·68, -5·45) 

     Public recreational spaces -0·03 (-0·05, -0·01) -0·01 (-0·03, 0·01) 0·07 (-0·02, 0·16) 0·19 (0·10, 0·28) -0·04 (-0·11, 0·02) -0·20 (-0·28, -0·12) 

     Walking and cycling infrastructure 0·08 (0·06, 0·10) 0·10 (0·08, 0·12) -5·83 (-5·94, -5·72) -6·73 (-6·85, -6·62) -2·87 (-2·93, -2·80) -2·98 (-3·05, -2·91) 

     All combined 0·13 (0·10, 0·15) 0·10 (0·08, 0·12) -16·35 (-16·51, -16·19) -18·21 (-18·37, -18·04) -9·20 (-9·29, -9·12) -9·56 (-9·65, -9·47) 

     All combined + increase car trip costs -20·66 (-20·79, -20·54) -24·45 (-24·69, -24·21) -22·78 (-22·88, -22·69) -23·97 (-24·07, -23·86) -11·34 (-11·39, -11·28) -11·36 (-11·42, -11·30) 

Proportion of motorcycle trips (percentage points) 

     Public transport 0·00 (0·00, 0·00) 0·00 (0·00, 0·00) -0·83 (-0·86, -0·79) -1·84 (-1·89, -1·78) -0·99 (-1·03, -0·96) -1·07 (-1·11, -1·03) 

     Public recreational spaces 0·00 (0·00, 0·00) 0·00 (0·00, 0·00) -0·41 (-0·43, -0·38) -0·39 (-0·42, -0·37) -0·40 (-0·44, -0·37) -0·81 (-0·86, -0·76) 

     Walking and cycling infrastructure 0·00 (0·00, 0·00) 0·00 (0·00, 0·00) -0·53 (-0·56, -0·51) -0·40 (-0·43, -0·38) 0·21 (0·18, 0·23) 0·44 (0·40, 0·47) 

     All combined 0·00 (0·00, 0·00) 0·00 (0·00, 0·00) -1·05 (-1·07, -1·02) -1·03 (-1·06, -1·00) -0·89 (-0·92, -0·85) -0·74 (-0·78, -0·70) 

     All combined + increase car trip costs 0·00 (0·00, 0·00) 0·00 (0·00, 0·00) -0·70 (-0·72, -0·67) -0·60 (-0·62, -0·57) -0·25 (-0·28, -0·22) -0·07 (-0·10, -0·04) 

Proportion of public transport trips (percentage points) 

     Public transport 2·72 (2·69, 2·76) 2·84 (2·80, 2·87) 12·21 (12·05, 12·37) 19·70 (19·32, 20·08) 9·54 (9·11, 9·97) 12·28 (11·71, 12·84) 

     Public recreational spaces -0·10 (-0·14, -0·07) -0·13 (-0·16, -0·09) -0·82 (-0·87, -0·76) -0·84 (-0·90, -0·79) 5·95 (5·49, 6·41) 10·30 (9·70, 10·90) 

     Walking and cycling infrastructure -0·89 (-0·92, -0·86) -0·91 (-0·94, -0·88) -2·63 (-2·68, -2·57) -2·70 (-2·75, -2·65) -8·95 (-9·26, -8·63) -11·56 (-11·94, -11·18) 

     All combined -0·57 (-0·60, -0·54) -0·60 (-0·63, -0·57) 8·51 (8·42, 8·61) 9·54 (9·45, 9·63) 5·78 (5·43, 6·12) 4·44 (4·01, 4·86) 

     All combined + increase car trip costs 8·20 (8·09, 8·31) 10·68 (10·43, 10·92) 8·35 (8·29, 8·42) 8·71 (8·64, 8·78) -1·55 (-1·83, -1·27) -3·28 (-3·64, -2·93) 

Proportion of bicycle trips (percentage points) 

     Public transport -3·05 (-3·09, -3·02) -3·16 (-3·19, -3·12) -5·63 (-5·72, -5·55) -6·33 (-6·42, -6·25) -1·84 (-1·86, -1·83) -1·75 (-1·77, -1·73) 

     Public recreational spaces 0·22 (0·17, 0·26) 0·22 (0·18, 0·26) 0·22 (0·15, 0·29) 0·17 (0·10, 0·24) -0·17 (-0·20, -0·14) -0·33 (-0·36, -0·29) 

     Walking and cycling infrastructure 0·81 (0·77, 0·85) 0·81 (0·76, 0·85) 0·54 (0·47, 0·62) 0·55 (0·47, 0·63) -0·03 (-0·05, -0·01) 0·04 (0·02, 0·07) 

     All combined 0·38 (0·34, 0·43) 0·40 (0·36, 0·45) 0·27 (0·19, 0·34) -0·06 (-0·14, 0·02) -0·48 (-0·50, -0·45) -0·45 (-0·47, -0·42) 

