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ABSTRACT
Objective  To evaluate sex-specific and age-specific 
associations of active living environments (ALEs) with 
premature cardiometabolic mortality.
Design  Population-based retrospective cohort study.
Setting  Residential neighbourhoods (1000-metre circular 
buffers from the centroids of dissemination areas) across 
Canada for which the Canadian ALE Measure was derived, 
based on intersection density, points of interest and 
dwelling density.
Participants  249 420 survey respondents from an 
individual-level record linkage between the Canadian 
Community Health Survey (2000–2010) and the Canadian 
Mortality Database until 2011, comprised of older women 
(65–85 years), older men (65–81 years), middle-aged 
women (45–64 years) and middle-aged men (45–64 
years).
Primary outcome measures  Premature cardiometabolic 
mortality and average daily energy expenditure attributable 
to walking. Multivariable proportional hazards regression 
models were adjusted for age, educational attainment, 
dissemination area-level median income, smoking status, 
obesity, the presence of chronic conditions, season of 
survey response and survey cycle.
Results  Survey respondents contributed a total of 1 
451 913 person-years. Greater walking was observed in 
more favourable ALEs. Walking was associated with lower 
cardiometabolic death in all groups except for middle-aged 
men. Favourable ALEs conferred a 22% reduction in death 
from cardiometabolic causes (HR 0.78, 95% CI 0.63 to 
0.97) for older women.
Conclusions  On average, people walk more in favourable 
ALEs, regardless of sex and age. With the exception 
of middle-aged men, walking is associated with lower 
premature cardiometabolic death. Older women living in 
neighbourhoods that favour active living live longer.

INTRODUCTION
There is growing interest in the role that 
environments might play in supporting active 
living and reducing the health burden asso-
ciated with sedentary lifestyles. Physical inac-
tivity is a large contributor to reduced life 
expectancy in Canada.1 A high proportion 
of cardiometabolic death could be avoided 

if those who were physically inactive became 
physically active.2 Neighbourhoods that 
support active living could help reduce seden-
tary lifestyles, but have not been conclusively 
linked to reductions in premature cardiomet-
abolic mortality.

Active living environments (ALEs), also 
widely known as ‘walkable environments’, 
are places that are easily navigable with well-
connected walking paths, have a number 
and variety of destinations, and are more 
densely populated.3 These neighbourhoods 
are understood to encourage active living—
the kind of neighbourhood-based activity 
that tends to be ‘built-in’ to one’s daily life. 
Studies have established links between ALEs 
and obesity4 as well as cardiometabolic risk 
factors such as hypertension5 and type 2 
diabetes.6 7 Higher walking levels are associ-
ated with lower mortality in older adults,8 and 
these benefits are likely driven by reductions 
in cardiometabolic mortality.

Strengths and limitations of this study

►► This is the first study to demonstrate individual-
level associations between favourable active living 
environments, greater walking and lower premature 
cardiometabolic death in Canada.

►► Strengths include a large national sample, long 
follow-up time, objectively derived measures 
for the active living environment, and the inclu-
sion of individual-level characteristics and health 
behaviours.

►► Due to the cross-sectional nature of the survey, res-
idential moves could not be accounted for. Whether 
respondents’ reported walking was performed in 
their neighbourhoods of residence is unknown.

►► Retrospective data are unable to address the rea-
sons why an association is only present for older 
women and signal a need for further research.
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The ALE’s impact on cardiometabolic disease is likely 
subject to life-course changes in physical activity and 
cardiometabolic risk from midlife to old age.9 The mech-
anism and extent to which these environments encourage 
active living and reduce premature cardiometabolic 
mortality might also differ between the sexes due to 
biological variations in cardiometabolic risk,10 differences 
in premature mortality—given overall life expectancy for 
women is higher than for men, as well as gendered social 
factors that influence health behaviours.

Few studies have assessed relationships between 
neighbourhood characteristics and cardiometabolic 
mortality.11–13 Those that have tend to be ecological 
studies, and have reported inconclusive or conflicting asso-
ciations between the built environment and mortality.14–16 
In this study, we determined whether favourable ALEs are 
associated with lower risk of premature cardiometabolic 
mortality through the physical activity pathway in groups 
that are stratified by sex and age.

