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Abstract

Background: This study aimed to 1) develop and validate a neighbourhood drivability 

index, capturing combined dimensions of the neighbourhood environment in the 

City of Toronto, 2) investigate its association with transportation choices (car, public 

transit or active transport), overall and by trip length, and 3) investigate the combined 

association of residential neighbourhood and workplace drivability with primary mode 

of transport.

Methods: We used exploratory factor analysis to derive distinct factors (clusters of one 

or more environmental characteristics) that reflect the degree of car dependency in 

each neighbourhood, drawing from candidate variables that capture density, diversity, 

design, destination accessibility, distance to transit, and demand management. Area-

level factor scores were then combined into a single composite score, reflecting 

neighbourhood drivability. Negative binomial generalized estimating equations were 

used to test the association between driveability quintiles (Q) and primary travel mode 

(>50% of trips by car, public transit, or walking/cycling) in a population-based sample 

of 63,766 Toronto residents enrolled in the Transportation Tomorrow Survey (TTS), 

adjusting for individual and household characteristics, and accounting for clustering 

of respondents within households.

Results: The drivability index consisted of three factors: Urban sprawl, pedestrian 

facilities and parking availability. Relative to those living in the least drivable 

neighbourhoods (Q1), those in high drivability areas (Q5) had a significantly higher rate 

of car travel (adjusted rate ratio (RR): 1.80, 95% CI: 1.77-1.88), and lower rate of public 

transit use (RR: 0.90, 95% CI: 0.85-0.94) and walking/cycling (RR: 0.22, 95% CI: 0.19-0.25). 

Associations were strongest for short trips (<3 km) (RR: 2.72, 95% CI: 2.48-2.92), and in 

analyses where both residential and workplace drivability was considered (RR for car 

use in high/high vs. low/low residential/workplace drivability: 2.18, 95% CI: 2.08-2.29).

Conclusions: This novel neighbourhood drivability index predicted whether local 

residents drive or use active modes of transportation and can be used to investigate 

the association between drivability, physical activity, and chronic disease risk.
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Introduction

Residents living in neighbourhoods that are not conducive to physical activity have a 

higher incidence of non-communicable diseases (NCD) such as type 2 diabetes (1). Over 

the past 50 years, urban planning practices have shifted towards creating sprawling 

suburban communities that are designed for car use and not pedestrian activities. 

Neighbourhoods that offer fewer opportunities for active transportation (i.e. walking, 

cycling) are associated with higher rates of car dependency, physical inactivity, and 

obesity (2). In turn, a high degree of reliance on cars leads to greater levels of air pollution 

and noise, which in turn, contributes to NCD risk (3, 4). A recent study suggested that the 

joint exposure to physical inactivity, air pollution, noise, heat, and lack of green space were 

responsible for nearly 20% of all deaths in Southern Europe (3). Therefore, identifying 

characteristics of the built environment that encourage active transportation, thereby 

reducing reliance on cars, may have tangible health benefits at the population level.

A recent cross-European study indicated that the built environment in which people 

live was as important as individual or household characteristics in determining the 

number of minutes travelled per week by car, but the total variance in rates of car use 

which was explained by environmental characteristics remained low (5). It can be argued 

that European cities typically have an integrated public transport structure, providing 

an alternative to car use (6). In contrast, driving is more common in North American 

cities, even when traveling distances that could be reasonably reached by walking. In a 

study conducted in the United States, the most common reason for short car trips was 

convenience (7). It is thus important to understand environmental factors that determine 

car use, and whether these vary according to the distance travelled. Neighbourhood 

environmental characteristics that have the potential to influence car use have been 

previously classified as the ‘six Ds’ of urban design: density (e.g. residential density), 

diversity (e.g. mixed land use), design (e.g. intersection density), destination accessibility, 

distance to transit, and demand management (e.g. parking availability). While prior studies 

have demonstrated independent associations between D-variables and transportation 

behaviours (8-13), built environments form a complex system where multiple features 

interact to influence the choices that residents make. Therefore, studying combinations 

of environmental exposures may be more relevant for guiding policy.

6
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Several indices have been developed to characterise how conducive the built environment 

is for walking. While these so called walkability indices correlate well with levels of active 

transportation, car use is still more prevalent, even in areas with good walkability (14). 

Existing indices may miss specific environmental characteristics that weigh residents in 

favour of car use over walking, such as free parking or transit options within walking distance. 

Additionally, car use is likely determined by factors outside of one’s own neighbourhood, 

such as the distance to local business districts and destination characteristics (10, 15). It is 

therefore important to broaden the study context beyond residential areas, by including 

information on destinations. The importance of defining environmental exposures to better 

match residents’ activity spaces (i.e. locations visited throughout the day) was highlighted 

in an earlier study among students in Toronto, which reported a stronger association 

between walkability and transportation-related physical activity when walkability was 

derived based on entire activity spaces instead of only residential areas (16). Considering 

these findings, indices that capture the environmental determinants of driving more fully 

are likely to be more effective in informing public health policies

In this study, we developed and validated a neighbourhood drivability index, capturing 

combined dimensions of the neighbourhood environment in the City of Toronto, 

investigated its association with transportation choices (car, public transit or active 

transport), overall and by trip length, and investigated the combined association of 

residential neighbourhood and workplace drivability with primary mode of transport.

Methods

1.  Study setting

This cross-sectional study was conducted in the City of Toronto, one of the fastest 

growing metropolitan areas in North America, with a population of 2.73 million in 2016 

and a surface area of 630.2 per square kilometre (km2) (17). We used numerous data 

sources to develop an area-level drivability index for the City of Toronto, including the 

2016 Canadian Census, Canadian Active Living Environments (Can-ALE) database, DMTI 

Spatial, and the Municipal Open Data Catalogue for the City of Toronto. The index 

was subsequently validated in a large population-based sample of residents living in 

Toronto who participated in the 2016 Transportation Tomorrow Survey (TTS) (18, 19).
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1.1  Study population

The TTS is a comprehensive household survey conducted every 5 years, in the Greater 

Toronto and Hamilton Area. The 2016 survey was completed by 63,766 Toronto 

residents (~5% of all households ). The address-and-phone sample (telephone 

follow-up to survey) showed an overall response rate of 37%, whereas the address-

only sample (no telephone number matched to address) had a response rate of 10%. 

