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Over the past decade, although malaria transmission has been substantially 

reduced by the scaling up of malaria interventions, it remains a major global health 

problem. As a vector-borne disease, the spatial distribution and intensity of malaria 

transmission are determined by a range of socioeconomic and environmental factors. 

Yet few have quantitatively addressed the impacts of these factors, particularly the 

socioeconomic ones, on the transmission of malaria over large spatial scales, mostly 

due to the lack of globally consistent disease and socioeconomic variable data. This 

dissertation aims to fill these gaps by focusing on the effects of three socioeconomic 

factors on malaria transmission, utilizing recently assembled global Plasmodium 

falciparum parasite prevalence (PfPR) and Plasmodium vivax parasite prevalence 

(PvPR) data. Specifically, a range of global datasets were assembled to 1) examine the 

effects of urbanization on global P. vivax malaria transmission at different spatial scales 

and by dominant vector species; 2) explore the association between armed conflicts 

and P. falciparum malaria transmission in Africa; 3) investigate the relationship between 

economic conditions and malaria prevalence at a variety of spatial scales. 
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CHAPTER 1 
INTRODUCTION 

Malaria is a vector-borne disease caused by parasites of the genus Plasmodium 

and transmitted to humans by the bites of female Anopheles mosquitoes. These insects 

inject a life stage of the parasite called sporozoites into the human body, where they 

replicate in the liver, and then infect the red blood cells, causing symptoms including 

fever, headache and vomiting. Five species of Plasmodium can affect humans and P. 

falciparum is the most common and clinically serious parasite species, which is 

responsible for the majority of malaria deaths. P. vivax is less dangerous but more 

widespread, and the other three species (P. ovale, P. malariae and P. knowlesi) are 

found much less frequently [1]. As a major global public health problem, nearly half of 

the world’s population (3.3 billion) is at risk of malaria infection. An estimated 300 to 500 

million clinical malaria cases occur every year, and approximately 650,000 deaths, 

mostly children under the age of five in sub-Saharan Africa [2].  

The epidemiology and ecology of vector-borne diseases can be described as a 

triangle of host (human or animal), pathogen and vector populations interacting within a 

permissive environment [3-4] (Figure 1-1).  As a vector-borne disease, the spatial 

distribution and intensity of malaria transmission are determined by the complex 

interactions between human host, arthropod vectors and pathogens that are affected by 

a range of socioeconomic and environmental factors. Many recent reviews have aimed 

to identify primary drivers for the emerging, reemerging and transmission of vector-

borne and other infectious diseases, including, amongst others, climate change, land 

cover change, urbanization, agricultural development, poverty, human movement, 

armed conflicts [5-8]. However, few have quantitatively addressed the impact of these 
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factors on the transmission of malaria at large scales, mostly due to the lack of globally 

consistent disease and socioeconomic variable data. Therefore, this research aims to fill 

some of these gaps by focusing on the effects of three socioeconomic factors 

(urbanization, armed conflicts and economic conditions) on malaria transmission, 

making use of recently assembled global P. falciparum parasite rate (PfPR) and P. 

vivax parasite rate (PvPR) databases [9-11].  

Chapter 2 focuses on the effects of urbanization on global P. vivax malaria 

transmission. The need for accurate and contemporary descriptions of populations at 

risk has lead to several attempts to quantify the impact of urbanization on P. falciparum 

malaria transmission and a general trend of reduced transmission in urban areas was 

found [12-13]. However, knowledge is lacking regarding the relationship between 

urbanization and P. vivax malaria, which is the most widely distributed malaria species 

[14]. Geo-referenced PvPR surveys and urban extent maps were integrated to examine 

the relationships between PvPR in urban and rural settings at various spatial scales 

(global, regional, national and at city level). Furthermore, the regions of highest P. vivax 

transmission in Asia are composed of a considerably greater range of vector species 

and species complexes than seen in Africa [15-17], where P. falciparum malaria is 

principally concentrated, and urbanization may impact each of these vector species 

differently. Therefore, distribution maps of dominant vector species were used to 

explore the effects of urbanization on P. vivax transmission by dominant vector species 

to discern whether differential impacts were evident. 

Chapter 3 focuses on the association between armed conflicts and P. falciparum 

malaria transmission in Africa. Malaria is often a significant health problem during and 
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after armed conflicts as large numbers of vulnerable people are displaced to 

environments that favor vector breeding, malaria intervention programs are disrupted, 

health systems collapse and access to medical supplies is hindered [18]. Several 

studies have investigated the impacts of conflicts on malaria transmission [19] and 

strategies for malaria interventions in conflict-affected regions [20]. However, there is a 

lack of research quantitatively investigating the associations between armed conflicts 

and malaria transmission over large areas. Here, geo-referenced PfPR surveys and 

armed conflict events datasets were integrated to examine the associations between 

armed conflicts and P. falciparum malaria transmission in Africa, which is the continent 

with the most serious P. falciparum malaria problems and most affected by armed 

conflicts over the past two decades. Furthermore, areas within significant armed conflict 

spatial/temporal clusters were identified to explore P. falciparum malaria prevalence 

before, during and after specific major conflict events. 

Chapter 4 focuses on the relationship between economic conditions and malaria 

prevalence. Malaria is consistently described as a disease of poverty, with the global 

distribution of malaria transmission showing a striking coincidence with poverty [21]. 

The relationship between malaria and poverty, however, is complex and can be 

explained in several ways. On the one hand, poverty may increase people’s 

susceptibility to malaria infection, consequently sustaining the transmission [22]. On the 

other hand, malaria causes economic burden and social costs on individuals and 

governments [23]. Furthermore, the causal relationship may work in both directions. 

However, the findings from existing studies are not consistent regarding the causal 

relationship [24] and only a few recent studies have explored this relationship over large 



16 
 

scales and considered possible endogeneity quantitatively. Here, gridded economic 

datasets and malaria endemicity maps were used to investigate the relationship 

between economic conditions and malaria endemicity classes at various spatial scales. 

Furthermore, econometric models (OLS, 2SLS and 3SLS) were developed to quantify 

the magnitude and direction of this causal relationship, by including a set of primary 

covariates and taking endogeneity into account. 
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Figure 1-1.  The epidemiology and ecology of malaria transmission  
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CHAPTER  2 
THE EFFECTS OF URBANIZATION ON GLOBAL PLASMODIUM VIVAX MALARIA 

TRANSMISSION 

Chapter Summary 

Many recent studies have examined the impact of urbanization on Plasmodium 

falciparum malaria endemicity and found a general trend of reduced transmission in 

urban areas. However, none has examined the effect of urbanization on Plasmodium 

vivax malaria, which is the most widely distributed malaria species and can also cause 

severe clinical syndromes in humans. In this chapter, a set of 10,003 community-based 

P. vivax parasite rate (PvPR) surveys are used to explore the relationships between 

PvPR in urban and rural settings. The PvPR surveys were overlaid onto a map of global 

urban extents to derive an urban/rural assignment. The differences in PvPR values 

between urban and rural areas were then examined. Groups of PvPR surveys inside 

individual city extents (urban) and surrounding areas (rural) were identified to examine 

the local variations in PvPR values. Finally, the relationships of PvPR between urban 

and rural areas within the ranges of 41 dominant Anopheles vectors were examined. 

Significantly higher PvPR values in rural areas were found globally. The 

relationship was consistent at continental scales when focusing on Africa and Asia only, 

but in the Americas, significantly lower values of PvPR in rural areas were found, 

though the numbers of surveys were small. Moreover, except for the countries in 

Americas, the same trends were found at national scales in African and Asian countries, 

with significantly lower values of PvPR in urban areas. However, the patterns at city 

scales among 20 specific cities where sufficient data were available were less clear, 

with seven cities having significantly lower PvPR values in urban areas and two cities 

showing significantly lower PvPR in rural areas. The urban-rural PvPR differences 
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within the ranges of the dominant Anopheles vectors were generally, in agreement with 

the regional patterns found. Except for the Americas, the patterns of significantly lower 

P. vivax transmission in urban areas have been found globally, regionally, nationally 

and by dominant vector species here, following trends observed previously for P. 

falciparum. To further understand these patterns, more epidemiological, entomological 

and parasitological analyses of the disease at smaller spatial scales are needed.  

Background 

The world population has undergone unprecedented growth along with rapid 

urbanization. Slightly more than 50% of the population (3.4 billion) is now living in urban 

areas compared to only 30% (0.7 billion) in 1950 [25]. By 2050, it is projected that urban 

dwellers will account for approximately 67% (6.3 billion) of the world total population, 

while most of the estimated growth will be concentrated in less developed regions, 

particularly in Asia and Africa [25]. These substantial transitions have significant public 

health implications associated with changes in the social and physical environment and 

access to public health services [26-30]. 

Although large heterogeneity exists, it is commonly accepted that the process of 

urbanization reduces malaria transmission, primarily because urban environments (e.g. 

the lack of suitable breeding sites, the pollution of existing larval habitats, etc.) are 

generally unsuitable for malaria vectors [13, 31-32]. Other explanations include better 

access to health care services and an increased ratio of humans to mosquitoes [31, 33-

34]. However, there is concern regarding urban malaria in less developed regions, 

typically those undergoing rapid and unprecedented urbanization [35-36].  

Between the two dominant parasite species of human malaria, Plasmodium 

falciparum has attracted the focus of most research because of its high mortality and 
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intensive transmission in Africa [37]. Plasmodium vivax malaria, in contrast, is 

commonly considered as a “benign” infection and largely overlooked by researchers, 

government, and funding agencies. Increasing evidence has shown that P. vivax is 

neither rare nor benign, however. It is estimated that 2.85 billion people were at risk of P. 

vivax infection in 2009, with 91% (2.59 billion) of them living in Central and South East 

Asia [14], and that P. vivax is the most widely distributed (geographically) malaria 

species of humans. Furthermore, although the infection with P. vivax malaria is rarely 

directly fatal, it can cause severe clinical syndromes [38-39]. 

Recent studies have examined the impact of urbanization on P. falciparum 

malaria endemicity and disease burden estimation [12-13, 31-32, 36]. Various urban 

extent maps have been used to compare the differences in P. falciparum malaria 

endemicity between urban settlements and rural areas [12]; exclude the urban extents 

of cities identified as malaria free in the mapping of malaria transmission limits [40-41]; 

downgrade endemic classes in estimates of malaria burden [13, 42]; and predict P. 

falciparum malaria endemicity based on geo-statistical models [43-44]. However, 

according to our best knowledge, no known research has examined the effect of 

urbanization on P. vivax malaria over similarly large scales. In addition, the regions of 

highest P. vivax transmission in Asia are composed of a considerably greater range of 

vector species and species complexes than seen in Africa, where P. falciparum 

transmission is principally concentrated [15-17, 45], and urbanization may impact each 

of these vector species differently, dependent on their preferences and bionomics. For 

example, Anopheles culicifacies was reported to be the vector responsible for 60-65% 

malaria cases in urban environments of India [46] and shows significant environment 
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tolerance and adaptability [47-48], while larvae of Anopheles stephensi were found in 

various domestic containers and collections of water related to construction and 

industrial sites in cities [49-50]. Therefore, there is a need to examine the effects of 

urbanization on P. vivax transmission by dominant vector species to discern whether 

differential impacts are evident. 

Here geo-referenced P. vivax parasite rate (PvPR) surveys and urban extent 

maps are integrated to examine the impact of urbanization on P. vivax malaria 

transmission at various spatial scales (global, regional, national and at the city level). 

Furthermore, distribution maps of dominant Anopheles vectors are used to explore the 

relationships between urbanization, Anopheles vectors and P. vivax malaria 

transmission. 

Data 

The MAP PvPR Database 

As with P. falciparum malaria, parasite rate (PR) is the most commonly reported 

and consistent metric of P. vivax malaria endemicity [51]. A total of 10,003 community-

based PvPR surveys taken between 1985 and 2010 were obtained by the Malaria Atlas 

Project (MAP[10]). The logistically intensive process of searching for, identifying and 

geo-locating the PvPR surveys has been documented elsewhere [9]. All these PvPR 

surveys were geo-referenced to precise locations and not duplicated within three 

months at the same site. A summary of some of the key features of the PvPR survey 

data is presented in Table 2-1. Of the surveys, 410 (4.1%) were in America, 1651 

(16.5%) in Africa, Saudi Arabia and Yemen (Africa+), and 7942 (79.4%) in Central and 

South East Asia (CSE Asia). Approximately half (51%) of the PvPR values are zero and 

the majority of the surveys were undertaken after 2000. The sample sizes of these 
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surveys varies, with most of them (76%) are being larger than 50. Among the 95 P. 

vivax malaria endemic countries (PvMECs) [14], PvPR data were available for 53 (12 in 

America, 19 in Africa+ and 22 in CSE Asia). There are 8588 discrete PvPR survey 

locations and the distribution of them are shown in Figure 2-1, overlaid on the 

international limits of P. vivax malaria transmission [14], with most of the survey points 

located in Southeast Asia and the Horn of Africa. 