     All combined + increase car trip costs 4·06 (3·89, 4·23) 5·09 (4·89, 5·28) 2·14 (2·06, 2·22) 2·15 (2·06, 2·24) 0·00 (-0·02, 0·03) 0·07 (0·05, 0·10) 

Proportion of walking trips (percentage points) 

     Public transport 0·33 (0·31, 0·35) 0·29 (0·27, 0·31) 0·72 (0·60, 0·84) -3·01 (-3·21, -2·81) -2·13 (-2·48, -1·78) -3·89 (-4·34, -3·44) 

     Public recreational spaces -0·08 (-0·10, -0·06) -0·09 (-0·10, -0·07) 0·93 (0·83, 1·02) 0·88 (0·78, 0·97) -5·33 (-5·72, -4·95) -8·96 (-9·45, -8·47) 

     Walking and cycling infrastructure 0·00 (-0·02, 0·02) 0·00 (-0·02, 0·02) 8·45 (8·33, 8·57) 9·28 (9·16, 9·40) 11·64 (11·37, 11·91) 14·06 (13·74, 14·39) 

     All combined 0·07 (0·05, 0·09) 0·10 (0·08, 0·11) 8·62 (8·51, 8·73) 9·76 (9·64, 9·87) 4·79 (4·50, 5·08) 6·31 (5·96, 6·66) 

     All combined + increase car trip costs 8·40 (8·31, 8·50) 8·69 (8·59, 8·78) 12·99 (12·88, 13·09) 13·71 (13·59, 13·82) 13·13 (12·90, 13·37) 14·64 (14·34, 14·94) 

      (continues) 
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Table S8. Estimated 5- and 10-year changes in physical activity and SDG outcomes resulting from the large-scale implementation of physical activity promotion strategies, relative to same time in the business-

as-usual (baseline) scenario. 

 High-income city Middle-income city Low-income city 

Indicators 
5-year change 

(UI95%) 

10-year change 

(UI95%) 

5-year change 

(UI95%) 

10-year change 

(UI95%) 

5-year change 

(UI95%) 

10-year change 

(UI95%) 

Road traffic deaths (%) 

     Public transport -3·01 (-3·7, -2·37) -2·95 (-3·62, -2·32) -5·86 (-6·35, -5·38) -8·86 (-9·52, -8·21) -18·57 (-19·52, -17·64) -15.38 (-16.08, -14.69) 

     Public recreational spaces -0·30 (-1·02, 0·41) -0·32 (-0·95, 0·37) -1·14 (-1·51, -0·72) -1·10 (-1·52, -0·66) -2·05 (-2·79, -1·3) 0.28 (-0.4, 0.91) 

     Walking and cycling infrastructure -3·38 (-4·08, -2·72) -3·36 (-3·97, -2·78) -0·01 (-0·42, 0·45) 0·51 (0·1, 0·95) 4·36 (3·73, 5·03) 3.26 (2.68, 3.81) 

     All combined -7·09 (-7·73, -6·38) -7·18 (-7·8, -6·59) -14·49 (-15·14, -13·82) -15·35 (-16·04, -14·68) -27·12 (-28·23, -26·06) -25.46 (-26.64, -24.46) 

     All combined + increase car trip costs -1·74 (-2·58, -0·93) -1·05 (-1·69, -0·48) -20·40 (-20·83, -19·98) -21·19 (-21·76, -20·58) -36·18 (-37·56, -34·87) -35.02 (-36.24, -33.86) 

PM2.5 concentration (%) 

     Public transport 1·16 (0·84, 1·50) 1·21 (0·86, 1·54) -6·09 (-6·53, -5·65) -7·01 (-7·55, -6·44) -0·72 (-0·83, -0·61) -0.91 (-1.03, -0.78) 

     Public recreational spaces -0·22 (-0·54, 0·10) -0·23 (-0·57, 0·10) -0·26 (-0·67, 0·16) -0·25 (-0·63, 0·17) 0·03 (-0·07, 0·12) -0.03 (-0.14, 0.08) 

     Walking and cycling infrastructure -0·24 (-0·56, 0·07) -0·24 (-0·58, 0·07) -1·93 (-2·32, -1·50) -2·27 (-2·66, -1·86) -0·21 (-0·29, -0·12) -0.19 (-0.28, -0.10) 

     All combined -0·37 (-0·70, -0·05) -0·40 (-0·72, -0·04) -13·10 (-13·54, -12·66) -14·22 (-14·65, -13·75) -1·65 (-1·76, -1·55) -1.77 (-1.88, -1.67) 

     All combined + increase car trip costs -4·27 (-4·72, -3·79) -5·09 (-5·42, -4·76) -16·17 (-16·47, -15·89) -16·89 (-17·23, -16·58) -2·21 (-2·29, -2·13) -2.25 (-2.33, -2.17) 

CO2 emission (%) 

     Public transport 0·23 (-0·51, 0·94) 0·23 (-0·46, 0·91) -33·33 (-35·04, -31·47) -38·43 (-40·59, -36·24) -24·27 (-26·08, -22·33) -29·99 (-32·75, -27·25) 