Validation studies suggest that survey participants were generally representative of 

the census population living in the same areas (20). For the purpose of this study we 

used data collected on Toronto participants in the 2016 TTS, which was the first cycle 

to utilise digital methods for surveying. By design, the final sample underrepresented 

the total population by 2%, mainly because of exclusion of those living in collective 

dwellings (group and care homes, university residence, prisons) or who were homeless. 

In addition, those living in larger households (>6 persons), high-income households 

(>$125.000 annual) and the elderly (>75 years old) were under-estimated (20).

For the purpose of this analysis, we included data only for TTS participants who were 

considered to be in the working age population (ages 20 to 64 years), since they would 

be more likely to commute for employment, school, and other locations on a daily 

basis. We also excluded individuals who did not travel on the interview day. As this is 

a household survey, information was collected on household members, so our sample 

included members who did not complete the questionnaire themselves.

2.  Development of the drivability index

We used exploratory factor analysis to identify distinct factors related to the built 

environment that predict driving. Each factor represents a unique construct with 

a given set of characteristics that are strongly associated with one another. To do 

so, we created built environment variables for each neighbourhood in the City of 

Toronto, using small residential units known as dissemination areas (DA). These 

are small geographical units defined by Statistics Canada, which have a median 

population of 537, area of 1km2 and fairly homogeneous socioeconomic characteristics. 

Neighbourhood variables were then assigned to TTS participants based on their DA 

of residence.

6
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2.1  Built environment characteristics

Candidate variables were selected based on evidence for their associations with car 

use from prior studies in the literature and classified according to the six Ds and data 

availability (Supplementary File 1). For design, destination, distance and demand 

variables, a 3-km straight line (Euclidean) or road network buffer around the DA 

geometric centroid was taken, corresponding to the distance one could travel by car 

within 10 minutes from the centre of each residential area (21). Density variables were 

retrieved from Can-ALE and were available in 1-km Euclidean buffers. To test whether 

this impacted our results, we assessed correlations between variables derived at 1-km 

and 3-km buffers, where possible, and observed high correlations (r>0.98) between 

these. For simplicity, we used definitions derived in our source datasets.

Density

Job density was estimated by dividing the daytime (working) population by the night-

time (household) population in each DA (University of Toronto Data Library, Simply 

Analytics Inc). Available data on dwelling density (number of dwellings per km2) and 

intersection density (number of 3- or 4-way intersections per square km) within 1-km 

Euclidean buffers were obtained from The Canadian Urban Environmental Health 

Research Consortium (CANUE) (22, 23).

Diversity

Measures of land use were retrieved from DMTI Spatial Inc. and included the following 

categories: residential, open, park/recreational, water, industrial, government institutes, 

and commercial lands. Land use entropy scores were calculated for each DA using a 

3-km street network buffer around DA centroids, and as described in equation 1 (24):
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ln(n) ∗ 100 

 
Equation 1:: a is the total area of the different land-uses (m2), and b refers to a specific land-use category. In this analysis, 
four different land-use categories were included, indicating that b1 refers to category one, b2 to category two and so on. 
The variable n refers to the total number of land-use categories (24)  

Design 
Design features included: pedestrian crossings, street trees, traffic signals, and reduced speed areas. 
These were obtained from the Municipal Open Data Catalogue and densities were calculated for 
each DA using the area contained within a 3-km street network buffer surrounding the DA’s centroid 
(25). Road network distance to the nearest highway ramps was calculated based on road network 
files from DMTI Spatial Inc (23).  

Destination accessibility 
The number of banks, food stores, schools, variety stores were obtained from the points of Interest 
(POI) files from DMTI Spatial Inc. (23) and densities were calculated for each DA using the area 
contained within a 3-km street network buffer surrounding the DA’s centroid. We also determined 
the distance from the DA centroid to the nearest destination of a given type (as defined above). 

Distance to transit 
Transit stop and station density within a 1-km Euclidean buffer, were derived using data on Toronto 
Transit Commission (TTC) and GO transit locations from CANUE (22, 23).  

Equation 1: a is the total area of the different land-uses (m2), and b refers to a specific land-use 
category. In this analysis, four different land-use categories were included, indicating that b1 
refers to category one, b2 to category two and so on. The variable n refers to the total number 
of land-use categories (24)
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Design

Design features included: pedestrian crossings, street trees, traffic signals, and 

reduced speed areas. These were obtained from the Municipal Open Data Catalogue 

and densities were calculated for each DA using the area contained within a 3-km 

street network buffer surrounding the DA’s centroid (25). Road network distance to 

the nearest highway ramps was calculated based on road network files from DMTI 

Spatial Inc (23).

Destination accessibility

The number of banks, food stores, schools, variety stores were obtained from the 

points of Interest (POI) files from DMTI Spatial Inc. (23) and densities were calculated 

for each DA using the area contained within a 3-km street network buffer surrounding 

the DA’s centroid. We also determined the distance from the DA centroid to the nearest 

destination of a given type (as defined above).

Distance to transit

Transit stop and station density within a 1-km Euclidean buffer, were derived using data 

on Toronto Transit Commission (TTC) and GO transit locations from CANUE (22, 23).

Demand management

Parking surface areas (m2) within a given DA were obtained from Open Street Map, 

and the number of spots were calculated by dividing parking surface area by the 

average parking spot size (14.6m2). Additionally, to account for internal roads and 

other structures on parking lots, the total parking area was divided by two. This was 

validated in specific locations by comparing the calculated number of spots with 

hand-counting parking spots on Google map images. The Open Street Map data were 

combined with the number of spots available for on- and off-street parking from Green 

P, Toronto’s parking agency. The latter were mostly located in downtown Toronto and 

any duplications which overlapped with Open Street Map lots were deleted. A total 

density (number of spots per km2) was calculated for each DA using the area contained 

within a 3-km street network buffer surrounding the DA’s centroid.

