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    Abstract.   Visceral leishmaniasis (VL) cases in children less than five years of age were recorded from 1996 through 
2006 from Tunisian pediatric departments. Mean incidence rates were calculated for each of the 215 districts in the study 
area. Averages of annual rainfall and extreme values of low temperatures in winter and high temperatures in summer 
were used to characterize the climate of each district according to its continentality index and bioclimatic zone. A geo-
graphic information system and a local indicator of spatial association were used to summarize the spatial properties 
of VL distribution. Poisson spatial regression was performed to study the relationship between VL incidence rates and 
climatic parameters. We identified one hot-spot region of 35 inland districts located mostly in the semi-arid bio-climatic 
zone and two cold-spots located in coastal regions of the northeastern sub-humid zone and the southeastern arid zone. 
The incidence rate of VL was positively correlated with mean yearly rainfall and continentality index.   

    INTRODUCTION 

 Mediterranean visceral leishmaniasis (MVL) caused by the 
parasite  Leishmania infantum  is endemic in almost all coun-
tries of the Mediterranean basin. 1  Dogs are reservoir hosts 
and the disease is transmitted by the bite of infected female 
sand flies belonging to the subgenus  Laroussius . 2  In Tunisia, 
MVL remains primarily a pediatric disease responsible for 
considerable infantile morbidity and mortality. 3  Its clinical 
pattern is typical of the Mediterranean infantile presentation 
with approximately 90% of cases among children less than 
five years of age. 4,5  The disease is endemic in many foci and is 
mainly found in the northern and central areas of the country 
where the climate is favorable to the development of sand flies 
species of subgenus  Laroussius . 6  

 Understanding the geographic distribution trends of MVL 
in Tunisia is essential for identification of the disease risk fac-
tors and adjusting control measures to local conditions. Some 
epidemiologic surveys have previously provided detailed 
descriptions of the temporal and spatial distribution of the 
MVL incidence in Tunisia. However, the studied area was lim-
ited to central foci. 7  Unlike this previous work, this ecologic 
study was based on information from medical records of a 
large sample of patients in the entire leishmaniasis-endemic 
area in Tunisia over a period of 11 years. We aimed to esti-
mate MVL incidence rate in Tunisia from 1996 though 2006, 
to describe the spatial properties of MVL incidence in the 
country, to identify local clusters with values similar in magni-
tude, and to analyze climatic and bioclimatic factors that might 
explain specific patterns. 

   MATERIALS AND METHODS 

  Study area.   We studied the 18 governorates of northern and 
central Tunisia where MVL is known to be endemic. These 
18 governorates are divided into 215 districts ( Figure 1  ). The 
population of the study area is 8,427,762 persons, of whom 
688,618 (8.17%) are children less than five years of age (data 
available from the Tunisian Institute of Statistics). 

   MVL data.   Data were collected by directly consulting 
medical records from all pediatric departments and centraliz-
ing cases from the 18 governorates. The MVL cases diagnosed 
from January 1996 through December 2006 (11 years) were 
thoroughly reviewed. Only reported cases in children less than 
five years of age were retained for analysis. Patients’ addresses 
were identified at a district level. To ensure confidentiality of 
the individuals concerned, each MVL patient received a code 
number so that no one but the responsible physician was able 
to identify the patients. The number of MVL cases per year 
was calculated for each district. Annual incidence rate was 
obtained by taking into account the number of inhabitants 
less than five years of age (data available from the Tunisian 
Institute of Statistics). For spatial analysis, the variable 
retained for each district was the average of annual incidence 
rates observed during the whole study period (1996–2006). 

   Climatic data.   Climatic data were obtained for 1996–2006 
from weather stations measuring precipitation (215 sites) and 
temperature (26 sites) (data available from Tunisian Institute 
of Meteorology). Universal kriging ( www.gstat.org ) was used 
to interpolate climatic data for districts with missing values. 8  
The interpolated values were estimated at the administra-
tive seats (universal transverse mercator coordinates) of the 
studied districts. For each district, averages over the period 
1996–2006 were calculated for the annual precipitation ( P ), 
the minimal temperature of the coldest month ( m ), and the 
maximal temperature of the warmest month ( M ). These data 
were used to characterize bioclimatic zone and continentality 
index of each district according to the methods of Daget, 9  
Emberger, 10  and Debrach. 11  The pluviometric quotient (Q 

