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Abstract
Background

Evaluation of local transmission epidemiology to characterize malaria risk is essential for planning
malaria control and elimination programmes. The use of geographical information systems (GIS) has
been a major asset to this approach. This study aimed to characterize the local spatio-temporal pattern
of malaria infection and clinical disease after implementation of Seasonal Malaria Chemoprevention
(SMC) and Indoor Residual Spraying (IRS) in Bandiagara, a Malian town.

Methods

From October 2017 to December 2018, an active and passive surveillance system was established in a
cohort study of three hundred children aged from 6 months to 15 years old. Weekly time-series of clinical
malaria and monthly time-series of asymptomatic Plasmodium carriage and rainfall were plotted.
Numbers of clinical malaria episodes and asymptomatic parasite carriers were mapped using Quantum
Geographic Information System (QGIS). Landscape features of Bandiagara were obtained from Google
earth. Clusters of high or low risk were identi�ed under SaTScan® software using a Bernoulli model.  

Results

From October 2017 to December 2018, 167 clinical malaria cases were recorded, mostly from July to
December, while asymptomatic parasite carriage was observed during the entire study period. Three
clusters of clinical episodes were found. All were hotspots. They were located in the north-east, south and
west. No low risk cluster was identi�ed. Three signi�cant high-risk clusters of asymptomatic parasite
carriage were identi�ed in the south, north-east and north. These clusters were located near standing
water.

Conclusion

This study con�rms the seasonality of clinical malaria in Bandiagara. The continued presence of
asymptomatic parasite carriers maintains malaria transmission. To advance malaria elimination, control
strategies must also target hotspots of asymptomatic parasite carriage. There was a spatial
heterogeneity of clinical and asymptomatic malaria. Despite the implementation of additional
preventives strategies, the locations of high-risk clusters were stable. 

Background
Malaria is the most dangerous and widespread parasitic disease in the world. Currently, nearly half of the
world's population lives in malaria-endemic areas and is at risk of contracting malaria. According to the
World Health Organization (WHO), 3.2 billion people live in malaria endemic areas. Two hundred and
twenty-eight million (228 million) clinical episodes and 405,000 deaths from malaria were recorded in
2018 (1).
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Malaria is mainly transmitted by anopheline bites, which represent the vector. The abundance of vectors
depends on environmental factors such breeding sites. The association of malaria transmission with
speci�c locations is attributable to the presence of anopheline vector breeding sites. Each breeding site
can be the center of a focus of malaria transmission (2). In Africa, transmission levels vary enormously
and transmission can be either seasonal or throughout the year (3). Differences exist not only between
different regions, but also at the local level (4). The factors determining local transmission intensity
include vector pro�le, ecology and seasonality; all of these items have an impact on the effectiveness of
control operations (5). Local variations should be considered when considering the risk of infection.

A decrease in malaria incidence has been reported in various places in Africa following the
implementation of control strategies that impact transmission (6). The burden of Plasmodium
falciparum is characterized by spatial and temporal variability that presents new and evolving challenges
for malaria control programs. Reductions in malaria burden need to be sustained in the face of changing
epidemiology whilst simultaneously tackling signi�cant pockets of sustained or increasing transmission
(6).

As the transmission decline the transmission of disease is becoming more and more focal(7) and the
epidemiology changes (8), pockets of transmission, or ‘hot spots’, characterize low transmission areas
and must be identi�ed for an area to be declared malaria-free (9). The location of incident malaria cases
identi�ed through a passive surveillance system may be indicative of asymptomatic malaria reservoirs
(10).

Spatial heterogeneity, spatial dynamics, and seasonality are of great interest for spatial and seasonal
targeting, which could enable tailoring interventions and coverage targets to the local context and
identifying hotspots (11, 12).

Characterizing the spatial variation of disease prevalence by mapping exercises has proven useful for
strategic planning of malaria prevention and control activities at the national level (13–15).

In Mali, the Seasonal Malaria Chemoprevention (SMC) targeting children from 3–59 months was scaled
up in 2016. In 2017 and 2018, Indoor Residual Spraying (IRS) was implemented in few health districts
including Bandiagara. Previous studies showed a marked spatial heterogeneity of malaria transmission
in Bandiagara (16, 17). This study aimed to characterize the local spatio-temporal features of clinical and
asymptomatic malaria in the recent context of SMC and local IRS implementation.