Global Urban Map 

Although urbanization has been one of the most important transformations of our 

world for decades, there is still little consensus on the definitions of what consists an 

urban area and urbanization among national and international bodies [26]. Such 

ambiguity has lead to the construction of several global urban maps (e.g., Digital Chart 

of the World (DCW) [52], Global Rural Urban Mapping Project (GRUMP) [53], Advanced 

Very High Resolution Radiometer (AVHRR) Global Land Cover Classification urban 

land cover class [54], Defense Meteorological Satellite Program-Operational Linescan 

System (DMSP-OLS) [55], and Moderate Resolution Imaging Spectroradiometer 

(MODIS) Land Cover Product Binary Data [56-57]) derived from satellite imagery [58]. 

As discussed in Tatem et al [58], all of these global urban maps demonstrated a 

different range of inaccuracies and limitations, however, the GRUMP urban extent map 

was considered to be most accurate in matching original urban assignments of P. 

falciparum malaria surveys [12]. Therefore, the GRUMP urban extent (GRUMP-UE) 

map was used here to distinguish PvPR surveys taken in urban areas from those in 

rural areas. This urban extent map was developed by the Centre for International Earth 

Science Information Network (CIESIN) at 1km × 1km spatial resolution in 2004, utilizing 
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information from satellite night-time lights (NTL), Landsat satellite sensor imagery and 

other geographical data [59]. 

Dominant Anopheles Vector Maps 

The distributions and bionomics of dominant Anopheles vectors play an 

important role in malaria transmission and are the targets of vector control [60]. Vector 

species normally display a range of ecological and behavioral characteristics. For 

example, unlike other malaria vectors, an urban environment is favored by the “urban 

vector” Anopheles stephensi [61]. To assess the impact of urbanization on P. vivax 

malaria transmission by dominant Anopheles vectors, expert-opinion distribution maps 

of global dominant vector species (DVS) of malaria were obtained from the MAP [10, 

15-17]. These maps were constructed through exhaustive searches of literature and 

refinement through opinion and experience by Anopheles experts [17]. A total of 41 

maps of DVS were available, of which, 19 were in the Asia-Pacific region [15], 13 in 

Africa, Europe and the Middle East [16], and nine in the Americas [17]. 

Methods 

Urbanization and P. vivax Malaria Transmission 

To quantify the patterns of P. vivax malaria transmission between urban and rural 

areas at global, regional and national scales, sets of spatially and temporally associated 

urban-rural pairs of PvPR values were obtained and tested. Firstly, all the geo-

referenced PvPR surveys were overlaid onto the GRUMP-UE map to derive an 

urban/rural assignment. Following previous approaches [12], for each PvPR survey 

assigned as urban, all the rural PvPR surveys taken within 100km and five years were 

identified. Then, the identified rural PvPR values were averaged and assigned to that 

urban PvPR survey to make spatially and temporally associated urban-rural PvPR value 
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pairs [12]. Given the highly skewed distribution of PvPR values in the MAP database [9], 

the Wilcoxon signed rank [62], a nonparametric test for paired variables, was used to 

determine if significant differences between PvPR values in urban and rural areas 

existed. These tests were undertaken globally, by region (Africa+, Americas, CSE Asia) 

and by country (those for which at least ten urban-rural PvPR survey pairs existed) to 

examine if the patterns of P. vivax malaria transmission between urban and rural areas 

were significant1

As the choice of spatial and temporal limits (100km and five years) is arbitrary in 

obtaining urban-rural pairs of PvPR values, a robustness analysis was conducted. Sets 

of urban-rural PvPR pairs were obtained through applying various spatial and temporal 

limits (100km and two years; 50km and five years; 50km and two years), and tested 

under the Wilcoxon Signed Rank test, respectively. In addition, the mean number of 

rural surveys paired to each urban survey and the overlap rate (∑ number of rural 

surveys paired to each urban survey / total number of rural surveys) for each spatial and 

temporal limit were calculated to assess the effects of overlapping rural surveys in the 

sample pairs. 

. 

To examine local variations (city scale) in PvPR, groups of PvPR surveys inside 

individual city extents (urban) and surrounding areas (rural) were identified and tested. 

Cities where more than eight PvPR surveys (to provide a reasonable number of cities 

for testing) fell inside their urban extents were first identified. For each city, rural PvPR 

surveys that fell within 100km of the centroid of the urban extent were found and 

                                                           
1 Multiple testing adjustments are not necessary here as our tests do not incorporate any simultaneous 
hypotheses for an overall result and there is no need to partition the rejection regions. Although the PvPR 
surveys may be used multiple times in the analysis, they were averaged to create urban-rural pairs of 
PvPR values.  
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assigned to that city. Following this, for each city, PvPR values within its urban extent 

and surrounding rural area were compared and tested using the Wilcoxon rank sum test. 

Dominant Anopheles Vectors  

The impact of urbanization on malaria endemicity may vary by dominant 

Anopheles vectors of human malaria. To test this, PvPR values between urban and 

rural areas within the extents of 41 dominant Anopheles vector were examined. 

Sets of spatially and temporally associated urban-rural pairs of PvPR values 

within the extents of each dominant Anopheles vector were extracted and tested 

separately. The geo-referenced PvPR surveys were firstly overlaid onto the GRUMP-UE 

map to derive an urban/rural assignment. For each dominant Anopheles vector, all the 

geo-referenced PvPR surveys that fell within its extent were extracted. For each urban 

PvPR survey, all of the rural PvPR surveys taken within 100km and five years were 

again identified, averaged and assigned to that urban PvPR survey to make a set of 

spatially and temporally associated urban-rural PvPR value pairs [12]. This set of urban-

rural PvPR value pairs were then subject to the Wilcoxon signed rank test to determine 

if significant differences in PvPR between urban and rural areas existed. 

Results 

Urbanization and P. vivax Malaria Transmission 

Among the PvPR surveys, 1260 were classified as urban and 8973 were 

classified as rural based on the GRUMP-UE map (Table 2-1). The mean sample size 

was 278 for the urban surveys and 230 for the rural surveys, which are comparable. 

Table 2-2 shows the results of the Wilcoxon Signed Rank tests between urban and rural 

pairs of PvPR values defined by GRUMP-UE. Significantly higher PvPR values in rural 

areas were found globally and in the Africa+ and CSE Asia regions, while in the 
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Americas, significantly lower values of PvPR in rural areas were found. The Z values 

indicate, however, that the differences observed in the Americas are weaker than in 

other regions. Moreover, the numbers of surveys available were much smaller in the 

Americas. 

Those countries with at least ten urban-rural PvPR value pairs and the other 

countries combined for each region (Africa+, Americas and CSE Asia) were tested 

further and the results are presented in Table 2-2. The trends found in most of the 

countries in Africa+ (Ethiopia, Yemen) and CSE Asia (Bangladesh, Indonesia, India, 

Cambodia, Nepal, Thailand, Vietnam) were consistent with the global and regional 

findings, with significantly lower values of PvPR in urban areas. The relationships found 

between urban and rural PvPR values for the other countries in Africa+ (Sudan and 

other African countries) and CSE Asia (Afghanistan, China, Pakistan and other Asian 

countries) were not significant. There are two countries (Ghana and Zambia) in Africa 

that have sufficient PvPR surveys but are of entirely zero values, so were not listed. The 

results for the Americas are certainly not as conclusive as the relationships found in the 

other regions, with one country (Brazil) showing significant higher urban PvPR values, 

another  country (Mexico) showing the reverse and the other American countries 

showing insignificant differences, though each were only based on a small number of 

PvPR pairs. 

The robustness analysis (Table 2-3) suggests that the overlap rate of rural 

surveys decreases as the spatial and temporal limits contract, while the patterns of 

PvPR between urban and rural areas at global and regional scales are generally 

consistent. Thus, the method used to determine the relationship of P. vivax malaria 
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transmission between urban and rural areas is robust and the effects of overlapping 

rural surveys on the results are minimal. 

Figure 2-2 shows the boxplots for urban and rural PvPR surveys for individual 

cities whose extents were defined by the GRUMP-UE. The results indicate that the 

patterns among the 20 cities examined were less consistent with the global, regional 

and national patterns found. Seven cities (Alamata, Ethiopia; Jakarta, Batam, Kupang, 

Jambi and Ambon, Indonesia; Rourkela, India) were found to have significantly lower 

PvPR values in their urban extents than the surrounding rural areas; two cities 

(Qandahar, Afghanistan; Ariquemes, Brazil) were found to have significantly lower 

PvPR values in their surrounding rural areas (though again, the numbers of surveys 

were small). The remainder were either insignificant or of zero PvPR values. 

Dominant Anopheles Vectors 

Figure 2-3A presents the results of Wilcoxon Signed Rank tests on PvPR values 

between GRUMP-UE defined urban and rural survey pairs stratified by the dominant 

Anopheles vectors of human malaria in the Asia-Pacific region. In this region, the 

patterns of lower P. vivax malaria transmission in urban areas are noticeable and 

consistent, with significantly higher rural PvPR values found for most of the dominant 

Anopheles vector distributions (17 out of 19). Furthermore, insignificant differences 

between urban and rural areas (Anopheles balabacensis and Anopheles lesteri) were 

found in regions with small numbers of survey pairs. 

Figure 2-3B shows the results of Wilcoxon Signed Rank tests on PvPR values 

between urban and rural survey pairs stratified by the dominant Anopheles vector 

distributions in Africa, Europe and the Middle East. PvPR surveys were only available 

for nine (of the 13) dominant Anopheles vectors. The consistent patterns of lower PvPR 
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values in urban areas are not as evident as in Asia-Pacific region. The differences of 

PvPR between urban and rural areas are found to be statistically significant for only four 

(out of 9) dominant Anopheles vectors (Anopheles arabiensis, Anopheles funestus, 

Anopheles nili# and Anopheles sergentii). The others were insignificant, while two of 

them (Anopheles melas and Anopheles sacharovi) have insufficient number of PvPR 

surveys. 

Figure 2-3C presents the results of Wilcoxon Signed Rank tests for analyses 

stratified by dominant Anopheles vectors in the Americas. For two (out of nine) of the 

dominant Anopheles vectors no PvPR surveys fell within their extents. Unlike the 

patterns exhibited in the other regions, consistently higher PvPR values in urban areas 

were observed in this region, with most of the dominant Anopheles vectors (Anopheles 

albitarsis, Anopheles darlingi, Anopheles marajoara and Anopheles nuneztovari) 

showing significantly higher urban PvPR values. However, the numbers of survey pairs 

in this region are generally small. 

More detailed statistical results for the three regions are provided in Appendix A. 

Discussion 

The rapid urban transformation of the developing world [63] has and will continue 

to have a profound influence on the malaria landscape. The need for accurate and 

contemporary descriptions of populations at risk (PAR) has lead to several attempts to 

quantify the impact of urbanization on P. falciparum malaria transmission [12-13, 36]. 

Knowledge is lacking however regarding the relationship between urbanization and P. 

vivax malaria transmission. In this study, the most contemporary and comprehensive 

database of PvPR surveys was used to explore the differences in P. vivax transmission 

between urban and rural areas. 
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Lower P. vivax malaria transmission in urban areas than surrounding rural areas 

was found globally, and in the Africa+ and CSE Asia regions (Table 2-2), which 

corroborates previous findings that the urban environment is typically not suitable for 

malaria mosquito vectors [13, 31-32]. The consistent patterns of significantly lower 

urban PvPR values found at the national scale in most of the countries in Africa+ and 

CSE Asia further supports these findings (Table 2-2). However, the urban-rural survey 

pairs for each region are dominated by a few countries (e.g., Indonesia accounts for 65% 

of the Asia pairs and Sudan accounts for 45% of the Africa pairs), which make the 

patterns found at regional scale less informative. Distinct and inconsistent results were 

found in the Americas, with higher PvPR values in urban areas at the continental scale 

and for one particular country (Brazil) at the national scale. This result is probably due to 

the lack of PvPR surveys in this region, as surveys from the region only account for 4.1% 

of the PvPR global database. Getting extreme results is more likely when the numbers 

of surveys are small and only the rural PvPR surveys were averaged. There is also 

evidence suggesting that higher malaria transmission in some areas of Brazil was 

actually a result of rapid urbanization, during which settlements were built close to forest 

boundaries or along riversides and thus resulting in greater exposure to the malaria 

parasite for residents [64]. 

Figure 2-2 indicates that considerable heterogeneity exists when examining 

individual cities, with two cities (out of twenty) showing significantly lower PvPR in their 

surrounding rural areas, and seven cities showing significantly lower prevalence in 

urban areas. Thus, only nine of the twenty cities examined showed significant 

differences in transmission between urban and rural areas, and three showed zero 
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prevalence both within and around the urban areas. Compared to P. falciparum [12], 

therefore, the patterns of PvPR between urban and rural areas exhibit a higher level of 

heterogeneity. Several possible reasons include: 1) the wider transmission limits of P. 

vivax [14], but lower transmission intensity with many zero PvPR values in the database; 

2) the wide distribution in Asia and high prevalence of Duffy negativity in Africa [65-66]; 

3) relatively fewer PvPR surveys available in the MAP database compared with a total 

of 22,212 P. falciparum parasite rate (PfPR) surveys in 2010 [44]. 

The PvPR differences between urban and rural settings within the ranges of the 

dominant Anopheles vectors generally follows the patterns found in each region. This is 

partly because vector species that had sufficient urban-rural PvPR pairs within their 

extents usually cover a large portion of the region. An issue raised here is that the 

distributions of most of the vector species overlap substantially with each other. Thus, 

drawing conclusions about the patterns of individual vector species is difficult without 

considering such overlap. However, according to expert-opinion distribution maps of 

global DVS [15-17], the spatial relationships among those vector species are extremely 

complex and the interaction effects of them is beyond the scope of this analysis. 