2
 ) 

of Emberger was computed for each district using the formula 
Q 

2
  = 1,000 P /1/2 ( M  +  m  + 546.4) ( M  −  m ) where  P  is average of 

annual precipitation in millimeters and  m  and  M  are the mean 
extreme values of low-winter and high-summer temperatures 
in degree Celsius. Each district was localized according to 
Q 

2
  and  m  on the pluviometric climagram of Emberger, which is 

subdivided into six zones corresponding to as many bioclimatic 
vegetation stages. These zones are in sequence from the most 
arid to the most humid, Saharian, arid, semi-arid, sub-humid, 
and humid stages. Within these bioclimatic zones, sub-types 
were distinguished according to minimal temperatures of win-
ter (fresh winter = 0–3°C, temperate winter 3–7°C, hot winter: 
> 7°C). 10  The continentality index was computed in degrees 
Celsius by the formula  Ic  =  M − m  and was used to characterize 
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four types of climates: insular (< 15°C), littoral (15–25°C), semi-
continental (25–35°C), and continental (> 35°C). 11  

   Statistical analysis.   On the basis of the digital polygon data 
for the administrative boundaries of Tunisia, MVL incidence 
rate was plotted on a map using Arcview GIS (Environ-
mental Systems Research Institute, Redlands, CA). To test 
whether the map displayed a spatially autocorrelated pattern, 
the statistic of Moran was used. Spatial autocorrelation 
was computed globally with the index of Moran and locally 
with local indicator of spatial association (LISA). 12  Data 
handling and statistical analysis were performed with R 
statistical packages. Anselin’s LISA denoted  I 

i
   for region  i  

was computed as  I 
i
  =  ( X 

i
   −X

−
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is the  ij  element of the spatial weight matrix ( w 
ij
   is inversely 

related to the distance between districts  i  and  j  for  i ¹ j  and 
 w 

ii
  =  0),  X 

i
   and  X 

j
   are MVL incidence rates in district  i  and  j , 

respectively, and   X
  −

 is the mean incidence rate over all the 
studied districts. Specific spatial configurations were first 
identified from a scatter plot showing centered observed 
values against the weighted mean incidence of their neighbors. 
Moran’s scatter plot makes it possible to identify 1) districts 
with MVL incidence rates higher than the global average with 
similar neighbors called high-high and also known as hot-spots, 
2) districts with MVL incidence rates lower than average with 
similar neighbors called low-low and also known as cold-spots, 
3) districts with high values of MVL incidence rates with low 
value neighbors called high-low and also known as potential 
spatial outliers, and 4) districts with low values of MVL 
incidence rates with high value neighbors called low-high and 
also known as potential spatial outliers. Student  t -test was 
used to test whether the MVL incidence rate of each district 
was significantly related to the incidence rates of its neighbors. 
The LISA values were finally mapped by using Arcview GIS 
to display geographic distribution of significant hot and cold-
spots and potential outliers. 

 A spatial Poisson regression was used to analyze relation-
ships between mean MVL incidence rates and the average 
climatic parameters. This spatial Poisson regression is based 
on statistical methods and geoRglm software package ( http:
//cran.r-project.org ) developed by Diggle and others 13  for the 
generalized linear spatial models. In this regression, mean 
MVL incidence rates for the districts was regressed on the 
mean yearly rainfall and continentality index (the used cross-
sectional data for the 215 studied districts were the average of 
annual observations during 1996–2006). A log-link function, a 
powered-exponential spatial auto-correlation function, and a 
Bayesian inference framework were used. 

    RESULTS 

 In northern and central Tunisia, 841 MVL patients less than 
five years of age were recorded from 1996 through 2006. Eight 
hundred fifteen of them were geographically located at a dis-
trict level and were retained for statistical analysis. Annual 
averages of 74 MVL cases and mean incidence rate of 10.75 
MVL cases/100,000 children less than five years of age were 
recorded for the whole study area. 

 The yearly number of MVL cases from 1996 through 2006 
showed an oscillatory pattern with peaks in 1998–2000 and 
2005–2006 ( Figure 2  ). A positive correlation was found between 
the number of MVL cases of the year (y) and the annual rain-
fall value two years before (y – 2) (r = 0.87) ( Figure 2 ). 

