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ABSTRACT
Objectives To evaluate variability in life expectancy 
at birth in small areas, describe the spatial pattern of 
life expectancy, and examine associations between 
small- area socioeconomic characteristics and life 
expectancy in a mid- sized city of a middle- income 
country.
Design Cross- sectional, using data from death registries 
(2015–2018) and socioeconomic characteristics data from 
the 2010 national population census.
Participants/setting 40 898 death records in 99 
small areas of the city of Córdoba, Argentina. We 
summarised variability in life expectancy at birth 
by using the difference between the 90th and 10th 
percentile of the distribution of life expectancy across 
small areas (P90- P10 gap) and evaluated associations 
with small- area socioeconomic characteristics by 
calculating a Slope Index of Inequality in linear 
regression.
Primary outcome Life expectancy at birth.
Results The median life expectancy at birth was 80.3 
years in women (P90- P10 gap=3.2 years) and 75.1 
years in men (P90- P10 gap=4.6 years). We found 
higher life expectancies in the core and northwest 
parts of the city, especially among women. We found 
positive associations between life expectancy and 
better small- area socioeconomic characteristics, 
especially among men. Mean differences in life 
expectancy between the highest versus the lowest 
decile of area characteristics in men (women) were 
3.03 (2.58), 3.52 (2.56) and 2.97 (2.31) years for % 
adults with high school education or above, % persons 
aged 15–17 attending school, and % households with 
water inside the dwelling, respectively. Lower values 
of % overcrowded households and unemployment rate 
were associated with longer life expectancy: mean 
differences comparing the lowest versus the highest 
decile were 3.03 and 2.73 in men and 2.57 and 2.34 
years in women, respectively.
Conclusion Life expectancy is substantially 
heterogeneous and patterned by socioeconomic 
characteristics in a mid- sized city of a middle- income 
country, suggesting that small- area inequities in life 
expectancy are not limited to large cities or high- 
income countries.

INTRODUCTION
The social context of daily life is linked 
to health outcomes and generates social 
inequalities in health.1 Health inequalities 
tend to be large in urban areas because cities 
include areas of concentrated deprivation 
and poverty,2 3 especially in large cities where 
spatial and social inequalities are combined.4 
Latin America is one of the most urbanised 
regions of the world with urbanisation levels 
estimated to be in the order of 80%.5 It is also 
one of the most unequal regions in the world 
and is home to more than half of the thirty 
most unequal cities in the world.6

Although a number of studies have docu-
mented large inequities in mortality and life 
expectancy across neighbourhoods within 
cities in high- income countries,7–11 there has 
been very limited investigation of within- city 
heterogeneity in life expectancy in cities of 
lower income and middle- income coun-
tries. Indeed, some work has suggested that 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ The study had unique access to mortality data geo-
referenced to small areas.

 ⇒ The Bayesian approach draws strength from sur-
rounding small areas and from the overall structure 
of the mortality schedule allowing valid and reliable 
estimation even when data are sparse.

 ⇒ The use of the Slope Index of Inequality takes ad-
vantage of the full distribution of socioeconomic 
variables but avoids excessive influence of extreme 
values.

 ⇒ Excessive smoothing may have resulted in underes-
timated inequities.

 ⇒ Mortality and census population and socioeconomic 
data were not exactly aligned in time; thus, it was 
necessary to assume that the social characteristics 
of small areas, the population age, and sex structure 
were relatively stable across the years examined.
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the educational patterning of adult mortality in middle- 
income countries can be different from that observed in 
high- income countries.12

Argentina, one of the most urbanised countries in Latin 
America, is a middle- income country with large social 
and health disparities.13 However, evidence of intraurban 
health variations across small areas is still scarce. Prior 
research showed that higher income inequality at the 
provincial level was associated with lower life expectancy 
for both men and women.14 Another study described signif-
icant associations between social inequity and premature 
death rates in departments of Argentina.15 Diez Roux et 
al4 described substantial intraurban variation in the risk 
of death in the core area of the large urban agglomera-
tion of Buenos Aires, finding similar patterns to another 
study examining life expectancy across the entire metro-
politan area.16 These studies are primarily focused on the 
city of Buenos Aires, but no studies of which we are aware 
have so far addressed variability and the social patterning 
of life expectancy at birth in smaller cities which may be 
more representative of a larger number of cities across 
the Latin American region.

The city of Córdoba, Argentina, provincial capital of 
1.3 million residents, is emblematic of emerging cities 
across the region as a medium- sized city with fast urban 
growth. As is the case for other cities, generating local 
evidence to fill the knowledge gap on existing social ineq-
uities in life expectancy at birth in the city of Córdoba is 
relevant to informing policies to improve health condi-
tions.17 Examining these issues in Córdoba can both 
inform local policy while also provide a case study of an 
emerging medium- sized city in the region. Prior research 
has suggested substantial heterogeneity of life expectancy 
and mortality in Latin American cities,16 18 thus exploring 
these issues in small areas across heterogeneous cities is 
important for understanding the need to address them 
in different urban contexts and development levels, espe-
cially as much of the future urban growth in the region 
will likely be in cities like Córdoba.19

To assess the extent to which spatial patterning of life 
expectancy and its association with small- area socioeco-
nomic characteristics extends beyond the largest urban 
agglomerations to other cities in middle- income coun-
tries, we examined small- area variations in life expectancy 
in the city of Córdoba. Our goals were to (1) evaluate the 
variability in life expectancy at birth in small areas of the 
city of Córdoba for the 2015–2018 period; (2) describe 
the spatial patterning of life expectancy at birth and; (3) 
examine the association between small area socioeco-
nomic characteristics and life expectancy at birth. We 
hypothesised that (1) there is considerable variability of 
life expectancy at birth across small areas of Córdoba; (2) 
there is lower life expectancy in the periphery of the city 
of Córdoba as compared with core areas; and (3) small 
areas with better socioeconomic characteristics have a 
higher life expectancy at birth.