The GRUMP-UE was used to define urban areas here, though several alternative 

global urban maps exist [58]. Every global map suffers from different errors and 

uncertainties [58], and the GRUMP-UE map exhibits overestimation of large urban area 

extents, due to the blooming effect of NTL imagery [58, 67]. This suggests that the 

PvPR urban values that were significantly higher than nearby rural ones found in the 

Americas and several other individual cities could actually be located in surrounding 

lower population density areas, as significantly higher malaria prevalence and 
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entomologic inoculation rates in peri-urban areas compared to urban centers have been 

found in a number of studies [12-13, 36]. To assess briefly this potential bias in the 

GRUMP-UE map, urban extents mapped using Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite sensor imagery [56-57] were utilized to derive an 

alternative, more conservative, urban assignment for the PvPR surveys. Again, sets of 

spatially and temporally associated urban-rural pairs of PvPR values were extracted 

and tested. The results show that, due to the more conservative nature of the 

classification, and the fact that only intensely urban areas were mapped [56-57], far 

fewer PvPR surveys were identified as urban and the differences in PvPR between 

urban and rural areas were generally not significant (Appendix A). Such results highlight 

the differing outcomes that can occur through using differing definitions of urban, and 

that the effects of urbanization on P. vivax transmission may extend beyond the borders 

of intensely urban areas for most of the regions as a general trend of decreased PvPR 

was found in urban areas. Another issue is that the GRUMP-UE map was produced in 

2004 and some PvPR surveys may be misclassified as the urban extent changes 

through time. However, global urban maps that are updated regularly or that quantify 

urban extent change do not currently exist. Furthermore, the majority of the PvPR 

surveys were conducted between 2000 and 2010 (Table 2-1). Thus, it is reasonable to 

use the single time-point GRUMP-UE map in this analysis. 

A range of human-induced environmental changes (e.g., deforestation, 

urbanization, water control projects and climate change) have been identified as drivers 

of 'emerging' and 'reemerging' diseases and the transmission of vector-borne and other 

infectious diseases [5-7, 68]. Urbanization is usually recognized as one of the primary 
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factors affecting vector-borne diseases [69] as it can not only provide residents with 

better access to healthcare and interventions [28-29], and an environment generally 

less favorable for many disease vectors [31-32], but can also modify land uses to 

expose humans to new pathogens and vectors [70]. While global and regional-scale 

results here show a general trend of decreased P. vivax transmission in urban areas, 

the heterogeneous impacts of urbanization on P. vivax malaria transmission at the city 

scale found in these analyses support increasing concerns of urban malaria problems in 

developing countries. Urbanization in these regions is often associated with poverty, 

poor water supplies and sanitation in peri-urban areas, providing breading sites for 

certain vectors [35]. Although malaria vectors are generally not favoured by urban 

environments, there is evidence highlighting the potential of malaria vectors in adapting 

to urban environments [71-73]. For example, Anopheles gambiae s.s. was found 

breeding in polluted water bodies in Lagos, Nigeria [72]. Furthermore, many studies 

suggested that urban agriculture is another important source for providing favourable 

breeding sites for malaria vectors in cities [74-77]. Increased malaria prevalence is often 

found in communities within a distance of 1km from irrigated urban agriculture in Accra, 

Ghana [77], for example. Thus, malaria transmission in urban areas exhibits 

considerable spatial heterogeneity both between and within cities, depending on factors 

such as proximity to possible vector breeding habitats, urbanization level and socio-

economic status [31, 78]. Future work should aim to elucidate these drivers through 

examination of the disparity of P. vivax malaria transmission between and within cities 

using detailed household prevalence surveys and higher resolution urban maps. 
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In general, the results here highlight a consistent relationship at large scales 

between urban areas and lower P. vivax transmission, mirroring results found for P. 

falciparum, and pointing towards global declines in P. vivax transmission as 

urbanization permanently alters the receptivity of many areas. The findings suggest that 

these trends will likely continue to catalyze malaria declines on the path to a malaria 

free future. 
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Table 2-1.  Summary of the PvPR surveys by region 
 Africa+ Americas CSE Asia Total 
     PvPR values     
  Number of zero records 1,299 193 3,631 5,123 
  Mean PvPR (%) 0.60 3.25 3.55 3.05 
  Median PvPR (%) 0.00 0.61 0.51 0.00 
Time period of surveys     
  1985-1999 225 223 1328 1776 
  2000-2010 1426 187 6614 8227 
Sample size     
  1-50 911 151 1316 2378 
  >50 740 259 6626 7625 
  Median (IQR) 48 (34-109) 87 (37-210) 120 (67-281) 107 (53-236) 
Records of surveys     
  GRUMP-UE defined urban 444 61 755 1260 
  GRUMP-UE defined rural 1203 349 7241 8793 
  Discrete geographic locations 1424 291 6873 8588 
Total 1,651 410 7,942 10,003 
Africa+=Africa, Saudi Arabia and Yemen; CSE Asia=Central and South East Asia 
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Table 2-2.  Results of Wilcoxon Signed Rank tests on PvPR values between GRUMP-
UE defined urban (U) and rural (R) survey pairs for countries, regions and the 
World 

 
Region 

 
No. pairs 

 

U>R U<R  
Z 

 
P-value No. 

pairs 
Rank 
sum 

No. 
pairs 

Rank 
sum 

Africa+ 428 33 1432 86 5708 -5.670 <0.001*** 
  Ethiopia 80 18 587 61 2573 -4.853 <0.001*** 
  Sudan 192 7 47 9 89 -1.086 0.286 
  Yemen 35 7 41 13 169 -2.389 0.018** 
  Other countries 13 1 2 3 8 -1.095 0.361 
Americas 49 23 636 19 263 2.307 0.021** 
  Brazil 22 15 135 3 36 2.156 0.032** 
  Mexico 10 1 10 9 45 -1.784 0.067* 
  Other countries 17 7 72 7 33 1.224 0.232 
CSE Asia 712 127 50971 517 156719 -11.194 <0.001*** 
  Afghanistan 68 23 1023 42 1122 -0.323 0.749 
  Bangladesh 27 1 27 26 351 -3.892 <0.001*** 
  China 26 8 146 18 205 -0.749 0.461 
  Indonesia 462 74 18926 328 62077 -9.256 <0.001*** 
  India 26 4 60 22 291 -2.933 0.003** 
  Cambodia 12 1 6 11 72 -2.589 0.007** 
  Nepal 18 2 35 16 136 -2.199 0.021** 
  Pakistan 11 6 38 5 28 0.444 0.700 
 Thailand 12 1 2 11 76 -2.903 0.001** 
  Vietnam 23 0 0 21 231 -4.014 <0.001*** 
  Other countries 29 7 124 17 176 -0.743 0.466 
World 1189 183 84784 622 239631 -11.732 <0.001*** 
Africa+=Africa, Saudi Arabia and Yemen; CSE Asia=Central and South East Asia 
(***=P<0.01, **=P<0.05, *=P<0.1) 
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Table 2-3.  Robustness analysis of the Wilcoxon Signed Rank tests on urban-rural PvPR value pairs derived from various 
spatial and temporal limits 

 
Region 

100km 5years 100km 2years 50km 5years 50km 2years 
Z P-value Z P-value Z P-value Z P-value 

Africa+ -5.670 <0.001*** -5.623 <0.001*** -5.644 <0.001*** -5.397 <0.001*** 
Americas 2.307 0.021** 1.680 0.094* 0.486 0.631 0.730 0.471 
CSE Asia -11.194 <0.001*** -11.065 <0.001*** -9.080 <0.001*** -9.005 <0.001*** 
World -11.732 <0.001*** -11.555 <0.001*** -10.052 <0.001*** -9.757 <0.001*** 
No. pairs 1189 1106 1156 1106 
Mean No. R 49.653 42.287 31.813 27.061 
Overlap rate 6.752 5.349 4.206 3.423 
Africa+=Africa, Saudi Arabia and Yemen; CSE Asia=Central and South East Asia; Mean No. R= Mean number of rural 
surveys for each urban-rural pair; Overlap rate= ∑ number of rural surveys paired to each urban survey / total number of 
rural surveys (***=P<0.01, **=P<0.05, *=P<0.1) 
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Figure 2-1.  The global spatial limits of P. vivax malaria transmission in 2009 [14]. A) 

The spatial limits of P. vivax malaria risk defined by P. vivax annual parasite 
incidence (PvAPI) data. Areas were defines as stable (dark grey, where 
PvAPI ≥0.1 per 1,000 pa), unstable (medium grey, where PvAPI < 0.1 per 
1,000 pa) and no risk (light grey, where PvAPI = 0 per 1,000 pa). The 10,003 
community-based PvPR surveys are plotted and colored based on their 
values (red, where PvPR >7%; yellow, 3% < PvPR <7%; light blue, 
PvPR<3%) with zero-valued surveys shown in white. B)  Close-ups for 
regions with plenty of PvPR surveys around Jakarta, Indonesia. C) Close-ups 
for areas around Sorong, Indonesia. 
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Figure 2-2.  Boxplots showing the differences in PvPR values between GRUMP-UE 

defined urban and rural surveys for cities. (*) denotes the significant level of 
the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
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Figure 2-3.  Bar charts showing the test results for the dominant Anopheles vectors of 

human malaria. A) Results of Wilcoxon Signed Rank tests on PvPR values 
between urban and rural survey pairs for the dominant Anopheles vectors in 
Asia-Pacific region. B) Results for the dominant Anopheles vectors in Africa, 
Europe and the Middle East. C) Results for the dominant Anopheles vectors 
in the Americas. (#) denotes that a vector species is now recognized as a 
species complex. (*) denotes the significant level of the test (***=P<0.01, 
**=P<0.05, *=P<0.1).  
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CHAPTER  3 
ARMED CONFLICTS AND PLASMODIUM FALCIPARUM MALARIA TRANSMISSION 

IN AFRICA 

Chapter Summary 

Malaria is often a significant health problem during and after armed conflicts. 

Several studies have examined the impacts of conflicts on malaria transmission and 

strategies for malaria intervention in conflict-affected areas. There is a lack of research 

investigating the associations between armed conflicts and malaria transmission 

quantitatively over large areas, however. In this study, geo-referenced databases of P. 

falciparum parasite rate (PfPR) surveys and conflict events were integrated to explore 

the relationships between armed conflicts and P. falciparum malaria transmission in 

Africa from 1997 to 2010. The differences in PfPR before and after conflict events were 

examined across Africa and by country to determine if consistent and significant 

increases in malaria transmission after conflicts occurred. The datasets were then 

stratified by basic reproductive number under control (PfRc) class to investigate if any 

relationships were affected by transmission intensity. To explore the possible impacts of 

‘major’ conflict events, spatial and temporal clusters of armed conflicts were identified 

and the differences in PfPR values before, during and after the time period of each 

cluster were also examined. Finally, literature and news reports were obtained to 

provide some background context to the patterns seen in malaria transmission for each 

cluster.  

Significantly lower P. falciparum malaria transmission after armed conflicts was 

found across Africa and in most African countries, though five countries showed the 

opposite trend. PfRc class was found to affect the relationship between armed conflict 

and malaria transmission and areas with high transmission tended to be more sensitive 
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to armed conflicts. Among the nine identified clusters of specific major conflicts, 

increased P. falciparum malaria transmission during conflicts followed by decreased 

transmission after conflicts was observed in six clusters, each representing sudden and 

disruptive conflict events.   

While the results found here of significantly lower P. falciparum malaria 

transmission after conflicts are contrary to many observations from conflict-affected 

regions, the analyses are set against a general background of continued declines in 

transmission for many countries, indicating progress against malaria can still be made 

even during conflicts. When specific major conflict events were examined, the pattern of 

increased prevalence during significantly disruptive events and rapid recovery afterward 

appears clear, highlighting the need for efforts to maintain intervention and healthcare 

coverage in conflict situations. 

Background 

Despite our strong perceptions, humanity has been becoming less violent on 

both long and short time scales [79]. The number of ongoing armed conflicts in the 

world has declined steadily through the 1990s and early 2000s, declining over 40% from 

the peak years shortly after the end of the Cold War [80-82]. However, this trend ended 

in the mid-2000s and the annual frequency of major armed conflicts has stabilized at 

around 35 in recent years, with most concentrated in Asia and Africa [80-82]. Over the 

past two decades, at least 20 African countries have been involved in armed conflicts of 

various types and levels of intensity (e.g., civil wars, interstate wars and violence 

against civilians) [83]. These conflicts continue to exert assorted detrimental effects, 

including massive deaths, substantial economic losses and large numbers of forcibly 

displaced people [84-85]. It is estimated that armed conflicts cost Africa approximately 
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$18bn per year and have shrunken each conflicted-afflicted African nation’s economy 

by 15% on average since 1990 [86]. By the end of 2011, Africa hosted more than a 

quarter (2.7 million) of the world’s 10.4 million refugees [87] and one third (9.7 million) of 

the world’s 26.4 million internally displace persons [88], while only constituting 15% of 

the world total population [89]. 

