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Objective. To analyze the spatial distribution of infant mortality and identify clusters with 
high risk of death in the first year of life.
Methods. The Thiessen (Voronoi) polygon method was used to analyze spatial distribution 
of the infant mortality rate, calculated by municipality. The triennium 2006–2008 was used 
as a reference to estimate the average infant mortality rate, and the first analysis of the spatial 
distribution of the rate was performed to test for first-order spatial stationarity. The spatial 
pattern was then analyzed using Moran’s index and G-statistic (α = 5%).
Results. The surface projections on trends showed that infant mortality is not constant in 
space. The Moran index (0.34, P < 0.01) and G-statistic (0.03, P < 0.01) confirmed a spatial 
autocorrelation between infant mortality and clusters when the Thiessen polygon method was 
used.
Conclusions. The Voronoi polygons proved accurate for spatial analysis of infant mortality 
and were predictive of clusters with high risk of death in the first year of life.
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abstract

Key words

Infant mortality has been declining 
worldwide (1, 2), but in Brazil this de-
cline has been unevenly distributed (3). 
In view of these inequalities and the fact 
that about 70% of the deaths are prevent-
able (4), some studies have pointed to 
the magnitude of this problem and to the 
need to reduce infant mortality rates (3).

Deaths occurring in children under 
one year of age—measured by the infant 
mortality rate—are nonrandom. This in-
dicator is significantly affected by geo-

graphic space, with wide variations and 
inequalities among areas (5, 6). In recent 
years, researchers have focused their 
investigations on the spatial distribution 
of infant deaths (7, 8).

Joining health and geographic space 
data allows for better understanding 
of infant death distribution in different 
social groups (9, 10) and for mapping of 
vulnerable areas and social and health 
inequalities (11–13). Epidemiologic sur-
veillance data can help support planning 
and decision making in health (14).

Methods are available that apply the cat-
egory “geographic space” in health studies 
(8, 14). However, few studies have used 
Thiessen (Voronoi) polygons, which are 
a useful approach for describing areas of 
influence for health events with significant 

accurate results (15, 16). This approach 
makes it possible to determine comparable 
minimum areas based on the areas of in-
fluence of each municipality (17). While 
municipal boundaries are legally defined, 
Voronoi polygons are generated based 
on natural neighborhoods (17, 18). In this 
sense, the current study aimed to analyze 
the spatial distribution of infant mortality, 
identifying clusters with high risk of death 
in the first year of life.

MATERIALS AND METHODS

An ecologic study was developed in 
the 184 municipalities of Pernambuco, a 
state of northeastern Brazil. Infant mortal-
ity rates were calculated by municipality, 
the units of analysis used in this study. 
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To minimize random fluctuations in the 
number of deaths and births the triennium 
2006–2008 was used as a reference to esti-
mate average infant mortality rates. They 
were calculated by dividing total deaths in 
children less than one year old during the 
triennium by total live births during the 
same period for each municipality.

For the initial exploratory analysis of 
infant mortality rate, measures of central 
tendency and dispersion (mean, median, 
mode, and standard deviation) were cal-
culated, and the Shapiro–Wilk test was 
performed to check for normal distribu-
tion (α < 5%).

Infant mortality rate was analyzed at 
two geographic levels: municipal bound-
aries of 184 municipalities and regions 
generated by using Voronoi polygons. 
Given a set of points pi in a Euclidean 
plane, the region Vpi

 for each point that 
was closer to pi than any other point pj 
determined a space corresponding to a 
Voronoi polygon (17–19).

In this study, points pi and pj were 
central areas of municipalities with a 
higher concentration of people, and ar-
eas Vpi

 and Vpj
 were new municipal divi-

sions generated from the central areas as 
shown in Figure 1.

The first analysis of the spatial distri-
bution of the infant mortality rate was 
performed to test for first-order spatial 
stationarity. A trend surface analysis 
was carried out, noting that there is a 
first-order stationary distribution when 
the average indicator is distributed 
evenly across the region studied.

The spatial pattern of the infant mor-
tality rate was then analyzed using Mo-
ran’s index and G-statistic and calculated 
based on first-order spatial contiguity 
relationships.