     Public recreational spaces -0·47 (-1·17, 0·24) -0·46 (-1·17, 0·22) -0·92 (-2·75, 0·87) -0·99 (-2·74, 1·12) -2·19 (-4·05, -0·23) -6·84 (-9·31, -4·19) 

     Walking and cycling infrastructure -0·03 (-0·79, 0·68) -0·02 (-0·73, 0·73) -8·39 (-10·17, -6·55) -9·79 (-11·43, -7·82) -1·52 (-3·33, 0·23) 0·92 (-1·11, 2·95) 

     All combined -0·6 (-1·43, 0·12) -0·58 (-1·4, 0·13) -64·89 (-66·27, -63·3) -69·02 (-70·62, -67·29) -43·44 (-45·3, -41·47) -45·5 (-47·27, -43·44) 

     All combined + increase car trip costs -14·51 (-15·53, -13·34) -17·37 (-18·11, -16·63) -79·44 (-80·12, -78·71) -81·19 (-81·93, -80·59) -51·05 (-52·31, -49·84) -50·97 (-52·15, -49·69) 

Proportion of population with transit stop ≤ 500 m (percentage points)* 

     Public transport 28·35 (28·24, 28·45)  5·87 (5·78, 5·97)  5·10 (5·03, 5·16)  

     Public recreational spaces 0·02 (-0·10, 0·14)  0·50 (0·40, 0·61)  0·02 (-0·07, 0·10)  

     Walking and cycling infrastructure -0·07 (-0·18, 0·04)  0·14 (0·04, 0·24)  0·02 (-0·06, 0·10)  

     All combined 28·14 (28·04, 28·24)  6·06 (5·96, 6·15)  5·08 (5·00, 5·17)  

     All combined + increase car trip costs 28·31 (28·20, 28·41)  6·14 (6·05, 6·24)  5·16 (5·09, 5·23)  

Average distance to nearest transit stop (meters)* 

     Public transport -246·70 (-247·60, -245·80)  -38·30 (-38·77, -37·83)  -43·99 (-44·44, -43·55)  

     Public recreational spaces -1·02 (-2·18, 0·14)  -4·25 (-4·77, -3·74)  -0·29 (-0·75, 0·18)  

     Walking and cycling infrastructure 1·00 (-0·24, 2·24)  -0·46 (-0·95, 0·03)  1·05 (0·57, 1·53)  

     All combined -247·38 (-248·28, -246·48)  -41·38 (-41·97, -40·86)  -43·40 (-43·97, -42·82)  

     All combined + increase car trip costs -247·15 (-248·06, -246,23)  -41·8 (-42·29, -41·31)  -44·47 (-44·9, -44·04)  

Proportion of population with access to public space for recreational physical activity (percentage points)* 

     Public transport 0·60 (-0·06, 1·25)  1·04 (0·48, 1·59)  -0·45 (-1·10, 0·19)  

     Public recreational spaces 26·28 (25·76, 26·80)  26·74 (26·33, 27·15)  52·37 (51·79, 52·95)  

     Walking and cycling infrastructure 1·15 (0·48, 1·83)  -0·17 (-0·71, 0·38)  -0·99 (-1·58, -0·41)  

     All combined 26·32 (25·79, 26·84)  26·72 (26·31, 27·13)  51·70 (51·05, 52·35)  

     All combined + increase car trip costs 25·96 (25·43, 26·49)  26·74 (26·33, 27·15)  52·72 (52·23, 53·21)  

      (continues) 
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Table S8. Estimated 5- and 10-year changes in physical activity and SDG outcomes resulting from the large-scale implementation of physical activity promotion strategies, relative to same time in the business-

as-usual (baseline) scenario. 

 High-income city Middle-income city Low-income city 

Indicators 
5-year change 

(UI95%) 

10-year change 

(UI95%) 

5-year change 

(UI95%) 

10-year change 

(UI95%) 

5-year change 

(UI95%) 

10-year change 

(UI95%) 

Average distance to nearest public space for recreational physical activity (kilometers)* 

     Public transport -0·06 (-0·13, 0·00)  -0·10 (-0·15, -0·05)  0·01 (-0·16, 0·18)  

     Public recreational spaces -2·60 (-2·65, -2·55)  -3·44 (-3·48, -3·39)  -6·11 (-6·24, -5·99)  

     Walking and cycling infrastructure -0·09 (-0·15, -0·03)  0·03 (-0·02, 0·08)  -0·08 (-0·23, 0·08)  

     All combined -2·61 (-2·66, -2·56)  -3·44 (-3·49, -3·40)  -6·03 (-6·16, -5·90)  

     All combined + increase car trip costs -2·55 (-2·60, -2·50)  -3·43 (-3·47, -3·39)  -6·13 (-6·29, -6·01)  

UI95%: uncertainty interval of 95%, based on 100 replications. 

PM2.5: fine particulate matter. 

* Indicator affected by the implementation of the strategies but does not change over time in the simulation. 
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