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To study a 2001 dengue fever outbreak in Iracoubo,
French Guiana, we recorded the location of all patients’
homes and the date when symptoms were first observed. A
geographic information system (GIS) was used to integrate
the patient-related information. The Knox test, a classic
space-time analysis technique, was used to detect spa-
tiotemporal clustering. Analysis of the relative-risk (RR)
variations when space and time distances vary, highlighted
the maximum space and time extent of a dengue transmis-
sion focus. The results show that heterogeneity in the RR
variations in space and time corresponds to known ento-
mologic and epidemiologic factors, such as the mosquito
feeding cycle and host-seeking behavior. This finding
demonstrates the relevance and potential of the use of GIS
and spatial statistics for elaborating a dengue fever surveil-
lance strategy.

While investigating the spatial patterning of health
events and disease outcomes has a long history (1),

the development of geographic information systems (GIS)
has recently enabled epidemiologists to include a spatial
component in epidemiologic studies more easily. GIS are
computer systems that allow the collection, storage, inte-
gration, analysis, and display of spatially referenced data.
In the field of health, GIS have been widely used for dis-
ease mapping of different pathologies, in analysis of space
and space-time distributions of disease data (2–5), in iden-
tifying risk factors (6–8), and in mapping risk areas (9). In
most studies, each patient or person exposed to a disease is
located at the residential address, and these locations are
integrated into a GIS for mapping and analysis. Because
GIS allows epidemiologists to map environmental factors
associated with disease vectors, it has become especially
relevant for the surveillance of infectious and vector-borne
diseases such as malaria (3,8,10) or Lyme disease (11–13).

In particular, GIS and spatial statistics should be useful
for surveillance of dengue fever (DF), an arboviral disease

transmitted to humans by mosquitoes of the Aedes genus
(14). Indeed, because no vaccine or specific treatment is
available, the only solution to prevent the disease is vector
control strategy. This control strategy requires that risk
areas and risk periods be identified. Several studies, some
in which GIS was used, have been conducted to identify the
mechanisms of the spread of dengue viruses in a communi-
ty and to improve prevention strategies (4,15–17). The
existence of case-clusters inside the same house has often
been described (4,15,16,18–24). Moreover, by a space-time
analysis of reported dengue cases in Puerto Rico, Morrison
et al. have shown the apparent clustering of cases at short
distances over brief periods of time (4). Nevertheless, lim-
its of this cluster have not been calculated. 

To better understand the transmission dynamics of
dengue, we used a GIS to describe the spread of dengue
viruses in a small locality. Data were obtained from a
recent dengue fever outbreak in Iracoubo, a small town
located in French Guiana, an overseas French administra-
tive unit between Suriname and North Brazil. 

In French Guiana, DF is recognized as endemic, with
dengue epidemics occurring since 1965 at 4- to 6-year
intervals (25). The four dengue virus serotypes (DEN-1,
DEN-2, DEN-4, and more recently DEN-3) have been iso-
lated. The mosquito Aedes aegypti is the only known
dengue vector in French Guiana. We report the investiga-
tion of space-time patterns of confirmed laboratory-posi-
tive and suspected cases; evaluate the efficiency of using
GIS technologies in a dengue prevention program, and
propose a surveillance strategy.

Materials and Methods

Study Site and Population
Iracoubo is a small rural municipality located on the

coastal plain of French Guiana with a population of 1,428
inhabitants (26), most of whom live in the main town or in
the Bellevue village, located 5 km from the main town
(Figure 1). Housing areas are surrounded by rain forest,
mangrove forest, and coastal wetlands. 
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Patients
All patients who visited the healthcare center of

