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Abstract

:

Context: In Mali, malaria transmission is seasonal, exposing children to high morbidity and mortality. A preventative strategy called Seasonal Malaria Chemoprevention (SMC) is being implemented, consisting of the distribution of drugs at monthly intervals for up to 4 months to children between 3 and 59 months of age during the period of the year when malaria is most prevalent. This study aimed to analyze the evolution of the incidence of malaria in the general population of the health districts of Kati, Kadiolo, Sikasso, Yorosso, and Tominian in the context of SMC implementation. Methods: This is a transversal study analyzing the routine malaria data and meteorological data of Nasa Giovanni from 2016 to 2018. General Additive Model (GAM) analysis was performed to investigate the relationship between malaria incidence and meteorological factors. Results: From 2016 to 2018, the evolution of the overall incidence in all the study districts was positively associated with the relative humidity, rainfall, and minimum temperature components. The average monthly incidence and the relative humidity varied according to the health district, and the average temperature and rainfall were similar. A decrease in incidence was observed in children under five years old in 2017 and 2018 compared to 2016. Conclusion: A decrease in the incidence of malaria was observed after the SMC rounds. SMC should be applied at optimal periods.
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1. Introduction


More than half of the world’s population lives in areas at risk of malaria, considered to be the most frequent parasitic disease in humans. It remains one of the major challenges that health policies and systems face, although significant progress has been made [1]. In Mali, malaria is the primary reason for consultation during the season of high transmission. According to the National Health Information System (SNIS), in 2018, health facilities recorded 2,345,481 malaria cases [2]. Malaria was the pathology that caused more deaths in 2018, with 1178 deaths, according to the SNIS [2].



There are five climatic zones in Mali: the pre-Guinean zone, with an annual rainfall of more than 1100 mm; the Sudanian zone (900–1100 mm); the Sudano-Sahelian zone (500–900 mm); the Sahelian zone (250–500 mm), the desert zone, or Sahara, with an annual rainfall of less than 250 mm; and the inner delta of the Niger River.



The geographical location of Mali and its climatic conditions make malaria a major problem in almost the entire country. Regarding the fight against malaria, the country’s authorities have set up control strategies through the National Malaria Control Program (NMCP). These strategies involve the diagnosis and treatment of clinical cases, epidemiological surveillance, vector control with insecticide-treated nets and indoor residual spraying, and chemoprevention for target groups [3,4]. They have all been recommended by the World Health Organization (WHO) and implemented by the NMCP. Among these strategies, Seasonal Malaria Chemoprevention (SMC) for children from 3 to 59 months of age is one of the most important, effective, inexpensive, and safe strategies [5].



In studies on the effectiveness of control strategies in Mali in the health districts of Sadiola and Segou, the number of malaria cases was reduced by 70% after intrahousehold spraying campaigns [6,7]. For chemoprevention, the National Malaria Control Program (NMCP) recommends Seasonal Malaria Chemoprevention (SMC) with the administration of Sulfadoxine–Pyrimethamine and Amodiaquine (AQ-SP) in children and in pregnant women the use of intermittent preventative treatment with Sulfadoxine–Pyrimethamine (SP). SP should be given to pregnant women, three tablets every month, from the second trimester of pregnancy. SMC has been recommended by the WHO since 2012 in Sahelian countries, where more than 60% of clinical malaria cases occur within a maximum of four months [5,8,9].



This strategy consists of administering a single dose of SP and a dose of Amodiaquine for three days, in four rounds, to children aged 3–59 months and, recently, 5 to 10 years old [10,11]. SMC pilot studies showed encouraging results, with a reduction in the number of malaria and anemia cases in children aged 6–59 months. These results, based on an observational study, show a reduction in the risk of confirmed malaria by 40% [12,13]. Recent studies have produced results on the effectiveness of SMC in Mali in a health district in Ivory Coast and in Senegal [11,13,14,15].



After the administration of SMC, the authors of a study in Ouessebougou in central Mali measured the level of IgG-type antibodies against specific malaria antigens. These results show the presence of the antibodies [10]. However, the IgG amount was not proportional to the number of passages received by the child but was higher compared to children who did not receive SMC [16].



Despite the scaling up of these strategies, malaria continues to be prevalent and still causes morbidity and deaths, as shown by the statistics cited above. It is in this context that the National Malaria Control Program (NMCP) and the Malaria Research and Training Center (MRTC), in collaboration with the World Bank, initiated a study in Mali to monitor malaria incidence in the context of the scaling up of SMC. We conducted a secondary analysis of the data from this study in five health districts Kati, Sikasso, Kadiolo, Yorosso, and Tominian, located in different epidemiological settings where districts share borders with other countries and where the World Bank is supporting NMCP to implement SMC as their effort to support the Malian government in the fight against malaria. This malaria secondary data analysis is in part monitoring the malaria incidence trend using routine health system data in the context of scaling up SMC in order to guide the NMCP toward a targeted and adapted fight against malaria.




2. Method


The study protocol was approved by the Ethics Committee of the Faculty of Medicine and Odonto-Stomatology/Faculty of Pharmacy, University of Sciences, Techniques and Technologies of Bamako, N°. 2017__131__/CE/FMPOS, and all regulatory requirements were met. The anonymity of respondents and documents is preserved.