METHODS
Study setting
We used data compiled by the SALURBAL project 
(Urban Health in Latin America; ‘Salud Urbana en 
América Latina’) for the city of Córdoba during the years 
2015–2018, which has compiled and harmonised data on 
health, social and built environment indicators for a large 
number of cities in different Latin American countries.20 
The city of Córdoba (Argentina), the capital and main 
city of Córdoba province, is a highly urbanised area of 
576 km2 and around 1.3 million residents. We defined 
small areas as the 99 fracciones censales (spatially delim-
ited units used for census data collection). These small 
areas had a median population (5th–95th percentile) of 
13 370 (5837–22 031) individuals in 2010 (median annual 
average for the 2015–2018 period: 14 389 (6305–23 567)).

Data sources
We used data from (1) death registries georeferenced 
to small areas during the years 2015–2018, (2) projected 
population estimates by age, sex and municipality for 
2015–2018, and (3) population and socioeconomic char-
acteristics by small area from the 2010 national popula-
tion census of Argentina.21

Mortality data
Decedents’ residential addresses were extracted from 
death certificates provided by the Civil Registry of the 
City of Córdoba, and were georeferenced to latitude and 
longitude coordinates using the ESRI World Geocoding 
Service by the SALURBAL team. We used all mortality 
records for the city of Córdoba from 2015 to 2018 (n=42 
115) that included residential addresses of the deceased. 
We georeferenced these records to one of 99 small areas, 
and excluded records georeferenced to areas outside 
of the administrative boundaries of Córdoba (n=1084) 
and to non- residential points of interest (n=133). Of the 
remaining 40 898 georeferenced death records, n=4075 
(~10%) had low georeferencing accuracy (ie, matched 
to street name but not building number) but could still 
be assigned to a small area using the centre point of 
the street or area they were georeferenced to, and were 
included in the study.

Population data
First, we obtained population denominators by sex, single 
years of age (0 to 110+years), and small areas from 2010 
Argentina census and calculated the proportion of people 
in the city of Córdoba by age, sex, and small area. Second, 
we obtained projected population estimates provided by 
the National Institute of Statistics and Census of Argentina 
for 2015–2018 by 5 year age groups (0 to 85+years) and 
sex for the whole municipality of Córdoba and graduated 
these data into single ages using a penalised composite 
link model.22 We then obtained small- area population by 
single age and sex for 2015–2018 by applying the 2010 
census proportions to the graduated municipality- level 
population (2015–2018).
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Socioeconomic characteristics of small areas
We used the following variables to proxy socioeconomic 
characteristics of small areas: % of the population aged 
15–17 years attending school, % of the population aged 
25 years or above with completed secondary education 
or above, % of households with piped water access inside 
the dwelling, % households with overcrowding (defined 
as more than three people per room), and unemploy-
ment rate among individuals aged 15 years and above. 
Area- level education has been associated with variations 
in intraurban mortality in Argentina,4 16 and water access, 
sanitation, and less overcrowding18 have been also associ-
ated with higher life expectancy in Latin American cities. 
In addition, and in order to capture broader features of 
the social environment, we created a composite z- score 
index combining the variables listed above. Although 
a multidimensional index only captures some aspects 
of the urban infrastructure and resources,18 it is likely 
a better proxy of the social environment than a single 
indicator. Combined indices including education indi-
cators have been frequently used in health disparities 
research.23 24 Before creating the composite z- score index, 
we standardised each of these variables (unemployment 
and overcrowding were reversed by multiplying with −1). 
The average of these standardised scores was defined as 
the composite z- score representing the socioeconomic 
characteristics of the small areas.

Statistical analysis
To estimate life expectancy, we need an estimate of age- 
specific, sex- specific, and small- area- specific mortality 
rates. We estimated these through a Bayesian adaptation 
of the TOPALS (tool for projecting age patterns using 
linear splines method), incorporating spatial smoothing 
between small areas.25 TOPALS regression requires the 
use of a standard mortality schedule. The core idea is that 
the schedule of log mortality rates to be estimated is the 
sum of the standard schedule and a linear spline func-
tion. Following the original TOPALS method,25 we used 
the city- level Córdoba mortality schedule as the standard 
schedule. Other research has shown that the choice of 
the standard mortality schedule does not fundamentally 
alter results.26 Because the log mortality rates of the stan-
dard mortality schedule were noisy (ie, contained unex-
plained variance) (see online supplemental figure 1), we 
fit a LOESS regression, and the resulting smoothed rates 
were used as the standard mortality schedule. The models 
were run in WinBUGS27 by using the R package R2Win-
BUGS28 for 100 000 iterations and the first 80 000 samples 
were discarded as burn- ins. The remaining samples were 
thinned by a factor of 10 to reduce the autocorrelation of 
the samples.18 We fit the models for women and men sepa-
rately. Eventually, we retained 2000 sets of age- specific, 
sex- specific, and small- area- specific mortality rates from 
the posterior distribution. See the online supplemental 
material for further details on how mortality rates were 
modelled.

To calculate life expectancy at birth, we inputted age- 
specific and sex- specific mortality rates into single- age 
life tables using the DemoTools package in R.29 Life 
expectancy at birth is a simple indicator to present differ-
ences in mortality across and within populations,30 and 
is defined as the number of years someone born today is 
expected to live if current age- specific mortality patterns 
hold constant in the future. These life tables were calcu-
lated for each of the 2000 sets of mortality rates resulting 
in 2000 sex- specific and small- area- specific life expectancy 
at birth estimates. For descriptive purposes, we report a 
point estimate (median) and 95% credible intervals 
(2.5th and 97.5th percentiles). We also extracted life 
expectancy at ages 20, 40 and 60 years from life tables to 
explore what ages could drive differences in life expec-
tancy at birth.

