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Urban landscape and street-design factors associated with
road-traffic mortality in Latin America between 2010 and
2016 (SALURBAL): an ecological study

D Alex Quistberg, Philipp Hessel, Daniel A Rodriguez, Olga L Sarmiento, Usama Bilal, Waleska Teixeira Caiaffa, J Jaime Miranda,
Maria de Fatima de Pina, Akram Herndndez-Vdsquez, Ana V Diez Roux

Summary

Background Road-traffic injuries are a key cause of death and disability in low-income and middle-income countries,
but the effect of city characteristics on road-traffic mortality is unknown in these countries. The aim of this study was
to determine associations between city-level built environment factors and road-traffic mortality in large Latin American
cities.

Methods We selected cities from Argentina, Brazil, Chile, Colombia, Costa Rica, El Salvador, Guatemala, Mexico,
Panama, and Peru; cities included in the analysis had a population of at least 100000 people. We extracted data for
road-traffic deaths that occurred between 2010 and 2016 from country vital registries. Deaths were grouped by 5-year
age groups and sex. Road-traffic deaths were identified using ICD-10 codes, with adjustments for ill-defined codes
and incomplete registration. City-level measures included population, urban development, street design, public
transportation, and social environment. Associations were estimated using multilevel negative binomial models with
robust variances.

Findings 366 cities were included in the analysis. There were 328 408 road-traffic deaths in nearly 3-5 billion person-
years across all countries, with an average crude rate of 17-1 deaths per 100 000 person-years. Nearly half of the people
who died were younger than 35 years. In multivariable models, road-traffic mortality was higher in cities where urban
development was more isolated (rate ratio [RR] 1-05 per 1 SD increase, 95% CI 1-02-1-09), but lower in cities with
higher population density (0-94, 0-90-0-98), higher gross domestic product per capita (0- 96, 0-94-0-98), and higher
intersection density (0-92, 0-89-0-95). Cities with mass transit had lower road mortality rates than did those without
(0-92, 0-86-0-99).

Interpretation Urban development policies that reduce isolated and disconnected urban development and that

promote walkable street networks and public transport could be important strategies to reduce road-traffic deaths in
Latin America and elsewhere.

Funding Wellcome Trust.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY
4.0 license.

Introduction Cities can be designed and managed to improve road

Urbanisation is increasing globally, with increased
motorisation and urban sprawl being linked to road-
traffic injuries and deaths. In Latin America—one of the
most urbanised regions of the world with more than
80% of the population living in cities—road-traffic
injuries are a leading cause of death for all ages;"-*
regionally, they are the leading cause of death among
children aged 5-14 years, and they are the second leading
cause of death among people aged 15-44 years." The
economic effect of road injuries in the region is estimated
to be a loss of 4-4% of annual gross domestic product
(GDP).! Road-traffic death rates vary across Latin
American countries, but the overall regional rate has
remained close to 20 deaths per 100000 population
annually since 1980, whereas the rate over that same
period has halved in high-income countries.!
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safety by reducing unsafe travel behaviours (eg, travelling
at high speed), protecting vulnerable road users
(eg, pedestrians), reducing volume of motor vehicle
traffic, and prioritising active and public transportation.””
Existing evidence, mostly from studies in high-income
settings, suggests road safety can be improved by
intervening at the street level (eg, narrower roads,
requiring motorists to stop for pedestrians),”* neigh-
bourhood level (eg, increasing street connectivity and
walkability, traffic calming),”*® and potentially the city
level (eg, increasing population density, reducing peri-
pheral growth, increasing availability of public trans-
portation).*"

A few studies in Latin America have examined the
effect of city or sub-city built environment features on
road-traffic injuries and deaths,™ but the focus has been
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Research in context

Evidence before this study

We searched PubMed, ISI Web of Knowledge, SciELO, and
Transportation Research International Documentation for
articles published from inception up to Jan 31, 2020,
examining road-traffic deaths in Latin America in relation to
the built environment at the city level using the following
search terms in English, Spanish, and Portuguese: (Latin
America) AND (built environment) AND (“road mortality” OR
“road traffic mortality” OR “traffic mortality” OR “road injury”
OR “road traffic injury” OR “traffic injury” OR “road accidents”
OR "motor vehicle collisions” OR “pedestrian” OR “cyclist” OR
“bicyclist” OR “bicycle” OR “motorcycle”). Although we found
several studies that examined intersection-level or segment-
level characteristics of the built environment and one that
examined area level characteristics for one city in