 F igure  1.    Study area in Tunisia.    

 F igure  2.    Annual number of Mediterranean visceral leishmaniasis 
cases in 1996–2006 and yearly rainfall in 1996–2004, Tunisia.    
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 Mean annual incidence rate varied according to the dis-
trict from 0 to 96.7 MVL cases/100,000 children. Sixty-seven 
districts located on the eastern coast of the country or in the 
southern part of the study area had no MLV cases reported 
during the study period. One hundred forty-eight districts had 
at least one reported case. These latter districts are largely 
distributed in the northern and central Tunisia. However, the 
highest values of incidence rates were shown in the eastern 
and western parts of northern Tunisia around 39.7°N, 7–8°E 
( Figure 3  ). The distribution of the disease showed clear spa-
tially auto-correlated patterns (Moran’s index = 0.623), which 
indicated similarity between neighboring districts. 

 According to Moran’s scatter plot results and LISA values, 
the study area may be divided into three sub-regions. The first 

region is the high-high region where the disease is homoge-
neously endemic. This region identified as a hot-spot of 35 
inland districts with incidence rates varying from 17.3 to 96.7 
cases/100,000 children. The second region is the low-low region 
where the incidence rate is homogeneously low. Two cold-spots 
with an incidence rate varying from 0 to 2.2 cases/100,000 chil-
dren were identified. They were composed of two groups of 
districts located in coastal regions of northeastern (5 districts) 
and southeastern (11 districts) Tunisia. The third region is the 
area where the disease has no homogeneous spatial tendency 
because the incidence rate of each district is not significantly 
related to its neighbors ( Figure 3 ). 

 Districts that composed the hot-spot were mostly located in 
the semi-arid bioclimatic zones with warm winters (32 of 35, 

 F igure  3.    Spatial distribution of Mediterranean visceral leishmaniasis (MVL) in northern and central Tunisia.  A , Northern and central Tunisia 
showing mean MVL incidence rate per district.  B , Local indicator of spatial association map. This figure appears in color at  www.ajtmh.org .    
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91%), had mean ± SD annual rainfall of 495 ± 77 mm, and 
had semi-continental climates ( Ic  > 30°C. Districts that com-
posed cold-spots were located in sub-humid zones with hot 
winters and littoral climates ( Ic  < 25°C) and in arid zones 
with warm winters and mean annual rainfall ≤ 338 mm/year 
( Figure 4  ). At districts level, the Poisson spatial regression (see 
Bayesian parameters estimates in  Table 1              ) showed a signifi-
cant positive relationship between mean MVL incidence rate 
and mean yearly rainfall and a significant positive relation-
ship between mean MVL incidence rate and the continental-
ity index. 

   DISCUSSION 

 In the past few years, spatial analysis has been increasingly 
used in the study of leishmaniasis. By using satellite images 
and field-collected data in Sudan, Thomson and others 14  and 
Elnaiem and others 15  observed that several ecologic factors 
were crucial for the presence of  Phlebotomus orientalis , the 
vector of VL, in Sudan. Using spatial statistics, Machado-
Coelho and others, 16  Franke and others, 17  Assunçao and oth-
ers, 18  and Werneck and others 19  explored the space-time 

dynamics of leishmaniasis in Brazil. In Tunisia, Ben Salah and 
others 20  carried out a study in the central part of the country. 
They identified spatio-temporal patterns of zoonotic cutane-
ous leishmaniasis and correlated them with sociogeographic 
factors. 

 This study was designed to contribute to a better under-
standing of some general trends of MVL in Tunisia by ana-
lyzing the temporal and spatial distribution of all diagnosed 
MVL cases in children less than five years of age during 1996–
2006. First, we attempted to estimate the MVL incidence rate 
in the whole country from 1996 through 2006. Second, using 
geographic areas as units of observation, we aggregated MVL 
incidence rates over the study period, thus neglecting the time 
dimension. The study of the local level of spatial autocorrela-
tion was then performed to identify areas where values of MVL 
incidence rate are both extreme and geographically homoge-
nous. Our interest was the identification of these interesting 
locations, hot-spots and cold-spots with MVL incidence rates 
similar in magnitude, where common environmental charac-
teristics may have led to a uniform level of transmission risk 
of the disease. Third, using spatial Poisson models, we modeled 
rates of disease as a function of aggregate climatic parameters 