METHODS
Study population
We used an individual-level record linkage between the 
Canadian Community Health Survey (CCHS) cycles 2000–
2011 and the Canadian Mortality Database (CMDB) years 
2000–2011. The linked dataset contains 614 755 respon-
dents with follow-up time of up to 11.32 years from survey 
response to 31 December 2011 or death. The CCHS is an 
annual, national cross-sectional survey of approximately 
65 000 people aged 12 years and older sampled from the 
community-dwelling Canadian population. Response 
rates for the CCHS exceeded 70% for these cycles.17 The 
CCHS is linked to CMDB,18 the registry for all deaths 
recorded in Canada which contains date of death and 
primary cause of death, coded by the International Classi-
fication of Disease (ICD).19

Analyses were stratified by sex and age (at baseline) into 
older women aged 65–85 years (85 years being the average 
life expectancy for Canadian women),20 older men aged 
65–81 years (81 years being the average life expectancy 
for Canadian men),20 middle-aged women 45–64 years 
and middle-aged men 45–64 years. Low cardiometabolic 
death rates were seen for younger adults and were not 
examined. In order to set a minimum period of expo-
sure to neighbourhoods in Canada, we excluded recent 
immigrants (in the past 5 years), as well as those with a 
follow-up time of less than 1 year between survey response 
and censoring or death.

Active living environments
The Canadian ALEs Database21 (Can-ALE) is comprised 
of geographical measures for Canadian neighbour-
hoods derived from open data. Briefly, the measures 
are constructed using 1000-metre circular (Euclidean) 
buffers from the centroids of dissemination areas (DAs), 
the smallest geographical area for which complete census 
data are released. DAs correspond to roughly 400–700 

persons. Three components are included in the measure: 
intersection density, points of interest and dwelling 
density. Intersection density (the number ≥3-way inter-
sections) was derived using OpenStreetMap 2016 road 
and footpath features. The number of points of interest 
was also retrieved from OpenStreetMap 2016. Dwelling 
density was obtained from the 2016 Canadian census. 
Raw scores for the three components were then clustered 
using k-medians and grouped into five categories repre-
senting environments that are very active living-unfriendly 
(class 1) to those that are very active living-friendly (class 
5). We also derived a two-component 2006 score (which 
lacks points of interest from 2006) that was closer to base-
line survey response and confirmed that little change 
occurred between 2006 and 2016 scores for the ALE. 
We interpolated residential locations based on reported 
postal code in the CCHS. Statistics Canada’s Postal Code 
Conversion File Plus is a program that assigns spatial 
coordinates based on population-weighted random allo-
cation. We overlaid these coordinates with 2016 DAs in a 
Geographic Information System (GIS, ArcGIS V.10, ESRI 
2010), and assigned areas their corresponding Can-ALE 
classification.

Walking measures
We approximated average daily energy expenditure 
related to leisure-time walking and to leisure-time phys-
ical activity for each respondent, which we refer to as 
‘walking’ and ‘physical activity’, respectively. Daily energy 
expenditure for leisure-time physical activity is available 
as a derived variable in the CCHS and has been described 
previously.22 Average daily energy expenditure for 
walking was derived using the same method. Briefly, the 
calculation is based on respondents’ self-reported activi-
ties in the last 3 months from baseline survey response. 
Frequency and time spent walking were multiplied by 
an assigned metabolic equivalents value of 3 for walking. 
We then divided this number by 365 days to yield daily 
energy expenditure in kcal/kg/day. We hypothesised 
that favourable ALEs specifically enable walking as a 
neighbourhood-based physical activity.

Outcomes
The cause of interest was death due to metabolic diseases 
(ICD 10 codes E11–E14, E65–68, E78) or cardiovascular 
conditions (I10–15, I21–25, I50, I61–69, I70–74) which we 
term cardiometabolic mortality. Premature death has been 
defined as death before reaching 75 years,23 and since the 
maximum age in the middle-aged groups at baseline was 
64 years, the maximum age reached for middle-aged men 
and women was 72 years at censoring. To assess deaths 
that were premature in nature for older age groups, we 
analysed deaths that occurred before average life expec-
tancy for women and for men in Canada by censoring at 
85 years and 81 years, respectively.20 We modelled these 
four groups separately to allow us to observe differences 
in physical activity levels, cardiometabolic risk trajectories 
and potential response to the built environment.
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Covariates
Covariates with known associations with mortality were 
selected a priori. These included age, educational attain-
ment, DA-level median income, smoking status, obesity, 
and the presence of two or more chronic conditions. 
We also adjusted for survey cycle and season of survey 
response for models that included average daily energy 
expenditure related to walking or physical activity. Body 
mass index was adjusted for systematically overestimated 
height and underestimated weight using previously estab-
lished correction factors,24 which we then used to classify 
‘obesity’ as 30 kg/m2 and above. The presence of two or 
more chronic conditions was ascertained based on CCHS 
responses to items in the chronic diseases module that 
were consistent across survey cycles.