Method
Study setting

The study was done in Bandiagara town, situated in central Mali in West Africa. A detailed description of
the study site can be found elsewhere (17). Children aged from 3-59 months residing in Bandiagara
bene�ted from SMC since 2016. IRS was implemented in all areas of Bandiagara town in 2017 and 2018.
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Cohort description

A prospective cohort study interspersed with monthly cross-sectional surveys involving three hundred
children was conducted from October 2017 to December 2018.

The study inclusion criteria were: aged between 6 months and 15 years at the time of screening, resident
of Bandiagara town, good general health based on clinical evaluation, written informed consent obtained
from the parent/guardian, and the availability in follow-up for the entire study duration. Exclusion criteria
were: refusal to participate in the study, simultaneous participation in an interventional clinical trial,
chronic medication with known anti-malarial activity (such as trimethoprim-sulfamethoxazole for
prevention of AIDS-associated opportunistic infections), and any condition that in the opinion of the
principal investigator would jeopardize the safety or rights of a participant in the trial or would render the
participant unable to comply with the protocol.

Active and passive surveillance were conducted to capture the incidence of malaria infection and
disease. Active surveillance consisted of scheduled monthly visits aimed at detecting asymptomatic
malaria infection and anaemia. Clinical examination of the participants was performed by the study
physician at enrolment and on a quarterly basis. Following standard protocols, �nger-prick blood samples
were collected monthly for malaria smears, measurement of haemoglobin level, and parasite genotyping
from �lter paper. Venous blood was collected at enrolment and at the time of each malaria clinical
episode for molecular and immunological analyses.

Passive surveillance consisted of continuous availability of medical care at the Bandiagara Malaria
Project (BMP) research clinic and Bandiagara District Hospital, where parents/guardians were instructed
to consult whenever their child was sick. Children were then examined by a physician, and axillary
temperature was checked (fever was de�ned as axillary temperature ≥37.5°C). Blood samples were
collected for microscopic examination for malaria parasites (thick blood �lm). If malaria was con�rmed
by microscopy, the haemoglobin level was determined, and �lter paper collected for parasite genotyping.
Clinical malaria was de�ned by the presence of one of the following symptoms consistent with malaria:
fever (subjective or measured), headache, nausea or vomiting, diarrhea or abdominal pain, join pain,
chills, seizure, lethargy, coma associated with a positive Plasmodium asexual stage.

Asymptomatic malaria was de�ned by the presence of Plasmodium irrespective of the stage without the
symptoms listed above.

Clinical malaria cases were treated with artemether + lumefantrine combination therapy according to the
Malian National Malaria Control program (NMCP) guidelines.

Malaria and rainfall time-series

After aggregation on a weekly time scale, time series of the number of malaria episodes was plotted
together with rainfalls measured at the local weather station in Bandiagara.
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For asymptomatic malaria time-series, the monthly cumulated number of asymptomatic cases and
measured rainfalls were plotted together.

Rainfall data were obtained from the local weather station. Microsoft Excel version 2016 was used for
plotting time-series.

Case mapping and spatial clusters detection 

At enrollment, each child’s household (i.e., the place where the child slept) was georeferenced using a
tablet with Open Data Kit (ODK) platform (accuracy approximately within 10 m).

A Geographical Information System was developed for the study area that also included the Bandiagara
house blocks and bodies of water in the area.

Google earth was used for digitization of road infrastructure and water collection, and the administrative
boundaries of Bandiagara town. After digitization, data were exported to QGIS and ARC GIS software for
map processing. Data from Google Earth Pro, which was in Keyhole Markup Language (KML) �le format
was converted to Shape�le (SHP) to facilitate georeferencing in the geographic coordinate system.

Using Quantum GISTM software (QGISTM) version 2.18.1, participant households were mapped according
to their geographic coordinates. Numerous children, likely siblings of the same family, shared the same
location. For each location, data were subsequently aggregated, and several variables were calculated:
initial number of study participants, total number of recorded malaria episodes or symptomatic malaria
cases. The spatial distribution of malaria risk was illustrated by choropleth mapping of the number of
malaria episodes at the block level.