6

Nicole_Binnenwerk_TabjesVerbetering_5.indd   183Nicole_Binnenwerk_TabjesVerbetering_5.indd   183 2-11-2020   21:45:362-11-2020   21:45:36



184

Chapter 6

Pre-processing of built environment variables

Prior to factor analysis, built environment variables were standardised and inverse 

coding was applied where necessary to ensure consistency in the direction of the 

hypothesized relationship between variables and car travel within neighbourhoods, 

as described below.

2.2  Primary mode of transportation

Individual-level transportation outcomes were retrieved from the TTS using data 

collected on trips occurring on the day previous to the survey (18, 19). In the present 

study, all trips undertaken on this date were considered in order to determine a 

person’s primary mode of transportation. Car travel was assigned as the primary mode 

of transportation when more than 50% of a person’s trips travelled were as a car driver 

or passenger (yes/no).

2.3  Factor analysis

We used exploratory factor analysis to identify highly clustered sets of built 

environment variables that predicted car use. The number of factors was determined 

according to the Kaiser criterion, retaining those factors with an eigenvalue larger 

than 1. We applied an oblique rotation, which forces most variables to load on only 

1 factor, increasing factor interpretability. The index was constructed by taking the 

sum of the factor scores, weighted by regression coefficients from logistic regression 

of car travel (yes/no), adjusted for age, sex and income, on the factors. In this way car 

use was incorporated in the index. This is denoted in Equation 1.
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𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = �𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛 ∗ 𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷 𝑠𝑠𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛  

Equation 1: βn represents the regression coefficient from the logistic regression with car travel as dependent variable, and the factor scores 
as independent variables. The factor score is the weighted score for each factor (n) that results from the exploratory factor analysis. 

To improve the generalisability in application of this index, we also created unweighted factor scores, 
by averaging the scores for variables that loaded for that factor with a factor loading of >0.4. If the 
correlations between the weighted and the unweighted factor scores were >0.8, we proceeded with 
unweighted factor scores instead of weighted factor scores. Factor analyses were performed in 
STATA Version 14. 

Equation 1: βn represents the regression coefficient from the logistic regression with car travel 
as dependent variable, and the factor scores as independent variables. The factor score is the 
weighted score for each factor (n) that results from the exploratory factor analysis.

To improve the generalisability in application of this index, we also created unweighted 

factor scores, by averaging the scores for variables that loaded for that factor with a 

factor loading of >0.4. If the correlations between the weighted and the unweighted 
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factor scores were >0.8, we proceeded with unweighted factor scores instead of 

weighted factor scores. Factor analyses were performed in STATA Version 14.

3.  Validation of the drivability index

3.1  Descriptive analyses

To assess the performance of the index, we calculated the Area Under the ROC Curve 

(AUC) for the whole index and each factor score separately, with primary mode of 

transportation as the outcome. Additionally, we examined the mean percentage of 

people in a specific mode choice category across quintiles of the drivability index and 

a selection of its component variables, for face validity.

3.2  Association between drivability and primary mode of transportation

As a further step in validating our index, we investigated the association between 

neighbourhood drivability and the primary mode of transportation reported by TTS 

participants after accounting for covariates known to be associated with car use, as 

further described in section 4.

3.2.1.  Transportation outcomes

The primary outcome in this set of analyses was whether or not car use was the 

primary mode of transportation (yes/no) based on all trips undertaken on the day 

prior to the interview, as defined above. Again, car use was defined as the primary 

mode of transportation if more than 50% of trips were made as a driver or passenger 

in an automobile.

Secondary outcomes included transit use (>50% of trips were by public transit, rail, or 

both) or active transportation (>50% of trips were by walking or cycling) as the primary 

mode of transportation. Other secondary outcomes included the use of a car for short 

trips (yes/no) and the use of a car for long trips (yes/no). To assign these outcomes to 

participants, the distance from each trip’s origin to destination was derived using a 

driving street network developed for the City of Toronto in ArcGIS. The exact point 

locations for trip origins and destinations are not available in the TTS database to 

maintain anonymity, thus locations have been assigned to a random coordinate within 

6
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the centroid of the traffic zone for both trip origins and destinations. Trips within the 

same traffic zone were excluded (6.9%). Participants were considered to use a car 

for short trips if more than 50% of trips with a distance <3 km were by car. A similar 

approach was used to categorise whether participants used a car for long trips.

3.2.2  Covariates

Covariates included in our analyses were retrieved from the TTS survey. Household-

level variables included annual income (≤ $59,999 (low) versus ≥ $60,000 (high)), 

dwelling type (house, apartment, or townhouse), household composition (1, 2, 3 or 

≥4 persons ), and vehicles per household (0, 1 or ≥2). We also gathered information 

about each individual’s employment status, whether they had a driver’s license or 

transit pass, the presence of free parking at their usual place of work, whether they 

worked within the City of Toronto, and their occupation category (general office, 

professional, retail sales, manufacturing/trades, or not employed). Individuals were 

also characterised based on whether they had ≥ 1 commuting trips on the day prior to 

the survey, defined as trips where the primary destination was home, work or school 

and the main purpose was work, as opposed to other destinations and purposes 

for travel (e.g. day care, entertainment, home, linked trips, marketing/shopping or 

personal destinations). In addition, the time block of the trip start was categorised as 

morning (6-9 AM), mid-day (9 AM–3 PM), afternoon (3 – 7 PM), evening (7-12PM) and 

free flow (12PM – 6 AM). In total, 28% of participants had ≥1 missing value in covariates 

(ranging from 0.01% for employment status to 15% in income). The missing values 

were imputed with multiple imputation, with 5 imputed datasets and results were 

pooled according to Rubin’s rules.