Statistical analysis
First, we examined whether respondents who lived in 
ALEs reported higher walking or overall physical activity 
levels using descriptive statistics (online supplemental 
figure S1). Trends across the five ALE classes were evalu-
ated by entering the categorical ALE variable as an ordinal 
variable in a generalised linear model with a log link, 
adjusted for individual-level factors. Second, we assessed 
whether walking is associated with premature cardiomet-
abolic death for women and men stratified across middle 
and older age groups using Cox proportional hazards 
models. Due to the skewed non-negative nature of energy 
expenditure, we entered daily energy expenditure for 
walking into the model as a three-level factor variable, 
consisting of: no walking (reference), less than 1.44 kcal/
kg/day and more than or equal to 1.44 kcal/kg/day. 
This cut-off is equivalent to the recommended 150 min 
or more per week of moderate to vigorous exercise,25 
which we applied to walking alone, and to overall physical 
activity (online supplemental figure S2) for sample calcu-
lations. Finally, we assessed whether associations between 
favourable ALEs and lower premature cardiometabolic 
mortality could be detected using Cox proportional 
hazard models.

All models were adjusted for age, education, area-level 
income, survey cycle, smoking status, obesity, and the 
presence of two or more chronic conditions. Cox models 
assessing associations between walking and premature 
cardiometabolic mortality were also adjusted for season 
of survey response. Due to low sample sizes and events 
in ALE class 5, ALE classes 1–3 were aggregated as less 
favourable, while classes 4 and 5 were aggregated as more 
favourable for survival analyses. The proportional hazards 
assumption was assessed for ALEs using visual inspection 
of Schoenfeld residuals as well as assessing for similarity 
between Cox predicted curves and observed Kaplan-
Meier curves. Age was entered as a continuous linear vari-
able after testing quadratic and cubic terms, evaluating 
Martingale residuals, as well as examining interactions 
with time for potential time-varying behaviour—none 
of which impacted the final estimates for the ALE in any 
group. Competing risks models were also used to assess 

the impact of non-cardiometabolic premature death on 
estimates for favourable ALEs. Note that in accordance 
with confidentiality protocols, counts are reported using 
a rounding base of five, and therefore may not be additive 
to rounded totals.

Patient and public involvement
Participants and members of the public were not involved 
in the design, analysis or interpretation of this study. 
However, the research question is of broad policy rele-
vance and public health interest. The results will be 
disseminated to the general public, policymakers and 
stakeholders through websites, seminars and conferences.

RESULTS
Of the 614 755 linked CCHS respondents (figure 1), 311 
090 who were under 45 years old or recently immigrated 
to Canada were removed from the analysis. Of the 303 
685 remaining, 268 210 respondents (87.9%) had at least 
1 year of follow-up and were considered eligible for inclu-
sion in the study. Of those eligible, 249 420 respondents 
(93.0%) had complete information (missing data are 
summarised in online supplemental table S1).

Among 249 420 individuals with a grand total of 1 451 
913 person-years, the total follow-up time by sex and age 
group ranged from 177 480.84 person years in older men 
(median follow-up time 4.47 years) to 522 885.69 person 
years in middle-aged women (median follow-up time 6.39 
years) (table 1). The proportion of those who died from 
cardiometabolic causes before age 72 was over twofold 
higher for middle-aged men (830 deaths, 1.1%) than for 
middle-aged women (385 deaths, 0.5%). Baseline charac-
teristics of the entire study population stratified by ALE 
revealed that the most favourable environments tended 
to have the lowest proportion of obese respondents, 
the highest proportion of highly educated respondents 
and the lowest area-level household income on average 
(online supplemental table S2).