2.1. Study Location and Population


This study was carried in five health districts belonging to different epidemiological settings of malaria transmission and funded by the World Bank within the framework of the Neglected Tropical Disease (NTD) and Malaria project.



Kati health district: located about 15 km (Kati city) northwest of Bamako.



Kadiolo health district: located about 470 km (Kadiolo city) from Bamako, in the extreme south of Mali.



Sikasso health district: located at about 370 km (Sikasso city) from Bamako, in the extreme south of Mali.



Tominian health district: located about 464 km (Tominian city) from Bamako, north-east of the Segou region of Mali.



Yorosso health district: located about 426 km (Yorosso city) from Bamako. The climatic characteristics of the temperature and rainfall of the study sites are presented in Table 1.



According to the different climatic zones in Mali, the study sites are located in the Sudanian and Sahelian zones (Tominian and Kati, respectively) and in the South Guinean zone (Kadiolo, Yorosso and Sikasso) (Table 1) [17,18].



The Kati, Tominian, and Yorosso health districts have an annual rainfall between 500 and 800 mm, and the average temperature was 30 °C for Kati and Tominian. Those in southern Mali (Sikasso and Kadiolo) are more humid and rainfall can exceed 1000 mm per year.




2.2. Data and Sources


This is a transversal study analyzing routine malaria data from 5 health districts: Kati, Kadiolo, Sikasso, Yorosso, and Tominian. All malaria cases confirmed by the rapid diagnostic test for malaria (RDT), available for diagnosis in health centers, or a thick smear at the level of health facilities, reported through the monthly reports and recorded in the District Health Information Software (dhis2) version 2, were exhaustively collected. The databases of validated monthly malaria reports and the dhis2 software were used to extract monthly malaria data from the concerned health districts during the study period. The Nasa Giovanni site (https://giovanni.gsfc.nasa.gov/giovanni/) was used to download the meteorological data (mean, minimum, maximum temperature, relative humidity, cumulative rainfall) in the 5 health districts. All aggregated data were on a monthly time scale.



For the analysis of the relationship between meteorology and malaria incidence, we classified the health districts by the climatic zone in Mali. We selected two climatic zones: the Northern Sudan zone and Sahel for the first climatic zone and Sudan Guinean for the second climatic zone. Additional meteorological data were collected by the climatic zone on the Giovani site.




2.3. Data Analysis


For malaria incidence, we compared the annual incidence by the health district from 2016 to 2018. The percentage change in incidence between 2016 and 2018 in each of the 5 study sites was defined according to the WHO method:


Rate variation = (Annual incidence (2016) − Annual incidence (2018))/Annual incidence (2016) * 100



(1)







For the meteorological analysis, we performed a descriptive analysis of monthly malaria and meteorological (rainfall, temperature, relative humidity) time series data analysis from 2016 to 2018 with the graphs and tables.



The ANOVA test and the nonparametric Kruskal–Wallis test were used to compare the monthly averages calculated over the study period of rainfall accumulation, average relative humidity, and average temperature in the different health districts.



To determine the relationship between malaria and meteorological variables, we performed a Principal Component Analysis (PCA), which reduced the dimensions of the meteorological variables and took into account their collinearity [19]. A Generalized Additive Model (GAM) was used to study the relationship between malaria incidence and meteorological variables [20]. The negative binomial distribution was used to account for the overdispersion of the malaria case, which was the dependent variable during the study period [21]. The population of the study sites was transformed into the logarithmic form for obtaining the risk ratio of malaria incidence at each health district. The SMC variable was used among the covariates. The choice of this model was justified by the nonlinearity of malaria data, which is characterized by seasonality and trend [21]. The statistics were considered significant with a value of p ≤ 0.05.



Formule GAM:


  l o g  (  C a s e s  ( T )   )  = l o g  (  P o p u l a t i o n  ( T )   )  +  f 1   (  D i m 1  )  +  f 2   (  D i m 2  )  + ε  



(2)








2.4. Software and Packages


The various statistical analyses were performed using R software version 3.4 (R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria) packages {mgcv}, {FactoMineR}, and {Factoextra}. Paint.net version 4.2.13 (Warren Paint and Color C., Nashville, TN, USA) was used for image processing.





3. Results


3.1. Evolution of Malaria Incidence in the Five Health Districts


Monthly malaria incidence from 2016 to 2018 showed an increase from July to November in all study health districts corresponding to the rainy season period. There was a decrease in malaria incidence from 2016 to 2018, except in the Yorosso and Sikasso health districts (Figures S1–S5). From January to June, there was a decrease in malaria incidence in the general population, which confirms the seasonality of malaria. The high transmission season is longer (five to six months), varying from June to November in the health districts of Kadiolo, Yorosso, and Sikasso, located in the Sudano-Guinean facies, and from four to five months in the health districts of Kati and Tominian, located in the northern Sudanian and Sahelian profile (Figure 1 and Figure 2).