Global Moran’s index (I) is given by 
the following formula 
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where zi is the deviation of the infant 
mortality rate in municipality i from the 
mean rate in the state, wi,j is the weight of 
neighboring municipalities i and j, and 
n is the total number of municipalities.

G-statistic is given by the formula
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where xi and xj are infant mortality rates 
in the neighboring municipalities i and j, 
wi,j is the weight of neighboring munici-
palities i and j, and n is the total number 
of municipalities.

The Moran index and the G-statistic 
are interpreted under the null hypoth-
esis (H0) that infant mortality rates are 
distributed randomly. This hypothesis 
assumes that infant mortality rate is 
first-order stationary—that is, its aver-
age is spatially constant. Acceptance or 
rejection of H0 is based on a P value and 
a z score associated with Moran’s index 
(I) and G-statistic. Table 1 summarizes 
the interpretation of these indicators at 
P ≤ 0.05.

Another major factor in the calcula-
tion of indicators is the choice of weights 
wi,j. These weights take into account the 
proximity of municipalities—the closer 
they are the greater the weight, or the 
farther apart they are the lower the 
weight. Closeness can be defined by 
distance or contiguity; however, both 
definitions have some drawbacks.

Closeness defined by distance is ob-
tained from centroids of municipalities, 
but whether the population is concen-
trated exactly in these centroids is not 
revealed. Closeness is defined by conti-
guity when there is a common bound-

ary between municipalities. Considering 
that populations concentrate mostly in 
central areas, these areas can be farther 
apart in two neighboring than in two 
non-neighboring municipalities, affect-
ing the weighting. Another complicating 
factor is the fact that municipal bound-
aries are legally defined and generally 
form irregular polygons, which may 
refute the assumption of homogeneity 
of infant mortality rates in the entire 
municipality.

To minimize proximity issues between 
municipalities it was decided to use 
Thiessen (Voronoi) polygons.

This study was approved by the 
Research Ethics Committee of Aggeu 
 Magalhães Research Center (protocol 
number CAAE 0079.0.095.000-10). 

RESULTS

During the triennium studied, 7 895 
deaths were reported in children under 
one year old, with an overall infant mor-
tality rate of 18.15‰ of live births and 
wide variations between municipalities 
(standard deviation = 6.26, median = 
19.41, average = 20.21). The null hypoth-
esis of normal infant mortality rate was 
accepted (Shapiro–Wilk test = 0.9872,  
P = 0.093).

Figure 2 shows the spatial distribution 
of infant mortality rates, stratified by 
the natural breaks method, in 184 mu-
nicipalities and 184 Voronoi polygons 
generated from central areas.

Trend surface analysis projections of 
infant mortality rates in the east and 
north show that the rates are not spa-
tially constant. The distribution of infant 
mortality rates is skewed in the munici-
palities, with declining rates in the north 
and east. This trend is quite similar using 
legally defined boundaries and Voronoi 
polygons, as shown in Figure 3.

When legally defined boundaries 
were used, the global Moran index was 

•pj
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•pj
•pj

Vpi
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FIGURE 1. New municipal divisions generated 
from areas with higher concentrations of 
people, Pernambuco, northeastern Brazil, 
2006–2008

TABLE 1. Interpretation of I and G indicators

Results Moran’s index (I ) G-statistic (G )

P ≤ 0.05
Positive z score 

Rejects H0. High or low infant mortality 
rates with clustering into nonrandom 
patterns.

Rejects H0. High infant mortality rates with 
clustering into nonrandom patterns.

P ≤ 0.05
Negative z score

Rejects H0. High and low infant mortality 
rates with nonrandom dispersion 
patterns.

Rejects H0. Low infant mortality rates with 
nonrandom dispersion patterns.

P > 0.05 Accepts H0. Infant mortality rates have 
random distribution.

Accepts H0. Infant mortality rates have 
random distribution.
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0.29 (P < 0.01, z score = 6.41), indicating 
high or low infant mortality rates   with 
clustering into nonrandom patterns. In 
contrast, the G-statistic did not confirm a 
spatial dependence (P > 0.05).

When Voronoi polygons were used, 
the Moran index was 0.33 (P < 0.01, 
z score = 7.28), indicating high or low in-
fant mortality rates   with clustering into 
nonrandom patterns. The G-statistic was 
0.03 (P < 0.01, z score = 3.15), indicating 
high infant mortality rates   with cluster-
ing into nonrandom patterns.