Latin America, we did not find any studies examining multiple
cities or city-level characteristics of the built environment in
relation to road-traffic mortality. In high-income settings,
several studies have examined road-traffic mortality and
specific characteristics of the built environment at the city
level (eg, urban sprawl) and a few have examined urban design
profiles of cities. These studies have, in general, shown that
cities with urban developments or street designs that are more
compact (eg, higher intersection density) tend to have lower

on a single city or neighbourhood. No studies, of which
we are aware, have examined city-level built environment
characteristics in relation to road mortality using city-
level vital registry data across a large heterogenous
sample of cities in the region. Identifying which built
environment factors in Latin American cities are
associated with road-traffic mortality is key to achieving
Sustainable Development Goal 3.6 of halving road-traffic
deaths because urban design can play a fundamental role
in promoting long-term road safety.”

The objective of this study was to examine patterns of
road-traffic mortality in selected Latin American cities
and to determine the association of mortality with city-
level characteristics of the urban landscape, street design,
transportation, population, and the social environment.

Methods

Sample

The main unit of analysis in this study was cities, as
defined in the SALURBAL project (Salud Urbana en
America Latina).” Cities were selected for the study on
the basis of their location in 11 countries and if they had
a population of 100000 or more. Each city was defined
geographically by administrative units that encompassed
the visually apparent urban extent (ie, the built-up area
meaning the area of the city covered with buildings
and other impervious surfaces), as of 2010, using satel-
lite imagery overlaid with administrative boundaries.
The SALURBAL study protocol was approved by the

road mortality, while those with higher rates tend to be more
sprawling and have longer roads.

Added value of this study

To our knowledge, this is the first study to examine road-traffic
mortality and city-level built environment characteristics across
multiple cities and countries in Latin America. We found that
across a diverse set of cities in low-income and middle-income
countries cities with more compact development, higher
population density, and with bus rapid transit had lower
road-traffic mortality than cities with lower density
development and population and without mass transit.

Implications of all the available evidence

Most research on predictors of road safety has focused on
high-income countries. The findings of this study highlight the
importance of city-level built environment characteristics for
road safety in the rapidly growing cities of low-income and
middle-income countries. Policies that promote higher density
development, smaller block sizes, connectivity, and public
transportation at the city level can help improve road safety,
probably by improving the efficiency of traffic flow, reducing
traffic speeds, and increasing walking, bicyling, and public
transportation use.

Drexel University Institutional Review Board with ID
#1612005035 and by appropriate site-specific IRBs.

Mortality

The primary outcome was road-traffic death rate among
residents of SALURBAL cities. Mortality data were
obtained from official country vital registry data and
linked to SALURBAL-defined cities.” Road-traffic deaths
were identified using International Classification of
Diseases version 10 (ICD-10) codes V01-V89 that describe
road-traffic deaths (appendix p 15). We included all motor
vehicle transportation-related deaths, whether considered
to be traffic-related or non-traffic-related, because the
small proportion non-traffic deaths (<1% of the total)
could still capture traffic-related deaths in parking lots,
driveways, private roads, parks, or other non-public road
areas. Approximately 11% of deaths due to external
causes in countries in the SALURBAL study were coded
with ill-defined ICD-10 codes relevant to road-traffic
deaths (appendix pp 4, 5). Some of these deaths are due
to road-traffic collisions, but have not been specifically
coded to road-traffic collision death codes; thus, we used
well established methods from prior studies®™ to
redistribute ill-defined codes across specifically-defined
and partially-defined codes using 100 multinomial draws,
based on the observed distribution of road-traffic deaths
by age (5-year age groups), sex, and country across all
available years of deaths (appendix p 6). On average,
across redistributions, 18-6% of road-traffic deaths
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originated from ill-defined causes, similar to what has
been observed in country-level studies using similar
methods (appendix pp 8, 9).** Counts of road-traffic
deaths within each 5-year age—sex group were created for
each redistribution by decedents’ city of residence and
combining data for decedents aged 80 years or older
(some countries combined population projections for
those aged =80 years). We pooled data across years
2010-16 to create a more stable estimate for small age-by-
sex cells. We used population post-censal projections or
inter-censal estimations as denominators from national
census bureaus or equivalent agencies to calculate road-
traffic death rates per 100000 population, by 5-year age—
sex groups at the city level.” We corrected population
projections for the incomplete coverage of all deaths
using an ensemble of death distribution methods.**

Because cities were defined broadly, it is reasonable to
assume that most traffic-related deaths in city residents
occurred within the city boundaries. This approach also
allows comparisons with national vital statistics data and
is also consistent with other studies of factors associated
with traffic deaths.®®