4.  Association between drivability and primary mode of 
transportation

We investigated the association between the drivability index and car use among 

participants in our sample. Initially, we conducted descriptive statistics to compare 

household, individual and trip characteristics of participants by primary mode of 

transport. The next step was to examine the association between drivability and car 

use after adjusting for individual, household, and trip covariates. Because of the high 

prevalence of car travel, and clustering of observations within households (intraclass 
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correlation coefficient (ICC) = 0.15), associations were obtained through negative 

binomial regression models using Generalized Estimation Equation (GEE) method with 

an exchangeable covariance structure, resulting in Rate Ratios (RR). We did not adjust 

for clustering within DAs (ICC = 0.04). Individual, household, and trip covariates that 

were included in each model were determined a priori: age, sex, household income, 

dwelling type, employment status, household composition, number of trips on a 

day, free parking at work, commuting trip, time block, short trips. We used the same 

approach for our secondary outcomes, public transit use and active transportation.

Using the same approach, we investigated the association between residential 

drivability and car travel for short trips, restricting the analysis to those participants 

with 1 or more trips that were < 3 km. Because of smaller cell counts in this analyses, we 

excluded dwelling type, and time block of travel from the analyses. We repeated this 

approach to examine the association between residential drivability and car travel for 

long trips. All analyses were performed using SAS Software version 9.4 (SAS Institute, 

Cary NC)

4.1  Neighbourhood and workplace drivability

Because destination accessibility is thought to be an important determinant of 

driving, we assessed the relative importance of residential and workplace drivability 

in a subsample of workers with a workplace outside of the home, within a DA in the 

city of Toronto (n=39,985). We excluded specific covariates due to small cell counts 

(commuting trips and employment status), and performed a negative binomial GEE 

analyses, without multiple levels. The primary exposure was based on the participant’s 

combined residential and workplace drivability (high or low based on index scores that 

were above or low the median) and divided into four categories: 1) low residential and 

low workplace drivability (reference), 2) high residential and low workplace drivability, 

3) low residential and high workplace drivability, and 4) high residential and high 

workplace drivability.

6
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Results

Study population

The total sample consisted of 63,766 participants residing in the City of Toronto, with 

a mean age of 45±13 years and 49% were male. The majority of people in our sample 

lived in a household of ≥2 persons (85%) and had access to ≥1 vehicle (83%) (Table 

1). In total, 53% of the study population travelled primarily by car, 28% mainly by 

public transit and 11% mainly by active transport. Compared to those who travelled 

by public transit or active transportation, those who travelled by car were generally 

older, less likely to live alone, more likely to live in a house (as opposed to townhouse 

or apartment), to be employed, and to have access to free parking at work.

Development of the drivability index

Three factors were identified with an eigenvalue > 1. Each of these captured different 

dimensions of the neighbourhood built environment, including: 1) urban sprawl, 2) 

less pedestrian facilities, and 3) greater parking access (Table 2). The first, sprawl, was 

characterised by neighbourhoods with low density features, including a lower density 

of residential dwellings, street intersections, traffic signals, job locations, and facilities 

(e.g. banks, food stores, schools). The second, pedestrian facilities, was characterised 

by less infrastructure to support pedestrian activities (e.g. fewer pedestrian crossings), 

few alternatives for long-distance travel (e.g. lower density of transit stops), and fewer 

destinations one could walk to (e.g. lower density of food stores and variety stores). 

The third, parking, was characterised by a higher density of parking spots and trees 

lining the streets, and lower land-use mix.

Correlations between weighted and unweighted factors were 0.98 for sprawl/density, 

0.91 for pedestrian and 0.65 for parking. Since the correlation for parking was < 0.8, we 

proceeded with weighted factors. To create the final drivability index, the factors were 

weighted by their regression coefficient (βsprawl= 0.32, βpedestrian facilities=0.36, βparking=0.03). 

Spatial patterns of neighbourhood drivability are represented in Figure 1.
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Figure 1: Map drivability score at the DA level in the city of Toronto, 2016

Validation of the drivability index in residential neighbourhoods

Descriptive analyses

The drivability index predicted car travel reasonably well with an AUC of 0.73 (CI:0.72-

0.73) (Table 3). The AUC was lower when each factor was examined individually for 

its association with car travel (AUC of each factor sprawl: 0.71 (CI:0.70-0.71), pedestrian 

facilities: 0.72 (CI:0.71-0.72), parking: 0.65 (CI:0.64-0.65)). A much higher proportion of 

the population travelled by car in highly drivable neighbourhoods (Q5) (14.1%) than 

in the least drivable neighbourhoods (Q1) (5.3%), and this pattern was inversed for 

active transport (Q5: 0.5% and Q1: 6.4%) (Figure 2). Similarly, respondents from areas 

with low densities of intersections, dwellings, traffic signals, and food stores reported 

more car travel and fewer walking/cycling trips than those living in areas that had high 

densities of these neighbourhood features. There was no clear trend across quintiles 

of parking density and car travel.
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Association between drivability and primary mode of transportation

Travel by car

Neighbourhood drivability was significantly associated with car travel after adjusting 

for individual and household characteristics. Individuals living in neighbourhoods 

within the highest drivability quintile (Q5) were nearly twice as likely to travel by car 

compared those in the lowest drivability quintile (Q1) (adjusted RR:1.80, CI:1.72-1.88) 

(Table 4). Compared to other covariates in our model, this effect size was relatively 

large. For example, high income was associated with a 13% higher rate of car travel 

compared to low income (RR:1.13, CI:1.03-1.25). However, free parking at work was most 

strongly associated with car travel (RR:2.18, CI:2.12-2.25).