The time series of monthly malaria incidence in the five health districts show a peak in the rainy season every year. This period of high transmission is from July to December or even January of the following year. Afterward, a decrease in incidence is observed.



The health districts of Kadiolo, Yorosso, and Tominian had the highest average monthly aggregate incidence, which ranged from 160 to 290 cases per 10,000 persons per month. The lowest incidences were observed in the health districts of Sikasso and Kati (Figure 1).



The health districts of Kadiolo (median of 200 cases per 10,000 persons) and Yorosso (median of 210 cases per 10,000 persons-month) had the highest incidence rate in October. The health district of Sikasso (median of 50 cases per 10,000 persons-month) had the lowest monthly incidence rate.




3.2. Estimated Monthly Incidence in Under-Fives and Five or Over Five Years Olds and SMC


In all five districts, the monthly incidence of under-fives is higher than the monthly incidence of over-fives from 2016 to 2018. The highest incidences were recorded during the rainy season and the lowest during the dry season. Peaks for both groups are generally obtained between July and October. SMC has been regularly implemented in all the health districts from August to November in 2016 and from July to October from 2017 to 2018. However, a decrease in incidence was only noted after the third and fourth rounds. The most important rainfall was obtained from July to August over the three years, which corresponds to the period of SMC. Monthly incidence peaks are observed at the end of the rainy season in September and October (Figures S1–S5). The figures show that Seasonal Malaria Chemoprevention (SMC) was always implemented after the start of the high transmission period in all the health districts.



The percentage change in incidence between 2016 and 2018 at the five sites was defined according to the WHO method.




3.3. Analysis of the Meteorological Variables into the Five Health Districts


3.3.1. Univariate Analysis of Overall Meteorological Variables between the Health Districts


Using the meteorological data collected in each district, we assessed their relation with malaria incidence.




3.3.2. Miltivariiate Analysis of Overall Malaria Incidence and Meteorological Variables


The Principal Component Analysis (PCA) reduced the size of the meteorological variables in two dimensions (Dim) that explain the inertia to more than 80%. Dim-1 consisted of relative humidity and inversely average and maximum temperatures. Dim-2 consisted essentially of the minimum temperature and rainfall from the same climatic zone (Figure 3). The contribution of rainfall (40%) is higher than the minimum temperature (30%) in the Sahel zone (Figure 3a) and inversely in the Sudano-Guinean zone in Dim-2 (Figure 3b).



The Generalized Additive Model (GAM) was used to model the overall impact according to the components derived from the PCA by climatic zone. The different meteorological variables synergized using PCA made it possible to look for the relation between the meteorological variables and malaria incidence in the two climatic zones of this study. The Dim-1 component was composed positively of relative humidity and negatively of average maximum temperature, and the Dim-2 component was composed of rainfall and minimum temperature. In the Northern Sudan and Sahel zone, Dim-1 consisted of relative humidity and inversely average and maximum temperatures, and Dim-2 consisted essentially of the minimum temperature and rainfall and was significantly associated with overall malaria incidence (p > 0.001) in multivariate analysis with a linear relationship of Dim-2 (Table 4). The explained deviance was 74%.



In the Sudano-Guinean zone, Dim-1 consisted of positive relative humidity and inversely average maximum temperatures, and Dim-2 consisted essentially of the minimum temperature and rainfall were significantly associated with overall malaria incidence (p < 0.001) in the multivariate analysis (Table 4). The explained deviance was 50%.






4. Discussion


The limitations of our study were the missing lag between the overall incidence and weather components because weekly data were not available. The specific coverage rates of the control strategies (possession and the use of LLINs, coverage of SMC) could help explain some of the differences in the variation in incidence in the health districts, although they generally confirmed that the usage of LLINs is expected similar at those districts.



The objective of this work was to analyze the evolution of malaria incidence in the general population of the study districts from routine data and determine the relationship between malaria incidence and environmental variables such as temperature, relative humidity, and rainfall in the five health districts (Kati, Kadiolo, Sikasso, Yorosso, and Tominian) as part of the evaluation of the impact of Seasonal Malaria Chemoprevention from 2016 to 2018.



The evolution of the monthly incidence of malaria shows that the period of high malaria transmission in Mali coincides with the rainy season and the formation of water reservoirs and ponds. This creates a favorable environment for the development and multiplication of mosquitoes responsible for malaria transmission, which could explain the increasing evolution of malaria incidence in the five health districts with significant peaks, especially between July and October.



Incidence decreased between 2017 and 2018 compared to 2016 except in the Yorosso district (Figures S1–S5 and Table 2). This could be explained by the door-to-door strategy adopted by the NMCP started in 2017, which is supposed to have better SMC coverage compared to the fixed strategy performed previously.