Exposures

The primary exposures of interest were city-level built
environment characteristics including spatial features of
the urban landscape, street design, transportation, and
population distribution based on prior literature, as well
as hypothesised and theoretical understandings of these
factors (appendix pp 16-17).°**” Although few studies
examined city-level, satellite-imagery-based urban land-
scape measures and road-traffic safety outcomes, we
hypothesised that: higher fragmentation of urban
development (patch density: density of separate built-up
areas within city boundaries) and higher isolation of
urban developments (area-weighted mean nearest
neighbour distance between built-up patches) would
have higher rates of road-traffic deaths. We also
hypothesised that the higher the proportion of the city’s
geographic area that is built-up (ie, covered in buildings
as determined by satellite imagery), the lower the road-
traffic death rate.” Street-design metrics included street
connectivity (intersection density and average number of
streets per node) and average street-segment length
calculated from Open Street Maps.” Previous research
suggests that higher intersection density is associated
with lower road-traffic mortality, whereas more complex
intersections (ie, more connecting roads) and longer
street lengths are associated with higher road-traffic
mortality.”*** Transportation measures included the
urban travel delay index, a measure of urban traffic
congestion that reflects the amount of additional travel
time during peak travel times compared to the average
non-peak travel time, and the presence or absence of
mass transit systems (bus rapid transit system or a rail
transit system).” Traffic congestion can reduce road-
traffic mortality because of lower traffic speeds;”* the

www.thelancet.com/planetary-health Vol 6 February 2022

effects of bus rapid transit or rail transit on road-traffic
deaths have not been examined at the city-level across
multiple cities, but the presence of such systems is
expected to be beneficial to road safety.* Population
distribution measures included the population density
within the built-up area of the city and population growth
of the city during the years of the study (2010-16). A
summary measure of the social environment (average
of the z-score of the included variables) of the cities
studied was constructed from each country’s most recent
census as of 2010. Variables used in the index include
proportion of households with piped water in their
dwelling, proportion of dwellings with a sewage network
connection, proportion of households with overcrowding
(defined as more than three people per room; values
were reversed for index calculation), and proportion of
adults aged 25 years or older who completed at least
primary education. GDP for each city for 2010, in 2011
international US$, was derived from gridded GDP
estimates.”*”

Statistical analysis

The 5-year age-sex road-traffic mortality rates were
calculated for each city and each redistribution using the
counts of the summed imputed road-traffic deaths
divided by the corresponding population denominator
derived from the summed S5-year age—sex group
population projection. The average of the age-specific
rates across redistributions were used to explore patterns
and trends graphically in box plots and age trendlines by
sex and country. We calculated direct age-standardised
road-traffic mortality rates for each city using WHO
2000-25 standard population and 5-year age groups by
sex and overall, and then averaged the age-standardised
rate across the 100 redistributions.” We used direct
standardisation because there were no strata with fewer
than 25 total deaths. Descriptive statistics of built and
social city features were examined by quartiles of the
averaged age-standardised rates. We compared our
age-standardised rates to the WHO Global Status Report
on Road Safety 2018 country-level mortality rates (crude
and estimated)’ and Global Burden of Disease (GBD)
2019 mortality rates® by pooling all deaths in the included
cities by country to create a crude and age-standardised
mortality rate for all cities in each country. We examined
descriptive statistics of exposure variables by quartiles of
city age-standardised rates and calculated Wald p values
to examine differences between quartiles.

Associations between the outcome and exposures and
covariates were evaluated using generalised linear mixed
models (ie, multilevel) with a negative binomial distri-
bution and robust variance and an offset for the popu-
lation of each 5-year age—sex group. Models were adjusted
for sex and age and included a random intercept for cities
and a fixed effect for country. The ten cities in Central
American countries (Costa Rica, El Salvador, Guatemala,
and Panama) were treated as one category. Each
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Cities (N) Years included

Mortality data

Median age-standardised mortality per 100 000

WHO estimate of

Global Burden of Disease estimate

in analysis administrative  population of SALURBAL cities road traffic of road traffic mortality per
unit mortality per 100 000 population at country
100000 population  level®
at country level®
Male Female Total 2010 2016 2010 2016