Drivability factors were each independently associated with a higher rate of car travel 

although the magnitude of these associations were smaller than that observed for 

the combined drivability index (Table 4). The highest quintile of the sprawl factor, 

indicating less dense areas, was associated with a higher rate of car travel (RR:1.38, 

CI:1.31-1.43), as compared to the lowest quintile. The highest quintile of the pedestrian 

facilities, indicating the lower availability of public transit, pedestrian crossings, and 

point of interests, was associated with a higher rate of car travel (RR:1.43, CI:1.38-1.49), 

as compared to the lowest quintile of this factor. The highest quintile of the parking 

factor, indicating high parking availability within neighbourhoods, greater numbers 

of street trees, and lower land use mix, was associated with an only slightly higher rate 

of car travel (RR:1.03, CI:1.00-1.06) compared to the lowest quintile.

High neighbourhood drivability was more strongly associated with car travel for short 

distances. Individuals in the highest drivability quintile had a higher rate of car use 

for short trips (RR:2.72, CI:2.48-2.92) than those living in the lowest drivability quintile 

(Table 5). The association between neighbourhood drivability and car use in long trips 

was weaker, but still positive (RR:1.42, CI:1.36-1.49). (Table 5).

Public transit and active transport

Overall, higher drivability was associated with lower transit use, with those living 

in the most drivable neighbourhoods being 14% less likely to travel using public 
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transportation (RR:0.86, CI:0.83-0.90) in our multivariate models. The sprawl factor was 

not associated with travel by transit (RR:1.01, CI:0.95-1.07), while the highest quintiles 

of pedestrian facilities and parking were associated with lower rates of travel by transit 

(RRpedestrian:0.89, CI:0.84-0.93, RRparking:0.79, CI:0.87-0.96) (Table 4).

Individuals living in highly drivable neighbourhoods were substantially less likely to 

report walking or cycling (RR:0.23, CI:0.21-0.26). Areas that had the highest quintile 

of sprawl and pedestrian facilities were associated with the lowest rates of active 

transportation (RRpedestrian:0.28, CI:0.23-0.33, RRparking:0.34, CI:0.29-0.38), however, 

the highest quintile of parking was associated with a higher rate of travel by active 

transport (RR:1.52, CI:1.40-1.67).

Neighbourhood and workplace drivability

The combined association of residential and workplace drivability showed stronger 

associations with car use than residential drivability alone. Compared to participants 

with both low residential and low workplace drivability, individuals exposed to high 

residential drivability had an increased rate of car travel, particularly if their location 

of work was also highly drivable (RRhigh residential-low workplace:1.51, CI:1.42-1.60; RRlow residential-

high workplace (RR:1.86, CI:1.77-1.95) (Table 6). If both residential and workplace drivability 

were high, individuals had more than twice the rate of car travel (RR:2.18, CI:2.08-2.29).

Discussion

This study developed a drivability index for the City of Toronto containing three 

dimensions, i.e. urban sprawl, pedestrian facilities, and parking availability, that directly 

predicted transportation choices. Overall, residents in areas that had higher drivability 

demonstrated significantly higher rates of car use and substantially lower rates of 

public transportation, walking and cycling than those in low drivability areas. However, 

the drivability index was more strongly associated with car travel for short trips, with 

those living in the most drivable areas being far more likely to travel by car than 

those in the least drivable areas. This suggests that neighbourhood drivability strongly 

influences discretionary trips that could be potentially reached on foot. Furthermore, 

we found that residential and workplace drivability has a synergistic effect on driving 

6
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patterns, highlighting the importance of considering all influences that individuals 

face during their usual work day.

This index included variables that reflect the 6Ds, including density (residential, 

jobs), diversity (land-use mix), design (traffic signals, intersections, trees), destination 

accessibility (facilities), distance to transit and demand (parking). The six Ds have 

individually been associated with transport mode choice (26). The combination of 

these variables, based on their appearance in the city of Toronto, resulted in an index 

with the factors sprawl, pedestrian facilities, and parking, which are constructs that have 

intuitive face validity in relation to car use. Some of the variables (population density, 

land-use mix, and connectivity) are also commonly used in walkability indices (27), but 

our analyses also uncovered characteristics of built environment that are not typically 

incorporated in walkability indices. For example, in the factor analysis, we observed 

that job density was highly loaded on the sprawl factor, indicating proximity of jobs 

to be an important determinant of transportation choices. This is in line with earlier 

studies indicating that destinations such as work, are strong predictors of car travel 

(10, 15). Also, our pedestrian facilities factor, included public transit accessibility which 

is not usually included in walkability indices, but provides an important alternative 

to car travel (28). Third, the parking factor is unique in this drivability index; although 

it did not strongly predict car use in this study, we retained it because of its theoretic 

importance. Utilisation of more complete parking data may improve the performance 

of this predictor in other study settings.

Similar to our findings, several earlier studies found different associations between 

built environmental characteristics and car use depending on the length of the trip. 

Residents from neighbourhoods characterised by urban sprawl (lower residential and 

intersection density) are more likely to travel by car, even for short trips, and indeed our 

neighbourhood drivability index was more strongly associated with car use when only 

short trips were considered (12, 13). The drivability of the neighbourhood in which a 

destination resides is an important determinant which could explain why longer trips, 

which are more often for the purpose of commuting to work or school, appeared to 

be less influenced by residential features. Short trips are often more discretionary, but 

modal change is feasible given the presence of a supportive environment. Also, if this 
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modal change were made on a broad scale, the health impact could be far greater than 

that anticipated from increased physical activity alone, because of potential reductions 

in exposure to air pollution. The relevance of reducing air pollution was shown in 

a recent study in Toronto, where the health benefits (gained by higher walkability 

(i.e. lower risk of diabetes or hypertension) were substantially diminished by higher 

levels of air pollution (29). Therefore, providing supportive environments for active 

transport could have favourable health and environmental impacts if car use within 

neighbourhoods was concomitantly reduced.

