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Abstract 

Background: Street connectivity, an important aspect of the built environment, refers to the 

directness of links and the density of connections in road networks.  Street connectivity of youth‟s 

neighborhoods may impact upon both physical activity patterns and the occurrence of physical 

activity injuries in street locations. 

 

Objectives: The objectives of the two studies comprising this thesis were to examine, among 

Canadian youth in grades 6 to 10: (1) the relationship between street connectivity and physical 

activity, and (2) the relationship between street connectivity and physical activity injuries 

occurring in the street. 

 

Methods: 9,717 youth in grades 6-10 from 188 schools across Canada participated in the 2006 

Health Behaviour in School-aged Children (HBSC) survey.  A street connectivity composite 

measure was gathered objectively using a geographic information system database, and was 

based on intersection density, average block length, and connected node ratio in a 5km radius 

around each school.  Physical activity was measured via students‟ self-reported hours of 

moderate-to-vigorous physical activity per week outside of school hours.  Injury was measured 

via students‟ self-reports to questions regarding whether they had suffered an injury while playing 

in the street in the past 12 months.  Multi-level regression analyses were used to examine the 

relations between street connectivity and both physical activity and injury.   

 

Results: Compared to students living in the highest street connectivity quartile, those in the 

second (Relative Risk (RR) 1.22; 95% confidence interval (CI) 1.10-1.35), third (RR 1.25; 95% 

CI 1.13-1.37), and fourth (lowest; RR 1.21; 95% CI 1.09-1.34) quartiles reported considerably 

higher levels of physical activity outside of school hours.  Conversely, students living in 
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neighbourhoods with low street connectivity reported higher occurrence of physical activity 

injuries occurring in the street relative to students living in highly connected neighbourhoods 

(Odds Ratio (OR) 1.47; 95% CI 0.94 -2.31). 

 

Conclusions: Neighbourhoods with low street connectivity may be conducive to youth physical 

activity, yet they may also result in an increased risk of injury.  Further, the relationship between 

street connectivity and physical activity reported in Canadian youth is not consistent with the 

relationship reported for adult populations.  This variation requires consideration in applied health 

policy.  
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Chapter 1 

Introduction 

1.1 General Overview 

 The influence of the built environment on health is of great societal interest
1
.  The built 

environment has been defined as “the arrangement of activities or land uses within community 

settings, and the nature of the physical connections between the places where we live, work and 

play”
2
.  This environment is comprised of aspects of the physical surroundings in which we live 

our daily lives, including policies that surround their use.  Every member of our society today is 

impacted by the built environment to some degree, and this has lead to an increase in scientific 

attention surrounding this subject. Studies have shown that the built environment has a direct 

impact on a wide variety of health outcomes including physical activity, air pollution, injuries, 

and mental health
1
. 

One aspect of the built environment is a construct called street connectivity.  Street 

connectivity refers to “the directness of links and the density of connections in paths or road 

networks”
3 
.  A well connected street network will have many short links, numerous intersections, 

and few dead-ends
3 
(Figure 1, left panel).  A poorly connected street network will have longer 

links, fewer intersections, and a greater number of dead-ends and cul-de-sacs (Figure 1, right 

panel).   
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Figure 1 - Comparison between neighbourhoods with high connectivity (left) and low 

connectivity (right)
4
. 

 

Over the course of the twentieth century, there has been a shift in community design in 

urban areas.  „Traditional‟ neighbourhoods, characterized by high street connectivity, mixed land 

use (e.g., combinations of residential, public, and commercial uses), and moderate to high 

population density, have fallen by the wayside
4
.  In their stead have arisen suburban 

neighbourhoods that are catered to automobiles rather than active forms of transportation such as 

walking and cycling.  These suburban neighbourhoods are primarily residential areas, with low 

street connectivity and a relatively low population density
4
.   

A number of studies have demonstrated that street connectivity affects both physical 

activity and injuries.  In adults, higher street connectivity has been correlated with higher physical 

activity levels
5-10

 and decreased rates of injury
11-13

.  Limited research on the health effects of 

street connectivity has been conducted in populations of young people.  Associations between 

street connectivity and both physical activity and injury are likely different for younger people, 

who when compared to adults have more time for recreation, tend to accumulate physical activity 
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through play, and are generally less autonomous
14

.  These factors are likely to affect the amount 

of time youth spend outdoors in their neighbourhood, and thus their potential for physical activity 

participation, as well as injury.   

There is also an absence of population-based research in this field conducted in Canada.  

The few previous studies that have examined the relationship between street connectivity and 

physical activity in youth have been conducted outside of Canada, and in single geographic areas 

which are typically located in large urban centres.  No studies have looked at the relationship 

between street connectivity and injuries in youth.  A study using a nationally representative 

sample of Canadian youth would fill a significant gap in the literature.  Further investigation into 

the relationships between street connectivity and both physical activity and injury in Canadian 

populations of young people is therefore warranted. 

1.2  Focus of this Thesis 

 This thesis examines relationships between street connectivity, physical activity, and 

injury in Canadian youth.  The two manuscripts in this thesis examine the effect that street 

connectivity exerts on physical activity and injuries, respectively.  The two manuscripts are tied 

together conceptually by their study of the built environment, and more specifically, by the 

construct of street connectivity (Figure 2).  
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Figure 2 - Conceptual framework of the relationship between street connectivity and health. 

 

1.3 Scientific Importance 

 Recently, both the Canadian Institutes of Health Research
15

 and the Heart and Stroke 

Foundation of Canada
2
 have identified the health effects associated with the built environment as 

research priorities.  There is an obvious dearth of scientific study conducted in populations of 

young people.  Canadian studies are also lacking.  While both of the health outcomes of interest 

in this thesis have been shown to be affected by street connectivity, much remains unclear about 

these relationships.  Several conflicting results have resulted in a murky understanding of 

relationships between street connectivity and physical activity in youth
16-18

.  No attention has been 

paid to the relationship between street connectivity and injuries in youth.  This thesis addresses 

these gaps in knowledge by examining these two relationships using a multi-level modeling 

approach, a nationally representative sample of youth, and linked data gathered via geographical 

information systems and by survey.  

 

 

Exposure:  

Street Connectivity 

 

Health Outcomes: 

Physical Activity 

Injuries 

Covariates: 

Individual-level 

Area-level 
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1.4 Public Health Importance 

 Physical activity and injuries are both fundamental indicators of adolescent health
19,20

.  

Both of these health indicators have a great impact on the health of our youth, and our society as a 

whole.  Research into aspects of the built environments that surround young people has the 

potential to lead to a better understanding of determinants of the health of our youth.  If some of 

these environmental risk factors can be identified, it will provide the opportunity to better plan, 

design, and implement environments that are conducive to the health and wellbeing of our youth.  

These results will be relevant to both urban planners and public health officials, as they will 

provide evidence that might impact how we conceptualize and design our neighbourhoods, as 

well as inform prevention strategies aimed at the health of Canadian youth
21

.  By following a 

population health strategy for disease prevention, small increases in physical activity or small 

decreases in injuries at the neighbourhood level would result in a large reduction in the health risk 

of the population as a whole
22

.  Thus, even if this research detects only small area-level effects in 

individuals, the resulting public health impact of a population-based intervention could be 

substantial.  

 

1.5 Study Purpose and Population 

The objective of this study was to examine the relationship between street connectivity 

and both physical activity and injuries in Canadian youth in grades 6 to 10.  We had the 

opportunity to explore this relationship in a nationally representative sample, and were able to 

link individual-level survey data on physical activity and injuries to neighbourhood-level 

measures of street connectivity measured using geographical information systems (GIS).  

Individual-level data on physical activity, injuries, and potential covariates were obtained from 

the 2006 Canadian Health Behaviour in School-Aged Children Survey (HBSC).  In 2006, the 
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Canadian HBSC involved a survey of health behaviours and outcomes that includes data on 9,717 

students from 188 publicly funded schools sampled from all provinces and territories.  This 

survey provides a representative sample of 6
th
 to 10

th
 grade students (11-15 year olds).  

 

1.6 Objectives and Hypotheses 

1. To examine street connectivity in neighbourhoods as a determinant of physical activity in 

Canadian youth in grades 6 to 10.  It is hypothesized that youth living in neighbourhoods 

with lower street connectivity will have higher levels of physical activity outside of 

schools hours.  This is expected due to the opportunity that cul-de-sacs present for youth 

to participate in physical activity outside, in an environment that parents feel is safe, with 

reduced traffic volume and speeds. 

2. To examine street connectivity in neighbourhoods as a determinant of injuries in 

Canadian youth in grades 6 to 10.  It is hypothesized that youth living in neighbourhoods 

with lower street connectivity will have higher levels of injuries that occur in the street.  

This is expected as youth in these areas are likely more physically active outside of 

school hours, potentially increasing their traffic exposure through playing in the street. 

 

1.7 Thesis Organization 

 This thesis conforms to the regulations outlined in the Queen‟s School of 

Graduate Studies and Research “General Forms of Theses”
23

. The second chapter summarizes 

previous scientific literature relating to street connectivity, physical activity, and injury.  The third 

chapter of the thesis is Manuscript 1 and is an analytic study exploring the relationship between 

street connectivity and physical activity in Canadian youth.  The fourth chapter is Manuscript 2 
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and is an analytic study exploring the relationship between street connectivity and physical 

activity injuries occurring in the street in Canadian youth.  The fifth chapter contains a summary 

of findings, general discussion, and conclusions.  Additional description of the data sources and 

study methodology is presented in a series of appendices. 
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Chapter 2 

Literature Review 

2.1 General Overview 

The purpose of this chapter is to discuss the relationship between street connectivity and 

health in youth, with an emphasis placed on physical activity and injury, two major health 

outcomes in this age group.  The literature review starts by describing different approaches used 

in the measurement of street connectivity within the research setting.  Next, reviews of the 

existing literature focusing on relationships between street connectivity and each of physical 

activity and injury are provided.  The public health relevance for the study of these two health 

outcomes is also discussed.  Finally, a summary of the literature and a rationale for the thesis are 

provided.   

The following approaches were used to identify the key literature.  Studies were 

identified in the Medline/PubMed database using the key terms: „built environment‟, 

„environment‟, „neighbourhood‟, „street connectivity‟, „urban sprawl‟, „walkability‟, „physical 

activity‟, „injury‟, „pedestrian injury‟, „youth‟, „adolescents‟, „adolescence‟, „childhood‟, 

„children‟.  These key terms were searched in combination with one another, with each search 

including an environment term, a health outcome term, and a youth term.  Reference lists from 

identified studies were examined for further relevant literature.  Internet searches for relevant 

literature and information were also conducted. 

 

2.2 Key Definitions 

The following variables are central to this thesis, and are defined using standard 

definitions.  Street connectivity refers to “the directness of links and the density of connections in 
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paths or road networks”
1 
.  Moderate-to-vigorous physical activity is that activity which increases 

the child‟s heart-rate, breathing, and body temperature (i.e. brisk walking, bike riding, running, 

and playing sports).  Injury is defined as “damage to the body produced by energy exchanges that 

have relatively sudden discernible effects”
2
.  Injuries can be caused by a wide array of external 

forces, including physical, chemical, and thermal forces.  Geographic information systems (GIS) 

are defined as “the integration of software, hardware, and data for capturing, storing, analyzing 

and displaying all forms of geographically referenced information” 
3
.  Throughout this thesis, the 

terms “youth”, “young people”, and “students” will be used interchangeably and will refer to 

individuals ranging from grades 6-10 (average ages 11-15 years). 

 

2.3 Assessment of Street Connectivity 

 Three different techniques have been commonly used in the literature to assess street 

connectivity: (1) perceived measures obtained from interviews and questionnaires, (2) 

observational measures obtained from systematic audits, and (3) geographic information systems 

(GIS)
3
.  Perceived measures of connectivity are often gathered via survey through questions such 

as “are there many four-way intersections in your neighbourhood?”
4
.  Perceived measures may be 

appropriate when measuring certain aspects of the built environment, but street connectivity is a 

concept that may be difficult for individuals to accurately recall and report
5
.  Systematic audits 

consist of instruments and protocols used to measure the actual physical environment as it is 

directly observed at street level by the researcher.  Audit tools require in-person observation for 

collecting data, and can thus be extremely time consuming and costly
3
.  Geographic Information 

Systems are the only feasible way to generate objective measures of street connectivity for studies 

involving neighborhoods dispersed across large areas
3
, and their use has become widespread in 

built environment research.  The use of GIS involves objectively measuring aspects of street 
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connectivity via maps loaded into geographic software.  One construct that is often used to 

measure street connectivity is intersection density
6-8

, which is calculated by the GIS software for 

specific areas of interest. 

Various approaches to the statistical assessment of relations between street connectivity 

and health have been employed.  Ecological studies, employed in various studies on the 

relationship between street connectivity and health
9-11

, “compare the prevalence of exposure and 

occurrence of disease in populations or groups of people, not individuals”
12

.  One difficulty with 

this type of study is that an observed association between variables at the population level might 

not represent the association at the individual level
12

.  The most commonly used technique for 

determining the association between street connectivity and youth physical activity is the use of 

multiple regression models
6, 13, 14

.  These models allow for the association to be measured, while 

accounting for the influence of other potential confounding variables.  The more advanced 

method of multi-level modelling has not been previously used to measure these associations in 

the built environment literature.  The major advantage of this method is that it does not assume 

observations to be independent
15

.  As data on youth physical activity are often gathered at the 

school level, the resulting data are clustered, with youth within schools likely to be more similar 

than between schools.  Multi-level regression models account for this clustering, which can 

sometimes be ignored in other regression models.  Further, multi-level modelling does not require 

data to be aggregated to the school level or disaggregated to the individual level, which can lead 

to a loss of statistical power and overestimates of significance respectively
15

.   
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2.4 Street Connectivity and Physical Activity 

2.4.1 Importance of Studying Physical Activity in Young People 

Physical activity within young people is associated with three main categories of short-

term health effects: cardiovascular disease risk factors, bone health, and emotional conditions
16

.  

Physical activity is: (1) positively related with high density lipoprotein cholesterol (good 

cholesterol) and cardiorespiratory fitness and negatively related with obesity and blood pressure; 

(2) associated with improved peak bone mass; (3) related to increased self-esteem and lower 

levels of stress and depression
16

.  There is also evidence that physical activity levels “track” from 

the adolescent to the adult years
17

, at which point many of the long-term health benefits of 

physical activity occur such as reduced incidence rates of coronary heart disease, type 2 diabetes 

mellitus, hypertension, some cancers, osteoporosis, and premature mortality
17

.  Finally, there is 

also evidence that physical activity during adolescence affects adult health independent of 

physical activity levels in adulthood.  For example, physical activity in youth may impact 

fractures in adulthood, independent of adult physical activity levels, through the development of 

peak bone mass in adolescence
17

. 

According to the Canadian Physical Activity Guidelines, children and youth should work 

towards adding 60 minutes of moderate intensity physical activity and 30 minutes of vigorous 

intensity physical activity for a total of 90 minutes per day of moderate-to-vigorous physical 

activity
18

.  This activity should be in addition to incidental movement from daily tasks, and 

equates to roughly 16,500 steps per day
19

.  Overall, only 12% of Canadian children and youth are 

accumulating enough activity to meet these guidelines
19

. 
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2.4.2 Relationship Between Street Connectivity and Physical Activity 

Recent reviews indicate that there is a consistent association between neighbourhood 

design and walking and cycling for transportation in populations of adults
20-23

.  Table 1 

summarizes a selection of research that looks at street connectivity and physical activity in adults.  