The challenges that armed conflicts pose on public health are widely 

acknowledged - not only the direct injuries and deaths among military personnel and 

civilians, but also the indirect effects on the physical and socioeconomic environments 

that exacerbate morbidity and mortality [19, 90-91]. Infectious disease, including malaria, 

is often a significant health problem during and after conflicts [92-94], as multiple risk 

factors flourish that enhance disease emergence and transmission, including 

displacement of large non-immune populations to endemic areas [95-96], resettlement 

of refugees to deteriorated environments that favor vector breeding (e.g., inadequate 

sanitation, marginal land) [90], disruption of disease control programs, breakdown of 

health systems [97-98], and impeded access to population for timely delivery of medical 

supplies [18, 99-100]. For example, the civil war in Tajikistan during 1992-1993 lead to 

an increase in the annually reported malaria cases from 200 in 1992 to almost 30,000 in 

1997 [101].  

Plasmodium falciparum is responsible for the majority of malaria deaths, mostly 

children under the age of five in sub-Saharan Africa [2]. Africa is the continent with most 

serious P. falciparum malaria problems characterized by intense transmission and high 

mortality [13, 43, 51]. In 2010, an estimated 1.44 billion people worldwide were at risk of 

stable P. falciparum transmission (P. falciparum annual parasite incidence, PfAPI >0.1 
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per 1,000 pa) and 343 million people lived in regions with high P. falciparum endemicity 

(P. falciparum parasite rate in 2-10 years old, PfPR2-10>5%), of which 52% and 95% 

were distributed in Africa, respectively [44]. Additionally, there were an estimated 174 

million (110-242 million) cases and 0.596 million (0.451-0.813 million) deaths in Africa in 

2010, which accounted for 79% and 90% of the global totals [102], respectively.   

Several studies have examined the effects of armed conflicts on malaria 

transmission [19, 103-104] and explored barriers and strategies for malaria 

interventions and control in conflict situations [20, 99]. The majority of theories and 

findings suggest that armed conflicts are associated with increased malaria risk [18-19, 

99, 105-106]. Furthermore, the absence of internal and external conflicts has been 

considered as a crucial factor affecting the operational feasibility of malaria elimination 

[107]. However, there are also studies indicating a negative association between level 

of conflicts and malaria risk [103]; describing successful malaria control in conflict-

affected regions such as Sri Lanka, which have almost eliminated malaria despite 

nearly 30 year of civil war [20, 108]. Generally, most studies examining the relationship 

between armed conflicts and malaria transmission are descriptive or limited to individual 

countries. There is a lack of research investigating the association between conflicts 

and malaria quantitatively over large areas.  

In this study, geo-referenced P. falciparum parasite rate (PfPR) surveys, P. 

falciparum basic reproductive number under control (PfRc) map and armed conflict 

events datasets were integrated to examine the associations between armed conflicts 

and P. falciparum malaria transmission across Africa, by country and by PfRc class. 

Furthermore, areas with significant armed conflict clusters in space and time were 
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identified to explore P. falciparum malaria prevalence before, during and after specific 

major conflict events, and background literature was examined to provide context. 

Data 

The MAP PfPR Database 

Among the various metrics of malaria transmission, parasite rate (PR) is the most 

commonly reported and reliable metric for P. falciparum malaria endemicity [51] and 

sensitive across a broad range of the transmission spectrum [109]. At the time of 

analysis, a total of 22,212 PfPR surveys undertaken between 1985 and 2010 were 

obtained from the Malaria Atlas Project (MAP [10-11]), of which 15,606 (70.3%) were 

collected in Africa and used in this analysis. The logistically intensive process of 

searching for, identifying and geo-referencing the PfPR surveys has been documented 

elsewhere [9, 11], with all of them geo-located to precise locations and not duplicated 

within three months at the same site. As PfPR follows a pattern related to age and is 

generally reported across different age ranges [110-111], an algorithm described by 

Smith et al. [112] was applied to standardize the values of PfPR to a single and 

epidemiologically important age group (2-10 years). Of the surveys in Africa, in 

particular, the majority were conducted after 2000 (79%) and diagnosed through 

microscopy (71%). The sample size of these surveys varies and more than half of them 

(52%) are larger than 50. These PfPR surveys came from 47 P. falciparum malaria 

endemic countries (PfMECs) with 9,433 surveys representing unique survey locations in 

Africa. The spatial distribution of these data overlaid on the spatial limits of P. falciparum 

malaria transmission [44, 51] is shown in Figure 3-1A. 
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PfRc Map 

The basic reproductive number of P. falciparum (PfR0) is a crucial metric of 

malaria transmission intensity, which describes the potential of disease spread within a 

naive population and the effort required to eliminate it [113]. However, it’s generally 

impossible to measure PfR0 directly from field and mathematical models have been 

developed to estimate PfR0 from PfPR [114]. As contemporary maps of malaria control 

coverage are generally not available [107], the basic reproductive number under some 

existing level of control, PfRc, is often estimated and used. Here, the PfRc map in 2010 

(Figure 3-1B) was obtained from the MAP [10-11]. The process of generating this PfRc 

map has been described in Gething et al. [44]. Briefly, transmission models that link 

PfPR to PfRc were first developed and validated with field data. Then, those models 

were used to create predictions of PfRc from the 2010 PfPR map [44]. The majority of 

the pixels have a predicted PfRc value of less than two and around 10% exceed 10 [44]. 

In this analysis, areas with stable malaria transmission in Africa were thus categorized 

into three PfRc classes: low, PfRc <2; intermediate, 2≤ PfRc ≤ 10; high, PfRc >10. 

Armed Conflict Location and Event Data 

The armed conflict location and event data were obtained from the Armed 

Conflict Location and Event Dataset (ACLED) [83], which assembles and codes 

reported political violent events in unstable and warring states. This dataset, which 

cover all of the countries in Africa from 1997 to present, provides detailed information on 

the dates, locations, event type, groups involved, information sources and fatalities for 

armed conflicts [115]. Specifically, it focuses on tracking rebel, militia and government 

activities, identifying territorial transfers and collecting information on rioting, protesting 

and non-violent events [83]. ACLED is the most comprehensive geo-referenced and 



46 
 

micro-level conflict event dataset and has advantages in several aspects [115]: 1) the 

disaggregated event data at local-level enables the studies of conflict patterns and 

dynamics spatially and/or temporally [116]; 2) by reconciling various forms of conflict 

into one coherent entity, it avoids potential biases introduced by other datasets using 

prior definitions [117]; 3) it can be further aggregated to any desired level and fits the 

scale of the community-based PfPR surveys well for this analysis. 

By 2012, more than 60,000 events in Africa had been recorded by ACLED with 

42% being battles between government, rebels and militias, 38% violence against 

civilians, 14% riots and protests, and 6% non-violent events [83]. As each entry in this 

disaggregated dataset is “atomic”, in the sense that events which took place over 

multiple days are recorded as consecutive events on a specific day and in an exact 

location [115], multiple conflict events were aggregated into a single event based on the 

following criteria for the purpose of this analysis: 1) in the same location, 2) belonging to 

the same event type and 3) occurred in consecutive days or within one month. 

Therefore, the initial 64,900 conflicts events in the database at the time of analysis were 

aggregated into 36,445 events, and this was the final sample used in this analysis. 

Methods 

Two analysis approaches were undertaken: (i) continent-wide statistical 

examinations of relationships between armed conflict events and PfPR values before 

and after them, and (ii) more detailed analyses of specific major conflicts, with 

examination of the literature on each conflict to provide context to relationships with 

PfPR values found. 
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Armed Conflicts and P. falciparum Malaria Transmission 

To investigate the patterns of P. falciparum malaria transmission before and after 

armed conflicts across Africa and by country, sets of spatially and temporally associated 

before-after (before and after conflict event) pairs of PfPR values were obtained and 

tested. First, following a similar approach used previously [12, 118], we identified all of 

the PfPR surveys that were conducted within 50 km distance and two years for each 

armed conflict. Then, the averages of the PfPR values that were measured before and 

after the conflict event, respectively, were calculated to create before-after PfPR value 

pairs for each conflict event. After that, the differences between PfPR values before and 

after the conflicts were compared and tested across Africa and by country2

The relationship between armed conflicts and P. falciparum malaria transmission 

may vary by PfRc class. To test this hypothesis, the spatially and temporally associated 

before-after PfPR pairs were stratified by PfRc class (low, intermediate and high) and 

subject to the Wilcoxon signed rank test to determine if differences in PfPR values 

between before and after conflicts were significant. The patterns of P. falciparum 

malaria transmission before and after armed conflicts among various PfRc class were 

also compared to investigate if PfRc affected the relationship between conflict and 

malaria transmission. 

. Given the 

highly skewed distribution of PfPR values in the MAP database [9], Wilcoxon signed 

rank tests [62] were used to determine if significant increases in PfPR values were 

observed after the outbreak of conflicts. 

                                                           
2 Multiple testing adjustments are needed here as our tests do not incorporate any simultaneous 
hypotheses for an overall result and there is no necessary to partition the rejection regions. Although the 
PfPR surveys may be used multiple times in the analysis, they were averaged to create before-after 
conflict pairs of PfPR values.  



48 
 

Only a single time limit of two years was used in obtaining the before-after pairs 

of PfPR values and the temporal limits may play a role in the associations of armed 

conflicts with malaria prevalence. To explore these temporal effects, sets of before-after 

pairs of PfPR were obtained by changing the time limits (one year, three years and five 

years) and keeping the spatial limits constant (50km). In brief, for each armed conflict, 

all the PfPR surveys that were within 50km distance were identified and the average of 

PfPR values that were measured within one year, three years and five years before and 

after the conflict event were calculated to create three sets of before-after PfPR pairs 

and test these.  

Space-time Clusters of Armed Conflict  

To explore the changes in P. falciparum malaria transmission before, during and 

after ‘major’ conflict events, spatial and temporal clusters of armed conflict were first 

identified using space-time scan statistics implemented in SaTScan software (version 

9.1.1) [119-120]. The space-time permutation model was applied as it requires only 

case data (armed conflict event) with information about its location and time [121]. The 

maximum spatial cluster size was set to 500 km, because the default setting (50% of all 

the cases) would lead to clusters with radius larger than 1000 km, distracting our focus 

on the local space-time clusters of armed conflicts. The output from this method was a 

set of space-time clusters with information indicating their spatial extents (circles with 

locations and radius) and time periods (starting and ending time).  

In the next step, for each armed conflict cluster, the PfPR surveys that fell within 

its spatial extent were identified. Then, PfPR surveys taken within five years before, 

during and five years after the time period of the individual armed conflict cluster were 

compared and tested. The Kruskal-Wallis rank sum test [122], a nonparametric test for 
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more than two variables, was used to determine if the differences in PfPR values 

among before, during and after conflict were significant. Finally, literature and news 

stories on each major conflict event, disease interventions and health system impacts 

were obtained to provide context in explaining the patterns seen in P. falciparum 

malaria transmission for each cluster of armed conflicts.  

Results 

Armed Conflicts and P. falciparum Malaria Transmission 

The results of the Wilcoxon Signed Rank tests between before and after conflict 

pairs of PfPR values across Africa and by country are shown in Table 3-1. Significantly 

higher PfPR values before armed conflicts were found across Africa. Countries with 

more than ten before-after PfPR value pairs were further tested and these results are 

also presented in Table 3-1. Among those countries, patterns of lower P. falciparum 

malaria transmission after conflict events were found to be significant in most of the 

countries (ten out of 18), including Burkina Faso, Burundi, Ethiopia, Gambia, Ghana, 

Mozambique, Somalia, Sudan, Tanzania and Zambia. However, five countries, 

including Côte d'Ivoire, Malawi, Nigeria, Uganda and Zimbabwe, showed the opposite 

results, and significantly higher P. falciparum malaria transmission was found after 

conflict events. The other three countries (Cameroon, Democratic Republic of the 

Congo (DRC) and Kenya) showed insignificant differences in PfPR values before and 

after conflicts.  

Table 3-2 presents the results of Wilcoxon Signed Rank tests on before-after 

conflict pairs of PfPR values stratified by PfRc class. Within the stable transmission 

areas, significantly higher P. falciparum malaria transmission was found before conflicts 
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for areas with low PfRc, while areas with intermediate and high PfRc were found to have 

significant higher PfPR values after conflict events. 

The results of Wilcoxon Signed Rank tests on before-after pairs of PfPR with 

different time limits were unclear and indicative of some non-robust relationships (Table 

3-3). Among the 12 countries with sufficient PfPR pairs (more than ten pairs), when the 

time limits increased from one year to five years, four countries (DRC, Kenya, Uganda 

and Nigeria) showed changes in the direction of the conflict effects, one country (Côte 

d'Ivoire) showed a decline in significance (Z value) first followed by increased 

significance and the rest generally showed increasing significance in one direction. 

Space-time Clusters of Armed Conflict  

Among the 65 space-time clusters of armed conflicts indicated by the space-time 

scan statistic using SaTScan software, 32 of them had more than 100 cases and a 

spatial radius greater than zero. After linking with the PfPR surveys, nine clusters were 

found to have sufficient numbers of PfPR surveys falling within their spatial and 

temporal extents (more than two PfPR surveys found in at least two time intervals: 

before, during and after conflict). The spatial extents and locations of them overlaid onto 

the distributions of armed conflict events and PfPR surveys are shown in Figure 3-2A 

and Figure 3-2B, respectively.  