Argentina 33 2010-2016 Varies* 241(21-6-28-8)  64(59-6-9) 152 (133-17-7)  12:6 14-0 15-4 (14-9-15-9)  14-6 (14-0-15-1)
Brazil 152 2010-2016 Municipio 36-5(30-1-47) 8.4(67-10-6)  21:6(18:0-283) 225 19-7 246 (24-0-252)  21-9 (21:3-22:5)
Chile 21 2010-2016 Comuna 21-6 (18-9-25-5) 5.9 (5-0-7-0) 13-7 (11-8-157) 123 125 14-4 (14-0-14-8) 131 (12-6-13-6)
Colombia 35 2010-2016 Municipio 30-6 (27-4-39-2) 7 (6:0-9-0) 18-1(16:0-23-2) 156 185 16-7(16:2-17:3)  16:1(15:4-16-8)
Costa Rica 1 2010-2016 Cantones 20-9 (20:9-20-9) 6-1(6:1-6-1) 135 127 16-7 16-4 (15-6-17-2)  18:9 (17-3-20-0)
El Salvador 3 2010-2014 Municipio 345(28-8-42:5)  61(57-10-4) 184 (162-245)  21.9 222 19-5(18-1-24-6) 203 (16:2-26.6)
Guatemala 3 2010-2016 Municipio 34-1(20-1-53-4) 8(4-6-87) 19-9 (11-9-30-1) 67 16-6 14-0 (12:3-15-9)  16-1(13:9-18-4)
Mexico 92 2010-2016 Municipio 35-0(28:9-42-8) 100 (8-117) 221 (18.7-26-1) 147 131 17-8 (17-4-183) 166 (16-0-17-1)
Panama 3 2012-2016 Corregimiento 26-7 (18-3-28-7) 5-1(4-6-7-2) 15-3 (113-17-8) 141 143 147 (13-8-15-4) 133 (12-6-14-2)
Peru 23 2010-2016 Distrito 32:4(26:4-39-9)  11:3(8:4-17-4) 22:2(18:3-27-4) 159 135 17-4 (13-8-203)  14-3(10:7-18-2)

the country.

Data are median (IQR) or mortality per 100 000 population (95% uncertainty interval). *Comuna in the Ciudad Autonoma de Buenos Aires, partido in the province of Buenos Aires, departamento in the rest of

Table 1: Age-standardised mortality rates of cities by country
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Figure 1: Age-standardised road traffic mortality per 100 000 population, by country

For ggplot 2 see https://ggplot2.
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redistribution was modelled separately, and coefficients
and variances were extracted and then combined using
Rubin’s formula to produce rate ratios (RRs) and
95% Cls.* City-level exposures were standardised to a
mean of 0 and a SD of 1 except for presence or absence of
mass transit. We first examined each exposure separately
(single-exposure models) adjusted for age, sex, and
country (model 1). Then, to determine whether any
associations observed in model 1 were independent of
each other, we fitted models that included all variables
together (model 2). Lastly, we fitted a final model
(model 3) in which we removed variables with very high
Pearson’s correlations (>0-9) or high variance inflation
factors. We conducted sensitivity analyses repeating the
main analyses and examining only cities with high
quality road-traffic mortality coding (<20% of road-traffic

deaths originating from ill-defined codes), including the
proportion of road-traffic deaths from ill-defined codes as
a covariate. We also conducted a complete case analysis
using only deaths originally coded as road-traffic deaths
and excluding ill-defined deaths from redistribution. We
used StataMP (version 16.0) for descriptive and
regression analyses, while the figures were created using
ggplot2 in R (version 4.04).

Role of the funding source
The funder had no role in study design, data collection,
data analysis, data interpretation, or writing of the report.

Results

Road-traffic deaths from 366 cities in 10 countries
were available for analysis. There were 328408 road-traffic
deaths over 1918741080 person-years across all countries,
with an average crude rate of 17- 1 deaths per 100 000 person-
years. Age-standardised rates varied across countries and
substantially between cities within countries (table 1;
figure 1). Across all countries, median road-traffic mortality
rates ranged from 7-6 deaths per 100000 population in
Chile to 66-6 in Peru (appendix pp 17-25). The median of
each country’s age-standardised rates was comparable to
country-level estimated total mortality rates in public
reports by WHO? and the GBD study,” although Mexico
and Peru had higher median rates than WHO and GBD
country-level estimates (table 1).