Iracoubo with a temperature of >38.5°C, arthralgia,
headache, or myalgia, were suspected of having DF. Blood
samples were taken for evaluation of probable and con-
firmed DF cases. The terms suspected, probable, and con-
firmed cases of DF were used according to the definitions
adopted by the Council of State and Territorial
Epidemiologists and the Centers for Disease Control and
Prevention (CDC), Atlanta, Georgia (27). A suspected case
is defined as an illness in a patient whose serum was sent
to National Reference Centre for Arboviruses (Institut
Pasteur de la Guyane, Cayenne, French Guiana) for the
diagnosis of DF. A probable case was an illness in a person
that is clinically compatible with dengue, combined with
supportive serologic test results (a single convalescent-
phase serum specimen containing dengue virus
immunoglobulin [Ig] M antibody, or a dengue virus IgG
antibody titer of >1,280 by hemagglutination inhibition
assay [HI]). A confirmed case was defined as having any
of the following criteria: isolation of dengue virus from
serum, demonstration of a dengue virus cDNA fragment
by amplification (reverse transcription–polymerase chain
reaction [RT-PCR]) from a serum sample, IgM antibody
seroconversion, or a fourfold or greater increase in recip-
rocal titers of IgG antibody to one or more dengue virus
antigens in paired serum samples.

During a dengue epidemic in a disease-endemic area
such as French Guiana, the predictive positive value for a
probable dengue case to be a confirmed case is very high
(24). For this reason, we decided to include the probable
dengue cases in the group of confirmed cases. Thus, we
use the term confirmed case for both probable and con-
firmed dengue cases, and the term suspected case for all
reported cases during the epidemic.

Laboratory Diagnosis 
All tests were performed at the Institut Pasteur de la

Guyane, National Reference Centre for Arboviruses
(Cayenne, French Guiana).

Serologic Tests
Two techniques were used to detect antibodies to

dengue viruses. The first was detection of IgM dengue
virus antibodies by using an IgM capture enzyme-linked
immunosorbent assay (MAC-ELISA) with a tetravalent
dengue virus antigen. The procedure was modified from a
previously described method (28). 

HI was also used. HI titers were determined by using
the method of Clarke and Casals (29) that was adapted to
a microtechnique. Antibody responses to dengue virus
were interpreted according to the World Health
Organization criteria (30). 

Virus Isolation and Identification
Acute-phase serum samples from febrile patients (<4

days after the onset of fever) were diluted 10-fold in
Leibowitz medium containing 3% fetal calf serum, and
dilutions were injected into subconfluent AP 61 cell cul-
tures as previously described (31). After 7 days of culture,
cells were harvested, and dengue viruses were identified
according to serotype by an indirect immunofluorescence
assay (IFA) with monoclonal antibodies specific to DEN-1,
-2, -3, and -4 viruses (provided by CDC, Fort Collins, CO).

Detection of Dengue Viruses 
by Using RT-PCR Analysis
Viral RNA was extracted from a 50-µL aliquot of acute-

phase serum with TRIzol (Invitrogen Life Technologies,
Paisley, Refrewshire, UK), according to the manufactur-
er’s recommendations and precipitated with isopropanol
and 1 µL of glycogen (5 µg/µL) (Roche Diagnostics,
Mannheim, Germany). Air-dried RNA pellets were sus-
pended in 20 µL of water. Then, 5 µL of RNA were mixed
with 200 ng of random hexamer primers, and first-strand
cDNA synthesis was performed with the SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen Life
Technologies), according to the manufacturer’s recom-
mendations. The first run of RT-PCR analysis and subse-
quent seminested PCR analysis were performed following
a previously described procedure (32).

Cases Georeferencing
For all suspected dengue patients, patient’s home was

recorded with a cadastral map (paper copy, scale 1/1,000).
Georeferenced aerial photographs were used to improve
the identification and the location. The geographic coordi-
nates were integrated into a GIS (Geoconcept software)
(33), with the following information about the patient:
identification number, date of onset of symptoms, age, sex,
diagnosis. 
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Figure 1. Iracoubo, French Guiana (Landsat TM imagery).
Housing areas (pink) are surrounded by coastal wetlands
(orange), rain forest and mangrove forests (green areas). Ocean
and rivers are in blue.



Spatial and Temporal Patterns Analysis
Assuming that DF spread within a community leads to

the creation of transmission focus, the distance between
neighboring housing would be an important factor in the
spatial extension of these foci. We used the GIS and
geocoded aerial photographs to locate all houses and to
calculate the mean distance between neighboring houses
(Geoconcept software) (33).