To estimate the amount of variability in life expectancy at 
birth for each sex (hypothesis 1), we calculated the differ-
ence between 90th and the 10th percentile of the distribu-
tion of life expectancy at birth (P90- P10 gap) across small 
areas. The P90- P10 gap represents the variability in life 
expectancy across the city. To analyse the geographical 
patterning of life expectancy at birth (hypothesis 2), we 
presented choropleth maps of life expectancy at birth for 
men and women in small areas using ArcGIS. Finally, to 
examine the association between life expectancy at birth 
and socioeconomic characteristics of small areas (hypoth-
esis 3), we fit univariate linear regressions of life expec-
tancy on each predictor variable converted into deciles 
and scored on a continuous scale between 0 to 1. Specif-
ically, for each socioeconomic variable, we assigned the 
value of 0 if it corresponds to the first decile of its distribu-
tion across all small areas. The second decile got the value 
of 1/9, the third decide got the value of 2/9, and so on. 
To acknowledge uncertainty around the estimates of life 
expectancy, these linear regressions were repeated 2000 
times, one per life expectancy estimate. We used Rubin’s 
formula to pool coefficients to obtain a single regression 
coefficient and associated standard errors. Each coeffi-
cient represents the mean difference in life expectancy in 
areas with the highest socioeconomic variable (ie, those 
in the tenth decile) versus the areas with the lowest value 
of the socioeconomic variable (those in the first decile), 
and is presented as the Slope Index of Inequality (SII). 
Linear regression models were run using PROC REG and 
PROC MIANALYZE in SAS software.

Patient and public involvement
SALURBAL has launched a series of Knowledge- to- Policy 
Fora to present preliminary results and engage urban 
health policy actors from across Latin America in dialogue 
on urban health research and policy priorities in the 
region. For more information, see https://drexel.edu/ 
lac/events-workshops/knowledge-policy-forum/. The 
project also holds and participates in additional periodic 
workshops to engage stakeholders in activities designed 
to disseminate research findings and engage stakeholders 
in systems thinking around urban policies.
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RESULTS
A median of 222 and 199 deaths occurred during the 
study period per small area among women and men, 
respectively (table 1). A median of 85.3% of adoles-
cents between 15 and 17 years attended school, 58.4% of 
people had minimum high school education, and 7.0% 
were unemployed (table 1). Moreover, 97.6% of dwell-
ings had inside water connections and 2.1% of house-
holds experienced overcrowding. Median life expectancy 
at birth was 80.3 years for women with variability in life 
expectancy (P90- P10 gap) of 3.2 years (P90=81.5 years 
and P10=78.3 years) (table 1). Among men, there was 
lower median life expectancy at birth (75.1 years), with a 
gap (P90- P10) of 4.6 years between small areas (P90=77.1 
years, and P10=72.5 years). For the full distribution of life 
expectancy at birth and uncertainty around the estimates, 
see online supplemental figure S2.

There were higher life expectancies in the core and 
northwestern parts of the city for both men and women, 
along with the southwestern part of the city for men 
(figure 1). The distribution of life expectancy at ages 20, 
40 and 60 years showed similar spatial patterns to those 
for life expectancy at birth in women and men (see online 
supplemental figure S3).

Overall, there were positive associations between life 
expectancy at birth and better socioeconomic character-
istics of small areas (figure 2, table 2), with associations 
being slightly stronger among men. Living in small areas 
with the highest compared with the lowest decile of high 
school education and school attendance was associated 
with longer life expectancy (SII=3.03 and 3.52 years, 
respectively, in men and 2.58 and 2.56 years, respectively, 
in women) (table 2). Similarly, higher proportions of 

households with water inside the dwelling was associated 
with longer life expectancy by 2.97 years in men, and 2.31 
years in women, while lower overcrowding and % unem-
ployment was associated with shorter life expectancy at 
birth by 3.03 and 2.73 years, respectively, and 2.57 and 
2.34 years for women (table 2). The composite z- score 
was also strongly associated with life expectancy, as higher 
values (indicating better living conditions) were associ-
ated with 3.27 and 2.69 years longer life expectancy in 
men and women, respectively.

DISCUSSION
Our study evaluated the variability in life expectancy at 
birth, described the spatial patterning of life expectancy, 
and examined the association between life expectancy 
and socioeconomic characteristics of small areas in the 
city of Córdoba (Argentina) during the 2015–2018 period. 
We found a higher life expectancy for women (5.2 years 
higher than for men), that life expectancy varied within 
the city of Córdoba, with a P90- P10 gap of 4.6 years for 
men and 3.2 years for women, and that life expectancy 
was higher in the central and northwestern parts of the 
city, along with the southwestern part in the case of men. 
Lastly, we found that a series of small- area socioeconomic 
characteristics were highly predictive of life expectancy.

Analyses of spatial variability provide critical infor-
mation for understanding place effects on health.31 
We found considerable variability (P90- P10 gap) in life 
expectancy at birth across small areas of Córdoba, with 
this gap being larger in men (4.6 years) than in women 
(3.2 years). In another study, we found that variability 
in rates of non- communicable disease risk factors was 

Table 1 Number of deaths, life expectancy among women and men, and selected sociodemographic characteristics for small 
areas (n=99). Córdoba, 2015–2018

Median (10th–90th percentile)

Women Men

Number of deaths 222 (90, 340) 199 (81, 309)

Estimated population, annual average* 7326 (3,818, 11,157) 6874 (3,214, 10,534)

Life expectancy at birth, years* 80.3 (78.3, 81.5) 75.1 (72.5, 77.1)

Life expectancy at age 20, years* 61.0 (59.1, 62.2) 56.2 (53.6, 57.9)

Life expectancy at age 40, years* 41.5 (39.8, 42.6) 36.9 (34.7, 38.6)