At country level, there were substantial differences in
median age-standardised road-traffic mortality rates
between men (21-36 deaths per 100000 population)
and women (5-11 deaths per 100000 population). In
Brazil and El Salvador, the greatest difference in rates
between men and women was nearly 30 deaths per
100000 population. These differences were also reflected
in age-specific road-traffic mortality rates, which were

www.thelancet.com/planetary-health Vol 6 February 2022
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Figure 2: Road-traffic mortality per 100 000 population by country, sex, and age group
(A) Road traffic mortality for men. (B) Road traffic mortality for women. *Includes Costa Rica, El Salvador, Guatemala, and Panama.

higher for men than for women in all age groups
(figure 2). Age-specific road-traffic mortality rates ranged
from 0 to 698-8 deaths per 100000 population across all
cities (figure 2; appendix pp 10, 11). There were 369 age—
sex groups with 0 deaths, mostly among women, those
younger than 14 years old, and those aged 65-79 years.
Nearly 50% of road-traffic deaths occurred among
people younger than 35 years. In men, the age groups
with the highest median road-traffic mortality rate per
100000 population included men aged 65 years or older,
whereas the age group with the lowest rate was boys aged
5-9 years (appendix p 12). Similar patterns were observed
among women, with those aged 65 years and older
having the highest median rate and girls aged 5-9 years
old having the lowest median rate (appendix p 11).

Cities in the lowest quartile of age-standardised road-
traffic mortality rates had the highest population density
(median 6664 inhabitants/km?2 [IQR 5537 to 9763]) and

www.thelancet.com/planetary-health Vol 6 February 2022

highest social environment index (0-42 [-0-04 to 0-70])
compared with cities in higher quartiles of age-
standardised road-traffic mortality (table 2). The lowest
quartile of mortality also had the highest proportion of
the city that was built-up (5-2% [1-8 to 9-7]), the largest
median distance between built-up areas (isolation,
median 91-1 metres [IQR 85-6 to 98-9]), the highest
intersection density (median 7-2 intersections per hectare
[IQR 2-8 to 14-0]), the highest urban travel delay index
(median 0-17 [0-11 to 0-30]), and the most cities with bus
rapid transit or rail transportation systems (26 [29%)] of
91). The highest quartile of road-traffic mortality had the
highest annual population growth average (median 1323
per 100000 population [IQR 835 to 7846] in 2010),
lowest social environment index score (median -0-21
[IQR -0-55 to 0-11]), lowest per capita GDP in 2010
(median $10903 in 2011 US$ [IQR 6653 to 16676]),
lowest patch density (median 0-41 per 100 hectares

€126
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Quartile1 Quartile 2 Quartile 3 Quartile 4 Wald test
7-6t016-7 (n=91) 16-7t020-2 (n=92) 20-2 to 25-5 (n=91) 25.5t0 66-7 (n=92) p value*
Population distribution
Population density in built-up area (inhabitants per km?)t 6664 (5337 to 9763) 6281 (5148 to 8230) 5788 (4744 to 8234) 6056 (4691 to 7846) 0-5136
Annual population growth average (average annual numberof 1216 (885 to 1608) 1168 (892 to 1508) 1212 (876 to 1720) 1323 (835 to 1804) 07712
people added to the city per annual 100 000 population)t
Social environment index 0-42 (-0-04 to 0-70) 0-30 (-0-19to 0-52) 0-09 (-0-46 to 0-46) -021(-0-55t0 0-11)  0-0682
City gross domestic product (US$) 14729 (100511020 624) 14729 (98481020 046) 14272 (8732t019476) 10903 (6653016 676) 0-0186
Urban landscape
Patch density (patches per 100 hectares) 0-79 (0:37t0 1.52) 0-53 (028 t0 1-07) 0-44 (0-25 to 0-85) 0-41(0-19t0 0:68)  0.0482
Area-weighted mean nearest neighbour (isolation, metres) 91-1(85-6 to 98-9) 886 (82:6t0 95-2) 889 (82:4t0 94.6) 88 (82-9t094-8) 0-4342
Proportion of city built up 5:2% (1-8t0 9-7) 41% (1-9t0 6-9) 2:9% (1-3t0 5-2) 2:4% (1-2t0 47) 01033
Street design
Intersection density (per hectare) 7-2 (2:8 to 14-0) 5.9 (2-8t09-4) 3.9 (1-8t07-4) 3-4(1.7t0 6-4) 0-0970
Average streets per node 2.9 (2:8t03-2) 3(2:8to31) 3(2:9to3-1) 31(2:9t03-2) 0-3900
Average street length (metres) 126 (112 to 154) 135 (121t0 166) 135 (118 to 159) 140 (123 t0 180) 0-2866
Transportation
Urban travel delay index 0-17 (0-11 to 0-30) 0-12 (0-08 to 0-21) 0-11 (0-08 to 0:17) 0-1(0-06 to 0-15) 01738
Presence of bus rapid transit system or subway 26 (28:6%) 14 (15-4%) 9(9-8%) 4 (4-4%) 0-0141
Data are median (IQR) or n (%). *Tests if each quartile of age-standardised road mortality is equal to one another in a linear regression, with each covariate as the outcome and robust standard errors clustered by
country. 12010 data.
Table 2: Quartiles of age-standardised road-traffic mortality per 100 000 population, by exposure
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[IQR 0-19 to 0-68]), lowest proportion of built-up area
(median 2-4% [IQR 1-2 to 4-7]), lowest intersection
density (median 3-4 intersections per hectare [1-7 to 6-4]),
and fewest cities with bus rapid transit or rail trans-
portation systems (four [4%)]).