We used the Knox (34) test to identify possible space-
time interactions, i.e., to determine whether cases which
are close in distance will also be close in time. This method
evaluates whether the number of pairs of cases found at a
fixed temporal and spatial distances is substantially differ-
ent from the number of pairs of cases expected at these dis-
tances by chance, when the times of occurrence of cases
are randomly distributed across the case locations.

The ratio between real number of pairs of cases found
at the space-distance s (in meters) and the time-distance t
(in days) and the number of pairs of cases found at these
distances by chance could be considered as the RR of
occurrence of another dengue case, t days later and s
meters away from the first case of dengue.

The Knox test was first computed for the population of
patients with confirmed cases and for the population of
those with suspected cases. Results were calculated for
time distances varying from 1 to 200 days (duration of the
epidemic) by 1-day step and spatial distances varying from
5 to 6,500 m (step: 5 m). An “RR map” was then obtained
by interpolating the significant values (p = 0.05) (Surfer
software) (35).

The final result is a representation of the RR, when
space-distance and time-distance from a hypothetical
dengue patient vary. The correlation between RR values
derived from the confirmed cases and those derived from
the suspected cases was evaluated.

Results

Serologic Tests
In Iracoubo center and Bellevue, 161 patients with sus-

pected dengue cases were reported between April and
November 2001, which corresponds to 11.3% of the popu-
lation. Blood samples from 57 patients were analyzed in
the National Reference Center for Arboviruses,
Arbovirology Laboratory of the Pasteur Institute of French
Guiana. Among the 57 patients, 32 cases of DF were con-
firmed (56.1%). A total of 25 suspected cases were not
confirmed; among them 4 cases were indeterminate and 21
were negative (Table). Virus isolation results show that the
majority of confirmed cases were caused by DEN-3
(90%).

Epidemic Description
The first suspected dengue case was reported on April

10 but samples were not analyzed. The first confirmed
dengue case occurred on April 22. Then, the epidemic
spread rapidly through the community (Figure 2), with a
temporal lag between cases occurring in Iracoubo center
and those occurring in Bellevue (Figure 3). Indeed, 100%
of the confirmed cases in Iracoubo center occurred
between April and July, whereas 76.9% of confirmed cases
in Bellevue occurred in October and November. The first
glimpse of the spatial distribution of confirmed and sus-
pected cases shows the existence of apparent spatial clus-
ters (more than 2 confirmed cases or 3 suspected cases in
the same neighborhood) (Figure 2).

Spatial-Temporal Patterns Analysis
We considered 406 buildings in the calculation. The

mean distance between adjacent houses was 24.6 m for the
whole municipality, including means of 22.6 m for
Iracoubo center and 29.6 m for Bellevue.

A first analysis of the RR variations when space and
time distances vary over all the epidemic’s extent high-
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Table. Serologic analysis results 
Cases Iracoubo center Bellevue Total 
Reported  93 69 162 
Analyzed 34 23 57 
Laboratory-negative 14 7 21 
Indeterminate  1 3 4 
Laboratory-positive 19 13 32 
Confirmed 14 8 22a 
Probable 5 5 10 
a19 DEN-3; 2 DEN-1, 1 seroconversion. 

Figure 2. Maps showing locations of dengue patients in Iracoubo
center (weeks 3, 6, 9, 12), showing locations of confirmed (red)
and suspected (blue) dengue fever patients. Black circles corre-
spond to spatial clusters, that is, neighborhoods where more than
two confirmed cases or three suspected cases occurred.



lights a main risk area, with RR > 1 (p < 0.001) (Figure 4).
This area corresponds to a substantial increase in the theo-
retical risk of the occurrence of another dengue case. This
area is active inside the boundaries of 400 m and 40 days.

A more detailed analysis of this risk area shows a strong
heterogeneity: an area is very high risk (RR > 5) at short
distances (15 m) and over brief periods (6 days). Beyond
these space-time limits, the RR rapidly decreases (Figure
5). Moreover, particular patterns are observed, like a tem-
poral periodicity, with peaks of risk every 3 days (Figure
6A). Spatial breaks seem to appear at the approximate dis-
tances 20–25 m, 45–50 m, and 80–85 m (Figures 5 and
6A), showing three different risk levels (Figure 5).