Life expectancy at age 60, years* 23.3 (21.6, 24.3) 19.2 (17.2, 21.0)

Population aged 15 or younger, %* 22.0 (8.7, 30.3) 25.1 (10.6, 32.2)

Population aged 65 or older, %* 13.3 (7.1, 19.5) 8.9 (5.3, 12.5)

Households with water inside dwelling, % † 97.6 (89.8, 99.4)

Households with overcrowding, % † 2.1 (0.4, 7.1)

School attendance among 15–17 years old, % † 85.3 (76.2, 91.9)

Adults with high school education or above, %† 58.4 (30.1, 88.7)

Unemployment, %† 7.0 (4.6, 9.7)

*Data from 2015 to 2018.
†Data from 2010 census. Overcrowding: proportion of households with more than three people per room.
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larger across neighbourhoods within cities than across 
cities,32 further highlighting the importance of within- city 
inequities. A recent study on the variations in life expec-
tancy across states, counties, and census tracts in the US 
showed that more than three- fourths of the total variation 
in life expectancy was attributable to census tract units, 
suggesting that large heterogeneities in longevity occur 
at a local level.9

Some prior work has demonstrated within- city hetero-
geneities in life expectancy in lower and middle- income 
countries. A prior SALURBAL paper based on six large 
cities in the region found that gaps in life expectancy 
across subcity units ranged from a high of 15.0 years in 
men from Panama City (Panamá) to a low of 3.0 years in 
women from San José (Costa Rica).16 However, this anal-
ysis focused on only the largest cities and also investigated 
subcity areas of varying size but all larger than the ones 
we investigated in Córdoba. Very few studies examined 
variation across smaller areas and most of these were in 
large cities. A study in Rio de Janeiro33 showed that life 
expectancy at birth of men living in the richest parts of 
the city was 12.8 years longer than that of men living in 
deprived areas. In Argentina, one prior study focused on 
the city of Buenos Aires demonstrated large variations in 
mortality rates across censal fractions but life expectancy 
differences were not explored.4

Comparison across studies in the size of within- city 
differences is rendered complex by the use of geographic 
units of different sizes and the way in which the city is 
defined. For example, some articles16 have used larger 
sub city geographical units (which could perhaps hide 
heterogeneity) but have also employed a broader defini-
tion of cities, encompassing peripheral areas around the 

core city that are often poorer (possibly leading to the 
larger estimates of within- city differences). The metrics 
used to characterise within- urban differences also vary. 
We compared the 90th to the 10th percentile to avoid 
excessive influence of extreme values but others compare 
maximum and minimum.7 11 On a more substantive level, 
the degree of residential segregation may also impact 
the magnitude of heterogeneity in life expectancy across 
areas within a city.11 Further work is needed to contrast 
and understand the drivers of differences across cities in 
the size of small- area differences in life expectancy.

In addition to documenting large heterogeneity 
across areas, we also found that life expectancy at birth 
was geographically patterned, with higher life expec-
tancy in the core and northwestern parts of the city, for 
both men and women, along with the southwestern part 
of the city for men. This suggested that variability in life 
expectancy was not random in Córdoba. Indeed, the 
city of Córdoba has an important socioeconomic resi-
dential segregation34 that matched the spatial pattern 
of life expectancy: while the north- east- south periphery 
of the city predominately includes residential areas with 
poverty segregation, the central core, and the northwest 
corridor are characterised by a greater concentration of 
wealth. There has been growing spatial concentration 
and social isolation of households with a lower socio-
economic position as a consequence of public housing 
policies implemented in recent decades in the city of 
Córdoba. Particularly, relocations from informal settle-
ments to large housing complexes built in the poor 
and semirural periphery of the city have been imple-
mented by the provincial government between 2003 
and 2007.34 35 The spatial pattern in Córdoba, which 

Figure 1 Spatial distribution of life expectancy at birth in women and men in the city of Córdoba, 2015–2018. All small areas 
(n=99) of the city are indicated. To facilitate within- sex comparisons, each map uses its own legend.
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exhibits the highest life expectancy in the core and the 
northwest, was more clearly defined for women, while 
we also found higher life expectancy in the southern 
periphery among men. Previous research showed a 

similar core- periphery divide16 and a north- to- south 
pattern in Buenos Aires, which can be explained to 
some extent by the spatial patterning of socioeconomic 
deprivation. Our findings emphasise the need to address 

Figure 2 Association between life expectancy at birth and socioeconomic characteristics of small areas in women and men. 
Córdoba, 2015–2018. Blue line refers to the linear fit.

Table 2 Slope Index of Inequality (SII) in life expectancy (years) associated with small area characteristics among women and 
men, Córdoba city, 2015–2018

Variable/model

Slope Index of Inequality (95% CIs)

Women Men

% with High school education or above 2.58 (1.63 to 3.52) 3.03 (1.77 to 4.30)

% School attendance among adolescents (15–17 years) 2.56 (1.65 to 3.47) 3.52 (2.35 to 4.69)

% households with water inside dwelling 2.31 (1.36 to 3.26) 2.97 (1.72 to 4.22)

% households with overcrowding −2.57 (−3.51 to 1.63) −3.03 (−4.29 to 1.77)

% Unemployment −2.34 (−3.27 to 1.41) −2.73 (−3.98 to 1.49)

Composite z- score 2.69 (1.78 to 3.60) 3.27 (2.05 to 4.48)

The models were run in a univariate fashion, one variable at a time. Small- area characteristics were transformed into deciles. The Slope 
Index of Inequality (SII) represents the mean difference in life expectancy in areas with the highest predictor variable (ie, those in the tenth 
decile, having value=1) versus the areas with the lowest value of the predictor variable (those in the first decile, having value=0) as estimated 
from a linear regression including all deciles. Socioeconomic data for small areas came from the 2010 census. Overcrowding: proportion of 
households with more than three people per room.
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spatial variation in health within cities in further studies 
in the local context.