A common critique on studies involving car use is that people tend to use their cars 

outside their neighbourhood. Indeed, several studies suggest that distance to the 

nearest business district and other destinations are predictors of car use for commuting 

(10, 26). In our study, workplace drivability seemed relatively more important in 

predicting total car travel than residential drivability alone. However, combining 

neighbourhood and workplace drivability provided the strongest association, 

indicating that both are important. This is in line with literature indicating that activity 

space-based walkability reflects transport mode choices better than residential 

walkability alone (16, 30). Our study confirms the importance of areas beyond the 

residential neighbourhood boundaries, for transport mode choices.

There were several limitations to this study that merit discussion. Available data from 

parking agencies were concentrated in downtown areas where parking costs are high, 

and likely led to an underestimation of parking lots in suburban areas of the city which 

are often free of charge. While we combined data sources to create a more complete 

measure of parking availability, the validity of this combined data source is unknown. 

Furthermore, we only measured parking availability in terms of the number of parking 

spots per km2, whereas other factors, such as parking cost and parking pressure (ratio 

between number of spots and availability of spots at different moments of the day) are 

likely to also be important. This could have caused us to underestimate the association 

between the parking factor and car travel. A second limitation is that, due to data 

limitations, we were only able to create our drivability index for the City of Toronto, and 

not surrounding municipalities. Including surrounding municipalities may strengthen 

the observed associations, as it would have led to more heterogeneity in the data. 

6
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A third limitation is the generalisability of the results, as the built environmental 

characteristics under study may differ substantially to those in other regions. Finally, 

the cross-sectional design of the present study limits our ability to make causal 

inferences about these associations.

Strengths of the study were the availability of a large and well validated travel survey, 

which enabled us to study different modes of transportation, the nature of trips taken, 

and the characteristics of individual participants and their households. Also, the large 

sample allowed us to analyse different types of car trips, leading to new and valuable 

insights on the role of neighbourhood drivability as a determinant of car use for short 

trips and the role of workplace drivability as a determinant of car use for longer trips. 

In addition, the use of factor analysis enabled us to incorporate multiple elements of 

the built environment into a single index, thereby avoiding methodological issues 

surrounding multicollinearity.

Reliance on cars is high in North American cities, as was confirmed in this study in the 

City of Toronto, since 53% of our study population relied primarily on cars. As car use 

has been linked to the risk of obesity, it can be an important target for intervention to 

reduce chronic disease risk. Our drivability index strongly predicts car use, and could 

serve as a useful measure for monitoring and benchmarking neighbourhoods, and 

to investigate associations with health outcomes. 
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Table 1: Household, individual, and trip characteristics of study population (n=63,766)

Yes/no

Total sample
(n= 63,766)

 Car travel
(n = 34,059)

Travel by 
transit 
(n=17,637)

Travel 
by active 
transport 
(n=6,706)

Houseshold characteristics

Household income (%)
<$14,999
$15.000 – $39,999
$40,000-$59,999
$60,000-$99,999
$100,000-$124,999
 ≥$125.000

Unknown/decline

1870 (2.9%)
6048 (9.5%)
7784 (12.2%)
14126 (22.2%)
7528 (11.8%)
16914 (26.5%)
9496 (14.9%)

669 (2.0%)
2863 (8.4%)
4030 (11.8%)
7287 (21.4%)
4046 (11.9%)
9519 (28.0%)
5645 (16.6%)

766 (4.3%)
2133 (12.1%)
2497 (14.2%)
4087 (23.2%)
1961 (11.1%)
3708 (21.0%)
2485 (14.1%)

327 (4.9%)
623 (9.3%)
731 (10.9%)
1577 (23.5%)
817 (12.2%)
1913 (28.5%)
718 (10.7%)

Dwelling type (%)
House
Apartment
Townhouse

30833 (48.4%)
21313 (43.0%)
5543 (8.7%)

19983 (58.7%)
11014 (32.3%)
3062 (9.0%)

6574 (37.3%)
9451 (53.6%)
1612 (9.1%)

1976 (29.5%)
4295 (64.1%)
435 (6.5%)

Household composition
1 person
2 persons
3 persons
≥4 persons

9408 (14.8%)
21313 (33.4%)
13707 (21.5%)
19338 (30.3%)

3785 (11.1%)
10507 (30.9%)
7934 (23.3%)
11833 (34.7%)

3068 (17.4%)
5983 (33.9%)
3775 (21.4%)
4811 (27.3%)

1555 (23.2%)
2832 (42.2%)
997 (14.5%)
1322 (19.7%)

Vehicles in household
0
1
≥2

10970 (17.2%)
28987 (45.5%)
23807 (37.3%)

304 (0.9%)
15278 (44.9%)
18477 (54.3%)

6481 (36.8%)
7895 (44.8%)
3261 (18.5%)

2958 (44.1%)
2976 (44.4%)
772 (11.5%)

Individual characteristics

Age (mean ± SD) 43.1 ± 12.6 45.9 ± 12.0 40.0 ± 12.9 39.0 ± 11.7

Sex (% male) 31004 (48.6%) 17741 (52.1%) 7590 (43.0%) 3310 (49.4%)

Driver’s licence (% yes) 54539 (87.0%) 32849 (96.8%) 12061 (71.1%) 5263 (80.9%)

Transit pass (% none) 41789 (66.1%) 30008 (88.9%) 4549 (26.0%) 4453 (67.0%)

Employment status:
Full time
Part time
Work from home (full + part)
Unemployed

44403 (69.6%)
6120 (9.6%)
2768 (4.3%)
10470 (16.4%)

23777 (69.8%)
2714 (8.0%)
1879 (5.5%)
5686 (16.7%)

12302 (69.8%)
2200 (12.5%)
356 (2.0%)
2778 (15.8%)

4479 (66.8%)
655 (9.8%)
308 (4.6%)
1264 (18.9%)

Region of work (% Toronto) 39985 (62.7%) 17648 (51.8%) 13303 (75.4%) 5043 (75.2%)

Free parking at usual place of work 
(missing n=8,699)

24639 (41.1%) 17581 (60.1%) 3056 (19.8%) 838 (14.7%)
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Table 1: Household, individual, and trip characteristics of study population (n=63,766) 
(continued)