Pearson correlations between the continuous city-level
predictors were mostly small (<0-3) or moderate
(0-3 to 0-6; appendix p 13). The only correlations greater
than 0-6 (absolute value) were observed for proportion of
the city builtup and intersection density (0-93),
proportion of the city built-up and patch density (0-74),
and patch density and intersection density (0-65).

In single-exposure models adjusted for country (fixed
effect), sex, and age group (model 1), most measures
exhibited strong associations with road-traffic deaths
(figure 3; table 3). Higher population density, higher
social environment index, higher GDP per capita, higher
development fragmentation, higher proportion of the
city area that was built-up, higher intersection density,
and a higher urban travel delay index were associated
with lower road-traffic mortality; a 1 SD higher value for
these metrics is associated with a 11-12% lower rate
(table 3). Road-traffic mortality was lower in cities with a
bus rapid transit or subway system than those without
(RR 0-77 [95% CI 0-71-0-82]). By contrast, cities with
faster population growth, higher isolation of built-up
areas, and more average streets per node had higher
road-traffic mortality rates than did cities with lower
values; these metrics were associated with a 3-8% higher
rate per 1 SD (table 3).

In multivariable models (model 2), higher population
density, higher GDP per capita, and presence of bus

rapid transit or subway systems remained significantly
associated with lower traffic mortality, and higher
isolation remained associated with higher mortality
(table 3). Higher social environment index and higher
intersection density were also associated with lower
rates, but these associations were no longer statistically
significant after adjustment. Population growth, patch
density, proportion of city built-up, average streets per
node, and urban travel delay index were not significantly
associated with mortality rates after adjustment. The
association between average street length and mortality
became inverse compared with model 1, but was not
statistically significant.

Given the very high correlation between proportion of
city built-up and intersection density (0-93), we fit a final
model, removing proportion of city built-up (model 3;
table 3). Patch density was also removed from this final
model Dbecause its coefficient cannot be properly
interpreted if proportion of city built-up is not in the
model. Results were similar to those in model 2: higher
population density, higher GDP per capita, and the
presence of bus rapid transit or subway systems all
remained significantly associated with lower road-traffic
mortality, and higher isolation was associated with higher
road-traffic mortality. In this model, higher intersection
density was also associated within lower road-traffic
mortality.

Sensitivity analyses that excluded cities with poor death
coding (>20% road-traffic deaths originating from ill-
defined codes; n=152) had similar results to the main
analyses, albeit with wider 95% ClIs for some covariates
(appendix, p 14). Including the proportion of ill-defined
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deaths as a covariate in analyses did not change the
results substantially from the main analysis. A complete
case analysis excluding redistributed ill-defined codes
also resulted in similar findings to the main analyses, but
with wider 95% ClIs for some exposures (appendix p 14).

Discussion

In this study, we used a heterogeneous sample of
366 Latin American cities and mortality data derived
from official vital registry data between 2010 and 2016 to
examine city-level built environment factors and road-
traffic mortality. In multivariable adjusted models, Latin
American cities with higher population density, higher
intersection density, and those with a mass transit system
such as a subway or bus rapid transit system had
significantly lower road-traffic death rates than cities
with lower values of these characteristics (or absence).
Cities with higher GDP per capita also had lower road-
traffic mortality. By contrast, cities with more isolated
built-up areas had significantly higher road-traffic
mortality. This study also showed that there is substantial
heterogeneity between Latin American cities in terms of
road-traffic mortality, both within and between countries.