We also explored factors that might explain the hetero-
geneity in life expectancy across small areas. We found 
positive associations between improved socioeconomic 
characteristics of small areas and life expectancy at birth 
in both men and women, suggesting that the described 
heterogeneity in life expectancy might be driven by the 
socioeconomic features of small areas. All factors including 
educational attainment, school attendance, water access, 
overcrowding, unemployment and the composite index 
were significantly associated with life expectancy at 
birth in the expected direction. These associations were 
stronger among men, a finding that could be driven by 
certain causes of death and that deserves further explora-
tion. Our findings are also consistent with other research 
in Argentina describing a negative association between an 
area- level deprivation index and life expectancy at birth 
in 32 urban agglomerations,24 and a positive association 
between mortality rate and unmeet basic needs in Depar-
tamentos of the ‘Pampeana’ region.36 Furthermore, these 
results are consistent with factors associated with within- 
city inequalities in life expectancy in six large Latin Amer-
ican cities.16

A key strength of our analyses is that we employed a 
novel Bayesian approach that draws strength and smooths 
estimates from surrounding small areas and from the 
overall structure of the mortality schedule. This allowed 
us to derive valid and reliable estimates for small areas 
even in the presence of sparse data.37 We also character-
ised associations with socioeconomic variables using the 
SII, a measure that uses the full distribution to derive a 
global measure of inequities. By using the SII based on 
deciles, we avoided the undue influence of extreme values 
of socioeconomic factors. The use of the SII defined in 
this way will also allow easier comparisons across cities. 
While some Latin American countries have vital registra-
tion records with incomplete registration, this is less of 
a concern in Argentina.18 38 39 Another strength is that 
we examined these associations using univariate models 
that acknowledge uncertainty around the estimates of 
life expectancy by applying multiple imputation type 
techniques.

Among the limitations of our study was the relatively 
high proportion of records that had low georeferencing 
accuracy, that is, that were georeferenced to the street 
level. It was likely that these records were not randomly 
distributed. In fact, low georeferencing accuracy seemed 
to impact mostly small areas in the periphery. Given the 
challenges of sparse data, we also needed to apply spatial 
and age smoothing to address the small- area estimation 
of mortality rates. This smoothing could have led to an 
underestimation of inequalities, as reported in previous 
research.16 Because annual small- area population by age 
and sex were not available, we had to estimate these by 
combining official municipality- level projected popula-
tion estimates from 2015 to 2018 with the most recent 
census in 2010. If the population age or sex structure 

changed over time differentially by area, our estimates 
may be biased. Relatedly, social characteristics of small 
areas were retrieved from the same 2010 census and do 
not align with the years for which death records were 
obtained (2015–2018). We, therefore, assumed that social 
characteristics were relatively stable across the years exam-
ined. While ideally this analysis would have used census 
data from other years to better assess small- area changes 
over time, we could only rely on the 2010 census because 
small- area data from the 2001 Argentina census were not 
available, and the 2020 census was postponed to 2022 due 
to the COVID- 19 pandemic, and data are not available 
yet. We explored life expectancy as it is a commonly used 
metric but other metrics such as age at death may also be 
of value to examine.

Conclusion
In summary, we find that spatial variations in life expec-
tancy across small areas within cities linked to small- area 
social and economic conditions extend beyond high- 
income countries and beyond the very large metropolitan 
areas in which they have been predominantly studied. 
These within- cities heterogeneity that are likely present 
or emerging in many small- sized and middle- sized cities 
all over the world are of major relevance for urban poli-
cies to promote health and achieve health equity in low- 
income and middle- income countries.

Author affiliations
1Centro de Investigaciones y Estudios sobre Cultura y Sociedad, Consejo Nacional 
de Investigaciones Científicas y Técnicas, Córdoba, Argentina
2Cátedra de Antropología, Departamento de Fisiología, Facultad de Ciencias Exactas 
Físicas y Naturales, Universidad Nacional de Córdoba, Córdoba, Argentina
3Research Group on Health Inequalities, Environment, and Employment Conditions 
Network (GREDS- EMCONET), Department of Social and Political Science, Universitat 
Pompeu Fabra, Barcelona, Spain
4Urban Health Collaborative, Dornsife School of Public Health, Drexel University, 
Philadelphia, Pennsylvania, USA
5Department of Epidemiology and Biostatistics, Dornsife School of Public Health, 
Drexel University, Philadelphia, Pennsylvania, USA
6Department of Environmental and Occupational Health, Dornsife School of Public 
Health, Drexel University, Philadelphia, Pennsylvania, USA
7Cátedra de Medicina Preventiva y Social, Facultad de Ciencias Médicas, 
Universidad Nacional de Córdoba, Córdoba, Argentina

Acknowledgements The authors acknowledge the contribution of all SALURBAL 
project team members. For more information on SALURBAL and to see a full list 
of investigators, see https://drexel.edu/lac/salurbal/team/. We would like to thank 
Steve Melly for his help in creating the maps for this study. We thank Eugenia 
Peisino and Alicia Díaz for their help in accessing to the mortality data.

Contributors SRL, NT, UB, KAM and AVDR conceived the study. BA and HQ 
did the statistical analyses. SRL, NT and BA drafted the first version of the 
manuscript. SRL, NT, KAM, ADQ, GEA and AVDR participated in or supported data 
collection. AVDR is responsible for the overall content as guarantor. All authors 
participated in the interpretation of the results and approved the final version of 
the manuscript.

Funding The Salud Urbana en América Latina (SALURBAL)/ Urban Health in Latin 
America project is funded by the Wellcome Trust [205177/Z/16/Z]. NT was awarded 
by the European Union’s Horizon 2020 research and innovation programme with 
the Marie Sklodowska- Curie grant agreement No. 89102. UB was supported by 
the Office of the Director of the National Institutes of Health under award number 
DP5OD26429.