DISCUSSION

Infant mortality showed a spatial pat-
tern that reflects health inequalities. In 
view of the fact that legally defined 
boundaries between municipalities are 
politically determined, the Voronoi 
polygons proved a useful method for 
analyzing spatial patterns of infant mor-
tality. This was confirmed by comparing 

trend surface analysis, the global Moran 
index, and the G-statistic before and 
after the use of Voronoi polygons. The 
trend surface projections continued to 
decline in the east–west and north–south 
after the Voronoi polygons were used, 
providing evidence that the different 
rates are markedly associated with social 
inequalities.

The contrasting results found between 
the global Moran index and the G-statis-
tic before the use of Voronoi polygons 
can be explained by the fact that they 
were calculated using legally defined 
boundaries. After the use of Voronoi 
polygons—that is, when first-order spa-
tial contiguity was considered—both I 
and G results consistently showed spa-
tial dependence of infant mortality.

The Voronoi polygons are a recog-
nized approach for accurately describ-
ing areas of influence for health events 
(15, 16) based on spatial clustering; 
municipal polygons are generated 

based on the areas of influence of each 
municipality (17). While this approach 
has been validated, it is rarely used in 
health research—probably because it is 
less complicated to use legally defined 
municipal boundaries than population 
clustering for determining neighbor-
hoods. Also, few computer programs 
have been developed to analyze Vor-
onoi polygons.

Other studies have also found non-
random spatial distribution of infant 
mortality (7, 8, 20–22). They pointed to 
the formation of spatial areas of higher 
risk of death in children less than one 
year old (11), particularly in localities 
with high social deprivation (5) and in 
rural areas (21). Loyola et al. (12) ana-
lyzed infant mortality in the Americas 
and concluded that the risk of death be-
fore the age of one is 20 times higher in 
less developed than in more developed 
countries.

Moran’s index and G-statistic-positive 
z scores indicated that neighboring spa-
tial units have very similar infant mortal-
ity rates. The Moran index showed the 
formation of spatial clustering with high 
or low infant mortality rates, while the 
G-statistic showed clustering with high 
infant mortality rates.

Given that health events may have a 
low occurrence from a statistical stand-
point, some strategies are applied to pre-
vent random fluctuations or to make ad-
justments while constructing indicators. 
Some studies have used aggregation by 
population size (23) while others have 
used the magnitude of the denominator 
(22) or normalized transformations of 
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FIGURE 2. Spatial distribution of (a) infant mortality rates (IMR) in 184 municipalities and (b) 184 Voronoi polygons, Pernambuco, 
northeastern Brazil, 2006–2008
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FIGURE 3. Surface trend analysis projections of (a) infant mortality rates (IMR) in municipalities 
and (b) Voronoi polygons, Pernambuco, northeastern Brazil, 2006–2008
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Objetivo. Analizar la distribución espacial de la mortalidad en lactantes y determi-
nar los agrupamientos con alto riesgo de muerte en el primer año de vida. 
Métodos. Se usó el método de los polígonos de Thiessen (Voronoi) para analizar la 
distribución espacial de la tasa de mortalidad en lactantes, calculada por municipios. 
Se adoptó como referencia el trienio del 2006 al 2008 para calcular la tasa promedio 
de mortalidad en lactantes, y se llevó a cabo el primer análisis de la distribución espa-
cial de la tasa con objeto de someterla a prueba en cuanto a estacionariedad espacial 
de primer orden. A continuación se analizó el modelo espacial usando el índice de 
Moran y la estadística G (α = 5%). 
Resultados. Las proyecciones de superficie de tendencias indicaron que la mortali-
dad en lactantes no es constante en el espacio. El índice de Moran (0,34, P < 0,01) y la 
estadística G (0,03, P < 0,01) confirmaron una autocorrelación espacial entre la morta-
lidad en lactantes y los agrupamientos cuando se utilizó el método de los polígonos 
de Thiessen. 
Conclusiones. Los polígonos de Voronoi mostraron precisión en el análisis espacial 
de la mortalidad en lactantes y fueron predictivos de los agrupamientos con alto 
riesgo de muerte en el primer año de vida.

Mortalidad infantil; análisis espacial; sistemas de información geográfica; Brasil.
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