The space-time clusters of armed conflicts were matched to specific major 

conflict events that happened in associated areas and time periods, and the results are 

presented in Table 3-4. Cluster1 relates to the conflicts between the Lord’s Resistance 

Army (LRA) and Uganda military, the Uganda People's Defense Force (UPDF), which 

lasted from 1987 to 2006 in the northwest region of Uganda [123-124]. There was a 

peak of violence in 2002 as the UPDF initiated a military offensive against the LRA [125]. 
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Cluster2 represents the 2007-2008 Kenya crisis that erupted after the presidential 

election, which led to a series of violent events in the southwest and other parts of the 

country [126-127]. Cluster3 relates to the Burundian civil war that started in 1993 and 

continued through the early 2000s [128-129]. Cluster4 refers to the Somali civil war that 

started in 2006 with Ethiopian troops involved. It was concentrated in southern Somalia 

and the boundary area of Ethiopia [130]. Cluster5 reflects the Fast Track Land Reform 

during 2000-2003 in Zimbabwe, which led to severe deterioration of the economic and 

health system in the country and displaced over one million civilians [131]. Cluster6 

represents the Eritrean-Ethiopian War that occurred during 1998-2000 in Eritrea and the 

Ethiopia border region [132]. Cluster7 covers the region of Liberia and Southwest Côte 

d'Ivoire and represents the Second Liberian Civil War (1999-2003) and First Ivorian Civil 

War (2002-2004). Cluster8 encompasses the region of Southern Congo and border 

area of Gabon and DRC and covers the Republic of the Congo Civil War (1997 to 1999) 

in the Brazzaville area [133]. Cluster9 relates to two conflicts: the Casamance conflict 

since 1982 between the Senegal Government and the Movement of Democratic Forces 

of Casamance (MFDC) in southwest Senegal [134] and the Guinea-Bissau Civil war 

during 1998-1999 [135].  

Figure 3-3 shows the boxplots of PfPR values within the spatial extent and five 

years before, during and five years after the time period of individual armed conflict 

cluster. The most noticeable pattern that is seen for six of the nine clusters is that of P. 

falciparum malaria transmission increasing during the time periods of conflict, then 

decreasing within five years after the conflicts had ended. Four of these clusters were 

found to have significantly higher PfPR values during the conflict compared to those 
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within five years before the conflict and significantly lower PfPR values within five years 

after the conflict compared to those during the conflict (C2: Southwest Kenya; C5: 

Zimbabwe; C7: Liberia and Southwest Côte d'Ivoire; C9: Southwest Senegal, Gambia 

and Guinea-Bissau). Two clusters exhibited significantly lower PfPR values during the 

conflict compared to those before the conflict, with one showing increased PfPR values 

after the conflict (C1: Northwest Uganda) and the other one having no data after the 

conflict (C4: Southern Somalia and border area of Ethiopia). The remaining three 

clusters (C3: Burundi; C6: Eritrea and border area of Ethiopia; C8: Southern Congo and 

border area of Gabon and DRC) showed insignificant differences in malaria 

transmission across different time periods of conflicts. 

Discussion 

Although increased malaria prevention and control measures are thought to have 

brought down malaria mortality substantially over the past decade, more efforts are 

required to achieve global malaria control and eradication targets [1]. Armed conflicts 

pose a significant challenge to malaria control and elimination as they displace large 

numbers of vulnerable populations to deteriorated environments, disrupt malaria 

intervention programs and hinder access to medicine supplies [18, 95-98]. However, 

only a handful of studies have examined quantitatively the associations between armed 

conflicts and malaria transmission [19, 103], and there is a substantial lack of research 

examining such patterns at continental scales. In this study, the most comprehensive 

geo-referenced databases of PfPR surveys and armed conflict events were integrated 

and used to investigate if significant increases in malaria transmission during or after 

conflicts existed in Africa. 
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Contrary to the trends observed in many conflict-affected areas (e.g., increased 

malaria morbidity and mortality in Afghanistan [106], malaria outbreaks in Burundi [136] 

and high malaria mortality rate in African refugees [96]), significantly lower P. falciparum 

malaria transmission after armed conflicts was found across Africa and in most African 

countries (Table 3-1). This unexpected result can be explained by several possible 

reasons. First, the burden of malaria in many African countries has declined 

substantially in the past decade, coinciding with (i) the scaling up of malaria 

interventions supported by increased international funding for malaria control [137-139], 

and (ii) increasing urbanization and development [140]. In 2000, only 1.8% African 

children slept under insecticide-treated nets (ITNs) in stable endemic areas, and this 

rose to 18.5% by 2007 [141], and continues to rise today [102]. The substantial 

decreases in malaria incidence in southern Africa (South Africa and Mozambique) and 

the Horn of Africa (Ethiopia and Eritrea) have been linked to the introduction of specific 

interventions [138]. Therefore, the changes in malaria transmission brought by 

expanding coverage of malaria intervention likely outweigh the negative impacts of 

armed conflicts over the timescales examined here. Secondly, conflicts often result in 

improved coordination and effort among key actors in health and bring more attention 

from humanitarian organizations [142-143]. For example, improved coordination among 

government, international organizations and local representatives were found in Nepal 

and Timor-Leste during conflict situations [104, 142]; a considerable decline in case-

fatality among hospitalized children reported in Guinea-Bissau during a war was partly 

attributed to improved access to drugs funded by humanitarian organizations [144]. 

Thirdly, armed conflicts in many African countries were characterized by long duration 
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or high frequency, which further makes it difficult to define a baseline for comparison. 

The approach used to create before-after conflict PfPR pairs in this study would be less 

reliable if they are overlapped over time (e.g., the same PfPR survey could be counted 

as an after-conflict survey of one pair while as a before-conflict survey of another pair). 

Nonetheless, this issue is minimal due to the facts that malaria incidence in many 

African countries has been reduced by more than 75% since 2000 [102]. Finally, the 

before-after conflict PfPR pairs identified for each country depend on the availability of 

both PfPR surveys and armed conflict event data. The results would be biased if only a 

few PfPR surveys were taken during or after conflict events. However, for those 

identified before-after conflict pairs of PfPR, the average numbers of PfPR surveys 

taken within two years before and after conflict are 19 and 23, respectively. The results 

are thus not likely to be affected by the availability of PfPR surveys after conflict.  

Nevertheless, five countries (Côte d'Ivoire, Malawi, Nigeria, Uganda and 

Zimbabwe) showed significantly higher P. falciparum malaria transmission after conflict 

events (Table 3-1), which is consistent with previous findings that armed conflicts create 

environments that increase malaria risk, morbidity and mortality [18-19, 99]. For 

example, deteriorated sanitation, reduced availability of protective measure against 

mosquitoes and limited access to healthcare infrastructure were found in western Côte 

d'Ivoire shortly after the 2002/2003 Ivorian civil war [19]; this conflict also resulted in 

serious health system failures in the northern, western and central regions of the 

country, with more than 60% of the highly trained health personnel fleeing [145]. 

Another possible explanation is that malaria funding and intervention coverage are still 

unequal across Africa and deficient in several countries [42, 141]. For example, among 
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the 89.6 million children living in conditions of stable malaria transmission and 

unprotected by ITNs by 2007, Nigeria alone accounted for 25%; Côte d'Ivoire, Nigeria 

and Uganda were among the seven countries that had national ITN coverage less than 

15% in 2007 [141]. The unstable political and insecure situations may thus have 

contributed to the inadequate intervention coverage and increased malaria risk after 

conflicts in those conflict-affected countries. Furthermore, climate could be an important 

confounder as precipitation and temperature extremes are considered to be associated 

with changes in conflict risk [146-147], which also affect malaria endemicity. For 

example, excessive rainfall is likely to raise the risk of conflict [147], and also the risk of 

malaria transmission. To assess this potential confounder, monthly Evapotranspiration 

(ETa) Anomaly Products (2001-present) were used to exclude conflict pairs of PfPR that 

occurred during ETa Anomalies [148-149]. Briefly, the before-after conflict PfPR pairs 

were removed from the dataset if any ETa Anomaly value in the same location is larger 

than 150 or less than 50 within four months. Then, the remaining dataset was subject to 

the Wilcoxon signed rank test across Africa and by country. The results (Appendix B) 

are similar to that of the original dataset and only a few countries (Ethiopia, Côte d'Ivoire 

and Uganda) turned insignificant in the differences of PfPR before and after conflict, 

indicating the effects of climate is negligible. 

PfRc was found to affect the relationships between armed conflict and PfPR 

values, with significantly increased malaria transmission after conflicts found in 

intermediate and high PfRc regions, while lower malaria transmission was found after 

conflicts in low PfRc regions (Table 3-2). This result matches with the analysis by 

country, where most of the countries (four out of five, including Côte d'Ivoire, Malawi, 
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Nigeria and Uganda) with higher PfPR values after conflicts show intermediate to high 

PfRc values [44]. Therefore, areas with high malaria transmission are probably more 

sensitive to the changes brought by armed conflicts as PfRc reflects the potential of 

disease spread and high PfRc regions generally respond to malaria control or other 

influences more quickly and to a greater extent than those with lower PfRc [44, 114]. 

Additionally, the effects of armed conflicts on P. falciparum malaria transmission likely 

vary by conflict type and level. To test this, the before-after PfPR pairs were stratified by 

conflict types (battles, non-violent activity, rioting and violence against civilians) and 

levels (fatalities and length) and subject to the Wilcoxon Signed Rank test. The results 

showed that there were no differences among various conflict types and levels with 

most of the groups showing significantly lower PfPR values after conflicts, while the 

remainder was insignificant (Appendix B). 

There are uncertainties in the analyses presented around choices of thresholds. 

An arbitrarily defined single temporal limit of two years was used to obtain spatially and 

temporally associated before-after pairs of PfPR. The temporal effects analysis 

indicated that this approach exhibited limited robustness (Table 3-3). Another issue 

raised here is that armed conflicts often cause large numbers of refugees and internally 

displaced people [87-88]. With a spatial constraint of 50 km, PfPR surveys undertaken 

after the conflict may survey a very different population compared to the population 

before the conflict. However, there is no available data to quantify the biases that may 

result from such population movements. 

The pattern of increased P. falciparum malaria transmission during conflicts 

followed by decreased transmission after conflicts was observed in six of the clusters of 
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the nine major conflicts, with four of these being significant (Figure 3-3). This result was 

further supported by previous findings and evidence of interrupted healthcare and 

higher mortality rates due to major conflict events in several of the countries within the 

spatial extents of those clusters (e.g., Kenya, Zimbabwe and Côte d'Ivoire) [19, 145, 

150-151]. For example, the Zimbabwean health services sector has been worse off 

since the ‘Fast-Track’ Land Reform in 2000, with increasing shortages of qualified 

personnel because of the undesirable political environment [152]; elevated child 

mortality rates were reported in Western Kenya after the post-election violence in 2008 

with malaria accounting for the greatest increases, which may have resulted from a 

shortage of malaria drugs and disruption of health services during the conflict [153]; 

lower clinic attendance and medication adherence for HIV-infected children were also 

observed during the post-election crisis in Western Kenya due to concerns over 

personal safety, shortages of resources and hopelessness [154]. The significant decline 

in malaria prevalence after those conflicts may attribute to the charitable medical 

assistance provided by international organizations during or after specific major conflict. 

However, such information is not readily available. The decline in P. falciparum 

prevalence during conflicts in Northwest Uganda is likely partially due to the lack of 

PfPR surveys in this region, with only four surveys before the conflict and three surveys 

during the conflict. The decreased malaria transmission in Southern Somalia and border 

area of Ethiopia during the Somali civil war may be attributed to the decreasing trend of 

malaria incidence in the Horn of Africa [138]. Furthermore, clusters characterized by 

sudden, short and serious conflicts are more likely to be disruptive and thus increase 

malaria prevalence, whereas clusters with long lasting or low-level conflicts tend to 
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show little effects on malaria transmission. For example, the 2007-2008 Kenyan crisis 

lasted only a few months but caused more than 1,000 deaths and 300,000 displaced six 

weeks after the eruption [155]; Côte d'Ivoire was a model of political stability and 

economic prosperity in Africa before the 2002 civil war that suddenly split the nation into 

rebel-held north and government-controlled south [156]; the Second Liberian Civil War 

was ruinous and left approximately 250,000 people dead, many thousands displaced 

and the infrastructure in ruins [157]. In contrast to these conflicts in Kenya, Côte d'Ivoire 

and Liberia, those in northwest Uganda, Burundi and Somalia were generally protracted 

civil wars or occurring at low-levels or in isolated areas (e.g., the conflicts between LRA 

and Uganda government lasted 19 years [123-124]; the Burundian civil war lasted 12 

years [158]; the civil war in Somalia started in 1991 and is still ongoing [159]). Therefore, 

the effects of these types of conflicts on malaria transmission remain more difficult to 

quantify.  