SaTScanTM software, version 9.6, using the Kulldorf method of retrospective space-time permutation and
the Bernoulli purely spatial model was used to determine the spatial variability of malaria risk, a cluster
analysis was performed using Kulldorff's statistics through the SaTScanTM software version 9.6 with
Poisson model SaTScanTM version 9.6 (18,19) . This widely applied method (20,21) moves a circular or
elliptic scanning window over the study area and compares observed and expected case numbers inside
and outside this window in order to detect clusters and estimate risk ratios. Using daily malaria episodes
at each location, a Bernoulli distribution model with 50% of the population at risk, and elliptic scanning
windows, high or low risk purely spatial clusters were sought over the study period. The Relative-risk was
de�ned as the ratio of observed to expected cases. Cluster signi�cance (P-value) was computed with a
likelihood ratio test provided by a Monte Carlo approach using 999 random simulations under the null
hypothesis of no cluster. Statistically signi�cant spatial clusters (P-value < 0.05) were subsequently
mapped on QGISTM.

Ethical compliance

The study was conducted in compliance with the International Conference on Harmonization Good
Clinical Practices, the Declaration of Helsinki and regulatory requirements of Mali. Details on the consent
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and the protocol approval process have been described elsewhere17. The study was approved by the
institutional ethics committee of the Faculty of Medicine dentistry and pharmacy of the University of
Sciences Techniques and Technologies of Mali.

Results
Clinical malaria episodes and rainfall time-series

To analyse the temporal distribution of malaria episodes, data were aggregated by week, and a time
series of malaria episodes was plotted together with locally measured rainfalls. At the beginning of the
study (17 October 2017) which corresponds to the 42nd week, the rains stopped. The last clinical malaria
case of 2017 was diagnosed during the 48th week (27 November 2017), (Figure1).

In 2018 the rains began at the week 21 (24 May 2018). In the last two weeks of July, no rain was
measured, and clinical malaria episodes started being recorded (2018W39) (Figure1). Rains were
frequent from 31st week to the 39th week (2018W31-2018W39) which cover the month of August. The
peak incidence of clinical malaria episodes was observed during the 39th week (last week of September)
(Figure1). No rain was measured from 2018W39 to 2018W41. The rainy season stopped at week 42 (14
October) (Figure1). Children continued to experience clinical malaria up to the end of the study (December
2018) (Figure1).

Asymptomatic malaria and rainfall time-series

During the follow-up period, study participants experienced asymptomatic Plasmodium carriage
irrespective of rainy versus dry season. The peak of asymptomatic malaria parasite carriage was
observed in May 2018 (Figure 2).

Spatial distribution, case mapping and clusters identi�cation

Children habitats were mainly patchy distributed (Figure 3). During the study period, 16 active surveys
were carried out.

Symptomatic malaria spatial distribution

During the study, 167 malaria episodes were mapped. Episodes mostly concentrated along the Yamé
River and the vicinity of the brickyard located in the North-east (Figure 4).

Three high-risk clusters were identi�ed. The �rst was located in the north-east (population=44, number of
cases =79, RR= 7.00, p<10-6). The second in the south (population=16, number of cases 41, RR=7.64
p<10-6). The third in the west (population= 4, number of cases 10, RR=5.91 p=0.0038).

No low-risk cluster was found.

Asymptomatic malaria spatial distribution
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Two hundred eighty-two Plasmodium asymptomatic carriers were identi�ed. Three hotspots of
asymptomatic malaria were identi�ed. The �rst covered a large southern part of the town with a
population of 66 subjects, 57 number of cases, a RR= 3.50, and p<10-6. The second hotspot in the north-
east with a population of 21 subjects, number of cases 21, RR=3.63, p=0.00058. The third was located in
the north (population 20, number of cases 18, RR=3.23 p=0.013). The last two clusters were not far from
the brickyard. No low cluster was found (Figure 5).

Discussion
A decrease in malaria burden consecutive to the implementation of preventive strategies such us the
SMC has been showed in numerous studies (22–26).

This study describes a �ne scale space and time pro�le of malaria after immediate recent
implementation of SMC and IRS in a malaria research site and sentinel site of NMCP.

Time-series pro�le

On the intra-annual scale, seasonal periodicity in rainfall and temperature leads to seasonal �uctuation in
vector populations, parasite development rates and malaria transmission.