The Kadiolo health district generally presented the highest incidences, followed by Tominian, Yorosso, Kati, and Sikasso. The duration of peak malaria transmission differs from one district to another, confirming the ecological impact on malaria. Several studies carried out in Mali and around the world show that the incidence of malaria is higher during the rainy season, notably the study conducted by Dolo et al. in 2003 in Bancoumana, Mali [22] and the study conducted by Sissoko et al. in a suburban area along the Niger River in Mali [23] Sotuba and Cissoko et al. in Dire in the Malian Sahel area [6] in the Peruvian Amazon region during a 2016 study found that malaria incidence was the highest between February and July, which coincides with the rainy season in Peru. The incidence was lower in urban areas than in rural areas. There was relatively less malaria in Sikasso city, an urban area, which would be less favorable to the proliferation of Anopheles, the malaria vector, followed by Kati, a less humid area. In the literature review, it was seen that urbanization was unfavorable to the development of Anopheles, which is contrary to the results of Sissoko et al., who, in their 2017 study in Sotuba, reported that despite increasing urbanization, no reduction in malaria incidence was observed [23].



The incidence of malaria in under-fives based on meteorological variables and SMC was higher than the incidence of over-fives between 2016 and 2018 in all districts. This may explain the vulnerability of children to malaria [24]. In children under five years of age, it is believed that the immune system is not mature enough to cope with malaria parasites. It is also possible that, according to consultation data from health facilities, children under five years of age are more likely to have attended health centers than those over five years of age. Some free care such as free malaria treatment is an argument in favor of higher consultation in health centers for this age group.



The peaks for both groups were obtained between July and October, with the largest peak in September 2016 for children under five years of age compared to 2017 and 2018. This result could be explained by the door-to-door strategy adopted by the NMCP starting in 2017. This strategy provides better coverage of SMC compared to the fixed strategy. The period covered by SMC was from July to October (Figure 2), hence the extreme evolution of malaria incidence (peaks) obtained during this period despite the four cycles of SMC, which are supposed to decrease the incidence of malaria in children under five years old. This could be explained by the fact that during SMC, malaria is detected in the community and not in the health facilities.



However, a decrease in incidence was noted in children under five years of age just after the third or fourth round of SMC, particularly between October and November. This could be due to the positive impact of SMC on the improvement of health indicators, particularly the incidence of malaria among children under five years of age.



Maximum temperatures were obtained during the month of April, going up to 40 °C. There was an upward shift in the temperature curve from January to June, and the rate of malaria incidence decreased in the population. This can be explained by the fact that extreme temperatures (above 35 °C) reduce mosquito longevity as humidity decreases [25].



Correlation analysis between incidence and the time variable (months) allowed research on the impact of control strategies, including SMC in children under five years old. The Kadiolo health district had a strong difference with 24.14% in malaria incidence reduction in 2018 compared to 2016, and the Yorosso health district had a weak negative slight difference.



The heaviest rainfall was obtained from July to August over the three-year period, which corresponds to the period of rainfall and the start of SMC. During this period, the incidence of malaria increased, and the highest malaria incidence was obtained at the end of the rainy season (September–October). Rainfall is responsible for the creation of mosquito breeding sites. The figures show that Seasonal Malaria Chemoprevention (SMC) was always implemented after the start of the high transmission period in all the health districts. This delay could be related to the availability of funding and the heterogeneity of malaria transmission. With climatic variations, rainfall can start earlier [26,27]. This observation needs to be confirmed by future work (Figures S1–S5).



The calculation of the percentage variation in incidence between 2016 and 2018 in the five health districts shows a decrease in malaria incidence at some sites. This decrease can be attributed to the implementation of control strategies but also to seasonal variations linked to the climate. However, we observed an increase in the number of cases in the health districts of Sikasso and Yorosso (Table 2). This increase could be explained by the increase in rainfall in 2018 and extension until November (Figures S3 and S5) [28,29].



The Comparison between Meteorological Variables in the Health Districts


The mean monthly relative humidity was significantly different (p < 0.001) across the study districts over the three years. In contrast, the monthly averages of the mean temperature and mean rainfall were not significantly different across the study districts during the three years (Table 3).



This study reveals that relative humidity had a greater influence on malaria transmission rainfall, as described elsewhere [30,31]. If the relative humidity is different between the study sites, then the transmission of malaria will also be different.



Several studies have reported that heavy rainfall is associated with malaria incidence [32]. The association between relative humidity and malaria reflects the indirect role of rainfall and temperature on density, survival, longevity, ineffectiveness, and vector capacity in malaria transmission.



The combination of meteorological variables allowed the identification of two main components, the first of which was Dim-1, consisting of relative humidity (average of minimum and maximum) positively and negatively the average and maximum temperature. The second dimension, called Dim-2, consisted of minimum temperature and rainfall. Dim-1 was significantly correlated with malaria incidence, indicating a significant increase in malaria incidence (p < 0.001). Dim-2 was significant (p < 0.05) in the Sudano-Guinean zone (Table 4).



The main meteorological variable associated with malaria is a combination of humidity, rainfall, and temperature (mean and minimum), described by several previous studies [23]. This linear correlation has been produced without lag. In other regions, however, the time lag between rainfall and malaria cases might be different. Rainfall is not the only factor related to malaria transmission. Indeed, the humidity, temperature, land cover, and land use are also important factors [18,23,24]. As malaria transmission is known to be heterogeneous, depending on the geographical and environmental context, the difference in malaria transmission between different areas is not surprising.