Competing interests None declared.

 on M
ay 21, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-061277 on 2 S

eptem
ber 2022. D

ow
nloaded from

 

https://drexel.edu/lac/salurbal/team/
http://bmjopen.bmj.com/


8 Rodríguez López S, et al. BMJ Open 2022;12:e061277. doi:10.1136/bmjopen-2022-061277

Open access 

Patient and public involvement Patients and/or the public were involved in the 
design, or conduct, or reporting, or dissemination plans of this research. Refer to 
the Methods section for further details.

Patient consent for publication Not applicable.

Ethics approval The SALURBAL study protocol was approved by the Drexel 
University Institutional Review Board with ID #1612005035 and by appropriate 
site- specific IRBs.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. 
Interested parties could submit a proposal to SALURBAL to use the vital registration 
data at the small- area level and sign a data use agreement if approved. The 
SALURBAL project welcomes queries from anyone interested in learning more 
about its dataset and potential access to data. To learn more about SALURBAL’s 
dataset, visit https://drexel.edu/lac/ or contact the project at  salurbal@ drexel. edu.

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/ 
licenses/by/4.0/.

ORCID iDs
Santiago Rodríguez López http://orcid.org/0000-0002-3539-3751
Natalia Tumas http://orcid.org/0000-0003-4730-6624
Usama Bilal http://orcid.org/0000-0002-9868-7773
D Alex Quistberg http://orcid.org/0000-0001-9730-2686

REFERENCES
 1 de Snyder VNS, Friel S, Fotso JC, et al. Social conditions and urban 

health inequities: realities, challenges and opportunities to transform 
the urban landscape through research and action. J Urban Health 
2011;88:1183–93.

 2 Borrell C, Pons- Vigués M, Morrison J, et al. Factors and processes 
influencing health inequalities in urban areas. J Epidemiol Community 
Health 2013;67:389–91.

 3 Diez Roux AV, Mair C. Neighborhoods and health. Ann N Y Acad Sci 
2010;1186:125–45.

 4 Diez Roux AV, Green Franklin T, Alazraqui M, et al. Intraurban 
variations in adult mortality in a large Latin American City. J Urban 
Health 2007;84:319–33.

 5 Emerging and sustainable cities program. Available: https://www. 
iadb.org/en/urban-development-and-housing/emerging-and- 
sustainable-cities-program [Accessed 30 Jul 2022].

 6 UN Habitat. State of the world’s cities 2012/2013: prosperity of cities. 
Taylor and Francis, 2013.

 7 Moser A, Panczak R, Zwahlen M, et al. What does your 
neighbourhood say about you? A study of life expectancy in 1.3 
million Swiss neighbourhoods. J Epidemiol Community Health 
2014;68:1125–32.

 8 Dwyer- Lindgren L, Stubbs RW, Bertozzi- Villa A, et al. Variation in 
life expectancy and mortality by cause among neighbourhoods in 
King County, WA, USA, 1990- 2014: a census tract- level analysis 
for the global burden of disease study 2015. Lancet Public Health 
2017;2:e400–10.

 9 Boing AF, Boing AC, Cordes J, et al. Quantifying and explaining 
variation in life expectancy at census tract, county, and state levels in 
the United States. Proc Natl Acad Sci U S A 2020;117:17688–94.

 10 Tobias MI, Cheung J. Monitoring health inequalities: life expectancy 
and small area deprivation in New Zealand. Popul Health Metr 
2003;1:1–11.

 11 Melix BL, Uejio CK, Kintziger KW, et al. Florida neighborhood 
analysis of social determinants and their relationship to life 
expectancy. BMC Public Health 2020;20:1–12.

 12 Sudharsanan N, Zhang Y, Payne CF, et al. Education and adult 
mortality in middle- income countries: surprising gradients in six 
nationally- representative longitudinal surveys. SSM Popul Health 
2020;12:100649.

 13 Pou SA, Tumas N, Sánchez Soria D, et al. Large- scale societal 
factors and noncommunicable diseases: urbanization, poverty and 
mortality spatial patterns in Argentina. Appl Geogr 2017;86:32–40.

 14 De Maio FG. Ecological analysis of the health effects of income 
inequality in Argentina. Public Health 2008;122:487–96.

 15 Macchia A, Mariani J, Nul D, et al. Social inequity, place of residence 
and all- cause premature death in Argentina. Rev Argent Cardiol 
2016;84:108–13.

 16 Bilal U, Alazraqui M, Caiaffa WT, et al. Inequalities in life expectancy 
in six large Latin American cities from the SALURBAL study: an 
ecological analysis. Lancet Planet Health 2019;3:e503–10.

 17 James C. Featured graphic. lives on the line: mapping life 
expectancy along the London tube network. Environ Plan A 
2012;44:1525–8.

 18 Bilal U, Hessel P, Perez- Ferrer C, et al. Life expectancy and mortality 
in 363 cities of Latin America. Nat Med 2021;27:463–70.

 19 Kii M. Projecting future populations of urban agglomerations 
around the world and through the 21st century. npj Urban Sustain 
2021;1:1–12.

 20 Quistberg DA, Diez Roux AV, Bilal U, et al. Building a data platform 
for cross- country urban health studies: the SALURBAL study. 
 J Urban Health 2019;96:311–37.

 21 INDEC. Censo Nacional de Población, Hogares y Viviendas 2010 
[National Census of Population, Households and housing 2010] 
2010.

 22 Rizzi S, Gampe J, Eilers PHC. Efficient estimation of smooth 
distributions from coarsely grouped data. Am J Epidemiol 
2015;182:138–47.

 23 Durán RJ, Condorí Miguel Ángel. Deprivation index for small areas 
based on census data in Argentina. Soc Indic Res 2019;141:331–63.