Our study started as the rainy stopped. Only nine clinical malaria episodes were recorded from the
beginning of the study (October 2017) up to June 2018. Usually the peak of transmission is in September
and/or October depending of the rainfall pattern. The low number of clinical episodes may be due to the
implementation of malaria preventive strategies: universal coverage of Long-Lasting Insecticide Treated
Nets (LLITN), IRS and SMC. The study spanned the entire year of 2018, numbers of malaria clinical
episodes were recorded. Clinical malaria incidence in our study was 0.5 episodes per person year
(published elsewhere) which was low compared to the period preceding SMC and the IRS
implementation. The incidence of clinical malaria in participants aged from 3 months to 20 years was 1.7
episodes per 24 weeks from 1999–2000 and 1.4 episodes person year in children aged from 6 months to
14 years old from 2009–2013 (27, 28). These �ndings con�rm the seasonality of clinical malaria.

Seasonality in malaria transmission is driven by temporal �uctuations in rainfall and temperature, which
determine the ability of the environment to support development of mosquitoes (29, 30).

Asymptomatic Plasmodium carriers represent a parasite reservoir. They were found during the entire
study follow-up period irrespective of season. The permanent presence of asymptomatic carriers leads to
sustainable malaria transmission. To advance malaria elimination, these carriers must to targeted by
control measures. To our knowledge, in sub-Saharan Africa no particular control strategy is directed to
this population. This may explain why despite enthusiastic reduction of malaria burden, transmission is
maintained.
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The peak of asymptomatic malaria parasite carriage was observed in May 2018 just before the beginning
of the malaria transmission season. Asymptomatic parasite carriers represent a bottle neck for control
programs. The prevalence of asymptomatic carriage may be underestimated because microscopy was
used for diagnosis, while PCR is known to be more sensitive (31) .

Spatial distribution pro�le

Maps provide a powerful visual tool to identify areas where targeted strategies and resources are most
likely to have the greatest impact.

Heterogeneity in the spatial distribution of malaria transmission, at increasingly localized scales, was
illustrated in South Africa (32).

The clinical malaria episodes in our study mostly concentrated along the Yamé River and the vicinity of
the brickyard located in the north-east, and hotspots were located in the north-east, south and western
sides of the town. Hotspots were located close to the river Yamé and the brickyard represent the same
hotspots identi�ed before SMC and IRS implementation (16, 17).

The hotspots of asymptomatic carriers were located in the south, north and north-east. The existence of
river Yamé and the brickyard that keeps standing water from the rainy season up to March constitute
mosquito breeding sites that remain after the rains have ended.

Hotspots represent an opportunity for targeted control interventions that are expected to be more e�cient
than untargeted interventions and ultimately bene�t the whole community (7).

Limitations of this study are the lack of assessment of entomological and environmental factors that
may impact the surveys.

Conclusion
This study con�rmed the seasonality and �ne scale heterogeneity of malaria risk.

The permanent presence of asymptomatic parasite carriers supports the sustainability of the
transmission. To substantially decrease malaria transmission and advance elimination, control strategies
must target the hotspots, especially for asymptomatic Plasmodium carriers. Despite the implementation
of SMC and IRS, the locations of the high-risk clusters remained stable. 

Abbreviations
GIS
Geographic Information Systems
SMC
Seasonal Malaria Chemoprevention
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IRS
Indoor Residual Spray
LLINs
Long-lasting insecticide-treated bed nets
NMCP
National Malaria Control Program
MARCAD
Malaria Research Capacity Development
DELTA
Developing Excellence in Leadership, Training and Science in Africa
AAS
African Academy of Sciences
AESA
Alliance for Accelerating Excellence in Science in Africa
NEPAD
New Partnership for Africa’s Development Planning and Coordinating Agency.
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Figure 1

Recorded malaria episodes and measured rainfall weekly time-series
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Figure 2

Recorded asymptomatic malaria and measured rainfall monthly time-series
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Figure 3

Spatial distribution of the study participants
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Figure 4

Localization of high-risk clusters of symptomatic malaria computed on SaTScan®
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Figure 5

Localization of high-risk clusters of asymptomatic malaria computed on SaTScan®