Most studies in the literature have shown that rainfall and humidity increase the risk of malaria by developing suitable breeding sites and increasing mosquito density [30,33,34]. Studies show the persistence of malaria transmission despite the intensification of control strategies. If we take into account the role of climate, strategies must also be adapted over time, targets, and in different eco-climatic zones [3,9,35,36]. At the start of the rainfall season in Mali, the temperature tends to lower, relative humidity and vegetation increase, and larval breeding sites form near the houses [37,38,39]. The hibernating mosquitoes return to life and lay eggs [40]. As the eco-climatic conditions are favorable, the length of the breeding cycle decreases from five weeks to one week, depending on the species. The vegetation offers protection for the eggs, nymphs, and larvae [40]. The mosquito population multiplies exponentially. Patients and asymptomatic carriers of the parasite, which are human reservoirs, allow the transmission to continue [41]. After the rainfall season, the temperature gradually increases. This causes low relative humidity and vegetation cover. Mosquitoes migrate from relatively humid areas with little water to maintain their survival [42,43].



This climate is the main factor that modulates malaria transmission in Mali. This period should be targeted for implementing control strategies (SMC, impregnated mosquito nets, and indoor residual spraying). However, it must be specific to each area as the rainy season varies from one locality to another.





5. Conclusions


We see that the dynamics of malaria transmission, seasonality, and variability remain intact despite the context of SMC and other strategies. However, the incidence of malaria decreases after the SMC cycles, and the incidence of malaria relatively decreased in the under-five age group in 2017 and 2018 compared to 2016. The results of this study show that meteorological factors have a definite impact on malaria incidence.



This study shows that preventative control strategies such as SMC can have a significant impact if optimal start-up periods are defined in the health districts.








Supplementary Materials


The following are available online at https://www.mdpi.com/1660-4601/18/2/840/s1, Figures S1–S5. Meteorological variables and malaria incidence by age group and dates of implementation of Seasonal Malaria Chemoprevention (SMC) for the health districts.





Author Contributions


A.S. and I.S. designed the study; M.D., A.S. and M.C. conducted the field study coordinated by I.S.; A.D., M.C. and I.B. developed the statistical analysis plan with the participation of A.D.; M.S., A.D., A.S., I.B., M.C., S.S.D., A.S., D.C. and M.D. validated the results and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded from the World Bank. It is being implemented by the Malaria Research and Training Center (MRTC) in collaboration with the National Malaria Control Program (NMCP) and by the Dynamique Spatio-temporelle de la Transmission du paludisme dans des Environnements Changeants of Jeunes Equipes associées à l’IRD (JEAI Dynastec).




Institutional Review Board Statement


No applicable.




Informed Consent Statement


The study protocol was approved by the Ethics Committee of the Faculty of Medicine and Odonto-Stomatology/Faculty of Pharmacy, University of Sciences, Techniques and Technologies of Bamako, N°. 2017__131__/CE/FMPOS.




Data Availability Statement


Data can be shared as needed.




Acknowledgments


We would like to thank the chief physicians of the health districts concerned, the malaria focal points of the districts, the health agents of the community health facilities, the health personnel, and the administrative and political personalities who worked for the success of this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



WHO: World Health Organization. World Malaria Report; WHO: Geneva, Switzerland, 2018; p. 210. [Google Scholar]

	



DGSHP. Mali Annuaire Statistique Du Système Local Information Saniatire 2018 (SLIS); DGSHP: Bamako, Mali, 2018. [Google Scholar]

	



WHO. Global Technical Strategy for Malaria 2016–2030; WHO: Geneva, Switzerland, 2015. [Google Scholar]

	



AOOS P/MTN—Paludisme et Maladies Tropicales Négligées(MTN) Au Sahel|Organisation Ouest Africaine de La Santé. Available online: https://www.wahooas.org/web-ooas/fr/projets/pmtn-paludisme-et-maladies-tropicales-negligeesmtn-au-sahel (accessed on 29 October 2020).

	



World Health Organization. Chimioprévention du Paludisme Saisonnier par L’administration de la Sulfadoxine Pyrimethamine et L’amodiaqune: Guide de Terrain; WHO: Geneva, Switzerland, 2013. [Google Scholar]

	



Wagman, J.; Gogue, C.; Tynuv, K.; Mihigo, J.; Bankineza, E.; Bah, M.; Diallo, D.; Saibu, A.; Richardson, J.H.; Kone, D.; et al. An Observational Analysis of the Impact of Indoor Residual Spraying with Non-Pyrethroid Insecticides on the Incidence of Malaria in Ségou Region, Mali: 2012–2015. Malar. J. 2018, 17, 19. [Google Scholar] [CrossRef]

	



Wragge, S.-E.; Toure, D.; Coetzee, M.; Gilbert, A.; Christian, R.; Segoea, G.; Hunt, R.H.; Coetzee, M. Malaria Control at a Gold Mine in Sadiola District, Mali, and Impact on Transmission over 10 Years. Trans. R. Soc. Trop. Med. Hyg. 2015, 109, 755–762. [Google Scholar] [CrossRef]

	



WHO. Malaria Consortium—Seasonal Malaria Chemoprevention. 2020. Available online: https://www.malariaconsortium.org/pages/preventive_treatments/seasonal-malaria-chemoprevention.htm (accessed on 29 October 2020).