Gradation of walking with ALEs
Mean daily energy expenditure for walking was highly 
graded by the ALE in all groups (P for trend <0.01 for 
all groups, figure 2), driven in part by the high propor-
tions of inactive respondents (ie, those who report never 
walking) living in the least favourable Can-ALE classes. 
In contrast, overall physical activity was not graded by the 
favourability of the ALE (online supplementary figure 
S3), except for an inverse graded pattern in middle-aged 
women (P<0.001). Older women and older men exhib-
ited the largest gains in average daily energy expenditure 
for walking between the least favourable and most favour-
able neighbourhoods at 56% (0.63–0.98 kcal/kg/day) for 
older women and 64% (0.72–1.18 kcal/kg/day) for older 
men. The proportion of overall physical activity attribut-
able to walking was high for older women in particular 
(figure 2).
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Association of walking with premature cardiometabolic 
mortality
Higher and lower levels of walking compared with no 
walking were associated with lower risk of premature 
cardiometabolic death for all groups except middle-aged 
men (comparing the highest level of walking with no 
walking—older women: HR 0.68, 95% CI 0.57 to 0.80; 
older men: HR 0.65, 95% CI 0.55 to 0.77; middle-aged 
women: HR 0.57, 95% CI 0.42 to 0.78; middle-aged men: 
HR 1.02, 95% CI 0.83 to 1.24), and was most apparent 
in middle-aged women (figure 3). Associations between 
overall physical activity and premature cardiometabolic 
mortality were found for all groups (online supplemental 
figure S4).

Association of ALEs with premature cardiometabolic mortality
We identified an inverse association between more 
favourable environments and premature cardiometabolic 
mortality for older women, after adjusting for individual-
level factors (HR 0.78, 95% CI 0.63 to 0.97, figure 4). No 
conclusive associations were observed for older men (HR 
1.13, 95% CI 0.90 to 1.41), middle-aged women (HR 1.02, 
95% CI 0.68 to 1.54) or middle-aged men (HR 0.97, 95% 
CI 0.73 to 1.30). The proportional hazards assumption 
held, based on visual inspection of Schoenfeld resid-
uals and similarities between Cox predicted curves and 
Kaplan-Meier curves. Competing risks models yielded 

similar estimates to Cox proportional hazards models 
(online supplemental table S3).

DISCUSSION
To our knowledge, this is the first individual-level study 
to examine associations between ALEs and premature 
cardiometabolic death. We demonstrated that older 
women living in favourable ALEs were 22% less likely 
to die prematurely from cardiometabolic diseases than 
those living in less favourable environments. Older 
women living in these neighbourhoods walked more, and 
their walking-related energy expenditure was inversely 
associated with premature cardiometabolic mortality. 
The fact that these associations were robust to adjustment 
for social class (which, for measures such as income, were 
inversely related to ALE favourability, online supple-
mental table S2) speaks to the importance of neigh-
bourhoods in shaping behaviours and health, over and 
above the sociodemographic composition of the people 
living in the neighbourhood. In other groups, the associ-
ation between the ALE and premature cardiometabolic 
mortality did not hold. There were, however, positive asso-
ciations between the ALE and walking, regardless of sex 
and age. We also observed inverse associations between 
walking and premature cardiometabolic mortality in 

Figure 1  Flowchart of participant inclusion. aMissing data are summarised in online supplemental table S1.
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all groups except for middle-aged men (online supple-
mental figure S5).

Consistent with previous studies in Canada,26 27 we 
found incrementally higher walking levels in more 
favourable ALEs. The larger increases in walking for 
older adults living in favourable neighbourhoods relative 
to middle-aged adults might point to the growing impor-
tance of walking with age.28 Older adults often have a 
smaller, more restricted activity space than younger and 
middle-aged adults, and may spend more time where 
they live.29 There is also consistent evidence that more 
women walk for leisure than men, and might also walk 
more for the purpose of running errands.30 Although 
older men report higher daily energy expenditures for 

walking, older women report the highest and most envi-
ronmentally graded proportions of physical activity attrib-
utable to walking. Some women of previous generations 
never drove, and while the gap between men and women 
holding a driver’s licence has since narrowed, older men 
are still more likely to drive as a main mode of transpor-
tation.31 This could explain some of the discrepancies we 
see between women and men. Nevertheless, the strong 
relationship between walkable environments and walking 
for women has been shown using large-scale data,32 
and signals the important role that the ALE could play 
for older women to achieve adequate levels of physical 
activity.