Cross-sectional studies have identified positive associations between physical activity obtained 

through travel and increased street connectivity
24-27

.  For example, one study reported that adults 

who reside in „traditional‟ or more „walkable‟ neighborhoods accumulate about 30 minutes more 

walking for transportation each week compared to individuals who reside in newer suburban 

areas with less walkable street designs
10

.  As many adults accumulate a large proportion of their 

total physical activity through recreational walking
28

, it is not surprising that adults living in 

neighbourhoods with more walkable street designs also report higher levels of total physical 

activity
10, 11,29-32

.  The positive relations between street connectivity and measures of physical 

activity amongst adults is likely explained by the fact that the distance required to travel between 

two points tends to decrease as street connectivity increases, making it more convenient to get 

from one place to another by foot.  Further, as highly connected neighbourhoods are generally 

accompanied by mixed land use (i.e., mixture of residential and commercial), there are more 

destinations which adults can conveniently walk to, increasing their opportunities for walking.   

Among youth, three studies have examined the relationship between street connectivity 

and moderate-to-vigorous physical activity outcomes
4,6,13

 and four studies have examined the 

relationship between street connectivity and active transportation (Table 1)
7, 8, 14, 33

.  

Amongst a small sample (N=98) of youth from San Diego, CA, Kligerman et al.
13

 found 

that those residing in more walkable neighbourhoods reported higher levels of moderate-to-

vigorous physical activity (β=0.278, p=0.008). Within this study walkability was measured in a 

0.5-mile radius around participants homes using the constructs of land use (i.e., residential only 
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vs. mixture of residential and commercial), density of retailers, and density of intersections
13

.  In 

a study of 799 youth between the ages of 11 and 15 from San Diego, Norman et al.
6 
found that 

total daily amounts of moderate-to-vigorous activity were negatively associated with intersection 

densities in girls (r= -0.14, P<0.01), but not in boys.  Based on self-reports for both measures, 

Mota et al.
4
 found no association between perceived connectivity and self-reported physical 

activity (N=1123).  Low street connectivity may be related to increased physical activity levels in 

youth, as youth would be more likely to accumulate physical activity through play in areas such 

as cul-de-sacs
34

, a key feature in low connectivity neighbourhoods. 

Three existing youth studies report that higher connectivity is associated with increased 

active transportation to school
7,8,33

.  These findings make sense conceptually, as a more connected 

neighbourhood would likely result in a more direct route to school, and thus a greater opportunity 

for active transportation.  However, two of the studies
7,33

 were hampered by modest sample sizes 

(n=105, n=259).  All three studies used varying approaches to the measurement of connectivity, 

including intersection density at various distances around schools
7,8

, and a walkability index 

comprised of residential density, intersection density, land use mix, and retail floor area
33

.  

Timperio et al.
14

 found that a higher connectivity on the child‟s route to school was actually 

associated with lower rates of walking and cycling to school (OR=0.7; p<0.05) among children 

aged 10-12 in Australia (N=912).  Hence, a lack of consensus in the literature has lead to an 

unclear understanding of the relationship between street connectivity and physical activity in 

youth.   
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Table 1 – Select adult studies and all youth studies examining the relationship between street connectivity and physical activity (P.A.) 

Study Age 

(y) 

Location Sample 

Size 

Design Street Connectivity Measure Physical Activity 

Measure 

Statistical 

Technique 

Effect 

Adult Studies 

Frank et 

al.27 

20-

65 

King 

County, 

WA 

1,228 Cross-

sectional 

Walkability index (residential 

density, intersection density, 

land-use mix, retail floor area) 

with street connectivity 

weighted double 

Self-reported 

walking and biking 

for transportation 

Linear 

regression 

β=0.304; p<0.0001 

Doyle et 
al.32 

18+ Major 
U.S. cities 

9,252 Cross-
sectional 

Walkability (average block size, 
% blocks <0.01 square miles, # 

3-5 way intersections divided 

by road miles) 

Self-reported 
frequency of 

walking 

Hierarchical 
linear 

modeling  

β=0.053; p<0.01 

Saelens et 

al.10 

18-

65 

San 

Diego, 

CA 

107 Cross-

sectional 

Survey questions on block 

length and presence of cul-de-

sacs 

Objectively 

measured total 

P.A. via monitor 

Analysis or 

variance 

(ANOVA) 

High-walkability: 52 

more minutes of 

P.A./week 

(F=6.80; 

p<0.01) 

Rodriguez 

et al.11 

16+ Chapel 

Hill, NC 

711 Cross-

sectional 

Matched new urbanist design 

neighbourhood (high 

connectivity) with traditional 
suburb design (low 

connectivity) 

P.A. and 

transportation 

survey 

t-tests of 

significance 

High connectivity: 40-55 

extra mins/week walking 

and cycling in 
neighbourhood (p<0.01) 
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Table 1 continued 
Study Age (y) Location Sample 

Size 

Design Street Connectivity Measure Physical Activity 

Measure 

Statistical 

Technique 

Effect 

Youth Studies 

Kligerman 

et al.13  

14-18 San Diego 

County, CA 

98 Cross-

sectional 

Walkability index within 0.5 

miles of home (land use mix, 
retail density, street 

connectivity intersection 

density, and residential density) 

Accelerometer 

measure of min/d 
moderate-to-

vigorous P.A. 

Multiple 

linear 
regression 

β=0.278; 

p=0.008 

Norman et 

al.6 

11-15 San Diego 

County, CA 

799 Cross-

sectional 

Intersection density 

(intersections per buffer acre) 

Accelerometer 

measure of min/d 

moderate-to-

vigorous P.A. 

Multiple 

linear 

regression 

β = -0.127; 

p=0.006 

(only for girls) 

Mota et al.4 Grade 7-12 Portugal 1,123 Cross-

sectional 

Survey question on number of 

four-way intersections in 

neighbourhood 

Survey questions on 

P.A. outside school 

hours 

Chi-square  χ2=0.18; 

p=0.67 

Braza et 
al.7 

Elementary 
school 

California 34 
schools 

Cross-
sectional 

Number of intersections per 
street mile in school 

neighbourhoods 

Survey question on 
travel mode to 

school 

Pairwise 
correlation 

and 

regression 

Correlated 
(p=0.003), but 

not in 

regression 

models 

Bungum et 

al.8 

Junior high 

and high 

school 

Northern 

Utah 

2,692 Cross-

sectional 

Total number of intersections 

within 4,000 feet of school 

Survey question on 

travel mode to 

school 

Logistic 

regression 

OR=2.08; 

p=0.011 

Kerr et 

al.33 

5-18 Seattle, WA 259 Cross-

sectional 

GIS-based walkability index 

(residential density, retail floor 

area, intersection density, land 

use mix) for 1 km buffer around 

homes 

Survey question on 

travel mode to 

school 

Logistic 

regression 

OR=2.1; 

95% CI=1.12-

3.97) 

(only in high 

SES) 

Timperio 

et al.14 

5-6 and 10-

12 

Melbourne, 

Australia 

912 Cross-

sectional 

GIS-based direct route to 

school 

Parental survey 

questions on child‟s 

active transportation 

Multiple 

regression 

OR=0.7; 

p<0.05  

P.A.- Physical activity; β- Beta coefficient; p- p-value; F- F statistic; χ2- Chi-squared statistic; OR- Odds Ratio 
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2.5 Street Connectivity and Injury 

2.5.1 Importance of Studying Injury 

 Injuries are of great public health importance as they occur frequently and can cause 

substantial pain and suffering.  Injuries among Canadian children account for more deaths than all 

other causes combined
35

.  Injuries also contribute to more person years of life lost to children than 

cancer, cardiovascular disease and other major causes of illness combined
35

.  Many non-fatal 

injuries can lead to impairments and disabilities that will negatively affect a young person‟s life.  

Injuries are the third leading cause of hospitalization among Canadian children and youth, behind 

respiratory and digestive disease
36

.  The economic burden of unintentional and intentional injuries 

combined, for Canadians of all ages in 2004, was estimated to be $19.7 billion, including both 

direct and indirect costs
36

.   

In 2005/06 there were 29,142 hospitalizations due to unintentional injuries among 

Canadian children and youth
36

.  Standardized rates of unintentional injury hospitalizations have 

decreased by 40% overall since 1994/95, and currently stand at 365 per 100,000 children and 

youth
36

.  According to data from the 2006 Health Behaviours in School-Aged Children (HBSC) 

survey, as many as 31 to 48% of students reported one or more medically-treated injuries in a 12-

month period
37

.  The Canadian Hospitals Injury Reporting and Prevention Program (CHIRPP) 

reported that there were 1,613,203 hospital admissions by children aged 0-19, between 1990 and 

2007
36

.  These data were collected at 15 CHIRPP network hospitals across Canada, and 7.5% of 

these children were held for a prolonged period in emergency or admitted to the hospital
36

. 

An important cause of youth injury that may relate to the built environment is pedestrian 

collisions involving vehicles.  In the United States in 1996, 5,412 pedestrians were killed by 

vehicles (mostly children or elderly people; often involving alcohol), and another 82,000 were 
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injured
38

.  Current rates of pedestrian injury hospitalizations among Canadian youth under the age 

of 19 are 7 per 100,000 pedestrians
36

. 

Bicycling is another potentially important cause of injuries in youth, and these injuries 

also tend to occur on roads and may be impacted by the built environment.  According to 

Canadian data, 62% of children under the age of 14, and 49% of children between the ages of 15-

19 are regular bicycle riders
39

.  Current rates of hospitalizations due to bicycle collisions with 

vehicles among Canadian children under the age of 19 are 3 per 100,000 cyclists
36

.  According to 

data from the 2006 HBSC survey, of all grade 6 students who reported a medically-treated injury 

in a 12-month period (44% of boys and 31% of girls), 16% and 12% respectively of these injuries 

occurring while bicycling
37

.  Students in grade 10 reported higher overall injury rates (45% for 

boys and 41% for girls), yet fewer of these injuries occurred while bicycling (8% and 3% 

respectively)
37

. 

2.5.2 Relationship Between Street Connectivity and Injury 

Several studies in adult populations have demonstrated that measures of street 

connectivity are correlated with fatal pedestrian injuries (Table 2)
9, 40, 41

.  Areas with lower street 

connectivity are more tailored to automobile travel, as they often have a greater share of high-

speed and multi-lane arterial roads and highways
40

, and are thus less appropriately designed for 

pedestrian use
9
.  This neighbourhood design may lead to an unsafe pedestrian environment, and 

thus an increase in pedestrian collisions with vehicles.   

In an ecological study, Ewing et. al.
9
 examined how urban sprawl (a measure comprised 

of population density, land-use mix, centres of activity, and street connectivity) impacted the rate 

of pedestrian fatalities in 448 US counties.  For every 1% decrease in urban sprawl (more 

connectivity), pedestrian fatality rates fell by 1.47-3.36% (p<0.001).  Two descriptive studies 

have reported that more sprawling metropolitan areas have higher rates of fatal pedestrian 
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injuries
40, 41

, yet neither measured urban sprawl explicitly, so a possible association with fatal 

injuries could not be established.  Although 3 studies have characterized the relationship between 

pedestrian injury and urban sprawl, which is in part determined by measures of street connectivity 

9,40, 41
, to my knowledge no studies have examined measures of street connectivity per se.  

Further, no studies have examined the relationship between street connectivity and injury 

exclusively in populations of young people.   

Associations between street connectivity and injury may vary for populations of younger 

people.  These populations tend to accumulate physical activity through play, rather than active 

transportation
5
.  The etiology of pedestrian injury could be quite different between adult and 

youth populations.  The incidence of child pedestrian injuries has significantly declined in recent 

years
42-44

, likely attributable to children walking and cycling less, resulting in a substantial 

reduction in traffic exposure
42-44

.  No studies to date have examined the relationship between 

street connectivity and youth pedestrian injuries.  Further, no studies have examined the potential 

relationship between street connectivity and youth physical activity injuries occurring in the 

street.  Injuries of this nature may be less severe than pedestrian injuries, as they would not 

involve being stuck by vehicles.  The mechanisms by which these two varieties of youth injury 

occurr in the street are likely different from one another, and deserve focused study. 
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Table 2 – Findings from street connectivity and injury studies 

Study Age (y) Location Sample 

Size 

Design Street 

Connectivity 

Measure 

Injury 

Measure 

Statistical 

Technique 

Effect 

Ewing et 

al.9 

unspecified 448 

metropolitan 

counties 

>183 

million 

Ecological Urban sprawl 

(low residential 

density, poor 

street 

connectivity) 

County-level 

pedestrian 

fatalities 

Linear 

regression 

1% decrease in urban sprawl 

(more connectivity)= 1.47-

3.36% fatality decrease 

(p<0.001) 

Paulozzi40 unspecified All U.S. states unspecified Descriptive None State-level 
pedestrian 

fatalities 

Descriptive 
statistics (rates 

and 

percentages) 

10 of 11 U.S. „Sunbelt‟ states 
(characterized by rapid 

population growth, low-

density sprawling 

neighbourhoods) fell into the 

highest fatality quartile  

Ernst et 

al.41 

unspecified Large 

metropolitan 

areas, U.S. 

unspecified Descriptive None Pedestrian 

fatalities per 

capita, adjusted 

for walking 

exposure 

Comparison of 

rates 

Most dangerous metro areas 

all marked by low-density 

development, rapid 

population growth, urban 

sprawl 
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2.6 Potential for Research to Impact Policies on Urban Design 

Physical activity and injuries are both fundamental indicators of adolescent health
35,45

.  If 

street connectivity is identified as a risk factor for physical inactivity and/or injury, it would 

provide evidence that could be used to better plan, design, and implement environments that are 

conducive to the health and wellbeing of our youth.  This could affect the policies surrounding 

the development of neighbourhoods, as well as the policies and funding opportunities devoted to 

the promotion of adolescent physical activity and injury prevention.  Therefore, results from this 

thesis are relevant to both urban planners and public health officials, as they will provide 

evidence that may impact how we conceptualize and design our neighbourhoods, as well as 

inform prevention strategies aimed at the health of Canadian youth
46

.   

Current research suggests that two varieties of urban design interventions, community-

scale and street-scale policies and practices, are effective in promoting physical activity
47

.  The 

idea behind such interventions is that they will impact 100% of the population living in a certain 

geographic area, as opposed to the frequently used individual behaviour and lifestyle 

modification strategies, which focus on changing behaviour in one person at a time.  An example 

of a potential community-scale urban design policy intervention comes from research conducted 

in Austin, TX, where researchers compared modern neighbourhood design (with more cul-de-

sacs and discontinuous streets) with traditionally designed neighbourhoods (with connected street 

networks and direct routes)
48

.  Average trip distance and duration were both >30% greater in 

modern neighbourhoods.  Results from this study suggest that the implementation of urban design 

policies on the creation of newer residential areas that are designed like traditional 

neighbourhoods may be a strategy to increase physical activity.  An example of a street-scale 

urban design intervention comes from Toronto, where bicycling was promoted by converting 

several 4 lane roads into 2 lane roads with space for biking and parking, narrowed streets, and 
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tree planting
49

.  Over a 2 year follow-up period, bicycle traffic increased by 23% on the altered 

roads.  These two examples show how various approaches may be used in urban design 

interventions aimed at increasing physical activity.  No research was identified that studied the 

effectiveness of urban design interventions on decreasing rates of injury, something that would be 

useful in designing the content of future injury interventions. 

 

2.7 Summary of Literature 

 There is evidence to support the concept that the built environment, and more specifically 

street connectivity, impacts rates of both physical activity and injury.  Physical activity research 

in this area has developed much more widely than injury research, which may stem from the 

current obesity epidemic.  Even with the greater amount of attention paid to physical activity 

research, a lack of consensus on the relationship with street connectivity in youth remains.  While 

research in adult populations has been fairly conclusive, youth research has not.  The variability 

among research findings relating street connectivity to youth physical activity may stem from the 

fact that each of the conducted studies used varying measures of connectivity, and were all 

conducted in small geographically limited populations which were typically in large urban 

centres.  To improve the generalizability of future research, larger and more diverse populations 

should be studied. 