	



Guo-Ding, Z.; Jun, C. Progress and challenges of global malaria elimination. Zhongguo Xue Xi Chong Bing Fang Zhi Za Zhi 2019, 31, 19–22. [Google Scholar] [CrossRef]

	



Attaher, O.; Zaidi, I.; Kwan, J.L.; Issiaka, D.; Samassekou, M.B.; Cisse, K.B.; Coulibaly, B.; Keita, S.; Sissoko, S.; Traore, T.; et al. Effect of Seasonal Malaria Chemoprevention on Immune Markers of Exhaustion and Regulation. J. Infect. Dis. 2020, 221, 138–145. [Google Scholar] [CrossRef]

	



Cissé, B.; Ba, E.H.; Sokhna, C.; NDiaye, J.L.; Gomis, J.F.; Dial, Y.; Pitt, C.; NDiaye, M.; Cairns, M.; Faye, E.; et al. Effectiveness of Seasonal Malaria Chemoprevention in Children under Ten Years of Age in Senegal: A Stepped-Wedge Cluster-Randomised Trial. PLoS Med. 2016, 13, e1002175. [Google Scholar] [CrossRef]

	



Diawara, F.; Steinhardt, L.C.; Mahamar, A.; Traore, T.; Kone, D.T.; Diawara, H.; Kamate, B.; Kone, D.; Diallo, M.; Sadou, A.; et al. Measuring the Impact of Seasonal Malaria Chemoprevention as Part of Routine Malaria Control in Kita, Mali. Malar. J. 2017, 16, 325. [Google Scholar] [CrossRef]

	



Druetz, T. Evaluation of Direct and Indirect Effects of Seasonal Malaria Chemoprevention in Mali. Sci. Rep. 2018, 8, 8104. [Google Scholar] [CrossRef]

	



Konaté, D.; Diawara, S.I.; Touré, M.; Diakité, S.A.S.; Guindo, A.; Traoré, K.; Diarra, A.; Keita, B.; Thiam, S.; Keita, M.; et al. Effect of Routine Seasonal Malaria Chemoprevention on Malaria Trends in Children under 5 Years in Dangassa, Mali. Malar. J. 2020, 19, 137. [Google Scholar] [CrossRef]

	



Cairns, M.E.; Sagara, I.; Zongo, I.; Kuepfer, I.; Thera, I.; Nikiema, F.; Diarra, M.; Yerbanga, S.R.; Barry, A.; Tapily, A.; et al. Evaluation of Seasonal Malaria Chemoprevention in Two Areas of Intense Seasonal Malaria Transmission: Secondary Analysis of a Household-Randomised, Placebo-Controlled Trial in Houndé District, Burkina Faso and Bougouni District, Mali. PLoS Med. 2020, 17, e1003214. [Google Scholar] [CrossRef]

	



Mahamar, A.; Issiaka, D.; Barry, A.; Attaher, O.; Dembele, A.B.; Traore, T.; Sissoko, A.; Keita, S.; Diarra, B.S.; Narum, D.L.; et al. Effect of Seasonal Malaria Chemoprevention on the Acquisition of Antibodies to Plasmodium Falciparum Antigens in Ouelessebougou, Mali. Malar. J. 2017, 16, 289. [Google Scholar] [CrossRef]

	



CPS/SSDSPF; Institut National de la Statistique (INSTAT); Centre d’Études et d’Information Statistiques (INFO-STAT). Bamako, Mali Report: Enquête Démographique et de Santé (EDSM VI) Mali; CPS/SSDSPF: Calverton, MD, USA, 2018. [Google Scholar]

	



DGSHP. Carte Saniatire Revisée Du Mali Bamako Mali; DGSHP: Bamako, Mali, 2019. [Google Scholar]

	



François, H.; Lê, S.; Pagès, J. Analyse de Données Avec R, 2nd ed.; Presses Universitaires de Rennes: Rennes, France, 2009; ISBN 978-2-7535-4869-5. [Google Scholar]

	



Simon, N. Wood Generalized Additive Models: An introduction with R; Chapman and Hall/CRC: Boca Raton, FL, USA, 2017; p. 392. [Google Scholar]

	



Abiodun, G.J.; Makinde, O.S.; Adeola, A.M.; Njabo, K.Y.; Witbooi, P.J.; Djidjou-Demasse, R.; Botai, J.O. A Dynamical and Zero-Inflated Negative Binomial Regression Modelling of Malaria Incidence in Limpopo Province, South Africa. Int. J. Environ. Res. Public Health 2019, 16, 2000. [Google Scholar] [CrossRef] [PubMed]

	



Gaudart, J.; Poudiougou, B.; Dicko, A.; Ranque, S.; Toure, O.; Sagara, I.; Diallo, M.; Diawara, S.; Ouattara, A.; Diakite, M.; et al. Space-Time Clustering of Childhood Malaria at the Household Level: A Dynamic Cohort in a Mali Village. BMC Public Health 2006, 6, 286. [Google Scholar] [CrossRef] [PubMed]

	



Sissoko, M.S.; Sissoko, K.; Kamate, B.; Samake, Y.; Goita, S.; Dabo, A.; Yena, M.; Dessay, N.; Piarroux, R.; Doumbo, O.K.; et al. Temporal Dynamic of Malaria in a Suburban Area along the Niger River. Malar. J. 2017, 16, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



WHO|Malaria in Children under Five. Available online: http://www.who.int/malaria/areas/high_risk_groups/children/en/ (accessed on 10 September 2020).