Table 1  Characteristics of study population (n=249 420)

Characteristic

Older Middle-aged

Women Men Women Men

N 55 860 35 470 84 465 73 625

Age (years) 73.21 (5.64) 71.32 (4.40) 54.52 (5.60) 54.35 (5.64)

Active living environment

 � 1 (least favourable) 26 170 (46.8) 18 805 (53.0) 43 625 (51.6) 39 455 (53.6)

 � 2 15 285 (27.4) 9015 (25.4) 22 230 (26.3) 18 630 (25.3)

 � 3 10 475 (18.8) 5505 (15.5) 13 415 (15.9) 10 925 (14.8)

 � 4 2800 (5.0) 1520 (4.3) 3570 (4.2) 2995 (4.1)

 � 5 (most favourable) 1130 (2.0) 625 (1.8) 1625 (1.9) 1620 (2.2)

Total follow-up time
(person-years)

299 061.96 177 480.84 522 885.69 452 484.72

Median follow-up time (years) 4.81 4.47 6.39 6.35

Smoking status

 � Never 23 970 (42.9) 5 965 (16.8) 25 065 (29.7) 13 480 (18.3)

 � Former 25 120 (45.0) 24 490 (69.0) 38 515 (45.6) 39 355 (53.5)

 � Current 6770 (12.1) 5020 (14.2) 20 885 (24.7) 20 790 (28.2)

Obese 14 890 (26.7) 9115 (25.7) 25 340 (30.0) 22 535 (30.6)

2+ chronic conditions 33 915 (60.7) 18 500 (52.2) 33 595 (39.8) 22 990 (31.2)

Average median household income 
(DA-level)

$62 848 $66 816 $68 437 $69 504

 � >1 SD below median 9810 (17.6) 4635 (13.1) 10 220 (12.1) 8420 (11.4)

 � Within 1 SD from median 41 755 (74.8) 27 350 (77.1) 63 980 (75.8) 55 700 (75.7)

 � <1 SD above median 4295 (7.7) 3485 (9.8) 10 260 (12.2) 9505 (12.9)

Educational attainment

 � Less than secondary 25 180 (45.1) 14 530 (41.0) 16 655 (19.7) 15 725 (21.4)

 � Secondary school 11 725 (21.0) 5930 (16.7) 22 135 (26.2) 16 460 (22.4)

 � Degree/diploma 18 955 (33.9) 15 010 (42.3) 45 675 (54.1) 41 440 (56.3)

Premature deaths*

 � Total (%) 5250 (9.4) 4050 (11.4) 2395 (2.8) 3040 (4.1)

 � Cardiometabolic (%) 1465 (2.6) 1265 (3.6) 385 (0.5) 830 (1.1)

Data are n, n (%), mean (SD). All covariates are from survey response (baseline).
*Premature death was defined as death before the age of 85 years in older women, before 81 years in older men, and before 72 years in 
middle-aged women and men.
DA, dissemination area.  on A
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Figure 2  Average daily energy expenditure related to walking. Data are mean or (%). Active living environment (ALE) 1 
represents the least favourable environment, while ALE 5 represents the most favourable environment. (A) Contains boxplots, 
mean energy expenditure related to walking and proportion that report no walking. Boxes represent the IQR (25th–75th 
percentile) and the horizontal line represents the median. Note that upper and lower limits of the boxplots have been adjusted to 
represent the 90th and 10th percentile, respectively, for confidentiality purposes. Red markers and trend line represent means 
in each ALE class with test for trend (P<0.05). (B) Shows the proportion of all physical activity that walking accounts for, by ALE 
favourability.
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The associations between leisure walking and survival 
benefit that we observed in this cohort complement 
previous work demonstrating the importance of overall 
leisure-time physical activity to mortality.33 The notable 
absence of association between walking and favourable 
cardiometabolic outcomes in middle-aged men could be 
a result of greater participation in sports and other activ-
ities,30 given the protective association between overall 
physical activity and premature cardiometabolic mortality 
we observed for this group. Walking had the highest 
inverse association (43% risk reduction of premature 
cardiometabolic death) in middle-aged women. A recent 
systematic review of 36 studies found that more women 
walk for leisure than do men—particularly in younger 
age groups.34 It is possible that the exercise achieved 
through activities built into daily living endures over the 
life course and could place women on an advantageous 
trajectory when it comes to long-term cardiometabolic 
health outcomes.