A strong concordance exists between the results
obtained by using the dengue laboratory-positive cases and
those obtained by using all suspected cases: the space and
time boundaries are roughly the same (Figure 6B).
Although the RR values are different for the same space
and time distances, they are correlated with a high correla-
tion coefficient (r = 0.93; p < 0.05).

Discussion
To study the dynamics of a DF outbreak in the small

municipality of Iracoubo during 2001, we located all
patients in space by determining their home address and in
time by obtaining the date of onset of symptoms. Although
the definition of time-location is obvious, the definition of
space-location can be questioned. Indeed, using this factor
implies that patients have contracted the disease at home,
which is a strong hypothesis. This hypothesis is based on
practical constraints (since the residential address is the
easiest way to implement a location criterion), and on the
results of several studies confirming that dengue risk expo-
sure is more important at home because female Aedes
aegypti mosquitoes are endophilic and take their blood
meal during the day with often a peak in the early morning

and in the evening (36), and even sometimes during the
night (37,38). 

The difficulty of locating each patient’s home has to be
pointed out, however. Previous studies had to face the
major problem of locating each address and verifying it in
the field, which requires a substantial time investment (4).
For our study in Iracoubo, the relatively small group of
patients was easily and quickly located by using maps and
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Figure 3. Number of confirmed dengue fever
cases per week, Iracoubo municipality,
French Guiana, April–November 2001.

Figure 4. Global representation of the relative-risk (RR) calculated
from the confirmed cases data, when space-distance and time-dis-
tance from a first theoretical dengue case vary respectively from 0
to 500 m and from 0 to 60 days. Color indicates RR values greater
than one (p < 0.001). High RR values are in red. 



aerial photographs. Nevertheless, in the context of an oper-
ational dengue surveillance system deployment, our alter-
native to address georeferencing is not adapted. Therefore,
an original interactive software for georeferencing cases
by using aerial photographs and maps, during the consul-
tation by the physician or in healthcare centers, was imple-
mented in French Guiana (DOC_teur Software) (39). This
could be an alternative solution for the problem of georef-
erencing cases, provided that healthcare centers have com-
puter capabilities. 

An initial interpretation of the spatial dengue distribu-
tion shows that all areas of the municipality were rapidly
affected by the disease. Moreover, the distribution high-
lights spatial case-clusters inside individual houses and in
the nearby neighborhoods of case-patients (Figure 2). One
of the aims of the spatial and temporal patterns analysis
was to clarify this qualitative interpretation.

Our study on space-time patterning led us to map in
space and time the RR for DF within a particular space-
time window from the first hypothetical suspected case.
This RR index map allowed us to determine the boundaries
in space and time of the maximum dengue transmission
focus extent (400 m, 40 days) and to identify a very high-
risk area at a short distance (15 m) over a short period (6
days). These results confirm the focal nature of DF as
reported in the literature, and, above all, fix quantitative
values for the transmission focus limits.

Moreover, the strong heterogeneity apparent in the RR
index map (Figure 6) is coherent with known entomologic
and epidemiologic factors. Indeed, the marked 3 days peri-
odicity is consistent with the length of the gonotrophic
cycle of the female Ae. aegypti mosquito (36). After being
fed and achieving extrinsic incubation, a mosquito bite
would be infectious and lead to a human dengue case after

the intrinsic incubation period; whether the mosquito bites
every 3 days and whether we assumed that intrinsic incu-
bation period is constant in duration, then other dengue
cases would be appear every 3 days. 

On the other hand, spatial breaks in the disease occur-
rence seem to correspond roughly to the spatial distances
between houses as determined with aerial photographs.
Indeed, aerial photo-interpretation shows that for each
house, the direct neighboring house is included, in aver-
age, in a 25-m radius, which also includes the risk area
shown by our results for dengue occurrence. The two next
distance peaks, namely 45 m and 80 m, correspond to the
third and fourth nearest areas of housing, respectively. 