 24 Ivaldi E, Parra Saiani P, Primosich JJ, et al. Health and deprivation: a 
new approach applied to 32 Argentinian urban areas. Soc Indic Res 
2020;151:155–79.

 25 Gonzaga MR, Schmertmann CP. Estimating age- and sex- specific 
mortality rates for small areas with TOPALS regression: an 
application to Brazil in 2010. Rev Bras Estud Popul 2016;33:629–52.

 26 Schmertmann CP, Gonzaga MR. Bayesian estimation of age- specific 
mortality and life expectancy for small areas with defective vital 
records. Demography 2018;55:1363–88.

 27 Lunn DJ, Thomas A, Best N, et al. WinBUGS — a Bayesian 
modelling framework: concepts, structure, and extensibility. Stat 
Comput 2000;10:325–37.

 28 Sturtz S, Ligges U. Gelman A. R2WinBUGS: a package for running 
WinBUGS from R. J Stat Softw 2005;12:1–16.

 29 Riffe T, Aburto JM, Alexander M. DemoTools: an R package of tools 
for aggregate demographic analysis, 2019. Available: https://github. 
com/timriffe/DemoTools/

 30 Modig K, Rau R, Ahlbom A. Life expectancy: what does it measure? 
BMJ Open 2020;10:e035932.

 31 Merlo J, Viciana- Fernández FJ, Ramiro- Fariñas D, et al. Bringing 
the individual back to small- area variation studies: a multilevel 
analysis of all- cause mortality in Andalusia, Spain. Soc Sci Med 
2012;75:1477–87.

 32 Tumas N, Rodríguez López S, Bilal U, et al. Urban social 
determinants of non- communicable diseases risk factors in 
Argentina. Health Place 2021;102611:102611.

 33 Szwarcwald CL, da Mota JC, Damacena GN, et al. Health 
inequalities in Rio de Janeiro, Brazil: lower healthy life expectancy 
in socioeconomically disadvantaged areas. Am J Public Health 
2011;101:517–23.

 34 Molinatti F. Segregación residencial socioeconómica en La ciudad de 
Córdoba (Argentina): Tendencias Y patrones espaciales. Revista INVI 
2013;28:61–94.

 35 Marengo C. Estrategias habitacionales en Los bordes urbanos: 
puntos de partida para analizar La expansion Urbana. Proyección 
2003;2 https://bdigital.uncu.edu.ar/3112

 36 Sacco N, Williams I, L Queiroz B. Estimaciones de esperanza de vida 
al nacer en áreas menores de la región pampeana. Rev Bras Estud 
Popul 2021;38:1–41.

 37 Jonker MF, van Lenthe FJ, Congdon PD, et al. Comparison of 
Bayesian random- effects and traditional life expectancy estimations 
in small- area applications. Am J Epidemiol 2012;176:929–37.

 38 Peralta A, Benach J, Borrell C. Evaluation of the mortality registry 
in Ecuador (2001–2013) – social and geographical inequalities in 
completeness and quality. Popul Health Metr 2019;17:1–12.

 39 Adair T, Lopez AD. Estimating the completeness of death 
registration: an empirical method. PLoS One 2018;13:e0197047.

 on M
ay 21, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-061277 on 2 S

eptem
ber 2022. D

ow
nloaded from

 

https://drexel.edu/lac/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3539-3751
http://orcid.org/0000-0003-4730-6624
http://orcid.org/0000-0002-9868-7773
http://orcid.org/0000-0001-9730-2686
http://dx.doi.org/10.1007/s11524-011-9609-y
http://dx.doi.org/10.1136/jech-2012-202014
http://dx.doi.org/10.1136/jech-2012-202014
http://dx.doi.org/10.1111/j.1749-6632.2009.05333.x
http://dx.doi.org/10.1007/s11524-007-9159-5
http://dx.doi.org/10.1007/s11524-007-9159-5
https://www.iadb.org/en/urban-development-and-housing/emerging-and-sustainable-cities-program
https://www.iadb.org/en/urban-development-and-housing/emerging-and-sustainable-cities-program
https://www.iadb.org/en/urban-development-and-housing/emerging-and-sustainable-cities-program
http://dx.doi.org/10.1136/jech-2014-204352
http://dx.doi.org/10.1016/S2468-2667(17)30165-2
http://dx.doi.org/10.1073/pnas.2003719117
http://dx.doi.org/10.1186/1478-7954-1-2
http://dx.doi.org/10.1186/s12889-020-08754-x
http://dx.doi.org/10.1016/j.ssmph.2020.100649
http://dx.doi.org/10.1016/j.apgeog.2017.06.022
http://dx.doi.org/10.1016/j.puhe.2007.09.006
http://dx.doi.org/10.7775/rac.v84.i2.8627
http://dx.doi.org/10.1016/S2542-5196(19)30235-9
http://dx.doi.org/10.1038/s41591-020-01214-4
http://dx.doi.org/10.1038/s42949-020-00007-5
http://dx.doi.org/10.1007/s11524-018-00326-0
http://dx.doi.org/10.1093/aje/kwv020
http://dx.doi.org/10.1007/s11205-017-1827-6
http://dx.doi.org/10.1007/s11205-020-02369-w
http://dx.doi.org/10.20947/S0102-30982016c0009
http://dx.doi.org/10.1007/s13524-018-0695-2
http://dx.doi.org/10.1023/A:1008929526011
http://dx.doi.org/10.1023/A:1008929526011
https://github.com/timriffe/DemoTools/
https://github.com/timriffe/DemoTools/
http://dx.doi.org/10.1136/bmjopen-2019-035932
http://dx.doi.org/10.1016/j.socscimed.2012.06.004
http://dx.doi.org/10.1016/j.healthplace.2021.102611
http://dx.doi.org/10.2105/AJPH.2010.195453
http://dx.doi.org/10.4067/S0718-83582013000300003
https://bdigital.uncu.edu.ar/3112
http://dx.doi.org/10.20947/S0102-3098a0160
http://dx.doi.org/10.20947/S0102-3098a0160
http://dx.doi.org/10.1093/aje/kws152
http://dx.doi.org/10.1371/journal.pone.0197047
http://bmjopen.bmj.com/