	



Hamidou, R.L.; Moustapha, L.M.; Maiga, M.A.; Djibo, Y.H.; Mouhaimouni, M.; Boubacar, A.; Ibrahim, M.L. Influence des facteurs climatiques sur la morbidité palustre à Tillabéry au Niger. Médecine d’Afrique Noire 2018, 65, 389. [Google Scholar]

	



Saugeon, C.; Baldet, T.; Akogbeto, M.; Henry, M.C. Will climate and demography have a major impact on malaria in sub-Saharan Africa in the next 20 years. Med. Trop. (Mars) 2009, 69, 203–207. [Google Scholar]

	



Park, J.W.; Cheong, H.K.; Honda, Y.; Ha, M.; Kim, H.; Kolam, J.; Inape, K.; Mueller, I. Time Trend of Malaria in Relation to Climate Variability in Papua New Guinea. Environ. Health Toxicol. 2016, 31. [Google Scholar] [CrossRef]

	



Matubi, E.M.; Bukaka, E.; Luemba, T.B.; Situakibanza, H.; Sangaré, I.; Mesia, G.; Ngoyi, D.M.; Maniania, N.K.; Akikwa, C.N.; Kanza, J.P.B.; et al. Détermination Des Paramètres Bioécologiques et Entomologiques d’Anopheles Gambiae Sl Dans La Transmission Du Paludisme à Bandundu-Ville, République Démocratique de Congo. Pan. Afr. Med. J. 2015, 22. [Google Scholar] [CrossRef]

	



Wu, D.F.; Löhrich, T.; Sachse, A.; Mundry, R.; Wittig, R.M.; Calvignac-Spencer, S.; Deschner, T.; Leendertz, F.H. Seasonal and Inter-Annual Variation of Malaria Parasite Detection in Wild Chimpanzees. Malar. J. 2018, 17, 38. [Google Scholar] [CrossRef]

	



Ouedraogo, B.; Inoue, Y.; Kambiré, A.; Sallah, K.; Dieng, S.; Tine, R.; Rouamba, T.; Herbreteau, V.; Sawadogo, Y.; Ouedraogo, L.S.L.W.; et al. Spatio-Temporal Dynamic of Malaria in Ouagadougou, Burkina Faso, 2011–2015. Malar. J. 2018, 17. [Google Scholar] [CrossRef]

	



Reid, H.L.; Haque, U.; Roy, S.; Islam, N.; Clements, A.C. Characterizing the Spatial and Temporal Variation of Malaria Incidence in Bangladesh, 2007. Malar. J. 2012, 11, 170. [Google Scholar] [CrossRef]

	



Dicko, A.; Sagara, I.; Sissoko, M.S.; Guindo, O.; Diallo, A.I.; Kone, M.; Toure, O.B.; Sacko, M.; Doumbo, O.K. Impact of Intermittent Preventive Treatment with Sulphadoxine-Pyrimethamine Targeting the Transmission Season on the Incidence of Clinical Malaria in Children in Mali. Malar. J. 2008, 7, 123. [Google Scholar] [CrossRef]

	



Coulibaly, D.; Rebaudet, S.; Travassos, M.; Tolo, Y.; Laurens, M.; Kone, A.K.; Traore, K.; Guindo, A.; Diarra, I.; Niangaly, A.; et al. Spatio-Temporal Analysis of Malaria within a Transmission Season in Bandiagara, Mali. Malar. J. 2013, 12, 82. [Google Scholar] [CrossRef]

	



Cissoko, M.; Sagara, I.; Sankaré, M.H.; Dieng, S.; Guindo, A.; Doumbia, Z.; Allasseini, B.; Traore, D.; Fomba, S.; Bendiane, M.K.; et al. Geo-Epidemiology of Malaria at the Health Area Level, Dire Health District, Mali, 2013–2017. Int. J. Environ. Res. Public Health 2020, 17, 3982. [Google Scholar] [CrossRef]

	



Touré, M.; Sanogo, D.; Dembele, S.; Diawara, S.I.; Oppfeldt, K.; Schiøler, K.L.; Haidara, D.B.; Traoré, S.F.; Alifrangis, M.; Konradsen, F.; et al. Seasonality and Shift in Age-Specific Malaria Prevalence and Incidence in Binko and Carrière Villages Close to the Lake in Selingué, Mali. Malar. J. 2016, 15, 219. [Google Scholar] [CrossRef]

	



Diakité, S.A.S.; Traoré, K.; Sanogo, I.; Clark, T.G.; Campino, S.; Sangaré, M.; Dabitao, D.; Dara, A.; Konaté, D.S.; Doucouré, F.; et al. A Comprehensive Analysis of Drug Resistance Molecular Markers and Plasmodium Falciparum Genetic Diversity in Two Malaria Endemic Sites in Mali. Malar. J. 2019, 18, 361. [Google Scholar] [CrossRef]