Those similarities between patterns in the RR map
derived from space-time location of dengue cases and
known transmission factors confirm the relevance of using
GIS for the epidemic description. In particular, the avail-
able data seem consistent with the hypothesis that most
people were infected at home or near the home during the
Iracoubo epidemic.

In future studies, obtaining the exact incidence in the
exposed population will be preferable. For this goal, a
prospective seroepidemiologic study must be conducted in
the overall exposed population to identify all dengue cases,
including the asymptomatic cases. This kind of study
would certainly increase the accuracy of the GIS for the
epidemic description. In Iracoubo the distribution of the
nonsymptomatic cases and the nonreported cases likely
paralleled the spatial distribution of the reported cases.
Thus, the fact that we did not dispose of the total number
of dengue cases induced more likely a decrease in the pre-
cision, than an inaccurate representation of dengue trans-
mission. This hypothesis will be tested in a future study. 

These first results show that an objective description of
a dengue virus spread using GIS and space-time statistics
allows epidemiologists to define risk areas and risk peri-
ods, which are necessary for implementing an efficient
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Figure 5. Three-dimensional representation of the main risk area
for dengue fever (within 100 m and 30 days’ boundaries) derived
from data on confirmed cases.

Figure 6. Main risk area for dengue fever (within 100 m and 30
days’ boundaries), derived from laboratory-positive cases data (A)
and all suspected cases data (B). Vertical dark lines indicate an
apparent temporal periodicity, and horizontal dark lines corre-
spond to apparent spatial breaks.



surveillance strategy. Moreover, the strong concordance of
the two RR maps derived from the confirmed cases and
suspected cases indicates that a surveillance program
could be based on information concerning all suspected
cases. Including such information would allow a better
response to an outbreak. 

Analyzing RR representation shows a very high risk
area 6 days after and at <15 m from a first hypothetical
dengue case (Figure 5). Because of the short duration of
the dengue intrinsic incubation period, each dengue patient
contracted the disease a few days before its clinical expres-
sion. As a consequence, there were no means of reducing
the first RR peak after the first dengue case was detected.
Nevertheless, vector control could have reduced the sec-
ondary RR peaks, which occurred 3, 6, and 9 days after the
first high RR area was identified (Figure 6). 

These results could increase the efficiency of the vec-
tor-control strategy. Indeed, the RR representation indi-
cates that vector control should be more efficient when
conducted inside the houses and against adult mosquitoes.
All houses inside a 100-m neighborhood should be treat-
ed. The distance of 100 m corresponds to a statistical
threshold, which is a result of our study: outside of 100 m
around the dengue focus, the probability of observing a
dengue case is low. However, if the number of cases
reported increases, we will likely increase the precision of
such reporting, and this threshold could vary. If these
results are confirmed in the future, this would likely lead
to improvements in indoor vector control (by indoor
spraying of insecticide) during dengue epidemics, in par-
ticular in the houses near a house where a confirmed or
suspected case occurred, provided that the mosquitoes
have been shown to be sensitive to the insecticide.
Reducing breeding sites and increasing indoor vector con-
trol could be the major means of controlling dengue
spread during an epidemic.

Conclusion
The use of a GIS in a dengue surveillance program

requires an efficient case location system and a concerted
effort by all health stakeholders: physicians, hospitals,
pathology laboratories, and vector control agencies. In
French Guiana, a research program named S2Dengue
(Spatial Surveillance of Dengue) joins the different health
stakeholders for the real-time collection of all dengue-
related information (suspected and confirmed cases, vector
densities, etc.). The first objective of this project is to pro-
vide all participants with weekly maps of dengue incidence
to improve prevention measures. The second objective is
to link this information with relevant environmental fac-
tors and establish a model of the epidemic dynamics. 

This program will allow us to validate our results
concerning the characteristics of the dynamic of dengue in

French Guiana and confirm the potential of using
geographic information systems for dengue surveillance at
a country level. This effort will also contribute to dengue
control strategy.
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