With regards to the relationship between street connectivity and injury in youth, very 

little is known as there have been no studies to date examining this relationship.  The few studies 

conducted in adult populations have been larger population based studies, yet they have all 

examined urban sprawl, of which street connectivity is only one aspect, and only one study 

explicitly measured sprawl in relation to the occurrence of injury
9
.  No studies have directly 

examined street connectivity or injuries occurring in the street, let alone in relation to one 
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another.  There is also a complete lack of research conducted in populations of young people.  

Future research examining street connectivity as a determinant of injury in youth populations is 

warranted. 

 

2.8 Rationale for Thesis 

This study will examine relationships between street connectivity and two key indicators 

(physical inactivity, injury) of health among Canadian youth.  This study is important for the 

following reasons: (1) there is a need for applied research that examines street connectivity as a 

determinant of health in populations of Canadian youth; (2) the survey used for this study is 

national in scope and will contribute to a literature that is mainly restricted to homogenous and 

adult study populations living in large urban centres; (3) the influence of street connectivity on 

physical activity and injury may be different in youth than in adults and in those living outside of 

urban centres; and (4) novel findings about street connectivity derived from multi-level modeling 

will inform the content of health promotion and protection programs.  
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Chapter 3 

Street Connectivity and its Association with Physical Activity in 

Canadian Youth  
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Abstract 

Background:  The influence of the built environment on health is of contemporary societal 

interest.  Street connectivity of youth‟s neighborhoods, an important aspect of the built 

environment, may impact physical activity patterns. 

Methods: 9,717 students in grades 6-10 from 188 schools across Canada participated in the 2006 

Health Behaviour in School-aged Children (HBSC) survey.  Street connectivity was measured in 

a 5 km circular buffer around these schools using established geographic measures (a composite 

scale based on intersection density, average block length, and connected node ratio).  Physical 

activity performed outside of school hours was assessed by questionnaire.  Regression analyses 

focused on relations between street connectivity and students‟ reports of physical activity, and 

used multi-level methods. 

Results:  Compared to students living in the highest street connectivity quartile, those in the 

second (RR 1.22; 95% CI 1.10-1.35), third (RR 1.25; 95% CI 1.13-1.37), and fourth (lowest; RR 

1.21; 95% CI 1.09-1.34) quartiles reported significantly higher levels rates of physical activity 

outside of school hours.  Increases in physical activity outside of school hours were also observed 

for students with a high vs. low family socioeconomic status (RR 1.45, 95% CI 1.30-1.61) and 

those with a high perceived neighbourhood safety (RR 1.47, 95% CI 1.34-1.59). 

Conclusion:  Youth in neighbourhoods with lower street connectivity reported more physical 

activity outside of school hours than youth from more connected neighbourhoods.  Relationships 

between street connectivity and physical activity reported in Canadian youth vary from adult 

patterns.  This variation requires consideration in applied health policy. 
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Introduction 

Physical activity is an important component of the health of children and youth.  The 

physical, mental, and social benefits of a physically active lifestyle have been demonstrated 

consistently, and can be seen as early as the pre-school years
1,2

.  Unfortunately, under a quarter of 

Canadian youth are considered to be physically active according to international physical activity 

criteria of 60 minutes every day
3
.  Thus, physical inactivity represents a significant public health 

issue.   

 To develop effective public health policies and interventions to combat youth inactivity, 

it is essential to understand the determinants of physical activity.  A recent focus surrounds how 

features of the built environment impact physical activity
4
.  The built environment is comprised 

of aspects of the physical surroundings in which we live our daily lives.  One aspect of the built 

environment is a construct called street connectivity.  Street connectivity refers to “the directness 

of links and the density of connections in paths or road networks”
5
.  A highly connected street 

network has many short links, numerous intersections, and few dead-ends
5
.  A poorly connected 

street network has longer links, fewer intersections, and a greater number of dead-ends and cul-

de-sacs.   

Several studies in adult populations have demonstrated that a higher street connectivity is 

correlated with higher physical activity levels 
6-9

.   In neighbourhoods with higher street 

connectivity, adults are more likely to participate in active transportation as the distance required 

to travel between two points is lower, making it easier to get from one place to another.  There 

have been limited attempts to examine the impact of street connectivity on physical activity in 

populations of young people.  Three studies have examined moderate-to-vigorous physical 

activity outcomes
10-12

 and four studies that have examined the relationship between street 

connectivity and active transportation in youth
13-16

.  Kligerman et al.
12

 found that adolescents in 

more walkable neighbourhoods were more physically active, basing their findings on a small 
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sample (N=98) and one geographic area.  Norman et al.
11 

(N=799) found that total daily amounts 

of moderate-to-vigorous activity were associated with intersection densities for girls (r= -0.14, 

P<0.01), but not for boys.  Based on self-reports for both measures, Mota et al.
10

 found no 

association between perceived connectivity and self-reported physical activity (N=1123).  Three 

existing studies of active transportation found that higher connectivity was associated with 

increased active transportation to school
13,14,16

.  These findings make sense conceptually, yet two 

of the studies were hampered by modest sample sizes (n=105, 259), and varying approaches to 

the measurement of connectivity.  Timperio et al.
15

 found that a more direct route to school was 

actually associated with lower rates of walking and cycling to school in Australia (N=912).  

Hence, a lack of consensus in the literature has lead to a lack of clarity surrounding the 

relationship between street connectivity and physical activity in youth.  All studies to date were 

conducted in single geographic settings.  There is an absence of population-based and Canadian 

research in this field.  Investigation into the relationship between street connectivity and physical 

activity in Canadian youth is therefore warranted. 

The objective of this study was to examine the relationship between street connectivity 

and physical activity in a national sample of young Canadians aged 11-15 years.  We 

accomplished this by linking individual data from a national survey to neighbourhood level 

measures of street connectivity, the latter measured using geographical information systems 

(GIS).  

 

Methods 

Data Sources 

 Individual-level data on physical activity and potential covariates were gathered from the 

2006 Canadian Health Behaviour in School-aged Children Survey (HBSC)
17

.  The HBSC survey 

is a cross-national survey conducted in affiliation with the World Health Organization.  The 2006 
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Canadian HBSC survey includes information on health behaviours, health outcomes, and 

contextual determinants of health among students aged 11-15 years from publicly funded schools 

sampled from all Canadian provinces and territories.  A systematic single stage cluster sample, 

following guidelines in the international HBSC protocol, was used to identify the sampling unit 

of classes
17

.  The sample excluded students enrolled in private schools, special needs schools, 

those who were home-schooled, as well as students that were absent on the day of the survey.  

Ethics approval was granted by the General Research Ethics Board of Queen‟s University. 

Consent was provided by individual schools and their school boards, parents/guardians, and the 

student participants.  Additional details regarding HBSC survey methodology are available in 

Appendix A.  

 The original sample available for analysis contained 9,672 students from 186 schools 

(Figure 1).  Of these, 6 schools were excluded due to record linkage errors.  An additional 664 

students were missing data on either the main physical activity outcome of interest or one of the 

covariates in the final model, and were subsequently deleted.  This left 8,535 students (88.2%) 

from 180 schools (96.8%) available for analysis.  There was no difference in the distribution of 

individual-level variables or prevalence of physical activity between excluded and included 

students (data not shown).   

Key exposure: street connectivity 

 The CanMap Streetfiles (DMTI Spatial Inc., version 2008.3) GIS database was used to 

compile area-level measures of street connectivity.  This GIS database contains a precision built 

street map with accurate geospatial data on a wide array of geographical indicators
18

.  Using 

school addresses obtained through the HBSC survey, individual-level student data were linked 

with the area-level data on street networks obtained from the CanMap Streetfiles database.  

Additional details on the collection of street connectivity data via GIS can be found in Appendix 

C. 
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Three standard street connectivity measures were obtained: intersection density, average 

block length, and connected node ratio
5
.  These measures are illustrated in Figure 2.  Intersection 

density is defined as the “number of intersections per unit of area”
5
, and is calculated by dividing 

the number of real nodes by the total land area.  A higher number indicates more intersections and 

higher street connectivity.  Average block length is the mean length of blocks in the area, and is 

calculated by dividing the sum of the link length per unit area by the number of nodes per unit of 

area.  Shorter blocks mean more intersections, and a greater number of routes available, showing 

higher street connectivity.  Connected node ratio is the number of street intersections divided by 

the number of intersections plus cul-de-sacs
5
, and is calculated by dividing the number of real 

nodes by the total number of nodes.  The maximum value for this variable is 1, with higher 

numbers indicating that there are few cul-de-sacs and dead ends and higher connectivity. 

 The street connectivity measures were obtained around each of the participating HBSC 

schools using ArcGIS software (ESRI, version 9.3) and CanMap Streetfiles.  Each school was 

identified on the CanMap Streetfiles map using a combination of a preexisting school address 

layer and geocoding techniques.  A 5 km circular buffer was applied around each school; this 

buffer was considered as a proxy for the residential neighbourhood for youth attending that 

school.  A network layer of intersection nodes was created and added to the 5 km buffer map of 

each school, and erroneous nodes were manually deleted.  Each of the three connectivity 

measures was then calculated for each school.  The 5 km buffer size has been applied 

successfully in previous HBSC studies
19-22

.  This buffer is thought to be inclusive of the 

residential neighbourhood of students attending each school.  Further, a previous sensitivity 

analysis demonstrated that there were no differences between area-level SES measures calculated 

using a 1 km buffer versus a 5 km buffer around HBSC schools
20

. 

A composite street connectivity scale was developed based on the 3 individual street 

connectivity measures in order to avoid multicolinearity in the model building process.  Each of 

the 186 schools was ranked on each of the three measures.  Principal component factor analysis 
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revealed agreement between the three ranked variables; factor loadings were 0.96, 0.95, and 0.73 

for the intersection density, average block length, and connected node ratio variables, respectively 

(Cronbach‟s alpha= 0.86).  These ranked variables were combined with equal weight to create the 

composite measure, which was divided into quartiles.  Students in the first quartile resided in 

neighbourhoods with the highest street connectivity; students in the fourth quartile lived in areas 

with the lowest connectivity.  

Outcome: physical activity outside of school hours 

 The primary outcome was moderate-to-vigorous intensity physical activity occurring 

outside of school hours.  Overall, youth accumulate physical activity both during school hours 

and outside of school hours.  We chose not to assess overall physical activity as the primary 

outcome measure as a large proportion of a young persons physical activity is accumulated at 

school
23

, and school physical activity should not be affected by the connectivity of the 

surrounding streets.  Students‟ self-reported responses to the HBSC question “outside school 

hours: how many hours do you usually exercise in your free time so much that you get out of 

breath or sweat?” were used (Appendix B).  This question specifically measures moderate-to-

vigorous physical activity accumulated outside of school hours.  Ordinal responses to this 

question were categorized to create a dichotomous outcome (≥4 hours/week vs. <4 hours/week).  

As overall physical activity is accumulated in a variety of settings, accumulating at least 4 

hours/week of physical activity outside of school hours is expected to be consistent with the 

Canadian Physical Activity Guidelines of 90 minutes of total moderate-to-vigorous activity per 

day.  The 4 hours/week threshold was based upon previous Canadian HBSC studies of the built 

environment and physical activity 
21

.   

Potential covariates 

 Variables considered a priori as potential covariates at the individual-level were gender, 

grade, family socioeconomic status (SES), perceived neighbourhood safety, and perceived 

neighbourhood aesthetics.  Area-level potential covariates were neighbourhood-level SES, 
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geographic location, and parks and recreational facilities.  Potential covariates were selected 

based on their demonstrated association with physical activity
24

 and their inclusion in similar 

studies of the built environment and physical activity
10,15,21

. 

 Gender and grade were self-reported by students.  Family SES was gathered from the 

HBSC using the previously developed and validated Family Affluence Scale (FAS), which is 

comprised of four equally weighted items: vehicle ownership by family, having a bedroom for 

yourself, family vacations during past year, and computer ownership
17

.  To measure perceived 

neighborhood safety, student responses to three questions were used: “I feel safe in the area 

where I live” (always, most of the time, sometimes, rarely or never), “do you think that the area 

in which you live is a good place to live?” (it‟s really good, it‟s good, it‟s ok, it‟s not very good/ 

it‟s not good at all), and “it is safe for younger children to play outside during the day?” (strongly 

agree, agree, neither agree nor disagree, disagree/strongly disagree).  Based on past factor 

analyses, these were combined into a score with equal weight, and subsequently divided into 

quintiles
21

.  Perceived neighbourhood aesthetics were collected via students‟ answers to questions 

regarding how much litter, broken glass and garbage was present in their neighbourhood (none, 

some, lots) and to what extent there were run-down  houses and buildings in their neighbourhood 

(none, some, lots). 

 Area-level SES was estimated using data from the 2001 Canadian Census of Population 

using PCensus software
25

.  This was estimated by combining ranked scores for median household 

income, employment rate and the percent of the population with greater than high school 

education
25

; schools were subsequently divided into quintiles. Geographic location was obtained 

from Statistics Canada‟s Census Metropolitan Area data
25

.  Schools were divided into 3 groups: 

urban schools inside metropolitan areas, urban schools outside metropolitan areas, and rural 

schools
21,26

.  The number of parks, trails, and recreational facilities were counted within the 5 km 

buffer around each school, using CanMap Streetfiles
21

.  A composite scale that considered the 
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overall neighbourhood recreational environment was constructed by combining scores for each of 

the parks/facilities
21

; schools were subsequently divided into quintiles. 

Statistical analyses 

 Statistical analyses were performed in SAS version 9.2 (SAS Inc., Carry, NC).  

Distributions of key variables were characterized using conventional descriptive statistics.  

Bivariate multilevel models were fit to describe the relationship between measures of street 

connectivity and physical activity.  We then developed a hierarchical series of multivariate 

models, following a systematic approach: (1) Model 1 controlled for all individual-level (level 1) 

covariates; (2) Model 2 controlled for all individual-level and neighbourhood-level (level 2) 

covariates; (3) Model 3 was fit using all level 1 and level 2 covariates, and eliminating non-

significant (p<0.05) variables via backwards elimination selection. Model 3 therefore considered 

the street connectivity scale, as well as a parsimonious list of covariates that significantly 

contributed in the final model (gender, grade, family SES, perceived safety, and perceived 

neighbourhood condition).  P-values for all categorical variables were calculated as p-values for 

trend by treating factored variables as continuous in the models. 

The SAS GLIMMIX procedure was used to fit generalized linear models with a binomial 

distribution and a logit link, in order to account for the clustered and hierarchical nature of the 

data.  All multilevel logistic regression models used a Newton-Raphson with ridging technique to 

aid convergence
27

.  Cross-level interactions between street connectivity and gender, grade, and 

urban location were suspected a priori.  However, upon conducting likelihood ratio tests for 

interaction, none were identified. 

Since the outcome of physical activity is relatively common (>10%), odds ratios (OR) 

obtained from the regression models were converted to relative risks (RR) using the following 

equation
28

, RR = OR / [ (1 – Po) + (OR x Po) ], where Po is the prevalence of physical activity in 

the unexposed or referent group. 
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 Population attributable risk (PAR) was calculated to indicate the proportion of reported 

physical activity that was attributed to living in an area with lower street connectivity.   The PAR 

was calculated based on the results of Model 3 using the following equation
29

, PAR = Pe(RR-

1)/1+Pe(RR-1), where Pe is the prevalence of exposure in the population.  PAR was calculated 

for each of the three lower street connectivity quartiles and then summed to obtain an overall 

estimate. 