In conclusion, consistently lower P. falciparum malaria transmission after armed 

conflicts were found across Africa, in most African countries and in low PfRc regions, as 

all of these conflicts were occurring against a background of generally declining malaria 

transmission in Africa brought down by scale-up interventions and other factors in the 

past decade. However, significantly increased malaria transmission during/after conflicts 

was found in areas affected by sudden major conflicts or countries with intermediate to 

high transmission of malaria. This result highlights that the maintenance of intervention 

coverage and provision of healthcare in conflict situations to protect vulnerable 

populations can maintain gains in even the most difficult of circumstances.  
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Table 3-1.  Results of Wilcoxon Signed Rank tests on PfPR values between before (B) 
and after (A) conflict survey pairs across Africa and by country 

 
Region 

 
No. 

pairs 

B>A B<A  
Z 

 
P-value No. 

pairs 
Rank 
sum 

No. 
pairs 

Rank 
sum 

Africa 2459 1611 1880433 763 938693 14.097 <0.001*** 
Burkina Faso 17 13 131 4 22 2.580 0.010** 
Burundi 61 48 1767 13 124 5.901 <0.001*** 
Cameroon 11 5 34 6 32 0.089 0.965 
DRC 53 13 347 26 433 -0.600 0.552 
Ethiopia 24 18 226 5 50 2.677 0.008** 
Gambia 10 7 46 3 9 1.886 0.066* 
Ghana 11 10 65 1 1 2.845 0.005** 
Côte d'Ivoire 27 12 83 15 295 -2.547 0.010** 
Kenya 575 271 75072 274 73813 0.185 0.854 
Malawi 13 1 13 12 78 -2.271 0.024** 
Mozambique 23 23 276 0 NA 4.197 <0.001*** 
Nigeria 48 12 293 36 883 -3.026 0.003** 
Somalia 1150 912 502535 224 143281 16.241 <0.001*** 
Sudan 137 109 7132 28 2321 5.168 <0.001*** 
Tanzania 87 75 3267 12 560 5.731 <0.001*** 
Uganda 79 36 1216 43 1944 -1.779 0.076* 
Zambia 53 30 1071 22 307 3.479 <0.001*** 
Zimbabwe 53 5 15 23 391 -4.281 <0.001*** 
(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
 
 
 
Table 3-2.  Results of Wilcoxon Signed Rank tests on PfPR values between before (B) 

and after (A) conflict survey pairs by PfRc class 
 
PfRc class 

 
No. 

pairs 

B>A B<A  
Z 

 
P-value No. 

pairs 
Rank 
sum 

No. 
pairs 

Rank 
sum 

Low  1985 1428 1374424 485 456317 18.988 <0.001*** 
Intermediate 181 74 6326 107 10145 -2.705 0.007** 
High 129 46 2897 83 5488 -3.045 0.002** 
(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
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Table 3-3.  Results of Wilcoxon Signed Rank tests on PfPR values between before (B) and after (A) conflict survey pairs 
by country with different time limits (one year, three years and five years)  

 
Region 

50km 1year 50km 3year 50km 5year 
No. 

pairs 
Z P-value No. 

pairs 
Z P-value No. 

pairs 
Z P-value 

Africa+ 1496 9.297 <0.001*** 3093 18.966 <0.001*** 3841 25.864 <0.001*** 
Burundi 56 4.062 <0.001*** 73 5.830 <0.001*** 97 8.353 <0.001*** 
DRC 51 -0.641 0.525 53 -0.461 0.649 86 3.951 <0.001*** 
Kenya 336 -3.253 0.001*** 647 1.937 0.053* 779 9.698 <0.001*** 
Malawi 8 -2.521 0.014** 16 -2.637 0.009*** 25 -3.484 <0.001*** 
Somalia 699 18.019 <0.001*** 1422 18.352 <0.001*** 1455 20.080 <0.001*** 
Sudan 105 2.460 0.014** 162 10.091 <0.001*** 181 10.922 <0.001*** 
Tanzania 58 4.587 <0.001*** 101 6.733 <0.001*** 121 8.322 <0.001*** 
Uganda 45 -1.259 0.210 104 -2.050 0.041** 207 4.273 <0.001*** 
Zimbabwe 20 -3.920 <0.001*** 136 -4.571 <0.001*** 168 -4.534 <0.001*** 
Ethiopia 18 1.633 0.107 33 2.746 0.006*** 70 2.054 0.040** 
Côte d'Ivoire 18 -2.896 0.003*** 60 -0.096 0.927 122 -4.250 <0.001*** 
Nigeria 37 -2.135 0.033** 69 -0.677 0.499 158 6.476 <0.001*** 
(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
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Table 3-4.  Space-time clusters of armed conflicts 
ID Radius Time period No. of cases Study area Related event 

Cluster1 222.99 2002/4-2005/4 1819 Northwest Uganda The Lord’s Resistance Army 
(LRA)(1987-2006) 

Cluster2 220.12 2007/10-2008/1 398 Southwest Kenya 2007-2008 Kenyan crisis 
Cluster3 161.25 2000/1-2003/1 1742 Burundi Burundian civil war(1993-2005) 

Cluster4 434.83 2007/4-2012/12 5319 Southern Somalia and 
border area of Ethiopia Somali civil war(2006-present) 

Cluster5 388.35 2001/10-2002/4 767 Zimbabwe Fast Track Land Reform(2000-2003) 

Cluster6 443.49 1998/4-2000/6 493 Eritrea and border area of 
Ethiopia Eritrean–Ethiopian War(1998-2000) 

Cluster7 406.96 2002/4-2003/7 448 Liberia and Southwest Côte 
d'Ivoire 

Second Liberian Civil War(1999-2003); 
First Ivorian Civil War(2002-2004) 

Cluster8 498.83 1997/1-1999/7 384 Southern Congo and border 
area of Gabon and DRC 

The republic of the Congo civil 
war(1997-1999) 

Cluster9 268.28 1997/7-2002/7 414 Southwest Senegal, 
Gambia and Guinea-Bissau 

Casamance conflict(1982); Guinea-
Bissau Civil War(1998-1999) 
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Figure 3-1.  Plasmodium falciparum malaria endemicity in 2010 [44]. A) The spatial 

limits of P. falciparum malaria risk defined by PfAPI data in Africa. Areas were 
defines as stable (dark grey, where PfAPI ≥0.1 per 1,000 pa), unstable 
(medium grey, where PfAPI < 0.1 per 1,000 pa) and no risk (light grey, where 
PfAPI = 0 per 1,000 pa). The geo-referenced PfPR surveys are plotted and 
colored based on their values (red, where PfPR2-10 >40%; yellow, 5% < 
PfPR2-10 <40%; light blue, 0<PfPR2-10<5%; white, PfPR2-10=0). B) The PfRc 
map of Africa in 2010. The color scale is logarithmic to allow better display of 
the highly positively skewed values. 
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Figure 3-2.  Space-time clusters of armed conflicts. A) Spatial extents and locations of 

the conflict clusters. The geo-referenced armed conflict events were plotted 
and colored based on their time (red, 1997-2000; yellow, 2001-2005; light 
blue, 2006-2010; blue, 2011-2013). B) Conflict clusters overlaid onto the 
distributions of the PfPR surveys.  
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Figure 3-3.  Boxplots showing the differences in PfPR values among surveys taken 

within five years before, during and within five years after the conflict clusters. 
NW=northwest; SW=southwest; BA=border area; GNB=Guinea-Bissau. (*) 
denotes the significant level of the test results (***=P<0.01, **=P<0.05, 
*=P<0.1). 
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CHAPTER 4 
A GLOBAL ASSESSMENT OF ECONOMIC CONDITIONS AND MALARIA 

PREVALENCE 

Chapter Summary 

Malaria is often described as a disease of poverty and the relationship between 

the two is complex. Poverty may increase people’s vulnerability to malaria, 

consequently sustaining transmission, while the socioeconomic costs related to the 

disease may lead to further impoverishment. However, findings from existing studies 

are not consistent regarding this relationship and few studies assessing the link 

between economic condition and malaria exist over large areas.  

A global map of Plasmodium falciparum endemicity was combined with various 

gridded economic datasets to explore the relationship between malaria and economic 

conditions across spatial scales. Endemicity was classified into two groups: i) no, 

unstable and stable risk; ii) low, intermediate and high risk within the extents of stable 

risk. The differences in economic conditions among endemicity classes of each group 

were compared and tested globally, by region and by country. Moreover, econometric 

models were developed to quantify the magnitude and direction of this relationship. 

Significantly higher economic conditions, measured by multiple datasets, in 

malaria free and low risk areas were found globally, continentally and in several 

countries, while just a few countries showed the opposite pattern. The overall negative 

association between economic conditions and malaria transmission suggests that 

economic development is potentially an effective intervention against malaria. Equally, 

the control and elimination of malaria may facilitate economic development. 
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Background 

Nearly half of world’s population (3.3 billion) is at risk of malaria, with 

Plasmodium falciparum being responsible for the majority of malaria deaths [2]. Malaria 

is consistently described as a disease of poverty, with the global distribution of 

transmission showing a striking coincidence with levels of poverty, principally 

concentrated in tropical and subtropical regions [21, 23]. In terms of national Gross 

Domestic Product (GDP)  per capita in 2005, the wealthiest twenty countries are all free 

of malaria transmission, whereas the poorest twenty countries are all have endemic 

malaria (Appendix C) [44, 160]. Evidence from a cross-country analysis suggests that 

malaria reductions in Africa increase economic productivity and every $1 invested per 

capita in suppressing malaria led to an increase of $6.75 in per capita GDP between 

2007 and 2011 [161].  

The relationship between malaria and economic conditions is complex and can 

be explained in several ways [162]. On the one hand, poverty may limit the use of 

interventions [24, 163], obstruct access to health care [164], cause malnutrition that 

increase malaria susceptibility [165-166], and expose people to environments prone to 

vector proliferation (e.g., poor quality housing [167-168], and certain work conditions 

such as forestry and agriculture [22, 169]), consequently sustaining the transmission of 

malaria [170]. For example, higher rates of use of more effective preventions such as 

insecticide sprays has been found among those of higher socio-economic status [171-

172]; richer people are more likely to use orthodox health services, rather than self-

treatment [173-174]; regular activity in the forests increased the odds of malaria 

infection by 10-fold in a village of central Vietnam [175]. On the other hand, malaria has 

negative effect on economic development as it results in burdens and social costs [176] 
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on individuals and government, and impedes trade and investment [23]. Furthermore, 

the causal relationship may work in both directions. However, the findings from existing 

studies are not consistent regarding this relationship [24] and little evidence of the link 

between economic conditions and malaria exists over large areas. In addition, only a 

few recent studies have explored the bi-directional relationship and considered possible 

endogeneity quantitatively [21, 177]. Thus, there is a need to elucidate this relationship 

over large areas using consistent data and systematic approaches.  

The recent construction of a global P. falciparum endemicity map, a global map 

of per-grid cell economic output [178] and satellite night-time light (NTL) based 

economic indices [179-180] enables the exploration of the relationship between 

economic conditions and malaria transmission at global and sub-national scales for the 

first time. Here, these datasets were integrated to explore the relationship between P. 

falciparum malaria endemicity classes and economic conditions at different spatial 

scales (global, regional and national) and further examine the differences among 

various economic indices. Furthermore, econometric models were developed to quantify 

the magnitude and direction of this causal relationship, by including a set of primary 

covariates and taking endogeneity into account. 

Data and Methods 

P. falciparum Malaria Endemicity Map 

The most likely endemicity class map for P. falciparum malaria in 2010 (Appendix 

C) was obtained from the Malaria Atlas Project (MAP) [10]. The process of generating 

this endemicity class map has been described in Gething et al. [44]. Briefly, the process 

can be divided into two steps. The first step is to delineate the spatial limits of endemic 

transmission based on the initial identification of PfMECs and sub-national reported 
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PfAPI data. Areas were thus defined as stable transmission (PfAPI ≥0.1 per 1,000 pa), 

unstable transmission (PfAPI < 0.1 per 1,000 pa) and no risk (PfAPI = 0 per 1,000 pa). 

Then, these limits were further refined by additional medical information and 

environmental constraints (temperature and aridity). The second step involves geo-

statistical modeling of malaria endemicity within the boundaries of stable transmission, 

reliant on geo-referenced P. falciparum parasite rate (PfPR) surveys and a large suite of 

environmental covariates. Based on the predicted probabilities of class membership, the 

grid cells in the stable transmission areas were further categorized into their most likely 

membership of three endemicity classes, namely, low (PfPR2-10≤ 5%), intermediate (5% 

<PfPR2-10< 40%) and high (PfPR2-10≥40%) risk. 

Geographically Based Economic Data 

Although poverty is a multidimensional concept involving a range of socio-

economic factors, GDP per capita is commonly used as an indicator for macroeconomic 

analyses at country level and household income, consumption or expenditure for micro 

analyses [181-182]. The per-grid cell economic output map obtained from the Yale 

Geographically based Economic data (G-Econ) project provides estimates of gross 

output (conceptually similar to GDP) at a 1 degree longitude by 1 degree latitude for 

global terrestrial regions [183-184]. This resolution is approximately 100km×100km, 

which is about the size of most third-level political entities, such as counties in the 

United States [183]. The concept and method of rescaling political economic output data 

to gridded economic output has been documented elsewhere [178]. The economic 

output measures from different countries were converted into a common currency using 

both market exchange rates (MER) and purchase power parity (PPP) adjustments. The 

newest dataset (GEcon 4.0) includes a suite of economic variables for each grid cell 
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and the Gross cell product for 2005 converted to 2005 US$ at purchasing power parity 

exchange rates (referred to as PPP2005) was used in this analysis (Figure 4-1A) [184]. 