 F igure  4.    Location of a hot-spot and cold-spots according to climatic and bioclimatic parameters in Tunisia.  A , Location of districts on Emberger’s 
pluviometric climagram according to their minimal temperature of the coldest month ( m ) and Emberger’s pluviometric quotient (Q 

2
 ).  B , Location 

of districts according to continentality index ( M − m ) and mean incidence rate of Mediterranean visceral leishmaniasis (MVL).  C , Location of dis-
tricts according to yearly rainfall and mean MVL incidence rate. 1 = hot-spot; 2 and 3 = cold-spots. This figure appears in color at  www.ajtmh.org .    



44 BEN-AHMED AND OTHERS

over the same time period in the different geographic areas. 
We attempted this ecologic study of MVL-climate association 
to examine hypotheses because comparisons were made for 
groups with presumably different exposures and were not be 
used to draw causal conclusions. 

 The MVL data were collected by directly consulting medi-
cal records from all pediatric departments in the study area. 
It is likely that few cases were overlooked because there are 
no alternative medical centers for treating patients with the 
disease and anti-leishmanial drugs are restricted for hospital 
use in Tunisia. Conversely, spatial distribution of MVL cases 
was analyzed according to patient address. The fact that a child 
may have traveled to another district where he or she may 
have been infected was not taken into account. Nevertheless, 
this hypothesis is difficult to investigate and our data can be 
useful in giving a rough indication of MVL spatial trend. 

 The annual number of MVL cases in Tunisia varied over 
the 11-year period with peaks in 1998–2000 and 2005–2006. 
Although the time series was not long enough, the temporal 
trend suggested a recurring 7–8-year cycle. The epidemic wave 
was followed by a period with relatively lower number of cases. 
The occurrence of epidemic cycles in VL has been reported 
in Brazil. 17  One possible explanation is that during epidemic 
phases, the pool of susceptible persons in the host population 
is reduced and the epidemic decreases until the number of sus-
ceptible hosts is increased by birth and process repeats itself. 17  
However, this temporal trend also seems to be influenced by 
climate, and our results suggest that a rainy year is followed 
two years later by a high number of MVL cases. These results 
are in concordance with the hypothesis that transmission in 
humans is probably modulated by the intensity of transmis-
sion in the canine reservoir one season before. The increase in 
 L. infantum  transmission in the dog population may cause, one 
year later, a larger pool of infected dogs and thus higher trans-
mission risks to humans. Thus, in the study area, the tendency 
of rainfall to higher values may have an impact on transmis-
sion by influencing abundance of  Phlebotomus  ( P. )  perfiliewi  
and/or  P. perniciosus , the potential vectors of canine leishma-
niasis in these disease-endemic regions. 6  

 Mediterranean Visceral leishmaniasis is largely distributed 
in northern and central Tunisia with a clear spatially auto-
correlated pattern. Study of local auto-correlation identified 
within the disease-endemic area three local clusters, one hot-
spot and two cold-spots, where common ecologic character-
istics may have led to a uniform level of transmission risk. 
Among the various ecologic factors associated with the dis-
tribution of MVL, the abundance of  P. perniciosus , the main 
proven vector in most Mediterranean countries, 2  is a critical 
factor. A recent entomologic survey in human leishmaniasis 
sites in Tunisia showed that  P. perniciosus  is the most abundant 
 Larroussius  species in semi-arid bioclimatic zones, whereas in 
sub-humid and arid areas, this vector species is less abundant. 6  

These results are consistent with those of our study, which 
showed that the MVL hot-spot is located in semi-arid zone 
where climatic conditions are favorable for the development 
of  P. perniciosus.  The presence of cold-spots in sub-humid 
and arid coastal regions suggests that  P. perniciosus  is rare or 
absent from these regions. 

 A significant relationship was found between MVL incidence 
rate and climatic factors. As mentioned by other authors, 21  this 
spatial MVL-climate association suggests that climate change 
may modify the spatial distribution and incidence of the dis-
ease, although the pattern is likely to be specific to the study 
region. Climate variability may have different effects in trans-
mission that are dependent on particular vectors and various 
 Leishmania  species in different regions of the world. 21  
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