Yes/no

Total sample
(n= 63,766)

 Car travel
(n = 34,059)

Travel by 
transit 
(n=17,637)

Travel 
by active 
transport 
(n=6,706)

Trip characteristics

# of trips per person (mean ± SD) 2.7 ± 1.1 3.1 ± 1.8 2.3 ± 0.7 2.8 ± 1.4

# of trips by car (mean ± SD) 1.7 ± 1.9 3.1 ± 1.7 0.04 ± 0.2 0.1 ± 0.4

# of trips by transit (mean ± SD) 0.7 ± 1.0 0.0 ± 0.3 2.2 ± 0.6 0.1 ± 0.4

# of trips by walk (mean ± SD) 0.4 ± 0.9 0.0 ± 0.3 0.1 ± 0.3 2.6 ± 1.1

Number of trips within TZ 4420 (6.9%) 2394 (7.0%) 320 (1.8%) 1206 (18%)

Commuting trips( ≥1) 40539 (63.6%) 19624 (57.6%) 15291 (87%) 4418 (65.9%)

Total distance travelled network 
(km) (n= 62,730)

28.1 ± 25.2
21.5 (10.3 – 38.2)

34.0 ± 28.9
26.6 (13.6 – 46.1)

25.0 ± 16.6
21.8 (12.5 – 33.9)

7.0 ± 8.1
4.3 (2.6 – 8.4)

Table 2: Factor loadings from factor analysis including built environment variables. Factor 
loadings >0.4 are presented for each factor (Sprawl, pedestrian facilities, parking)

Built environment variables Sprawl
(factor 1)

Pedestrian 
facilities (factor 2)

Parking
(factor 3)

Parking density 0.81

Intersection density 0.91

Dwelling density 0.65

Transit stop density 0.43

Land use 0.43 -0.50

Traffic signal density 0.69

Pedestrian crossing density 0.75

Street tree density 0.57

Bank count 0.94

Food store count 0.62 0.48

School count 0.86

Variety store count 0.86

Job density (daytime population/
household population)

0.98
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Table 3: Area under the curve (AUC) values and 95% confidence interval, from the prediction 
of car travel and active transport by the drivability index and each individual factor

>50% of trips travelled by

Car Active transport

Crude: Age, sex, income 0.65 (0.64-0.65) 0.61 (0.60-0.62)

Factor 1 (sprawl/density)* 0.71 (0.70-0.71) 0.78 (0.77-0.78)

Factor 2 (pedestrian facilities)* 0.72 (0.71-0.72) 0.77 (0.77-0.78)

Factor 3 (parking)* 0.65 (0.64-0.65) 0.63 (0.62-0.64)

Drivability index* 0.73 (0.72-0.73) 0.80 (0.80-0.81)

*Adjusted for age, sex and income
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Figure 2: Proportion of persons that travel >50% by car, public transit or walk/cycle, by neigh-
bourhood drivability quintile, and built environment characteristics included in drivability index

All geographic variables included in the factor analyses are presented in Table 2, of which a selection is 
presented in this figure to indicate the proportion of persons in each quintile by transport mode to indicate 
face validity of included variables
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Table 4: Rate ratios (RR) and 95% confidence intervals (95% CI) for the association between the 
drivability index quintile and primary mode of transport (>50% of trips taken by car, transit, 
or walk/cycle), adjusted for individual and trip characteristics, and corrected for household 
clustering with GEE analyses

Yes/no
(n=63,766)

Car travel Travel by transit Travel by active 
transport

RR 95% CI RR 95% CI RR 95% CI

Drivability quintile (Q5 vs Q1) 1.80 1.72 1.88 0.86 0.83 0.90 0.23 0.21 0.26

Sprawl drivability factor (Q5 vs Q1) 1.38 1.31 1.43 1.01 0.95 1.07 0.28 0.23 0.33

Pedestrian drivability factor (Q5 vs Q1) 1.43 1.38 1.49 0.89 0.84 0.93 0.34 0.29 0.38

Parking drivability factor (Q5 vs Q1) 1.03 1.00 1.06 0.79 0.76 0.83 1.52 1.40 1.67

Individual and household 
characteristics

Age (per 10 years) 1.12 1.11 1.13 0.88 0.87 0.89 0.90 0.88 0.91

Sex

Female Ref Ref Ref

Male 1.08 1.06 1.11 0.84 0.83 0.86 1.06 1.01 1.12

Household income

Low Ref Ref Ref

High 1.19 1.15 1.22 0.72 0.70 0.74 0.93 0.88 0.99

Employment status

unemployed Ref Ref Ref

employed 1.13 1.03 1.25 0.84 0.77 0.90 0.84 0.70 1.03

Household composition

1 person Ref Ref Ref

2 persons 1.10 1.06 1.15 0.87 0.84 0.90 0.99 0.93 1.05

3 persons 1.15 1.11 1.20 0.89 0.86 0.92 0.90 0.82 0.97

≥4 persons 1.20 1.15 1.25 0.84 0.80 0.86 1.01 0.93 1.09

Trip characteristics

Number trips 1.09 1.09 1.11 0.75 0.73 0.76 0.65 0.63 0.67

Free parking at usual place of work

No Ref Ref Ref

Yes 2.18 2.12 2.25 0.36 0.35 0.37 0.48 0.44 0.52

Commuting

No Ref Ref Ref

Yes 0.79 0.76 0.80 1.30 1.25 1.34 1.09 1.03 1.17

Trip start time block

AM 0600-0900 0.90 0.87 0.92 1.17 1.12 1.22 1.02 0.95 1.09
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Table 4: Rate ratios (RR) and 95% confidence intervals (95% CI) for the association between the 
drivability index quintile and primary mode of transport (>50% of trips taken by car, transit, 
or walk/cycle), adjusted for individual and trip characteristics, and corrected for household 
clustering with GEE analyses (continued)

Yes/no
(n=63,766)