Population density and several urban form measures
were associated with road-traffic mortality. Higher
population density in urban areas is typically linked with
higher levels of walking and public transportation use
and less driving,” and was consistently associated with
lower traffic mortality in our study, even after adjustment
for other factors examined. Studies examining population
density in relationship to road-traffic deaths have found
conflicting results, likely due to differences in the
geographic level being examined and other covariates
included in the models.”** Many of the studies showing
that higher population density is associated with higher
traffic related mortality are at the province or country-
level, probably reflecting urban—rural differences.** By
contrast, most studies at the city or sub-city-level have
shown that areas with a higher population density
typically have a lower road-traffic mortality rate per
population or vehicle miles travelled.?*#

Higher fragmentation (ie, more disconnected built-up
areas) and higher proportion of the city area that was
built up were also associated with lower traffic mortality,
while higher urban development isolation was associated
with higher traffic mortality. The association of greater
isolation with higher traffic mortality persisted after
adjustment for other factors. Isolation is the average
distance among disconnected patches of urban develop-
ment in the city’s geography, thus a higher value indicates
that patches of development are, on average, further
apart from each other. Cities with this type of development
could be expected to have higher road-traffic mortality
because residents must traverse longer distances to get
places, facing lower road connectivity or high-volume
roads near residential areas, and possibly high-speed
roads in between developments."
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Figure 3: Forest plot of the association of road-traffic mortality in single exposure and multivariable models
Rate ratios and 95% Cl Cls were estimated in mixed-effects generalised linear model regression with negative
binomial distribution and robust standard errors. All RRs and 95% Cls reflect a difference of 1 SD except bus rapid
transit or subway. All models are adjusted for a fixed effect for country, sex, and 5-year age group. Model 1 is a
single exposure model of each exposure and covariate. Model 2 includes all exposures and covariates in a
multivariable model. Model 3 removed patch density and proportion of city built-up from the model due to high
correlation with other variables. *Measured for 2010-14 in El Salvador and 2012-16 in Panama to match the years

of outcome data available.

City street connectivity (eg, intersection density) has
been associated with road-traffic mortality in previous
studies, with more connected cities having lower road-
traffic mortality,*"** but few of these studies focused on
low-income and middle-income regions. We showed the
potential effect of street features on traffic-related
mortality across a large set of Latin American cities, a
context of high urbanisation and high traffic-related
mortality. Consistent with previous work,** we found
that higher intersection density at the city level was
associated with lower death rates across all models.
Greater intersection density is hypothesised to affect risk
of road-traffic death primarily via motor vehicle speeds,
by slowing down motorists on denser networks.
When analysed separately from other factors, the
presence of longer streets was associated with higher
traffic-related mortality (though not significantly), which
is consistent with previous reports, suggesting this
association could be due to motorists being able to reach
higher speeds on longer roads.* After adjustment for
other factors, cities with longer streets had slightly lower
road-traffic death rates than did cities with shorter streets
in our analyses, but confidence intervals just barely
included the null. Although this finding contradicts
several previous studies™* at least one study at the city
level is partly consistent with our results.® That study
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Model 1 Model 2 Model 3

Population measures
Population density in built-up area, 0-90(0-86-0-94)  0-93(0-89-0-98)  0:94(0-90-0-98)

2010
Population growth 2010-16* 1.03(0-99-1:07)  1.02(1-00-1.06)  1.03 (1.00-1.06)
Social environment index 0-90 (0-85-0-94) 0-96 (0-91-1-02) 0-96 (0-91-1-02)
Gross domestic product per capita in 0-96 (0-93-0-99) 0-96 (0-94-0-98) 0-96 (0-94-0-98)
2010
Urban landscape
Patch density (fragmentation) 0-91(0-88-0-94) 0-99 (0:95-1.03)
Area-weighted mean nearest 1-08 (1-05-112) 1.05 (1.01-1.08) 1.05 (1.02-1-09)
neighbour (isolation)
Proportion of city built up 0-89 (0-86-0-91) 0-99 (0-91-1-07)
Road network measures
Intersection density 0-88 (0-86-0-91) 0-94 (0-87-1-02) 0-92 (0-89-0-95)
Average street length (metres) 1-03 (1-00-1-07) 0-96 (0-92-1-00) 0-96 (0-92-1-00)
Average streets per node 1-06 (1-02-1-09) 1.02 (0-99-1-05) 1-02 (0-99-1-05)

Transportation measures
Urban travel delay index 0-89 (0-86-0-92) 0-98 (0-94-1-02) 0-98 (0-94-1-02)

Presence of bus rapid transit systemor ~ 0-77 (0-71-0-82) 0-93 (0-86-0-99) 0-92 (0-86-0-99)
subway (vs none)

Data are rate ratio (95% Cl). All models are adjusted for a fixed effect for country, sex, and 5-year age group. Model 1is a
single exposure model of each exposure and covariate. Model 2 includes all exposures and covariates in a multivariable
model. Model 3 includes all exposures and covariates except patch density and percent built-up area. Rate ratios were
estimated using mixed-effects generalised linear model regression with negative binomial distribution and robust
standard errors. All rate ratios and 95% Cls reflect a difference of 1 SD except for bus rapid transit system or subway.
*Measured for 2010-14 in El Salvador and 2012-16 in Panama to match the years of outcome data available.