For each grid cell, this database also provides a series of geographic and environmental 

variables, including area of grid cell, country name, distance to coast, elevation, grid cell 

population, precipitation, and temperature, amongst others.  

Satellite Night Time Lights (NTL) Based Economic Data 

Recognizing the shortcomings and challenges in economic data collection, 

several economic datasets have been developed from NTL imagery data collected by 

US Air Force Defense Meteorological Satellite Program-Operational Linescan System 

(DMSP-OLS) to provide more readily available and spatially and temporally comparable 

measure of socio-economic conditions [164, 185-187]. Two sets of NTL based 

economic data were obtained from NOAA’s National Geographical Data Center (NGDC) 

[188]. The first dataset was a map of estimated total economic activity derived from NTL 

satellite imagery and the LandScan population grid [179]. It provides globally gridded 

GDP data at 1km×1km resolution for 2006, and referred to as ‘NGDP’ hereafter (Figure 

4-1B). The methods and models used to generate this spatially disaggregated map 

have been described elsewhere [189]. The second dataset is a Night Light 

Development Index (NLDI) that was derived from NTL satellite imagery and a 

population density grid [190-191] and based on Lorenz curves [180]. It is inversely 

correlated with the Human development index (HDI) and provides a spatial depiction of 

development differences within countries [192]. The index is available at 0.25 degree by 

0.25 degree resolution globally for 2006 (Figure 4-1C), and the process of constructing 

it has been documented elsewhere [192].  
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Analyses 

The economic datasets and the malaria endemicity map described above were 

obtained at different spatial resolutions. To overcome this incompatibility where it 

existed, each dataset was re-sampled to 1×1 degree resolution, which is the coarsest 

resolution among all the datasets. Specifically, the P. falciparum malaria endemicity 

class map was re-sampled to 1×1 degree resolution using a majority algorithm; the NTL 

based GDP map (NGDP) was re-sampled to the same resolution using a summation 

algorithm; and the NLDI data was re-sampled using a mean algorithm.  

To explore the relationship between economic conditions and P. falciparum 

malaria transmission and also the differing representations of economic conditions to 

see if common patterns arise, the per-grid cell economic output map (PPP2005), the 

NTL based GDP map (NGDP) and the NLDI data were used and the patterns of them 

within the malaria endemicity classes were examined. First, the economic datasets 

were overlaid onto the P. falciparum malaria endemicity map to derive an endemicity 

class for each grid cell. Then, a set of exclusion criteria were applied to remove 

population density biases. Cells with (i) population density lower than 0.1 per sqkm and 

(ii) areas smaller than 100 sqkm were excluded and the remaining cells were used in 

following analyses. Additionally, to better present the economic condition of each cell 

and alleviate the impacts of outliers, the original variable PPP2005 was transformed 

from total cell economic output to the natural log of per capita economic output as 

follows:   

𝑙𝑛𝑃 = 𝑙𝑛 ( 𝑃𝑃𝑃2005
𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑒𝑙𝑙

)                                                (4-1) 

The NGDP was converted to the natural log of per capita NGDP as:  
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𝑙𝑛𝐺 = 𝑙𝑛 ( 𝑁𝐺𝐷𝑃
𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑒𝑙𝑙

)                                                (4-2) 

Finally, the patterns of economic conditions among P. falciparum malaria 

endemicity classes were investigated at various scales. The endemicity classes were 

categorized into two groups: i) no risk, unstable risk and stable risk; ii) low risk, 

intermediate risk and high risk within the extents of stable risk. The trends of lnP, lnG 

and NLDI among endemicity classes of each group were compared and tested 

separately. The Kruskal-Wallis rank sum test [122], a nonparametric test for more than 

two variables, was used to determine if the differences in lnP, lnG and NLDI among 

malaria endemicity classes were significant. The tests were conducted globally, by 

region (Africa+ (Africa, Saudi Arabia and Yemen); the Americas; Central and South East 

(CSE) Asia) and by country. The Wilcoxon rank sum test was used if samples were only 

available in two classes. 

Model Specification 

The primary challenge in understanding the relationship between economic 

conditions and malaria transmission is the endogeneity bias caused by the possible bi-

directional causation between them. Simple ordinary least-square (OLS) regression 

models assume that the model error term is unrelated to the explanatory variables and 

the presence of endogeneity would thus violate this assumption and produce biased 

estimates of explanatory variables. The simultaneous equation model (with two-stage 

least square estimation(2SLS); and three-stage least square estimation (3SLS)), which 

composes multiple equations with simultaneous feedbacks and considers endogeneity 

using instrumental variables, is introduced to address this problem and examine the bi-

directional relationship between economic conditions and malaria transmission. 
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To build up the simultaneous equation model, we begin with simple OLS 

regression models for both malaria and economic condition as: 

𝑀𝑖 = 𝛼0 + 𝛼1𝐸𝑖 + 𝛼2𝑃𝑀𝑖 + 𝛼3𝑇𝑖 + 𝛼4𝑇𝑀𝑖 + 𝛼5𝑁𝑉𝑖 + 𝛼6𝑈𝑖 + 𝜀𝑖                (4-3) 

𝐸𝑖 = 𝛽0 + 𝛽1𝑀𝑖 + 𝛽2𝐸𝐷𝑖 + 𝛽3𝐼𝑉𝑖 + 𝛽4𝐶𝑃𝑖 + 𝛽5𝑁𝑅𝑖 + 𝛽6𝐷𝑖 + 𝜀�̅�                  (4-4) 

Equation (4-3) is the malaria OLS regression model and equation (4-4) is the 

economic OLS regression model. 𝑀𝑖 represents PfPR2-10 (for more details about this 

variable see Data in Chapter 3) at location i; 𝐸𝑖 represents the natural log of per capita 

economic output (lnP), which was matched to 𝑀𝑖 based on their locations. Briefly, for 

each PfPR2-10 survey, the nearest 𝐸𝑖 was assigned to it. 𝑃𝑀𝑖 denotes minimum monthly 

precipitation; 𝑇𝑖 denotes average temperature; 𝑇𝑀𝑖 denotes minimum monthly 

temperature; 𝐷𝑖 denotes distance to coast in kilometers from location i. These four 

variables are also from the G-Econ database and they are corresponding to 𝐸𝑖. 𝑁𝑉𝑖 

denotes normalized difference vegetation index (NDVI), which was obtained from the 

Global Inventory Modeling and Mapping Studies (GIMMS) dataset [193-195]. 𝑈𝑖 

denotes the status of urban or rural for location i. This variable was abstracted from the 

GRUMP-UE dataset (for more details about this variable see Data in Chapter 2); 𝐸𝐷𝑖 

denotes the completion rate of primary education; 𝐼𝑉𝑖 denotes foreign direct investment 

(% of GDP); 𝐶𝑃𝑖 denotes net capital account (% of GDP), including government debt 

forgiveness, investment grants in cash or in kind by a government entity, and taxes on 

capital transfers; 𝑁𝑅𝑖 denotes total natural resource rents (% of GDP), representing the 

difference between the value of crude natural resource (oil, natural gas, coal, mineral 

and forest) production at world prices and total costs of production; those four variables 

come from the World Development Indicator (WDI) database [196]. All variables are for 
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2005. Initially, the suite of environmental and socio-economic covariates for both 

economic conditions (e.g., education, trade, investment and economic policy) and 

malaria transmission (e.g., precipitation, temperature, NDVI and health services) were 

collected based on literature and matched to individual PfPR2-10 surveys. Then, a 

stepwise approach was applied to remove insignificant explanatory variables and co-

linearity. The remaining covariates are presented in equations (4-3) and (4-4). 

The simultaneous equation model estimates a system of structural equations, 

where some equations contain endogenous variables in the explanatory variables. In 

this study, there are two equations (the malaria model and the economic model) and the 

endogenous explanatory variables are dependent variables from the other equations in 

the system. All other variables are treated as exogenous to the system. Specifically, in 

the malaria model,  𝐸𝑖 is endogenous and it will be estimated by instrumental variables 

(𝐸𝐷𝑖 , 𝐼𝑉𝑖 , 𝐶𝑃𝑖 , 𝑁𝑅𝑖 and 𝐷𝑖), which are exogenous explanatory variables in the 

economic model. The first stage regression for this model is: 

𝐸�𝑖 = 𝛾0 + 𝛾1𝐸𝐷𝑖 + 𝛾2𝐼𝑉𝑖 + 𝛾3𝐶𝑃𝑖 + 𝛾4𝑁𝑅𝑖 + 𝛾5𝐷𝑖 + 𝜀𝑖                              (4-5) 

The second stage regression uses the fitted values of economic conditions from 

the first stage regression as independent variables to estimate malaria:  

𝑀𝑖 = 𝛿0 + 𝛿1𝐸�𝑖 + 𝛿2𝑃𝑀𝑖 + 𝛿3𝑇𝑖 + 𝛿4𝑇𝑀𝑖 + 𝛿5𝑁𝑉𝑖 + 𝛼𝛿6𝑈𝑖 + 𝜀�̅�                (4-6) 

In the economic model, 𝑀𝑖 is endogenous and it was estimated by instrumental 

variables (𝑃𝑀𝑖 , 𝑇𝑖 , 𝑇𝑀𝑖, 𝑁𝑉𝑖 and 𝑈𝑖), which are exogenous explanatory variables in the 

economic model. The first and second stage regression models are:  

𝑀�𝑖 = 𝜇0 + 𝜇1𝑃𝑀𝑖 + 𝜇2𝑇𝑖 + 𝜇3𝑇𝑀𝑖 + 𝜇4𝑁𝑉𝑖 + 𝜇5𝑈𝑖 + 𝜀𝑖                           (4-7) 

𝐸𝑖 = 𝜏0 + 𝜏1𝑀�𝑖 + 𝜏2𝐸𝐷𝑖 + 𝜏3𝐼𝑉𝑖 + 𝜏4𝐶𝑃𝑖 + 𝜏5𝑁𝑅𝑖 + 𝜏6𝐷𝑖 + 𝜀�̅�                 (4-8) 
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The 2SLS estimation considers the endogenous variables individually for each 

equation and no covariance is estimated between the parameters of the equations, 

while for the 3SLS estimation, it considers the endogeneity simultaneously for both 

equations and uses generalized least squares (GLS) to estimate correlation across the 

equations [197-198]. The 3SLS approach is thus more efficient in obtaining the 

estimates. 

Results 

Figure 4-2a shows the boxplots of lnP for areas with no, unstable and stable P. 

falciparum malaria transmission and the results of the Kruskal-Wallis tests across the 

world and by region. Significantly higher values of lnP in areas with no malaria risk were 

found globally and by regions (Africa+, Americas and CSE Asia),  while the differences 

of lnP values between unstable and stable transmission areas were relatively small 

(Figure 4-2a). Countries with more than nine samples in at least two classes of P. 

falciparum malaria endemicity (no, unstable and stable risk) were further tested and the 

results are shown in Figure 4-3a. Among the 30 countries examined, 20 countries were 

found to have significant differences in lnP among no, unstable and stable risk of 

malaria areas. However, the pattern of the relationships between lnP and malaria 

endemcity showed by those 20 countries were complicated (Figure 4-3a). Four 

countries (China, Iran, Mauritania and Namibia) were found with significantly higher 

values of lnP in areas with no risk and similar lnP values between unstable and stable 

areas; two countries (Chad and Ethiopia) were found to have significantly lower values 

of lnP in stable risk areas and similar lnP between no risk and unstable risk regions; 

three countries (Brazil, Niger and Sudan) were found to have progressively and 

significantly decreasing values of lnP from no risk to stable risk areas; two countries 
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(Algeria and Saudi Arabia) were found with significantly lower lnP values in unstable risk 

areas compared to that of no risk areas and no data available for stable risk areas. 

Furthermore, four countries (Bangladesh, Peru, Philippines and Thailand) showed the 

opposite trend with significantly higher values of lnP in stable transmission areas 

compared to that of unstable and stable areas. The other five countries showed either 

higher (Mali and Papua New Guinea) or lower (Colombia, Indonesia and South Africa) 

values of lnP in unstable risk areas than that of no risk and stable risk areas. Boxplots 

showing the differences in lnP among areas with no, unstable and stable risk of P. 

falciparum malaria by country is presented in Appendix C. 

Figure 4-2c presents the boxplots of lnP among areas with low, intermediate and 

high P. falciparum malaria transmission and results of the Kruskal-Wallis tests globally. 

Significantly higher lnP values were found in low risk areas globally with no significant 

differences between intermediate and high risk areas. The results for the regions were 

not listed here due the lack of samples for intermediate and high transmission in CSE 

Asia and the Americas. Countries with more than seven samples in at least two classes 

within the stable transmission areas (low, intermediate and high risk) were further tested, 

of which 10 countries (out of 20) showed significant differences of lnP values among 

malaria endemicity classes (Figure 4-3b). The trends of the relationship between lnP 

and malaria endemicity classes demonstrated by those countries were unclear. Five 

countries (Central African Republic, Madagascar, Mali, Mozambique and Nigeria) 

showed significantly lower values lnP in high transmission areas compared with that of 

intermediate transmission areas, while the other five countries exhibited the opposite 

pattern, with Cameroon and Tanzania showing significantly lower lnP values in 
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intermediate risk areas compared to that for high risk areas, and Chad, Malawi and 

Indonesia showed lower values in low risk areas compared to that for high risk areas. 