1 

 

Supplementary material 

Modeling the mortality rate 

We employ the Bayesian adaptation of the tool for projecting age patterns using linear splines method (TOPALS) 

which incorporates spatial smoothing in small areas.19 

For age 𝑎 {𝑎 = 0,1, 2, … , 85}  and small area 𝑖 {𝑖 = 1, 2, … ,99} with corresponding population 𝑛𝑖𝑎, we assume that 

the number of deaths comes from a Poisson distribution with underlying rate λ𝑖𝑎.  𝑦𝑖𝑎| λ𝑖𝑎  ~ 𝑃𝑜𝑖𝑠 (𝑛𝑖𝑎 λ𝑖𝑎) 

We further assume that the vector of log mortality rates in small area 𝑖 is,   𝑙𝑜𝑔(𝝀𝒊.)  =  𝑙𝑜𝑔(𝝀∗)  +  𝑩 𝜷𝒌. , 
Where 𝝀𝒊. is the vector with elements  λ𝑖𝑎  representing age-specific mortality rates in small areas,  𝝀∗ is the vector of 

standard mortality schedule (i.e., the smoothed city-level rates), B is a matrix of constants of size 86×7 in which each 

column is a linear B-spline basis function, and 𝜷𝒌. is a vector of parameters with elements 𝛽𝑖𝑘 representing offsets to 

the standard schedule.  

We define knots at ages t0,…,t6 = (0, 1, 10, 20, 40, 70, 85).  For ages a in {0, 1, 2, ..., 85} and columns k in {1,...,7} 

the basis functions in B are: 𝑎 − 𝑡𝑘−1𝑡𝑘 − 𝑡𝑘−1  𝑖𝑓 𝑡𝑘−1 ≤  𝑎 ≤ 𝑡𝑘;  
  𝑡𝑘+1 − 𝑎𝑡𝑘+1 − 𝑡𝑘  𝑖𝑓 𝑡𝑘 ≤  𝑎 ≤ 𝑡𝑘+1;  0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒. 

We further decompose the 𝛽𝑖𝑘  into the intercepts at each knot, 𝛽0𝑘; the spatial random effects,  𝑧𝑖𝑘  ; and unstructured 

random effects, 𝜙𝑖𝑘 that vary by knot age and area. 𝛽𝑖𝑘   =  𝛽0𝑘 +  𝑧𝑖𝑘  +  𝜙𝑖𝑘 . 
We assign the unstructured, non-spatial random effect (𝜙𝑖𝑘) an exchangeable zero-mean normal prior with the knot-

specific variance 𝜎𝑛𝑠; 𝑘2 . The variance parameter in turn receives the uninformative inverse gamma hyper-prior with 

the shape and rate parameter of 1 and 0.01, respectively.  

That is,  𝜙𝑖𝑘  ~ 𝑁𝑜𝑟𝑚𝑎𝑙 (0, 𝜎𝑛𝑠; 𝑘2 )  𝜎𝑛𝑠; 𝑘2 ~ 𝐼𝑛𝑣𝑒𝑟𝑠𝑒 𝐺𝑎𝑚𝑚𝑎 (1, 0 · 01) 

 

For the intercept 𝛽0𝑘, we assign a vague normal prior with mean 0 and variance of 1,000. That is, 𝛽0𝑘  ~ 𝑁𝑜𝑟𝑚𝑎𝑙 (0, 1000) 

For the spatial random effect 𝑧𝑖𝑘, we assign the intrinsic conditional autoregressive (ICAR) prior distribution45 for 

each knots, 𝑘. We define areas 𝑖 and 𝑗 as neighbors if they share one or more common vertex between boundaries, 

commonly referred to as Queen’s contiguity. 
For any given knot and for each area 𝑖, the conditional expected value of 𝑧𝑖𝑘  is the mean of its neighboring areas, and 

the variance of 𝑧𝑖𝑘  is inversely proportional to the number of neighbors for that area, 𝑚𝑖.  
If we drop the subscript for knot here, we can denote the CAR distribution as: 𝑧𝑖|𝑧−𝑖 , 𝑾, 𝜎𝑧2~ 𝑁𝑜𝑟𝑚𝑎𝑙 ( 𝑧�̅�, 𝜎𝑧2𝑚𝑖), 

where  𝑧�̅� = ∑ 𝑤𝑖,𝑗 𝑧𝑗𝑚𝑖𝑗,𝑗≠𝑖  

and 𝑊 = [𝑤𝑖,𝑗 ] is 99 × 99 adjacency matrix with elements 𝑤𝑖,𝑗  = 1 if areas 𝑖 and 𝑗 are neighbors and 0 otherwise. 

We complete the prior specification by assigning a weakly informative inverse gamma prior (1, 0·14) for the variance 

of CAR random effects. 
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Figure S1. Log mortality rates due to all causes for women and men. Córdoba, 2015-2018.  

 
Footnote: because log mortality rates of the standard mortality schedule (labelled Córdoba) 

were noisy (i.e., contained unexplained variance), we fit a LOESS regression and the 

resulting LOESS-smoothed curve (labelled Smoothed Córdoba) served as the standard 

mortality schedule in the analysis. 
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Figure S2. Life expectancy at birth (95% Credible Interval) among women and men in small areas. Córdoba, 

2015-2018. 

 

 

 
Footnote: small areas are represented in the vertical axis. 
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Figure S3. Spatial distribution of life expectancy at birth, 20, 40 and 60 years in women and men in the 99 small areas of city of Córdoba, 2015-2018.  
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