Car travel Travel by transit Travel by active 
transport

RR 95% CI RR 95% CI RR 95% CI

MD 0900-1500 0.75 0.73 0.77 1.57 1.52 1.63 0.97 0.91 1.03

PM 1500-1900 0.75 0.73 0.78 1.51 1.43 1.57 0.78 0.71 0.85

EV 1900-2400 0.88 0.82 0.94 1.10 0.99 1.22 0.70 0.56 0.88

Free flow (2400-0600) Ref Ref Ref

Short trip 3km 0.92 0.91 0.93 0.71 0.70 0.73 1.86 1.80 1.90
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Table 5: Rate ratios (RR) and 95% confidence intervals (95% CI) for the association between the 
drivability index quintile and car travel in short trips (< 3km) and long trips (≥ 3km)

Trips < 3 km
(n= 20,039)

Trips ≥ 3 km
(n= 55,466)

Car travel Car travel

RR 95% CI RR 95% CI

Drivability quintile (Q5 vs Q1) 2.72 2.48 2.92 1.42 1.36 1.49

Individual and household characteristics

Age (per 10 years) 1.15 1.14 1.16 1.12 1.11 1.13

Sex

Female Ref Ref

Male 1.03 1.01 1.05 1.11 1.07 1.13

Household income

Low Ref Ref

High 1.16 1.13 1.19 1.21 1.17 1.23

Employment status

Unemployed Ref Ref

Employed 1.23 1.16 1.31 1.11 1.02 1.20

Household composition

1 person Ref Ref

2 persons 1.25 1.19 1.30 1.06 1.02 1.11

3 persons 1.40 1.34 1.48 1.11 1.05 1.15

≥4 persons 1.54 1.48 1.62 1.13 1.08 1.17

Trip characteristics

Number trips 1.00 0.99 1.01 1.05 1.04 1.06

Free parking at usual place of work

No Ref Ref

Yes 1.70 1.65 1.77 2.32 2.25 2.39

Commuting

No Ref Ref

Yes 0.58 0.56 0.61 0.81 0.79 0.84
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Table 6: Rate ratios (RR) and 95% confidence intervals (95% CI) for the association of 
combinations of residential (RES) and workplace (WORK) drivability index with primary mode 
of transport (>50% of trips taken by car, public transit, or active transport)

Yes/no
(N= 39,985)

 Car travel Travel by transit Travel by active 
transport

 RR 95% CI  RR 95% CI  RR 95% CI

Combination RES*/WORK drivability

Both low Ref Ref Ref

High RES / low WORK 1.51 1.42 1.60 1.43 1.36 1.49 0.05 0.04 0.07

Low RES / high WORK 1.86 1.77 1.95 1.07 1.01 1.13 0.41 0.37 0.44

Both high 2.18 2.08 2.29 0.75 0.70 0.79 0.21 0.19 0.24

Individual and household 
characteristics

Age (per 10 years) 1.15 1.14 1.17 0.91 0.90 0.92 0.85 0.83 0.88

Sex

Female Ref Ref Ref

male 1.07 1.04 1.11 0.86 0.83 0.89 1.20 1.13 1.26

Household income

Low

High 1.25 1.20 1.30 0.72 0.69 0.75 1.02 0.95 1.09

Household composition

1 person Ref

2 persons 1.08 1.03 1.14 0.98 0.93 1.04 0.87 0.81 0.94

3 persons 1.20 1.13 1.26 1.06 1.02 1.13 0.60 0.54 0.66

≥4 persons 1.26 1.20 1.34 1.01 0.95 1.06 0.58 0.53 0.64

Trip characteristics

Number trips 1.11 1.09 1.12 0.66 0.64 0.68 0.84 0.81 0.85

Free parking at usual place of work

No Ref Ref Ref

Yes 1.86 1.79 1.93 0.47 0.44 0.49 0.63 0.56 0.70

TZ trip 0.89 0.86 0.91 0.53 0.49 0.59 1.75 1.70 1.82

*RES=Residential; WORK=Workplace
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Supplementary files

Supplementary table 1: Candidate variables for the drivability index, sources from where it will 
be retrieved, year of data availability and geographical level

Density Definition Source Geographical level

Dwelling /Residential Dwellings per square 
km

CANUE Within 1-km buffer of DA 
centroid

Job /employment Daytime population 
at work/household 
population

Simply 
analytics

Within 3-km street network 
buffer of DA centroid

Diversity

Land use mix Entropy score DMTI 3-km street network buffer of 
DA residential area centroid

Design

Proportion of ≥3 way 
intersections

intersection density 
measure per square km

CANUE Within 1-km buffer of DA 
centroid

Pedestrian crossings Density (points) within 
10 min driving time

OpenData 
program City 
of Toronto

Within 3-km street network 
buffer of DA area centroid

Street trees Density (points) within 
10 min driving time

OpenData 
program City 
of Toronto

Within 3-km street network 
buffer of DA area centroid

Traffic signals Density (points) within 
10 min driving time

OpenData 
program City 
of Toronto

Within 3-km street network 
buffer of DA area centroid

Reduced speed areas Density (points) within 
10 min driving time

OpenData 
program City 
of Toronto

Within 3-km street network 
buffer of DA area centroid

Distance to closest high-
way ramp

Distance in meters and 
minutes

DMTI

Destination accessibility

Bank, food store, school, 
variety store

Density (points) within 
10 min driving time/
distance to closest

DMTI Within 3-km street network 
buffer of DA area centroid

Bank, food store, school, 
variety store

Distance to nearest 
location

DMTI

Distance to transit

Number of public transit 
stops (bus, metro, tram 
stops or stations)

Density within 1-km 
buffer

CANUE (ALE) Within 1-km buffer of DA 
residential area centroid

Demand management

Parking supply – number 
of spots

Density within 10 min 
driving - spots per km2

Open Street 
map (OSM) 
and Green P

Within 3-km street network 
buffer of DA residential area 
centroid
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