Finally, a sensitivity analysis was conducted within a subset of grade 9-10 students who 

reported additional variables that described neighbourhood characteristics.  We determined 

whether each of self-reported vehicle traffic, stoplights/stop signs, and bike lanes/sidewalks in 

school neighbourhoods potentially mediated the relationship between street connectivity and 

physical activity outside of school hours. 

 

Results 

 Distributions of participants according to individual-level and neighbourhood-level 

characteristics are shown by level of street connectivity in Table 1.  There were noticeable and 

statistically significant differences in street connectivity according to family affluence, 

neighbourhood safety, amounts of litter in neighbourhoods, and rundown homes in 

neighbourhoods.  For example, 40.7% of students in the lowest family affluence group resided in 

a neighbourhood in the highest street connectivity quartile as compared to 23.8% of students in 

the highest family affluence group (p<0.0001).  Geographic location was significantly (p<0.0001) 

associated with street connectivity, with all students in the highest connectivity quartile residing 

in an urban core.   

A description of physical activity levels is presented by gender and grade in Table 2.  

Overall, 37% of students reported being physically active for ≥4 hours per week outside of school 
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hours, with a higher proportion of males being in the physically active group than females (43.6% 

vs. 31.2%).   

Table 3 presents the bivariate relationships between the street connectivity and physical 

activity measures.  All three connectivity measures, as well as the composite street connectivity 

scale, were associated with physical activity in a consistent fashion, where a greater percentage of 

students in neighbourhoods with lower street connectivity were physically active for at least 4 

hours per week outside of school. 

Table 4 presents each covariate‟s bivariate association with physical activity, as well as 

the results of the multivariate model building process.  Street connectivity was significantly 

associated with physical activity outside of school hours.  This relationship was consistent 

between the three multivariate models, and remained after adjustment for salient covariates 

(gender, grade, family SES, perceived safety, and perceived litter).  Compared to students living 

in the first (highest) street connectivity quartile, those in the second (RR 1.22; 95% CI 1.10-1.35), 

third (RR 1.25; 95% CI 1.13-1.37), and fourth (lowest; RR 1.21; 95% CI 1.09-1.34) street 

connectivity quartiles reported significantly higher levels of physical activity outside of school 

hours.  The population attributable risk calculation suggested that 15.8% (95% CI 7.7-23.8) of the 

physical activity that was reported in the study sample was attributable to not living in the most 

highly connected quartile. 

Table 5 presents a sensitivity analysis conducted within a subset of the HBSC survey.  

This analysis was limited to data from 2922 English speaking grade 9 and 10 students from 

Ontario, as this was the only population in which data on vehicle traffic, stoplights/stop signs, and 

bike lanes/sidewalks were captured.  Both high levels of vehicle traffic (RR 0.87, 95% CI 0.76-

0.98) and the presence of stoplights or stop signs at busy intersections (RR 1.16, 95% CI 1.01-

1.30) were related to physical activity.  Adjustment for these measures in the model did not alter 

the affect estimates calculated for the street connectivity measure.   
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Discussion 

Youth in neighbourhoods with lower street connectivity reported more physical activity 

outside of school hours than youth from more connected neighbourhoods.  There appeared to be a 

physical activity threshold between the students in the highest connectivity quartile and students 

in the other three quartiles; relative risks of each of the three lower quartiles were quite similar.  

The calculated population attributable risk shows that 15.8% of all reported physical activity 

would not have occurred had all students lived in the highest street connectivity quartile.  This 

represents a meaningful effect from a public health perspective.   

Additionally, several covariates in the final multivariate model showed strong 

associations with physical activity, independent of street connectivity.  Students reporting a high 

perceived safety of their neighbourhood were 1.47 (95% confidence interval (CI) 1.34-1.59) 

times more likely to be physically active outside of school hours, females were 0.73 (95% CI 

0.86-0.77) times less likely to be physically active, and high family SES was associated with 

1.45-fold (95% CI 1.30-1.61) increase in physical activity.  Our final models controlled for these 

factors. 

The threshold effect observed in our analysis is an important finding.  Youth in the first 

quartile reported less physical activity, and closer examination of these schools revealed that 

every school in the first quartile was located in the urban core of a Census Metropolitan Area 

(e.g. Toronto, Montreal, and Vancouver).  While schools in the second quartile were mainly from 

urban cores as well, these schools were located in less populated urban cores.  Therefore, students 

living in the most highly populated urban cores reported considerably lower levels of physical 

activity outside of school hours than their peers.   

There may be other factors, operating independently of street connectivity, influencing 

the low levels of physical activity reported by students living in highly connected 

neighbourhoods.  One possibility is vehicle traffic.  Increased traffic in highly populated and 
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connected neighbourhoods could lead to a decrease in youth physical activity participation.  

While perceived vehicle traffic affected reported physical activity levels, adjustment for vehicle 

traffic in the multivariate model did not alter the affect estimates calculated for street 

connectivity, and hence did not mediate this relationship. 

Another potential explanation of the observed disparity is the lack of space for youth to 

play in these neighbourhoods.  Streets and homes in neighbourhoods with the highest 

connectivity are packed very tightly together (Figure 3).  This street design may leave little room 

for yards and driveways, which could lead to a decrease in outdoor activity.  Also, the short 

blocks and lack of cul-de-sacs may make it difficult to play on the street.  Poorly connected 

neighbourhoods with many cul-de-sacs present a space for youth to play, in a relatively safe and 

low traffic environment
30,31

.  Future studies should consider the concept of outdoor space as a 

determinant of physical activity for youth residing in highly connected neighbourhoods, and 

attempt to characterize areas in which young people most often play outdoors. 

Findings of this study are disparate from each of the three previous studies on the 

relationship between street connectivity and moderate-to-vigorous physical activity in youth.  

Mota et al. reported no association
10

, Norman et al. reported higher levels of physical activity in 

less connected areas for girls
11

, and Kligerman et al. reported higher levels of physical activity in 

more connected areas for both genders
12

.  The lack of consensus in these studies may be 

explained by their use of varying measures of connectivity, their study of highly specific 

geographic areas, and their comparatively small sample sizes.  The size (N=8535), heterogeneity, 

and nationally-representative nature of our study is a methodological improvement on past 

research, and may explain why this study identified a different relationship, where students in the 

most highly connected neighbourhoods reported significantly less physical activity than students 

in all other neighbourhoods.  

The presence of lower levels of physical activity in highly connected neighbourhoods is 

important as public health interventions that target youth physical activity levels have the 
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potential to greatly impact population health.  Second, relationships between street connectivity 

and physical activity appear to be different among adult versus youth populations.  Most adults 

accumulate activity through active transportation
7-9

 and recreational walking
32

, activities that are 

more common in areas with higher street connectivity; this is not the case for youth.  It is even 

possible that the current public health agenda and new urbanist movement
33

 to create more 

connected neighbourhoods with the goal of increasing active transportation may have a negative 

effect on the physical activity patterns of our youth.  It is important to be intentional in designing 

neighbourhoods that promote physical activity in all age groups.  This could include designing 

neighbourhoods that have low street connectivity, yet with networks of paths that increase their 

overall connectivity
34

.  This design may allow for young people to accumulate physical activity 

due to the low street connectivity and cul-de-sacs, while adults retain the ability to participate in 

active transportation.  Development of neighbourhoods that are conducive to physical activity in 

all age groups has the potential to greatly ameliorate the overall health of our population.    

Limitations of this study merit consideration.  First, the cross-sectional nature of the 

HBSC data makes this research limited in its ability to determine the temporality of any observed 

relationship.  It is therefore not possible to conclusively say that low street connectivity causes 

adolescent physical activity, only that it is more likely to occur in areas with lower connectivity.  

It is extremely unlikely that active youth would be able to influence their family to move to 

neighbourhoods that promote physical activity, supporting the implied temporal sequence.  

Second, there is potential for area-level associations to be residually confounded by variables not 

captured in this research.  An example of this is parental influences.  Street connectivity 

influences adult physical activity 
7-9,32

, and parental physical activity is known to be a determinant 

of childhood physical activity
24

.  Ethnicity has also been shown to affect youth physical activity 

levels
24

, and not accounting for this variable in the analyses may also have resulted in residual 

confounding.  Third, there is the possibility of misclassification on the basis of exposure.  Since 

this research uses a 5 km radius around the schools as a proxy for home neighbourhoods, this may 
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have resulted in area-level characteristics being ascribed to students who in fact do not live within 

this radius.  As no standard method exists for the measurement of neighbourhood environments, it 

was unclear what type of buffer should be used (radial versus street network buffers)
35

 and what 

radial distance around schools would be appropriate as a proxy to capture the students‟ home 

neighbourhood environment.  It would be ideal to use a smaller buffer around students‟ homes; 

however, HBSC did not collect the necessary personal information on student addresses in 2006, 

as it was an anonymous survey. 

 

Conclusion 

 Student physical activity patterns from the 2006 HBSC survey were examined in 

association with neighbourhood street connectivity measures, as measured using geographic 

information systems.  A physical activity threshold exists, wherein students who reside in 

neighbourhoods with the highest street connectivity consistently reported lower levels of physical 

activity outside of school hours than students living in neighbourhoods with lower connectivity.  

The relationship between street connectivity and adolescent physical activity reported by this 

study is not consistent with relationships reported for adult populations.  Society must be 

intentional in developing neighbourhoods that promote physical activity in all age groups. 
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Table 1 - Descriptive characteristics of the student sample and neighbourhood environment by street connectivity quartiles (N=8535) 

           

 Street Connectivity Scale    

 1 (high) 2 3 4 (low)  

 (n=2296) (n=1851) (n=2374) (n=2014)  

Level 1 variables n % n % n % n % p value 

Gender          0.72 

Male 1026 25.8 918 23.1 1101 27.7 928 23.4  

Female 1270 27.8 933 20.5 1273 27.9 1086 23.8  

Grade         0.04 

6 317 21.2 427 28.5 341 22.8 413 27.6  

7 533 33.3 231 14.5 442 27.6 393 24.6  

8 526 30.3 263 15.1 513 29.5 436 25.1  

9 458 23.2 541 27.4 598 30.3 379 19.2  

10 462 26.8 389 22.6 480 27.8 393 22.8  

Family affluence scale         <0.0001 

low 316 40.7 135 17.4 161 20.7 165 21.2  

medium 938 27.8 652 19.3 920 27.2 867 25.7  

high 1042 23.8 1064 24.3 1293 29.5 982 22.4  

Perceived neighborhood safety          <0.0001 

low 585 32.7 359 20.0 481 26.8 367 20.5  

medium 1317 26.4 1097 22.0 1439 28.8 1138 22.8  

high 394 22.5 395 22.6 454 25.9 509 29.1  

Perceived litter in neighborhood          <0.0001 

none 1265 28.0 1059 23.4 1235 27.3 964 21.3  

some 880 25.8 691 20.2 966 28.3 878 25.7  

lots 151 25.3 101 16.9 173 29.0 172 28.8  

Perceived rundown houses         <0.0001 

none 1881 28.4 1545 23.3 1799 27.1 1408 21.2  

some 353 21.2 267 16.0 509 30.6 537 32.2  

lots 56 26.7 30 14.3 59 28.1 65 31.0   

Level 2 variables          

Socioeconomic status          <0.0001 

1 (lowest) 77 4.8 150 9.3 460 28.6 922 57.3  

2 667 39.3 224 13.2 482 28.4 324 19.1  

3 496 28.2 371 21.1 544 30.9 350 19.9  

4 536 35.8 504 33.7 219 14.6 238 15.9  

5 (highest) 520 22.7 602 30.5 669 33.9 180 9.1  

Geographic location          <0.0001 

Urban inside CMA 2296 43.8 1709 32.6 1083 20.7 150 2.9  

Urban outside CMA 0 0 122 7.0 755 43.2 871 49.8  

Rural  0 0 0 0 492 33.1 993 66.9  

Number of parks and recreational facilities         <0.0001 

1 (least) 42 2.4 101 5.8 524 30.2 1070 61.6  

2 56 3.9 107 7.4 740 50.9 550 37.9  

3 223 11.9 314 16.7 1010 53.8 329 17.5  

4 797 47.1 732 43.2 100 5.9 65 3.8  

5 (most) 1178 66.4 597 33.6 0 0 0 0   
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Table 2 - Description of physical activity levels outside of school hours by gender and grade (N=8535)   

               

  Total   Gender  Grade 

    Male Female  6-8 9-10 

 n %  n % n %  n % n % 

Physical activity outside of school hours             

None 466 5.5  208 44.6 258 55.4  234 50.2 232 49.8 

1/2 hour  1068 12.5  393 36.8 675 63.2  645 60.4 423 39.6 

1 hour 1570 18.4  630 40.1 940 59.9  948 60.4 622 39.6 

2-3 hours 2276 26.7  1011 44.4 1265 55.6  1278 56.2 998 43.9 

4-6 hours 1752 20.5  898 51.3 854 48.7  956 54.6 796 45.4 

7+ hours 1403 16.4  833 59.4 570 40.6  774 55.2 629 44.8 

Physically active outside of school hours             

No 5380 63.0  2242 41.7 3138 58.3  3105 57.7 2275 42.3 

Yes 3155 37.0   1731 54.9 1424 45.1   1730 54.8 1425 45.2 
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Table 3 - Bivariate relationship between street connectivity measures and physical activity outside of school hours 

        

 n % physically active RR (95% CI) 

Street connectivity scale    

1 (highest connectivity) 2296 30.7 1.00 

2 1851 39.8 1.29 (1.16-1.42) 

3 2374 39.5 1.31 (1.18-1.44) 

4 (lowest connectivity) 2014 38.6 1.26 (1.14-1.40) 

P trend     <0.0001 

Connected node ratio     

1 (highest connectivity) 2114 31.7 1.00 

2 2104 35.8 1.12 (1.00-1.25) 

3 2174 39.8 1.25 (1.12-1.38) 

4 (lowest connectivity) 2143 40.4 1.27 (1.15-1.41) 

P trend   <0.0001 

Intersection density     

1 (highest connectivity) 2142 32.9 1.00 

2 2123 37.2 1.14 (1.01-1.27) 

3 2151 40.8 1.28 (1.15-1.41) 

4 (lowest connectivity) 2119 37.0 1.14 (1.01-1.27) 

P trend   0.008 

Average block length     

1 (highest connectivity) 2161 32.1 1.00 

2 2095 37.6 1.18 (1.05-1.31) 

3 2122 40.6 1.31 (1.18-1.45) 

4 (lowest connectivity) 2154 37.7 1.19 (1.06-1.33) 

P trend     0.001 

RR (95% CI) = relative risk (95% confidence interval)  
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Table 4 - Multivariate analysis: associations between street connectivity and physical activity outside of school hours (N=8535)   

           

  % physically   Physical activity   Model 1*   Model 2*   Model 3* 

 active  RR (95% CI)  RR (95% CI)  RR (95% CI)  RR (95% CI) 

Street connectivity scale          

1 (high) 30.7  1.00  1.00  1.00  1.00 

2 39.8  1.29 (1.16-1.42)  1.22 (1.09-1.35)  1.25 (1.12-1.39)  1.22 (1.10-1.35) 

3 39.5  1.31 (1.18-1.44)  1.24 (1.12-1.37)  1.34 (1.15-1.53)  1.25 (1.13-1.37) 

4 (low) 38.6  1.26 (1.14-1.40)  1.20 (1.08-1.33)  1.29 (1.09-1.51)  1.21 (1.09-1.34) 

P trend     <0.0001   0.0009   0.002   0.0004 

Level 1 covariates          

Gender           

Male 43.6  1.00  1.00  1.00  1.00 

Female 31.2  0.71 (0.67-0.76)  0.73 (0.68-0.77)  0.72 (0.68-0.77)  0.73 (0.68-0.77) 