Our findings point to a potential avenue for preventing 
premature cardiometabolic mortality in older women—
the importance of which is underlined by the stalls in 
improving cardiovascular outcomes and mortality for 
women compared with the improvements observed for 
men.35 These neighbourhoods might support activities of 
daily living that will later translate into survival benefits 
for older women.36 The inverse association between the 

ALE and premature cardiometabolic death corroborates 
findings of a previous study which demonstrated a similar 
relationship between urban compactness and coronary 
heart disease death in a biomedical cohort of postmeno-
pausal women.13 Our study is also consistent with previous 
research that links favourable environments to modest 
reductions in area-level rates of premature cardiovas-
cular disease mortality,14 ischaemic heart disease12 and 
overall mortality.11 16 Past research has been limited to 
ecological studies, area-level socioeconomic variables 
and small sample sizes. Our national sample, paired with 
GIS-derived measures for ALEs, offers the advantage of 
comprehensive individual-level information to assess 
the built environment’s potential for influencing down-
stream health outcomes. We were also able to specifically 
interrogate the pathway between the built environment, 
behaviour (walking) and subsequent mortality.

Our study bears several limitations. The CCHS is a 
repeated cross-sectional survey and we were unable to 
track residential moves over the study period. To partially 
mitigate this limitation, we excluded recent immigrants 
and imposed a 1-year exposure lag time before ascer-
taining premature cardiometabolic death. Our measure 
of ALEs was assessed at one time point. Built environ-
ments, especially street networks in North America, are 
enduring features over the timeframe of decades37 and so 
we believe our reliance on a single-exposure measurement 

Figure 3  Association of walking with premature cardiometabolic mortality. Data are HRs (95% CI). Models are adjusted for 
baseline age, education, income, the presence of two or more chronic conditions, obesity, season of survey response and 
survey cycle.
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time point is justified. While we were also unable to adjust 
for residential self-selection,38 such adjustment has only 
resulted in minor impacts in some studies examining the 
associations between the built environment with walking39 
and obesity.40 Our study was limited to self-reported 
physical activity, which is less precise than objective 
measures41 and is vulnerable to recall bias, especially over 
longer time frames.42 However, such bias is likely to be 
non-differential with respect to the ALE—an assignment 
unknown to study participants at survey response. More-
over, the large sample size afforded by multiple waves of a 
national survey allowed us to overcome the limitations of 
self-report measures that would likely have generated esti-
mates biased towards the null and helped uncover nation-
wide physical activity variations that could otherwise be 
overlooked. Linked environmental, survey and adminis-
trative data do not allow us to discern whether reported 
walking and physical activity take place in one’s neigh-
bourhood or not. Previous work using Global Positioning 
System devices has confirmed that higher levels of phys-
ical activity of adults living in more walkable environments 
are indeed, performed near the home.43 As a last point, 
the reasons why we observe associations in older women 
and not in other groups could not be easily addressed 
in our study. We were unable to determine, for instance, 
whether car use might explain cardiometabolic mortality 
differences between older women and men. Our large 
study with linked individual-level data does however serve 

as a benchmark point for future work to contextualise the 
association (or lack of association) between the ALE and 
premature cardiometabolic mortality.

There is growing recognition that the built environ-
ment44 and urban planning policy45 are inherently related 
to health policy. The ALE is, presumably, a population-
level exposure, and this study suggests that these environ-
ments are likely to encourage population-wide increases 
in walking and reductions in premature cardiometabolic 
death. The question as to how we curtail cardiometabolic 
disease in middle-aged people still stands. Like many 
places around the world, the Canadian population is 
ageing, and many are considering ageing in place. Our 
findings suggest that at present, neighbourhood inter-
ventions to support active living are likely to have the 
greatest gains for older women and can be a viable part 
of any jurisdiction’s approach to preventing premature 
cardiometabolic death.
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