	



Mouchet, J.; Carnevale, P.; Coosemans, M.; Fontenille, D.; Ravaonjanahary, C.; Richard, A.; Robert, V. Typologie du paludisme en Afrique. Cahier Santé 1993, 3, 20. [Google Scholar]

	



Gaudart, J.; Touré, O.; Dessay, N.; lassane Dicko, A.; Ranque, S.; Forest, L.; Demongeot, J.; Doumbo, O.K. Modelling Malaria Incidence with Environmental Dependency in a Locality of Sudanese Savannah Area, Mali. Malar. J. 2009, 8, 61. [Google Scholar] [CrossRef]

	



Gaudart, J.; Dessay, N.; Touré, O.; Fané, M.; Sabatier, P.; Doumbo, O. Rapport, Analyse du Changement Climatique et de ses Impacts sur l’eau et la Santé: Développement d’une Méthodologie Appliquée à l’évaluation du Risque Palustre; GICC-ACCIES, Aix Marseille Université: Bamako, Mali, 2017. [Google Scholar]

	



Tandina, F.; Doumbo, O.; Yaro, A.S.; Traoré, S.F.; Parola, P.; Robert, V. Mosquitoes (Diptera: Culicidae) and Mosquito-Borne Diseases in Mali, West Africa. Parasites Vectors 2018, 11, 467. [Google Scholar] [CrossRef]

	



Shaffer, J.G.; Touré, M.B.; Sogoba, N.; Doumbia, S.O.; Gomis, J.F.; Ndiaye, M.; Ndiaye, D.; Diarra, A.; Abubakar, I.; Ahmad, A.; et al. Clustering of Asymptomatic Plasmodium Falciparum Infection and the Effectiveness of Targeted Malaria Control Measures. Malar. J. 2020, 19, 33. [Google Scholar] [CrossRef]

	



Magombedze, G.; Ferguson, N.M.; Ghani, A.C. A Trade-off between Dry Season Survival Longevity and Wet Season High Net Reproduction Can Explain the Persistence of Anopheles Mosquitoes. Parasit Vectors 2018, 11, 576. [Google Scholar] [CrossRef]

	



Krajacich, B.J.; Sullivan, M.; Faiman, R.; Veru, L.; Graber, L.; Lehmann, T. Induction of Long-Lived Potential Aestivation States in Laboratory An. Gambiae Mosquitoes. Parasit Vectors 2020, 13, 412. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 18 00840 g001 550] 





Figure 1. Monthly malaria incidence by health district from 2016 to 2018. 
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Figure 2. Average monthly malaria incidence by health district from 2016 to 2018 for 10,000 pers. 
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Figure 3. Graph of PCA with the contribution of meteorological variables: (a) Sahel zone; (b) Sudano-Guinean zone. 
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Table 1. Climatic characteristics (rainfall and temperature) at the study sites from 2016 to 2018.
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	Health District
	Average Annual Rainfall (mm)
	Average Annual Temperature (°C)





	Kati
	789.6
	30



	Kadiolo
	1000
	27.6



	Sikasso
	1100
	27



	Tominian
	500
	30



	Yorosso
	681.7
	28
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Table 2. Percentage change in incidence between 2016 and 2018.
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Health District

	
Sum of Annual Cases

	
Rate Variation (%)






	

	
2016

	
2017

	
2018

	




	
Kati

	
66,781

	
53,276

	
50,660

	
24.14




	
Kadiolo

	
62,314

	
58,614

	
53,522

	
14.11




	
Sikasso

	
41,720

	
47,620

	
42,206

	
−1.16




	
Tominian

	
31,096

	
30,033

	
28,325

	
8.91




	
Yorosso

	
34,511

	
38,274

	
49,692

	
−43.99








Percentage change shows a reduction in malaria incidence in the three health districts (Kati, Kadiolo and Tominian) between 2016 and 2018.
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Table 3. Comparison of meteorological variables between the five health districts.
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	Variables
	p-Value
	Test





	Average monthly rainfall
	0.296
	ANOVA



	Average monthly temperature
	0.686
	ANOVA



	Average monthly relative humidity
	<0.001
	Kruskal–Wallis







Univariate analysis of the different health districts showed a significant difference in the relative humidity (Kruskal–Wallis test, p < 0.001). However, there was no significant difference in mean rainfall (ANOVA test, p = 0.296) and temperature (ANOVA test, p = 0.696) among the five health districts (Table 3).
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Table 4. Multivariate analysis between the meteorological axis and malaria incidence with General Additive Model (GAM).
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	Nonparametric Part
	p-Value
	Deviance





	Dim-1 (Northern Sudan and Sahel Zone)
	<0.001
	



	Dim-2 (Northern Sudan and Sahel Zone)
	<0.001
	74%



	Dim-1 (Sudano-Guinean)
	<0.001
	



	Dim-2 (Sudano-Guinean)
	0.006
	50%
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