P value   <0.0001  <0.0001  <0.0001  <0.0001 

Grade          

6 35.2  1.00  1.00  1.00  1.00 

7 34.7  1.01 (0.91-1.12)  1.01 (0.91-1.12)  1.01 (0.91-1.11)  1.02 (0.91-1.12) 

8 37.2  1.07 (0.97-1.17)  1.10 (0.99-1.20)  1.08 (0.98-1.19)  1.10 (0.99-1.20) 

9 37.9  1.08 (0.97-1.19)  1.11 (1.01-1.22)  1.10 (0.99-1.21)  1.11 (1.01-1.22) 

10 39.2  1.12 (1.01-1.23)  1.16 (1.05-1.27)  1.14 (1.03-1.25)  1.16 (1.05-1.27) 

P trend   0.02  0.001  0.003  0.0008 

Family affluence scale          

low 26.4  1.00  1.00  1.00  1.00 

medium 33.0  1.21 (1.07-1.36)  1.17 (1.03-1.32)  1.17 (1.03-1.32)  1.16 (1.03-1.31) 

high 41.9  1.53 (1.37-1.69)  1.46 (1.30-1.62)  1.46 (1.31-1.63)  1.45 (1.30-1.61) 

P trend   <0.0001  <0.0001  <0.0001  <0.0001 

Perceived neighborhood safety          

low  29.7  1.00  1.00  1.00  1.00 

medium 36.7  1.21 (1.12-1.31)  1.20 (1.10-1.30)  1.20 (1.11-1.30)  1.19 (1.10-1.29) 

high 45.0  1.49 (1.37-1.61)  1.48 (1.35-1.61)  1.48 (1.36-1.61)  1.47 (1.34-1.59) 

P trend   <0.0001  <0.0001  <0.0001  <0.0001 

Perceived litter in neighborhood           

none 36.6  1.00  1.00  1.00  1.00 

some 37.7  1.04 (0.98-1.10)  1.10 (1.03-1.16)  1.10 (1.03-1.17)  1.12 (1.05-1.18) 

lots 35.7  1.01 (0.89-1.12)  1.10 (1.97-1.24)  1.10 (0.96-1.23)  1.13 (1.01-1.26) 

P trend   0.38  0.007  0.007  0.0004 

Perceived rundown houses           

none 36.7  1.00  1.00  1.00   

some 37.7  1.04 (0.96-1.11)  1.06 (0.98-1.14)  1.06 (0.98-1.15)   

lots 38.1  1.06 (0.88-1.25)  1.12 (0.92-1.33)  1.12 (0.92-1.34)   

P trend     0.27   0.07   0.07     

Level 2 covariates          

Socioeconomic status           

1 (lowest) 38.5  1.00    1.00   

2 33.8  0.85 (0.74-0.97)    0.91 (0.80-1.03)   

3 37.7  0.96 (0.85-1.08)    1.03 (0.92-1.15)   

4 33.2  0.87 (0.76-0.99)    0.92 (0.81-1.05)   

5 (highest) 40.6  1.02 (0.91-1.15)    1.02 (0.90-1.15)   

P trend   0.60    0.57   

Geographic location           

Urban inside CMA 35.7  1.00    1.00   

Urban outside CMA 37.2  1.06 (0.96-1.17)    0.97 (0.84-1.10)   

Rural  40.7  1.14 (1.02-1.26)    1.01 (0.87-1.16)   

P trend   0.02    0.87   

Parks/recreational facilities          

1 (least) 39.0  1.00    1.00   

2 38.2  0.97 (0.85-1.10)    0.99 (0.87-1.11)   

3 37.1  0.91 (0.79-1.03)    0.94 (0.82-1.06)   

4 34.9  0.89 (0.78-1.02)    1.02 (0.88-1.17)   

5 (most) 35.7  0.88 (0.77-1.00)    1.13 (0.97-1.30)   

P trend     0.03       0.23     

* Model 1 adjusts for all individual level covariates.  Model 2 adjusts for all individual and area-level covariates.  Model 3 adjusts for 

covariates that are p<0.05 in model 2 
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Table 5 - Sensitivity analysis with additional perceived neighbourhood characteristics from English speaking grade 9 and 10 students  

in Ontario (N=2922) 

        

    % physically Physical activity   Model 1*   Model 2* 

 n active RR (95% CI)  RR (95% CI)  RR (95% CI) 

Street connectivity scale        

1 (highest connectivity) 731 30.7 1.00 (referent)  1.00 (referent)  1.00 (referent) 

2 728 39.8 1.13 (0.91-1.37)  1.08 (0.88-1.30)  1.09 (0.89-1.30) 

3 725 39.5 1.24 (1.02-1.47)  1.19 (0.98-1.41)  1.19 (0.99-1.40) 

4 (lowest connectivity) 738 38.6 1.12 (0.91-1.34)  1.09 (0.89-1.30)  1.09 (0.90-1.30) 

P trend     0.20   0.27   0.24 

Additional variables**        

Vehicle traffic        

low 1111 42.0 1.00 (referent)    1.00 (referent) 

medium 925 38.7 0.93 (0.83-1.04)    0.94 (0.84-1.05) 

high 886 35.6 0.86 (0.76-0.97)    0.87 (0.76-0.98) 

P trend   0.01    0.02 

Stoplights or stop signs         

at busy intersections        

no 521 34.4 1.00 (referent)    1.00 (referent) 

yes 2401 40.0 1.15 (1.02-1.30)    1.16 (1.01-1.30) 

P value   0.03    0.03 

Bike lanes and sidewalks         

no  934 38.1 1.00 (referent)     

yes 1988 39.4 1.01 (0.91-1.12)     

P value     0.78         

* Model 1 adjusts for significant covariates from Table 4.  Model 2 adjusts for covariates in Model 1 and additional variables that are 

p<0.05 (vehicle traffic, stoplights and stop signs) 
** Additional perceived neighbourhood characteristics are drawn from a subset of the HBSC survey.    
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Figure 1 - Exclusion Flowchart for Manuscript 1 
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Figure 2 – Components of street connectivity measures 

 

 
 

Link: A street segment between two nodes; Real Node: the endpoint of a link that connects to 

other links (an intersection); Dangle Node: The endpoint of a link that has no other connections (a 
dead-end or cul-de-sac) 
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Figure 3 – Comparison between neighbourhoods in each street connectivity quartile- highest 

connectivity (1) to lowest connectivity (4) 
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Chapter 4 

Street Connectivity and its Association with Physical Activity Injuries 

Occurring in the Street in Canadian Youth 
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Abstract 

Background:  The influence of the built environment on health, including the occurrence of 

injury, is of great societal interest.  The street connectivity of youth‟s neighbourhoods, an 

important aspect of the built environment, may impact upon youth injuries occurring in street 

locations. 

Methods:  Data were available on 9,717 students from 188 schools that participated in the 2006 

Health Behaviour in School-aged Children (HBSC) survey.  Street connectivity was estimated via 

three established measures (intersection density, average block length, and connected node ratio).  

A 5km buffer around each school was used as a proxy for neighbourhood environment.  Street 

connectivity measures were abstracted from a geographic information system; a composite scale 

was then created via factor analysis methods.  Multi-level logistic regression analyses then 

focused on relations between this scale and students‟ reports of physical activity injuries 

occurring in the street. 

Results:  Students living in neighbourhoods with low street connectivity reported higher 

occurrence of physical activity injuries occurring in the street relative to students living in highly 

connected neighbourhoods (OR 1.47; 95% CI 0.94 -2.31).  This relationship was mainly 

attributable to the occurrence of bicycle injuries (52% of all physical activity injuries in the 

street).  The calculated population attributable risk suggests that 19.5% of all physical activity 

injuries occurring in the street were attributable to students living in an area with low street 

connectivity. 

Conclusion:  Canadian youth living in neighbourhoods with low street connectivity are at a 

higher risk of suffering a physical activity injuring in the street as compared to youth living in 

highly connected neighbourhoods. 
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Introduction 

Injuries are of great public health importance as they occur frequently and can cause 

substantial pain and suffering.  Injuries among Canadian children and youth account for more 

deaths than all other causes combined
1
.  Injury also results in great costs to the medical system 

and society as a whole, and is a major source of disability
2
.  The reduction of youth injuries, of all 

severity levels, can greatly improve the overall health and well-being of our society. 

To develop effective public health initiatives to prevent the occurrence of injuries to 

youth, it is essential to understand potential determinants of youth injury.  A recent focus in this 

area surrounds how features of the built environment impact upon injury
3
.  The built environment 

is comprised of aspects of the physical surroundings in which we live our daily lives.  Injury 

researchers have long recognized the importance of developing engineered safety solutions within 

built environments in order to prevent the occurrence of injury in children and youth
4
.  „Passive‟ 

injury prevention strategies involving the optimization of the built environment have become 

essential to modern injury control theory
4
.  However, despite their importance and acceptance, 

there are very few etiological studies that examine built environments as determinants of injury in 

populations of young people.  Most of the related literature remains purely descriptive in nature, 

or focuses upon adult populations. 

One aspect of the built environment that may impact youth injury is a construct called 

street connectivity.  Street connectivity refers to “the directness of links and the density of 

connections in paths or road networks”
5
.  A highly connected street network has many short links, 

numerous intersections, and few dead-ends
5
.  A poorly connected street network has longer links, 

fewer intersections, and a greater number of dead-ends and cul-de-sacs.   

Several studies in adult populations have demonstrated that measures of street 

connectivity are correlated with fatal pedestrian injuires
6-9

.  Ewing et al.
6
 examined how urban 

sprawl (a measure comprised of population density, land-use mix, centres of activity, and street 
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connectivity) impacted upon the rate of pedestrian fatalities in 448 US counties.  For every 1% 

decrease in urban sprawl (more connectivity), pedestrian fatality rates fell by 1.47-3.36%.  Two 

studies have reported that more sprawling metropolitan areas have higher rates of pedestrian 

fatalities
7,8

, yet neither measured urban sprawl explicitly.  European countries of Germany and the 

Netherlands, with cities characterized by more compact street and land-use patterns, have far 

lower rates of pedestrian fatalities
9
.  Yet no studies have examined street connectivity or street 

injuries directly, let alone in combination.  Further, no studies have examined the relationship 

between street connectivity and injury exclusively in populations of young people.   

Associations between street connectivity and injury may vary for populations of younger 

people.  These populations tend to accumulate physical activity through play, rather than active 

transportation
10

.  The incidence of child pedestrian injuries has significantly declined in recent 

years
11-13

, likely attributable to children and youth walking and cycling less, resulting in a 

substantial reduction in traffic exposure
11-13

.  This suggests that lower street connectivity may be 

related to higher injury levels in youth, as youth in these areas are more physically active outside 

of school hours, potentially increasing their traffic exposure through playing in the street
14

. 

The objective of this study was to examine the relationship between street connectivity 

and injury in a national sample of Canadian youth aged 11-15 years.  We linked individual data 

on injuries from a national survey to neighbourhood level measures of street connectivity, the 

latter measure obtained using geographical information systems (GIS).  We view this study as 

important, as: (1) the relationship between street connectivity and injury has received limited 

attention; (2) the etiology of youth street injuries likely varies from adults, and youth injuries 

have not been studied in relation to street connectivity; (3) interventions surrounding alterations 

of the built environment require a substantial evidence base.  This study may provide novel 

information that informs the content of such interventions. 
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Methods 

Data Sources 

 Individual-level data on injuries and potential covariates were obtained from the 2006 

Canadian Health Behaviour in School-aged Children Survey (HBSC)
15

.  The HBSC survey is a 

cross-national survey conducted in affiliation with the World Health Organization.  The 2006 

Canadian HBSC survey includes information on health behaviours, health outcomes, and 

contextual determinants of health among students in grades 6-10 (approximate ages of 11-15 

years) from publicly funded schools sampled from all Canadian provinces and territories.  A 

systematic single stage cluster sample, following guidelines in the international HBSC protocol, 

was used to identify the sampling unit of classes
15

.  The sample excluded students enrolled in 

private schools, special needs schools, those who were home-schooled, as well as students that 

were absent on the day of the survey (~9% of this population)
16

.  Ethics approval was granted by 

the General Research Ethics Board of Queen‟s University. Consent was provided by individual 

schools and their school boards, parents/guardians, and the student participants.  Participation was 

voluntary.  Additional details regarding HBSC survey methodology is available in Appendix A 

 The original 2006 HBSC sample contained 9,672 students from 186 schools (Figure 1).  

Of these, 6 schools were excluded due to record linkage errors associated with school 

identification numbers.  An additional 93 students were missing data on the main injury outcome 

of interest and were subsequently deleted.  This left 9,021 students (93.3%) from 180 schools 

(96.8%) available for analysis.  

Key exposure: street connectivity 

 The CanMap Streetfiles (DMTI Spatial Inc., version 2008.3) geographic information 

system (GIS) database was used to collect area-level measures of street connectivity.  The latter 

contains a precision built street map with accurate geospatial data on a wide array of geographical 

indicators
17

.  Using school addresses obtained through the HBSC survey, individual-level student 
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data were linked with the area-level data on street networks obtained from the CanMap Streetfiles 

database.  Additional details on the collection of street connectivity data via GIS can be found in 

Appendix C. 

Components of connectivity measures are illustrated in Figure 2.  Three standard street 

connectivity measures were obtained: intersection density, average block length, and connected 

node ratio
5
.  Intersection density is defined as the “number of intersections per unit of area”

5
, and 

is calculated by dividing the number of real nodes by the total land area.  A higher number 

indicates more intersections and higher street connectivity.  Average block length is the mean 

length of blocks in the area, and is calculated by dividing the sum of the link length per unit area 

by the number of nodes per unit of area.  Shorter blocks mean more intersections, and a greater 

number of routes available, showing higher street connectivity.  The connected node ratio is the 

number of street intersections divided by the number of intersections plus cul-de-sacs
5
, and is 

calculated by dividing the number of real nodes by the total number of nodes.  The maximum 

value for this variable is 1, with higher numbers indicating that there are few cul-de-sacs and dead 

ends and higher connectivity. 

 The street connectivity measures were estimated for each of the participating HBSC 

schools using ArcGIS software (ESRI, version 9.3) and CanMap Streetfiles.  Each school was 

identified on the CanMap Streetfiles map.  A 5 km circular buffer was applied around each 

school; this buffer was considered as a proxy for the residential neighbourhood for youth 

attending that school.  A network layer of intersection nodes was created and added to the 5 km 

buffer map of each school, and erroneous nodes were deleted.  Each of the three connectivity 

measures was then calculated for each school.  The 5 km buffer has been applied successfully in 

previous HBSC studies, and is considered reliable for social constructs
18-21

.  Further, a previous 

sensitivity analysis demonstrated that there were no differences between area-level SES measures 

calculated using a 1 km buffer versus a 5 km buffer around HBSC schools
19

. 
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A composite street connectivity scale was developed based on the 3 individual street 

connectivity measures in order to avoid multicolinearity in the regression model building process.  

Each of the 186 schools was ranked on each of the three connectivity measures.  Principal 

component factor analysis suggested strong agreement between the three ranked variables; factor 

loadings were 0.96, 0.95, and 0.73 for the intersection density, average block length, and 

connected node ratio variables, respectively (Cronbach‟s alpha= 0.86).  These ranked variables 

were combined with equal weight to create the composite measure, which was initially divided 

into quartiles.  However, as the percentage of injuries of interest were quite similar in quartiles 1 

and 2 (2.33% and 2.29% respectively) and also 3 and 4 (2.64% and 2.60% respectively), the 

schools were next divided into “low” (quartiles 1-2) and “high” (quintiles 3-4) street connectivity 

halves.   