Table 3: Association between road traffic mortality and exposures, by model

showed that cities with longer high-speed roads
(highways) per inhabitant had higher passenger vehicle
fatality rates, whereas cities with longer surface roads
(arterials) per inhabitant had lower passenger vehicle
fatality rates.® The relation of road length with road-traffic
deaths deserves further exploration in low-income and
middle-income cities.

Our findings indicate that cities with bus rapid transit
or passenger railway systems had a lower rate of road-
traffic deaths than did cities without those systems. The
association was reduced but persisted after adjustment
for the other factors. Previous studies of specific cities
had mixed results, all focusing on within-city changes in
a single city in road-traffic collisions.” To date, none have
examined as many cities as in this study or compared
cities with and without bus rapid transit.* Mass transit
modes have lower rates of road-traffic collisions and
deaths than any other mode of transportation, and higher
city bus use might also result in fewer cyclist and
pedestrian deaths.””* As more people use these modes,
there are fewer motorists and thus fewer opportunities
for collisions to happen. These systems also tend to
produce higher volumes of pedestrians around stations
and stops, which could result in a safety-in-numbers
effect by slowing motor vehicle traffic.” At least 170 cities
worldwide have implemented bus rapid transit, which
originated in Curitiba Brazil in 1974.* Our results provide
additional support to the implementation of these types
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of mass transit systems for road safety in addition to
their benefits as sustainable transportation.

A better city-level social environment (in terms of social
environment index) was associated with lower traffic
mortality, similar to what has been observed in a previous
study,® though when adjusting for city-level GDP, city-
level social environment was no longer statistically
significant. Previous studies examining the association of
GDP with road-traffic deaths showed lower rates in cities
with higher GDP, though increases in GDP have been
associated with more traffic deaths as a result of the
acceleration of economic activity.”** The associations of
higher socioeconomic characteristics or GDP with lower
rates (cross-sectionally) could reflect several processes
occurring in cities with better socioeconomic conditions,
such as improved quality of streets and vehicles, increased
access to emergency services and medical care, and the
development of public transportation.”

Strengths of our study include the use of harmonised
data drawn from the city level across a broad range of
diverse cities across Latin America. The ecological design
is appropriate given inferences at the city level rather
than individual level. Ideally, city-level studies would use
deaths occurring within the boundaries of the city
(possibly excluding intercity highways) and a measure of
traffic volume (and possibly also pedestrian traffic) as
denominators. Unfortunately, such data were not
available across all cities in our study. However, we
believe that given the broad definition of cities that we
used (and the fact that available data suggests that 80% of
deaths to residents were coded as occurring within the
city boundaries), death rates in residents are a reasonable
outcome to focus on. However, measurement error
attributable to this approximation could have hampered
our ability to detect some city-level associations with
road-traffic deaths.

Misclassification of road-traffic deaths is a potential
limitation; however, we used well accepted methods to
redistribute ill-defined causes of death to address
potential bias from wusing just one redistribution.
Sensitivity analyses showed that the associations between
exposures and road-traffic mortality did not change
substantially. The correction factors for incomplete
registration are imperfect at the city level and could either
underestimate or overestimate mortality in some cities.
Improving the registration and the coding of mortality
data in the region remains an important priority. We did
not account for potential differences between cities in
terms of transportation use frequency, such as number
of trips or distance travelled due to the unavailability of
these measures in many Latin American cities. Some of
the exposures we examined might have changed during
the 2010-16 period we examined; thus, future longitudinal
studies might be able to examine temporal trends as data
improve. Finally, we examined several intercorrelated
variables and, while, correlations were not very high, we
removed variables that were most highly correlated. Many
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of these variables capture closely related domains
(eg, fragmentation and isolation) and can also act
synergistically, which might result in adjusted results
underestimating the potential effect of these factors on
traffic deaths.

Road-traffic mortality in Latin American cities is
associated with specific city-level attributes, suggesting
that broad urban planning policies can be relevant to
achieving Sustainable Development Goal 3.6 of halving
the number of global deaths and injuries from road-traffic
accidents. Well designed and well implemented policies
addressing street-level and behavioural factors can have
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