Outcome: physical activity injuries occurring in the street 

 The main outcome was physical activity injuries that occurred in the street.  The HBSC 

survey captured the child‟s one most serious injury that was medically treated and occurred in the 

12 months preceding the survey.  The students were asked “during the past 12 months, how many 

times were you injured and had to be treated by a doctor or nurse?” (Appendix B).  Those 

students who identified themselves as having at least one medically treated injury within the past 

12 months then answered a series of supplemental questions.  The students were asked “where 

were you when this one most serious injury happened?”.  Youth who responded as being injured 

“in the street/road/parking lot” were identified.  Another question asked the injured students 

“what were you doing when this one most serious injury happened?”.  Responses that were likely 

to be influenced by street connectivity involved physical activities, and included biking/cycling, 

playing sports/recreational activity, roller blading/skateboarding, and walking/running.  Youth 

who responded as being injured “in the street/road/parking lot” in the first question, and who also 

responded as being injured during a physical activity in the subsequent question, were categorized 

as having a physical activity injury occurring in the street.  Injury severity was assessed via 
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students yes/no response to the question, “did this one most serious injury need medical 

treatment such as the placement of a cast, stitches, surgery, or staying in the hospital 

overnight?”.  Severity was also measured based on the number of days that students reported 

missing from school or other usual activities such as sports or lessons. 

Potential covariates 

 Variables considered a priori as potential covariates at the individual-level were gender, 

grade, family socioeconomic status (SES), perceived neighbourhood safety, and perceived 

neighbourhood aesthetics.  Area-level potential covariates were neighbourhood-level SES, 

geographic location, and the number of parks and recreational facilities in the neighbourhood.  

Potential covariates were selected based on their demonstrated association with youth injuries 

occurring in the street 
22-24

 or a hypothesized relationship with both street connectivity and injury.  

Physical activity is expected to be on the causal pathway between street connectivity and physical 

activity injuries occurring in the street, and hence was excluded as a potential confounder.  

 Gender and grade were self-reported by students.  Family SES was gathered from the 

HBSC using the previously developed and validated Family Affluence Scale (FAS), which is 

comprised of four equally weighted items: vehicle ownership by family, having a bedroom for 

yourself, family vacations during past year, and computer ownership
15

.  To measure perceived 

neighbourhood safety, student responses to three questions were used: “I feel safe in the area 

where I live” (always, most of the time, sometimes, rarely or never), “do you think that the area 

in which you live is a good place to live?” (it‟s really good, it‟s good, it‟s ok, it‟s not very good/ 

it‟s not good at all), and “it is safe for younger children to play outside during the day?” (strongly 

agree, agree, neither agree nor disagree, disagree/strongly disagree).  Based on past factor 

analyses, these were combined into a score with equal weight, and subsequently divided into 

quintiles
20

.  Perceived neighbourhood aesthetics were collected via students‟ answers to questions 

regarding how much litter, broken glass and garbage was present in their neighbourhood (none, 
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some, lots) and to what extent there were run-down  houses and buildings in their neighbourhood 

(none, some, lots). 

 Area-level estimates of SES were obtained from the 2001 Canadian Census of Population 

using PCensus software
16

.  This was estimated by combining ranked scores for median household 

income, employment rate and the percent of the population with greater than high school 

education
16

; schools were subsequently divided into quintiles. Geographic location was obtained 

from Statistics Canada‟s Census Metropolitan Area data
16

.  Schools were divided into 3 groups: 

urban schools inside metropolitan areas, urban schools outside metropolitan areas, and rural 

schools
20,25

.  The number of parks, trails, and recreational facilities were counted within the 5 km 

buffer around each school using CanMap Streetfiles
20

.  A composite scale that considered the 

overall neighbourhood recreational environment was constructed by combining scores for each of 

the parks/facilities
20

; schools were subsequently divided into quintiles. 

Statistical analyses 

Statistical analyses were performed in SAS version 9.2 (SAS Inc., Carry, NC).  

Distributions of key variables were characterized using conventional descriptive statistics.  

Bivariate multilevel models were fit to describe the relationship between measures of street 

connectivity and physical activity injuries occurring in the street.  We then developed a 

hierarchical series of models, following a systematic approach: (1) Model 1 controlled for all 

individual-level (level 1) covariates; (2) Model 2 controlled for all individual-level and 

neighbourhood-level (level 2) covariates; (3) Model 3 was fit using all level 1 and level 2 

covariates, and eliminating variables via backwards elimination selection.  Variables were 

removed from the model in descending order of their significance in the model.  Variables whose 

removal from the model caused a >10% change in the street connectivity effect estimate were 

retained.  Model 3 therefore considered the street connectivity scale, as well as one covariate that 

significantly contributed in the final model (parks/recreational facilities).  Since the outcome of 
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physical activity injuries in the street is relatively uncommon (<10%), odds ratios obtained from 

the regression models can be interpreted as relative risks. 

The SAS GLIMMIX procedure was used to fit generalized linear models with a binomial 

distribution and a logit link, in order to account for the clustered and hierarchical nature of the 

data.  All multilevel logistic regression models used a Newton-Raphson with ridging technique to 

aid convergence
26

.  Cross-level interactions between street connectivity, gender, and grade were 

suspected a priori.  However, upon conducting likelihood ratio tests for interaction, no 

statistically significant interactions were identified. 

 Population attributable risk (PAR) was calculated to estimate the proportion of physical 

activity injuries occurring in the street attributable to living in an area with lower street 

connectivity.   The PAR was calculated based on the results of Model 3 using the following 

equation
27

, PAR = Pe(OR-1)/1+Pe(OR-1), where Pe is the proportion of youth living in an area 

with low connectivity, and OR is the odds ratio of suffering a street injury in a low connectivity 

neighbourhood versus a high connectivity neighbourhood.  

 Multivariate models were also created using the specific physical activity injury 

outcomes: biking/cycling, playing sports/recreational activity, roller blading/skateboarding, and 

walking/running.  For consistency, covariates from the main multivariate model (Model 3) were 

employed as covariates in these models as well. 

A sensitivity analysis was conducted within a subset of grade 9-10 English speaking 

students from the province of Ontario who reported additional variables describing perceived 

neighbourhood characteristics.  In this analysis, we determined whether each of vehicle traffic, 

stoplights/stop signs, and bicycle lanes/sidewalks (only available in the Ontario subset) 

potentially mediated the relationship between street connectivity and physical activity injuries 

occurring in the street. 
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Results 

Distributions of participants according to individual-level characteristics are shown by 

level of street connectivity in Table 1.  Statistically significant differences in street connectivity 

were observed according to grade, family affluence, neighbourhood safety, amounts of litter in 

neighbourhoods, and housing conditions in the neighbourhoods.  For example, 58.5% students 

with low family affluence resided in a neighbourhood with high street connectivity, while only 

48.1% of students with a high family affluence resided in a neighbourhood with high street 

connectivity.  The number of parks and recreational facilities was significantly (p<0.0001) 

associated with street connectivity; neighbourhoods with the highest number of parks and 

facilities all had high street connectivity scores.  Conversely, all neighbourhoods in rural 

geographic locations had low street connectivity scores. 

A description of physical activity injuries occurring in the street is presented by gender 

and grade in Table 2.  Overall, only 2.5% of students reported having at least one medically 

treated physical activity injury that occurred in the street and the majority of these injuries 

(52.0%) occurred while bicycling.   Most (80.6%) of the reported injuries did not require medical 

treatment such as stitches, a cast, or surgery.  Most injured students (80.7%) did not report 

missing any days of school or other regular activities due to their injury. 

  Table 3 presents bivariate relationships between the street connectivity measures and 

physical activity injuries occurring in the street.  All three connectivity measures, as well as the 

composite street connectivity scale, were associated with physical activity injuries in a consistent 

fashion, where a greater percentage of students in neighbourhoods with lower street connectivity 

were injured in the street while participating in a physical activity.  However, none of these 

associations were statistically significant (p>0.2), and the odds ratios were moderate, ranging 

from 1.11 to 1.20. 
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Table 4 presents each covariate‟s bivariate association with physical activity injuries 

occurring in the street, as well as the results of the multivariate model building process.  Street 

connectivity was not significantly associated with physical activity injuries occurring in the street, 

either bivariately (p=0.31) or in the final model (p=0.09).  However, the results of the final model 

suggest that students living in neighbourhoods with low street connectivity have higher street 

injury risks than students living in neighbourhoods with high street connectivity (OR 1.47; 95% 

confidence interval (CI) 0.94 -2.31).  Unexpectedly, grade was not a significant effect modifier of 

the relationship between street connectivity and injury in the Canadian sample.  The population 

attributable risk calculation suggested that 19.5% of the street injuries reported in the study 

sample were attributable to living in neighbourhoods with low connectivity. 

Multivariate associations between street connectivity and the activity in which the student 

was participating at the time of their street injury are shown in Table 5.  Compared to students in 

neighbourhoods with high street connectivity, those in neighbourhoods with low connectivity 

were significantly (p=0.006) more likely to report a bicycling related injury that occurred in the 

street (OR 2.33; 95% CI 1.28-4.25).  

Table 6 presents a sensitivity analysis conducted within a subset of the HBSC survey.  

This analysis was limited to data from 2945 English speaking grade 9 and 10 students from 

Ontario, as this population provided additional data on vehicle traffic, stoplights/stop signs, and 

bike lanes/sidewalks.  None of these variables were statistically significant in the multivariate 

model, and adjustment for these measures in the model did not meaningfully (>10%) alter the 

effect estimates calculated for street connectivity.  Students who reported living in an area with 

bicycle lanes and sidewalks were more likely to report a street injury than students in 

neighbourhoods without those features (OR 1.89; 95% CI 0.96-3.67).  Further, Model 1 suggests 

that the relation between street connectivity and physical activity injuries in the street is stronger 

in Ontarian students (OR 2.35; 95% CI 1.02-5.34) than in the full Canadian sample (OR 1.47; 

95% CI 0.94 -2.31).   
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Discussion 

 Youth living in neighbourhoods with lower street connectivity reported higher relative 

odds of physical activity injuries occurring in the street than their peers from more connected 

neighbourhoods.  The calculated population attributable risk suggests that 19.5% of all physical 

activity injuries occurring in the street were attributable to students living in an area with low 

street connectivity.  When applied to the Canadian youth population as a whole, approximately 

0.5% (19.5% of the 2.5% who were injured in the street) of the sample were injured subsequent to 

a low street connectivity.  Further, as the majority (~81%) of the injuries reported did not require 

medical treatment or result in missed activities, the overall impact of low street connectivity on 

injury morbidity appears to be quite small.   

The relationship between street connectivity and physical activity injury occurring in the 

street appears to be driven by injuries sustained while bicycling.  None of the other specific 

activities that students were engaged in at the time of their injury (sports/recreational activity, 

roller blading/skateboarding, walking/running) were associated with street connectivity.  The 

observed relationship between street connectivity and bicycle injuries makes sense conceptually, 

as youth in neighbourhoods that are less connected are more physically active
14

, which could lead 

to more exposure to bicycling and potential to suffer a related injury.  Thus, it is possible that the 

increase in bicycle injuries may simply be attributable to higher rates of bicycling in less 

connected neighbourhoods.   According to Canadian data gathered in children under the age of 

12, the percentage of children who are regular bicycle riders is 65% in rural areas and 60% in 

urban areas
28

; further, rural areas are more likely to have lower connectivity, while urban areas 

are more likely to have higher connectivity (Table 1).  While this does not represent a glaring 

difference, if bicycle usage data were available based on street connectivity levels, this suggests 

the disparity may be even greater.   
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The physical activity street injuries captured by the survey were generally not severe 

injuries.  Of these injuries, 80.7% did not cause the student to miss any days of school or other 

regular activities and only 7.2% resulted in the student missing 4 or more days of regular 

activities.  This implies that these injuries generally did not involve being struck by vehicles (i.e., 

pedestrian injuries), as injuries of that nature would likely be more severe.  Indeed, past studies 

indicate that the majority (>80%) of youth bicycle injuries do not involve a collision with a motor 

vehicle
29-31

.  Studies that have examined various measures of street connectivity in adult 

populations have focused on pedestrian fatalities as the outcome of interest, and report that adults 

in more connected areas suffer higher rates of pedestrian fatalities
6-8

.  Our findings suggest that 

pedestrian injuries do not predominate in youth, and that the mechanisms explaining the 

association between street connectivity and injury are likely different in young people and adults.  

While adults are at risk of being struck by vehicles, youth are likely being injured simply through 

the course of their play.  This hypothesis is supported by results of the sensitivity analysis (Table 

6), where vehicle traffic did not appreciably alter the street connectivity effect estimate, and thus 

was not a mediator in the relationship between street connectivity and physical activity street 

injuries. 

The sensitivity analysis also demonstrated a significantly stronger effect among youth 

living in neighbourhoods with low connectivity in the grade 9-10 Ontario sample (OR 2.35; 95% 

CI 1.02-5.34) versus the grade 6-10 Canadian sample (OR 1.47; 95% CI 0.94 -2.31).  Grade was 

not a significant effect modifier of the relationship between street connectivity and injury in the 

Canadian sample, and an age effect does therefore not appear to explain the difference between 

the Ontario and Canadian samples.  Looking at physical activity street injury rates in Ontario 

(high connectivity: 1.50%; low connectivity 2.56%) versus Canada (high: 2.31%; low: 2.62%) 

reveals that the main disparity between these samples lies in high connectivity neighbourhoods.  

Thus, despite the higher odds ratio estimate, youth in Ontario living in neighbourhoods with a 

low connectivity have comparable injury rates to youth in Canada as a whole living in 
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neighbourhoods with a low connectivity (2.56% vs. 2.62%).  Possible reasons for the lower levels 

of injury in high connectivity neighbourhoods in Ontario include lower bicycling rates, and 

improved street safety through better maintenance and traffic calming measures.  

The presence of parks and recreational facilities strongly influenced the relationship 

between street connectivity and physical activity injuries occurring in the street.  As the number 

of parks and recreational facilities in a neighbourhood increased, the risk of having a physical 

activity injury in the street increased.  This may have been in part due to youth living in 

neighbourhoods with a high connectivity bicycling more to and from parks and recreational 

facilities, resulting in higher risk of injury through increased bicycle usage.   

Limitations of this study merit consideration.  First, the cross-sectional nature of the 

HBSC data makes this research limited in its ability to determine the temporality of any observed 

relationship.  It is therefore not possible to conclusively say that low street connectivity causes 

physical activity street injuries, only that they are more likely to occur in areas with lower 

connectivity.  Second, there is potential for area-level associations to be residually confounded by 

variables not captured in this research.  An example of this is ethnicity, which has been shown to 

affect youth injury levels
22,24

.  Another unaccounted variable is cycling rates.  If the relationship 

between street connectivity and bicycling injuries is truly a reflection of cycling rates, then this 

key mechanism to explain the association is not being accounted for in the analysis.  Third, there 

may have been incompleteness in the collection of the injury data, as students who suffered a 

severe injury would be more likely to miss school, and thus be absent on the day of the survey.  

Fourth, there is the possibility of misclassification on the basis of exposure.  Since this research 

used a 5 km radius around the schools as a proxy for home neighbourhoods, this would have 

resulted in area-level characteristics being improperly ascribed to those students who did not live 

within this radius.  As no standard method exists for the measurement of neighbourhood 

environments, it was unclear what type of buffer should be used (radial versus street network 

buffers)
32

 and what radial distance around schools would be appropriate as a proxy to capture the 
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students‟ home neighbourhood environment.  It would be ideal to use a smaller buffer around 

students‟ homes; however, the 2006 HBSC did not collect the necessary personal information on 

student addresses to conduct such an analysis. 

The presence of higher levels of street injuries in neighbourhoods with low connectivity 

is of relevance to public health, and provides an opportunity for intervention.  The relatively low 

severity of the reported injuries indicates that they were not motor vehicle collisions.  As such, it 

may be more prudent to focus on encouraging safe play, rather than advocating a change in 

neighbourhood design.  For example, if the increase in bicycling injuries in low connectivity 

neighbourhoods is largely attributable simply to the frequency of bicycle use, then a logical 

intervention would be to increase the safety of both the rider and bicycle itself
33

.  The continued 

focus and improvement of safe play and bicycling initiatives may be the most practical and cost-

effective method to reduce youth physical activity injuries occurring in the street.  Our results 

suggest that, given the higher injury rates, there may be some merit to have more frequent and/or 

comprehensive interventions of this nature in neighbourhoods with a lower street connectivity.  

With regards to built environment interventions, increased safety of neighbourhoods, through 

alterations such as improved street maintenance and segregated bicycle lanes/paths
34

, has the 

potential to decrease youth street injuries as well.  While these interventions would be more 

costly to implement, they may ultimately be more effective in altering youth behaviour
35

. 

 

Conclusion 

 Student data regarding physical activity injuries occurring in the street were gathered 

from the 2006 HBSC survey and examined in association with GIS measures of neighbourhood 

street connectivity.  Youth living in neighbourhoods with lower street connectivity were more 

likely to suffer an injury while playing in the street.  This relationship was largely driven by 

bicycling injuries, which accounted for 52% of the physical activity injuries that occurred in the 
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street.    The continued development and improvement of play and bicycle safety initiatives may 

be the most cost-effective way to reduce the occurrence of youth injuries suffered while playing 

in the street. 
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Table 1 - Descriptive characteristics of the student sample and neighbourhood environment by street connectivity scale (N=9021)  

      

Level 1 variables Street Connectivity Scale    

 high low  

 (n=4370) (n=4651)  

 n % n % p value 

Gender      0.89 

Male 2077 48.5 2204 51.5  

Female 2292 48.4 2447 51.6  

Grade     0.004 

6-8 2426 47.1 2722 52.9  

9-10 1944 50.2 1929 49.8  

Family affluence scale     0.001 

Low 465 58.5 330 41.5  

Medium 1617 47.0 1826 53.0  

High 2141 48.1 2309 51.9  

Perceived neighbourhood safety      <0.0001 

Low 971 52.7 873 47.3  

Medium 2427 48.4 2591 51.6  

High 791 44.9 969 55.1  

Perceived litter in neighbourhood      <0.0001 

None 2381 51.1 2282 48.9  

Some 1609 46.0 1888 54.0  

Lots 264 42.4 358 57.6  

Perceived rundown houses     <0.0001 

None 3517 51.5 3311 48.5  

Some 643 37.4 1078 62.6  

Lots 91 40.6 133 59.4   

Level 2 variables      

Socioeconomic status      <0.0001 

1 (lowest) 240 14.2 1448 85.8  

2 945 52.3 863 47.7  

3 928 49.6 944 50.4  

4 1083 69.5 475 30.5  

5 (highest) 1174 56.0 921 44.0  

Geographic location      <0.0001 

Urban inside CMA 4224 75.8 1348 24.2  

Urban outside CMA 126 6.9 1701 93.1  

Rural  0 0.0 1557 100.0  

Number of parks and recreational facilities      <0.0001 

1 (least) 147 8.0 1696 92.0  

2 172 11.2 1362 88.8  

3 571 28.7 1416 71.3  

4 1605 90.1 177 9.9  

5 (most) 1875 100.0 0 0.0   
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Table 2 - Description of physical activity injuries occurring in the street by gender and grade (N=9021)    

               

  Total   Gender  Grade 

    Male Female  6-8 9-10 

 n %  n % n %  n % n % 

Physical activity injuries occurring             

in the street             

None 8729 97.5  4164 47.3 4633 52.7  5006 56.9 3792 43.1 

at least one 223 2.5  117 52.5 106 47.5  142 63.7 81 36.3 

Activity at time of injury in the street             

biking/cycling 116 52.0  69 59.5 47 40.5  74 63.8 42 36.2 

playing sports/recreational activity 21 9.4  7 33.3 14 66.7  14 66.7 7 33.3 

roller blading or skateboarding 49 22.0  23 46.9 26 53.1  33 67.4 16 32.7 

walking or running 37 16.6  18 48.7 19 51.4  21 56.8 16 43.2 

Required medical treatment (i.e. cast,              

stitches, surgery, hospital stay)             

yes 43 19.4  26 60.5 17 39.5  29 67.4 14 9.3 

no 179 80.6  90 50.3 89 49.7  112 62.6 67 37.4 

Days of activity missed (including school)             

none 180 80.7  91 50.6 89 49.4  114 63.3 66 36.7 

1 9 4.0  5 55.6 4 44.4  6 66.7 3 33.3 

2 11 4.9  8 72.7 3 27.3  7 63.6 4 36.4 

3 7 3.1  5 71.4 2 28.6  4 57.1 3 42.9 

4+ 16 7.2   8 50.0 8 50.0   11 68.8 5 31.2 
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Table 3 - Bivariate relationship between street connectivity measures and physical activity injuries 

occurring in the street (N=9021) 

        

 n % injured OR (95% CI) 

Street connectivity scale    

high 4370 2.31 1.00 

low 4651 2.62 1.17 (0.87-1.57) 

P value     0.31 

Connected node ratio     

high 4576 2.36 1.00 

low 4445 2.59 1.11 (0.83-1.49) 

P value   0.49 

Intersection density     

high 4526 2.28 1.00 

low 4495 2.67 1.20 (0.89-1.61) 

P value   0.23 

Average block length     

high 4524 2.37 1.00 

low 4497 2.58 1.12 (0.83-1.50) 

P value     0.47 

OR (95% CI) = odds ratio (95% confidence interval)  
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Table 4 - Multivariate analysis: associations between street connectivity and physical activity injuries occurring in the street (N=9021) 

         

  Injuries   Model 1*   Model 2*   Model 3* 

 OR (95% CI)  OR (95% CI)  OR (95% CI)  OR (95% CI) 

Street connectivity scale        

high 1.00  1.00  1.00  1.00 

low 1.17 (0.87-1.57)  1.26 (0.93-1.72)  1.78 (1.09-2.92)  1.47 (0.94-2.31) 

P value 0.31   0.13   0.02   0.09 

Level 1 covariates        

Female
A
 0.82 (0.63-1.07)  0.82 (0.62-1.09)  0.82 (0.62-1.09)   

P value 0.14  0.17  0.18   

Grade 9-10
A
 0.76 (0.57-1.01)  0.80 (0.59-1.08)  0.81 (0.59-1.10)   

P value 0.06  0.15  0.17   

Family affluence scale
B
 1.00 (0.81-1.24)  1.02 (0.82-1.27)  1.02 (0.82-1.27)   

P value 0.97  0.88  0.86   

Perceived neighbourhood safety
B
 1.03 (0.83-1.28)  0.99 (0.78-1.24)  1.00 (0.79-1.26)   

P value 0.77  0.92  0.98   

Perceived litter in neighbourhood
B
 0.99 (0.80-1.23)  0.98 (0.76-1.26)  0.98 (0.76-1.26)   

P value 0.92  0.88  0.88   

Perceived rundown houses
B
 0.91 (0.68-1.22)  0.91 (0.65-1.26)  0.90 (0.65-1.26)   

P value 0.53   0.57   0.55     

Level 2 covariates        

Socioeconomic status
B
 0.98 (0.88-1.09)    0.97 (0.87-1.09)   

P value 0.71    0.65   

Geographic location
B
 1.02 (0.84-1.23)    0.90 (0.69-1.17)   

P value 0.86    0.43   

Parks/recreational facilities
B
 1.01 (0.91-1.12)    1.12 (0.95-1.33)  1.12 (0.95-1.31) 

P value 0.88       0.18   0.17 

* Model 1 adjusts for all individual level covariates.  Model 2 adjusts for all individual and area-level covariates.  Model 3 adjusts 

for covariates explaining >10% of the street connectivity effect estimate     

A - Dichotomous variable; B - Categorical variable       
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Table 5 - Multivariate associations* between street connectivity and activity at time of injury in the street (N=9021)    

                        

 Biking/cycling (n=116)  Sports/recreational activity (n=21)  Roller blading/skateboarding (n=49)  Walking/running (n=37) 

 % injured OR (95% CI)  % injured OR (95% CI)  % injured OR (95% CI)  % injured OR (95% CI) 

Street connectivity scale            

high 1.01 1.00  0.21 1.00  0.66 1.00  0.43 1.00 

low 1.55 2.33 (1.28-4.25)  0.26 0.80 (0.24-2.74)  0.43 0.72 (0.31-1.68)  0.39 1.31 (0.46-3.75) 

P value   0.006     0.73     0.44     0.62 

* Adjusted for covariates explaining >10% of the street connectivity effect estimate from Table 5        
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Table 6 - Sensitivity analysis with additional perceived neighbourhood characteristics from English speaking grade 9 and 10 students  

in Ontario (N=2945) 

        

        

    Injuries   Model 1*   Model 2* 

 n % injured OR (95% CI)  OR (95% CI)  OR (95% CI) 

Street connectivity scale        

high 1462 1.50 1.00  1.00  1.00 

low 1483 2.56 1.74 (0.97-3.14)  2.34 (1.02-5.34)  2.41 (1.06-5.49) 

P value     0.06   0.04   0.04 

Additional variables**        

Vehicle traffic        

low 1127 1.69 1.00    1.00 

medium 925 2.38 1.43 (0.77-2.66)    1.42 (0.76-2.66) 

high 893 2.13 1.25 (0.66-2.38)    1.22 (0.64-2.34) 

P trend   0.48    0.53 

Stoplights or stop signs         

at busy intersections        

no 538 1.49 1.00    1.00 

yes 2407 2.16 1.43 (0.67-3.05)    1.12 (0.50-2.49) 

P value   0.35    0.78 

Bike lanes and sidewalks         

no  947 1.27 1.00    1.00 

yes 1998 2.40 1.92 (1.01-3.65)    1.89 (0.96-3.67) 

P value     0.05       0.07 

* Model 1 adjusts for covariates explaining >10% of the street connectivity effect estimate from Table 5.  Model 2 adjusts for  

covariates in Model 1 and additional perceived neighbourhood variables     

** Additional perceived neighbourhood characteristics are drawn from a subset of the HBSC survey.    
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Figure 1 - Exclusion Flowchart for Manuscript 2 
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Figure 2 – Components of street connectivity measures 

 

 
 

Link: A street segment between two nodes; Real Node: the endpoint of a link that connects to 

other links (an intersection); Dangle Node: The endpoint of a link that has no other connections (a 
dead-end or cul-de-sac) 
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Figure 3 – Comparison between neighbourhoods with high connectivity (1) versus low 

connectivity (2) 

 

1.                                                       2. 
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Chapter 5 

General Discussion 

5.1 Summary of Key Findings 

 The purpose of this thesis was to investigate the relationship between street connectivity 

and both physical activity then physical activity injuries occurring in the street among Canadian 

youth in grades 6 to 10.   

The key finding of the first manuscript is that youth living in neighbourhoods with the 

highest street connectivity reported significantly lower levels of physical activity outside of 

school hours than youth in all other neighbourhoods.  The relationship between street 

connectivity and physical activity in youth appears to be different than in adult populations, who 

accumulate more physical activity in neighbourhoods with high street connectivity
1-4

.  

Speculatively, the new urbanist movement to create more connected neighbourhoods
5
, with the 

goal of increasing active transportation, may in fact have a negative effect on the physical activity 

patterns of our youth. 

 Results from the second manuscript revealed that youth living in neighbourhoods with 

low street connectivity reported higher occurrence of physical activity injuries occurring in the 

street relative to youth living in highly connected neighbourhoods.  This relationship was mainly 

attributable to the occurrence of bicycle injuries.  When applied to the Canadian youth population 

as a whole, only a small percentage of youth reported an injury in association with a low street 

connectivity, and the majority of the injuries were not severe.  Thus, the overall impact of low 

street connectivity on injury morbidity in young people appears to be small.   
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5.2 Internal Validity 

Three common threats to the internal validity of research include selection bias, 

information bias, and confounding.  Selection bias occurs when participants are selected in a 

manner that influences the focal relationship of interest.  Students not included in the survey may 

have differed with respect to the two main relationships explored.  For example, students who 

suffered a severe injury would be more likely to miss school, and thus be absent on the day of the 

survey.  Students who suffer a severe injury would be more likely to be excluded from the survey 

due to their injury, and the survey population would therefore be comprised of injuries that are 

less severe in nature.  If street connectivity truly has a differential effect on more serious injury, 

then the exclusion of severe injuries could result in a weaker association between street 

connectivity and injury.  The results described in our manuscript would therefore be biased 

towards the null, potentially masking a true relationship. 

 Information bias is another key issue to consider in the interpretation of this study.  Both 

manuscripts used self-reported survey data, which is subject to errors in recall, and also potential 

recall bias.  Youth physical activity levels are known to be overestimated due to social 

desirability
6
, and injuries may be underreported for the same reason.  It is unlikely that these 

errors in recall differ according to levels of connectivity, leading to non-differential 

misclassification of participants and ultimately potential bias towards the null. 

 While several potentially important confounders were examined, there is potential for 

area-level associations to be residually confounded by variables not captured in our data 

collection efforts.  Ethnicity has been shown to affect both youth physical activity
7
 and injury 

rates
8
, and not accounting for this variable in the analyses may have resulted in residual 

confounding.  Another potentially important variable that was not captured is seasonality (or 
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weather), which may affect both physical activity and injury outcomes, and could potentially vary 

by street connectivity levels.  Additionally, the first manuscript lacked data regarding parental 

influences on physical activity, and the second manuscript was missing information pertaining to 

exposure to cycling.  Both of these variables may have been important predictors of their 

respective outcomes of interest, yet neither was collected by the HBSC study.  If any of these 

variables are in fact confounders of the relationships explored in these analyses, their omission 

from the analysis may have resulted in overestimates in the magnitude of the observed 

relationships. 

There is the possibility of misclassification on the basis of exposure.  Since this research 

used a 5 km radius around the schools as a proxy for home neighbourhoods, this may have 

resulted in area-level characteristics being ascribed to students who in fact do not live within this 

radius.  This may have resulted in the street connectivity of youth who live closer to school being 

captured more accurately.  If physical activity or injury levels vary between those students 

accurately captured by the 5 km buffer and those students that were misclassified on the basis of 

exposure, effect estimates may be biased.  As no standard method exists for the measurement of 

neighbourhood environments, it was unclear what type of buffer should be used (radial versus 

street network buffers) and what radial distance around schools would be appropriate as a proxy 

to capture the students‟ home neighbourhood environment.  It would be ideal to use a smaller 

buffer around students‟ homes; however, the 2006 HBSC did not collect the necessary personal 

information on student addresses in 2006, as it was an anonymous survey. 

5.3 External Validity 

Threats to the internal validity of this study outlined above were generally minor, and it is 

therefore fair to consider the external validity of the findings as a strength of this research.  This 

analysis takes advantage of a large, nationally-representative sample of Canadian youth.  The 
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HBSC survey is generally assumed to be largely representative of Canadian children and youth in 

the preadolescent and adolescent years
9
.  Canadian youth physical activity and injury rates, and 

potentially neighbourhood design, may be similar across North America, further enhancing this 

study‟s generalizability.  Past research has been conducted largely in small geographic areas, 

mostly in larger urban centres
10,11

, hampering the ability to extend findings to a broader context. 

 

5.4 Causation  

Determination of potential cause and effect relationships represents the goal of most 

epidemiological research projects.  Standard criteria for causation include temporality, 

consistency, biological plausibility, dose-response, and the strength and statistical significance of 

observed relationships.   

Temporality of relationships is one of the central postulates of causation.  The cross-

sectional nature of the HBSC data makes this research limited in its ability to determine the 

temporality of any observed relationship.  It is therefore not possible to conclusively say that low 

street connectivity causes adolescent physical activity or injury, only that they are more likely to 

occur in areas with lower connectivity.  However, as a youth‟s physical activity or injury status is 

unlikely to be a key determinant of where their family chooses to live, the temporal sequence is 

unlikely to be effected by the cross-sectional nature of the data obtained.   

A lack of consensus with regards to the relationship between street connectivity and 

youth physical activity in the literature makes it difficult to demonstrate consistency.  The 

relationship between street connectivity and youth injury has not been previously examined; 

however, results within our own analysis appeared to be consistent by injury subtypes. 



 

91 

With respect to biological plausibility, both studies were theoretically based and designed 

from a biological and conceptual framework.  The results fit into a larger body of research on 

street connectivity that demonstrates that there is are significant relationships with physical 

activity and injury.   

No dose-response relationships were identified in these analyses.  However, in the first 

manuscript, a threshold effect was observed, where youth in neighbourhoods with the lowest 

street connectivity reported lower levels of physical activity compared to their peers.  In the 

second manuscript, street connectivity was divided into high vs. low groups, so a dose-response 

relationship could not be identified. 

Strength and statistical significance were determined by testing the focal relationships of 

interest using multi-level logistic regression techniques.  In both manuscripts, moderately strong 

and statistically significant relationships were observed. 

5.5 Strengths of the Thesis 

 This thesis is unique in its consideration of the Canadian environment.  While several 

studies in this field that focus on populations of youth have been conducted in the United 

States
10,12

 and across the globe
13,14

, no studies relating to street connectivity and either youth 

physical activity or injury have been conducted in Canada.   

 Manuscript 1 is one of few existing studies to examine the relationship between street 

connectivity and physical activity in youth.  The majority of the existing literature has studied 

adult populations.  As the association between street connectivity and physical activity appears to 

be quite different in adult populations, studies examining this relationship in youth are extremely 

important.   
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To my knowledge, Manuscript 2 is the first study to examine the relationship between 

street connectivity and physical activity injuries occurring in the street.  It is also the first study to 

directly examine street connectivity as a determinant of injury in populations of young people. 

 The use of multi-level modeling to explore associations was a methodological strength of 

this thesis.  This method accounts for a lack of independence of observations.  Since the HBSC 

survey uses cluster sampling to select participants, and students within schools are likely to be 

more similar than between schools, it would be inappropriate to assume independence.  Second, 

multi-level analyses do not require data to be aggregated to the school level or that data be 

disaggregated to the individual level.  Statistical issues can arise with both of these methods.  

Aggregation of data results in a loss of statistical power by using fewer units of observation, and 

disaggregating data treats higher-level information as though it were independent data for each 

student leading to overestimates of significance
15

.  Hence, this approach to analysis remains a 

strength. 

 

5.6 Future Research Directions 

 Few studies have examined the effects of street connectivity on physical activity or injury 

occurrence in youth populations.  From the results, it is clear that further research is warranted.  

Temporality of these relationships should be explored using prospective studies conducted across 

broad geographic areas. 

 In manuscript 1, there was a clear relationship between street connectivity and low levels 

of physical activity among youth in the most highly connected neighbourhoods.  Research into 

other potential determinants of this relationship is warranted.  Studies should consider the concept 

of outdoor play space for youth, which may be significantly lacking in these highly populated and 

connected urban cores.  It would also be beneficial to conduct physical activity research that 
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simultaneously considers both adult and youth populations from the same geographic areas in 

order to accurately compare and contrast the purported difference in their relationship with street 

connectivity.  Research regarding specific neighbourhood designs that encourage physical 

activity among both adults and youth is also needed.  

 Manuscript 2 found that youth in neighbourhoods with low connectivity were more likely 

to report an injury than youth from more connected neighbourhoods.  As this relationship was 

found to be driven by bicycle injuries, future research should consider whether this relationship is 

mainly attributable to frequency of bicycle use.  If these injuries are largely a result of increased 

bicycle usage, than it may be prudent to focus on improving bicycle safety rather than 

neighbourhood design.  Further examination of the relationships between street connectivity, 

injuries, and parks/recreational facilities is also warranted, as these three variables appear to be 

interrelated.  Future studies should consider both adult and youth populations in order to 

strengthen the knowledge base on the relationship between street connectivity and injuries 

occurring in the street. 

5.7 Public Health and Policy Implications 

 Our analysis demonstrated that youth in the most highly connected neighbourhoods 

report the least amount of physical activity.  One possible intervention for this population could 

involve behaviour and lifestyle modification strategies aimed at the individual, such as public 

health initiatives.  Examples of such interventions include during and/or after school physical 

activity programs, as well as the promotion of active transportation among youth in highly 

connected neighbourhoods
16

.  However, these types of interventions have proven to be largely 

ineffective at changing physical activity levels over the long-term
16

.   

Another potential strategy to increase physical activity in this population, and possibly a 

more effective one, would be to develop and implement neighbourhood design policies.  The 
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creation of neighbourhoods that are conducive to physical activity in both adult and youth 

populations may facilitate the ability of people to make changes in their health behaviours.  As 

adults and youth have demonstrated an opposite relationship between street connectivity and 

physical activity, this raises challenges.  Innovative neighbourhood designs with cul-de-sacs in 

which youth can play, and path networks to increase their overall connectivity and walkability, 

may be a feasible solution
10

.  Some traditional neighbourhoods based on connected grid patterns 

are being retrofit to achieve a less connected, cul-de-sac based design
17

.  However, this process is 

likely to be costly and may be difficult to implement in many settings.    

 Demonstrated patterns of youth physical activity injuries occurring in the street indicate 

that while neighbourhoods with low connectivity may be conducive to youth physical activity, 

they may also result in an increased risk for injury.  However, due to the non-severe nature of 

these injuries, as well as their potential relationship with bicycling rates, it may be more prudent 

to recommend a public health intervention focused on bicycle safety rather than an urban design 

policy.  Such interventions could include programs teaching youth both the importance and 

practical measures to improve their bicycling safety, as well as the importance of bicycle helmets.  

The vast majority of bicycle safety interventions to date have been focused on bicycle helmet 

promotion among youth.  Recent reviews show that bicycle helmets reduce head and facial 

injuries among youth
18

, and that both legislative
19

 and non-legislative
20

 interventions for the 

promotion of bicycle helmet usage in youth have been successful.  Other potential interventions 

include modifications to existing neighbourhoods to increase their safety with regards to 

bicycling. 

 Finally, it is important to remember that street connectivity is one of many potentially 

important built environment features associated with both physical activity and injury.  With 

regards to physical activity, other potentially important built environment features include mixed 
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land-use, population density, and overall walkability.  Any potential public health or policy 

interventions should attempt to account for a variety of important built environment features in 

order to increase their potential effect. 

5.8 Conclusion 

Neighbourhoods with low street connectivity may be conducive to youth physical 

activity, yet they may also result in an increased risk of injury.  However, due to the low 

frequency and severity of reported injuries, built environment interventions should focus on 

increasing physical activity, with public health interventions being used to target injuries.  

Further, the relationship between street connectivity and physical activity reported in Canadian 

youth is not consistent with the relationship reported for adult populations.  This variation 

requires consideration in applied health policy.  
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Appendix A - HBSC Survey Methodology 

The research in this thesis used data from the 2005/06 Canadian Health Behaviour in 

School-Aged Children (HBSC) survey.  A total of 9,672 students participated in the survey from 

188 publicly funded schools from all provinces and territories.  The survey is self-weighting and 

uses a single stage cluster-sampling design, with randomly selected classrooms representing 

provincial distributions of schools by size, location, language, and religion. 

 Using school directories and lists, the number of classes in schools was estimated based 

on the number of teachers, the total student enrolment, enrolment by grade, and number of grades 

in the school.  Classes were selected based on school jurisdiction, province, language, 

public/Roman Catholic designation, community size, and community location, giving classes an 
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approximately equal probability of being selected.  Youth attending private, special-needs, or 

home schools were excluded, as were institutionalized, incarcerated, or homeless youth. 

 Ethics approval was obtained from the Queen‟s University General Research Ethics 

Board.  Consent was obtained from the school boards, individual schools, parents/guardians, and 

the student participants.  Approximately 75% of students in the sample participated in the survey, 

of which less than 10% declined or intentionally spoiled the questionnaire.  Other non-

participants include those who did not receive parental consent or did not return the consent form, 

as well as those absent on the day of the survey. 

 The 40-minute written survey is administered by teachers during class time, usually in the 

student‟s regular classroom.  Anonymity is ensured by having students seal unsigned surveys in 

envelopes.  Student responses may have been influenced, for example, by communication during 

the administration of the survey, misinterpretation of survey questions, and a lack of privacy 

while completing the survey. 

Appendix B - Key HBSC Questions 

Physical Activity Question 

Physical activity is any activity that increases your heart rate and makes you get out of breath 

some of the time.  Physical activity can be done in sports, school activities, playing with friends, 
or walking to school.  

Some examples of physical activity are running, brisk walking, rollerblading, biking, dancing, 

skateboarding, swimming, soccer, basketball, & football. 

Q:  OUTSIDE SCHOOL HOURS: How many hours a week do you usually exercise in your free 

time so much that you get out of breath or sweat? 

A:  None, About half an hour; about 1 hour; About 2 to 3 hours; About 4 to 6 hours; 7 hours or 

more    

Injury Questions 

Many young people get hurt or injured from activities such as playing sports or fighting with 

others at different places such as the street or home. Injuries can include being poisoned or 

burned.  Injuries do not include illnesses such as Measles or the Flu.  The following questions are 
about injuries you may have had during the past 12 months. 

Q:  During the past 12 months, how many times were you injured and had to be treated by a 

doctor or nurse? 
A:  I was not injured in the past 12 months; 1 time; 2 times; 3 times; 4 or more times 

If you had more than one injury, think only about the one most serious injury that you had during 
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the past 12 months that was treated by a doctor or nurse.  The next questions are about your one 

most serious injury (the injury that took the most time to get better).  If you were not injured, 

answer “I was not injured in the past 12 months” for each question. 

Q:  Where were you when this one most serious injury happened?  

A:  I was not injured in the past 12 months; At home/in yard (or someone else‟s); School, 

including school grounds, during school hours; School, including school grounds, after school 
hours; At a sports facility or field (not at school); In the street/road/parking lot; Other location 

Q:  What were you doing when this one most serious injury happened? 

A:  I was not injured in the past 12 months; Biking/cycling; Playing or training for 

sports/recreational activity; Skating (including roller blades, skateboards, ice skating); 
Walking/running (not for a sports team/exercise); Riding/driving in a car or other motor vehicle; 

Fighting; Paid or unpaid work; Other activity 

Q:  Did this one most serious injury cause you to miss at least one full day from school or other 

regular activities, such as sports or lessons? 
A:  I was not injured in the past 12 months; Yes, lost at least one day of activity (How many full 

days did you miss?); No, did not lose a day of activity  
Q- Question; A- Answer choices 

 

 

 

 

 

Appendix C - Street Connectivity Measurement via GIS 

The CanMap Streetfiles (DMTI Spatial Inc., version 2008.3) GIS database provided the 

necessary geographic information to collect street connectivity data.  This GIS database contains 

a precision built street map with accurate geospatial data on a wide array of geographical 

indicators.  The CanMap database was loaded into the GIS software ArcGIS (ESRI, version 9.3), 

which allows geographic data to be manipulated and analyzed. 

 Using school names and addresses obtained through the HBSC survey, schools were 

identified on the map using a preexisting school layer.  This school layer places every school in 

Canada on the map, and allows specific schools to be located geographically.  Once a school was 

located, its address was used to verify that it was in the correct location on the map.  A total of 3 

of the 188 schools (1.6%) could not be identified in this way, and were placed on the map via 

geocoding techniques.  
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 After schools were located, a 5 km circular buffer was applied around each school to act 

as a proxy for students‟ home neighbourhood environment.  The geographic information (school 

location, streets, water area) inside each buffer was then extracted and saved in a separate file for 

each school.   

 Nodes were then placed on each intersection via the Network Analyst Extension.  This 

process resulted in many nodes being placed improperly on the map (i.e. where there was no 

intersection), and thus each school‟s map was manually scanned in order to delete erroneously 

placed nodes.  Nodes with 1 or 2 intersecting streets (dead-ends and cul-de-sacs) were classified 

as dangle nodes, and nodes with 3 or more connections were classified as real nodes.  The 

software provided a summed total number of each type of node. 

 In order to calculate the connected node ratio for each school‟s neighbourhood, the 

number of real nodes was divided by the total number of nodes in each buffer area.  Intersection 

density was calculated by dividing the total number of nodes by the land area (total area of the 

buffer minus water area).  Average block length was calculated by the software, which provided 

the mean length of all streets in the buffer area.   
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Appendix D - Power Calculations 

No standard method exists for calculating the power of multi-level models to detect 

associations.  Hence, power has been estimated based on a classical power calculation adjusted 

for the design effect of 1.4, associated with the HBSC survey.  The design effect takes into 

account the clustered nature of the data when calculating the sample size, as the clustering will 

erroneously reduce the standard error.  This would result in an increased probability of rejecting 

the null hypothesis if not properly accounted for (Type 1 error). 

 The power calculations for manuscript 1 use an effective sample size of 6096, obtained 

by dividing the total sample size (N=8535) by the HBSC design effect (deff=1.4).  The analysis 

in the first manuscript had 100% power to detect rate ratios of 1.2 and 1.5 at a significance level 

of 0.05. 
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 The power calculations for manuscript 2 use an effective sample size of 6444, obtained 

using the assumptions outlined above.  Based on the low prevalence of physical activity injuries 

occurring in the street (2.5%), the analysis for the second manuscript had only 21.4% power to 

detect a rate ratio of 1.2, and 72.9% power to detect a rate ratio of 1.5 at a significance level of 

0.05. 
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Estimated power for detecting physical activity associations with street connectivity       

N adjusted % exposed* N exposed r RR p p0 p1 d za/2 Z(1-b) Power 

6096 0.5 3048 1 1.2 0.37 0.336364 0.403636 0.067273 1.96 3.479518 100% 

6096 0.5 3038 1 1.5 0.37 0.296 0.444 0.148 1.96 9.987292 100% 

            

Estimated power for detecting injury associations with street connectivity       

N adjusted % exposed* N exposed r RR p p0 p1 d za/2 Z(1-b) Power 

6444 0.5 3222 1 1.2 0.025 0.022727 0.027273 0.004545 1.96 -0.79144 21.4% 

6444 0.5 3222 1 1.5 0.025 0.02 0.03 0.01 1.96 0.610842 72.9% 

            

* Comparing high vs. low street connectivity          

            

Nadjusted  is the sample size adjusted for the design effect         

Nexposed is the number of students exposed          

r is the ratio of unexposed to exposed          

RR is the detectable relative risk          

p is the proportion of students who have the outcome (i.e. are physically active, or were injured during a physical activity in the street)  

p0 is the prevalence of physical activity/injury in the unexposed        

p1 is the prevalence of physical activity/injury in the exposed        

d is the difference between p1 and p0          

zα/2 is the level of significance (using α=0.05)          

            

Power = F Z(1-b)  = F {d [(nr)/p(1-p)(1+r)]1/2 - Za/2}         
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