Boxplots showing the differences in lnP among areas with low, intermediate and high 

risk of P. falciparum malaria by country is presented in Appendix C. 

Two NTL based economic indicators (lnG and NLDI) were also utilized to 

investigate the relationship between economic condition and malaria endemicity. The 

results based on lnG are shown in Figure 4-2b, 4-2d and Appendix C. Similar to the 

results based on lnP, significantly higher values of lnG in zero risk areas were found 

globally and by region (Africa+, Americas and CSE Asia) (Figure 4-2b). However, the 

patterns shown by the country samples showed differences (Appendix C). 13 countries 

were found to have significant differences in lnG among no, unstable and stable risk 

areas, of which five countries (Brazil, Colombia, Indonesia, Peru and Venezuela) were 

found to have lower values in stable risk areas, while four countries (Chad, Mali, 

Mauritania and South Africa) were found to have higher values in stable risk areas. 

Within the stable transmission areas, the trend at the global scale was also similar to 

that of the lnP (Figure 4-2d). At country level, only five of the 20 examined countries 

showed significant differences in lnG values among low, intermediate and high risk 

areas (Appendix C). Significantly higher values of lnG in low transmission areas were 

found in four countries (Central African Republic, Democratic Republic of Congo, 

Mozambique and Uganda), while significantly higher values of lnG in high transmission 

areas were found in one country (Senegal). 

The results based on NLDI are shown in Appendix C. Due to the large number of 

missing values in this dataset, many fewer samples were involved in this set of analyses. 
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Significantly higher values of NLDI in stable risk areas compared to that of no and 

unstable risk areas were found globally and regionally. Among the 12 examined the 

countries, significantly lower values of NLDI in no risk areas were found in Brazil, 

Indonesia and Pakistan, and significantly lower values of NLDI in unstable risk areas 

were found in Bangladesh, Colombia and India. Within the stable transmission areas, 

significantly lower values of NLDI in low risk areas were found globally, while no 

significant differences were found by region or in the three identified countries.  

Table 4-1 presents the estimation results of the malaria models (OLS, 2SLS and 

3SLS), suggesting coherent relationships between malaria transmission and economic 

conditions (R2≈0.3).  Most of the coefficient estimates are comparable among OLS, 

2SLS and 3SLS regression models. Economic conditions were found to have a 

significantly negative impact on malaria prevalence, with negative coefficient estimates 

in all models. The coefficient of -0.260 estimated by the 3SLS suggests that a 10% 

increase in per capital economic output would reduce malaria prevalence by 

approximately 0.02 unit. Monthly minimum precipitation (δ=-4.727E-04), average 

temperature (δ=0.003), monthly minimum temperature (δ=0.039), urban (δ=-0.057) and 

NDVI (δ=0.127) were also found to be statistically significant explanatory factors of 

malaria transmission. Such results are consistent with findings in the literature [44, 51, 

199]. 

The estimation results of the economic models are shown in Table 4-2. Negative 

impacts of malaria prevalence on economic conditions were also found to be statistically 

significant. The coefficient value of -0.728 estimated from the 3SLS regression suggests 

if malaria prevalence increased by 0.1 unit, we would expect economic output to decline 
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by approximately 7%. Other explanatory factors, including distance to coast (τ=-2.787E-

04), foreign direct investment (τ=0.077), net capital account (τ=0.023), natural resources 

(τ=0.030) and primary education (τ=0.016) were found to be significantly associated 

with economic conditions and all the estimated coefficients are comparable among 

different models. These results corroborate previous findings [21, 200-201]. 

Discussion 

“Where malaria prospers most, human societies have prospered least” [23]. 

Remaining one of the World’s most serious public health problems, malaria poses not 

only a direct health burden, but also negative social and economic effects on endemic 

countries [202]. The correlation between malaria and poverty has long been 

acknowledged. However, findings from existing studies are not consistent regarding this 

relationship [24, 173, 177, 203] and there is a lack of research examining the linkage 

between economic conditions and malaria over large areas. In this study, a recently 

constructed global map of P. falciparum endemicity, per-grid cell economic output data 

and NTL based economic indices were used to explore the relationship between 

economic conditions and P. falciparum malaria transmission at global and sub-national 

scales. 

Significantly higher values of lnP in malaria free and low risk areas were found 

globally, continentally and in several countries (Figure 4-2a, 4-2c and 4-3). This 

corroborates previous findings that malaria is mainly in poorer areas and those areas 

experience slower economic growth rates [21, 23]. Furthermore, similar patterns of lnG 

values were found at global and regional scales (Figure 4-2b and 4-2d), suggesting a 

robust relationship of low economic conditions with high malaria transmission globally 

and regionally, no matter which way the sub-national economic conditions are 
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measured. The conspicuous concurrence of poverty and malaria in tropical and 

subtropical regions have led to several attempts to examine the effects of malaria on 

economic development [200-201] and  most literature suggests significant negative 

impacts of malaria on economic development, and that malaria can impede economic 

growth in multiple ways [21, 23, 204]. For example, farmers tend to adopt less labor 

intensive crops instead of more profitable ones due to the perceived risk of malaria 

[176]; high infant mortality and fertility rates caused by malaria in poor families may 

lower educational investment in children [205]. Furthermore, poverty is frequently 

considered as a factor sustaining malaria transmission, though evidence is often not 

consistent, with some studies suggesting significant negative associations [163, 199], 

while others find no significant relationship or mixed results [173, 203]. Although the 

causal relationship between poverty and malaria transmission remains tangled, the 

association between them is evident.  

Nevertheless, the patterns of lnP among various P. falciparum malaria 

endemicity classes exhibit substantial heterogeneity at national levels with several 

countries showing the opposite trends (e.g., higher lnP in stable risk areas; lower lnP in 

intermediate transmission areas than high transmission areas). This result can likely be 

explained by the fact that the dynamics of both malaria and economic conditions are 

determined by multiple factors and it is difficult to attribute changes to a single cause. 

As a vector-borne disease, unlike other directly transmitted diseases, malaria parasites 

spend much of their life cycle in Anopheles vectors [3-4]. The transmission of malaria is 

therefore mainly dependent on external environmental factors such as temperature, 

precipitation, vectoral capacity and other ecological conditions [21, 204]. Intensive 
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malaria transmission in poor areas is not necessarily a consequence of poverty and the 

escape from poverty is not principally explained by malaria elimination, but through 

other factors such as economies opening up, improved labor productivity and technical 

revolutions [200].  Another obvious reason is that some of those countries are largely 

covered by inhabitable desert (e.g., Chad) or mountainous areas (e.g., Peru) and 

populations are constrained to the parts of the countries that are most habitable and 

fertile, which coincide with where malaria is. 

The G-Econ database provides economic output data at a resolution of 1 degree 

longitude by 1 degree latitude, which is much finer than most of the economic activity 

indices measured at national levels (e.g., GDP) and enable the integration with other 

gridded environmental datasets [178, 183, 206]. However, the accuracy of the dataset 

varies among countries as economic data are usually sparse in low-income countries 

[178]. To assess potential bias and uncertainties in the G-Econ dataset, two NTL based 

economic datasets were also used to explore the relationship between economic 

conditions and malaria transmission. Similar results were found at global and regional 

scales between the G-Econ dataset and the NTL based GDP dataset, while the patterns 

at country level showed differences, suggesting considerable uncertainties inherent in 

those datasets. The NLDI dataset was generally not comparable due to the large 

number of grid cells with no data. Therefore, future research may need to look at other 

economic measures for more detailed analyses and explore the changes over time. 

Moreover, the econometric models explored only a limited set of covariates for both 

malaria and economic conditions in a single period of time. Other explanatory factors 

(e.g., health care access, intervention coverage and economic policy) and their time 
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series data, if available in future, should be collected to refine the model and decipher 

the dynamics of this relationship in a more comprehensive manner. 

In the past decade, malaria incidence and mortality have been significantly 

reduced by the tremendous expansion in the financing and coverage of malaria 

interventions [1]. However, this trend has slowed down in recent years [207]. There is a 

risk of malaria resurgence due to increasing resistance to antimalarials and insecticides, 

and fatigue of financial aid for malaria interventions [208]. The negative association 

between economic conditions and malaria transmission found globally, regionally and in 

some of the countries suggests that economic development is potentially an effective 

intervention against malaria as wealth is associated with better access to health care, 

improved nutrition status and housing quality [24, 163, 209]. For example, malaria 

elimination in Europe and North America was achieved as a by-product of improved 

socioeconomic conditions [210-211]. Nevertheless, economic development should not 

be a standalone strategy, but rather an essential component of malaria intervention 

strategies [163]. Mutually, the control and elimination of malaria would facilitate 

economic development as malaria poses serious social and economic burdens on 

endemic countries. 
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Table 4-1.  Estimation results of malaria models. Dependent variable: PfPR2-10. 

Independent variables  Parameter estimates (standard error) 
OLS 2SLS 3SLS 

lnP -0.151 (0.012)*** -0.323 (0.015)*** -0.260 (0.014)*** 

Minimum  precipitation  
-4.415E-04 
(1.229E-04)*** 

8.273E-04 
(2.036E-04)*** 

-4.727E-04 
(1.780E-04)*** 

Average temperature 0.005 (0.001)*** 0.005 (0.001)*** 0.003 (0.001)*** 
Minimum temperature 0.026 (0.002)*** 0.053 (0.003)*** 0.039 (0.002)*** 
Urban -0.023 (0.014) -0.006 (0.017) -0.057 (0.014)*** 
NDVI 0.250 (0.035)*** 0.071 (0.042)* 0.127 (0.034)*** 
Constant 0.474 (0.074)*** 1.143 (0.096)*** 1.062 (0.092)*** 
No. observation 1323 1156 1156 
R2 0.322 0.323 0.339 
Adjusted R2 0.319 -- -- 
***=P<0.01, **=P<0.05, *=P<0.1 

 
 

Table 4-2.  Estimation results of economic models. Dependent variable: lnP. 

Independent variables  
Parameter estimates (standard error) 

OLS 2SLS 3SLS 
    PfPR2-10 -0.246 (0.060)*** -0.707 (0.128)*** -0.728 (0.120)*** 

Distance to coast 
-3.390E-04 
(5.50E-05)*** 

-3.816E-04 
(4.510E-05)*** 

-2.787E-04 
(3.630E-05)*** 

Foreign direct invest 0.081 (0.006)*** 0.094 (0.006)*** 0.077 (0.005)*** 
Net capital account 0.026 (0.004)*** 0.012 (0.005)** 0.023 (0.004)*** 
Natural resources 0.032 (0.001)*** 0.029 (0.001)*** 0.030 (0.001)*** 
Primary education 0.019 (0.001)*** 0.019 (0.001)*** 0.016 (0.001)*** 
Constant  4.859 (0.119)*** 5.232 (0.129)*** 5.195 (0.114)*** 
No. observation 1165 1156 1156 
R2 0.735 0.718 0.702 
Adjusted R2 0.734 -- -- 
***=P<0.01, **=P<0.05, *=P<0.1 
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Figure 4-1.  Geographically based and night-time light based economic data. Panel A 

shows the distribution of PPP2005 from the G-Econ dataset at 1×1 degree 
resolution with close-up around east Brazil. Panel B shows the distribution of 
NGDP from the NTL based GDP map at 1×1 km resolution with close-up 
around east Brazil. Panel C shows the distribution of NLDI data at 0.25×0.25 
degree resolution with close-up around east Brazil. 
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Figure 4-2.  Boxplots showing the differences in a) lnP and b) lnG among areas with no 

(N), unstable (U) and stable (S) risk of Plasmodium falciparum malaria 
globally and by region; c) lnP and d) lnG among areas with low (L), 
intermediate (I) and high (H) risk globally. (*) denotes the significant level of 
the test results (**=P<0.05, *=P<0.1). Africa+=Africa, Saudi Arabia and 
Yemen; CSE Asia=Central and South East Asia. 
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Figure 4-3.  Plots showing the lnP differences among areas with a) no, unstable and 

stable, and b) low, intermediate and high risk of Plasmodium falciparum 
malaria by country. (*) denotes the significant level of the test results 
(**=P<0.05, *=P<0.1). In each case, scatter plot of lnP difference between no 
and unstable risk versus difference between unstable risk is shown on the left 
panel, and scatter plot of lnP for no/unstable risk areas versus unstable/stable 
risk areas is shown on the right with one to one  lines overlaid (for countries 
with only two endemic groups). The ISO country abbreviation for country 
name is used on the scatter plots 
(http://www.worldatlas.com/aatlas/ctycodes.htm). 
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CHAPTER 5 
CONCLUSION 

Although increasing levels of malaria prevention and control measures are 

thought to have brought down malaria mortality substantially over the past decade, 

more efforts are required to achieve global malaria control and eradication targets. The 

recent construction of global PfPR and PvPR databases enables the exploration of the 

relationships between malaria transmission and various determinants at global and sub-

national scales for the first time. This study presents initial efforts to integrate various 

global datasets to quantitatively examine the effects of urbanization, armed conflicts and 

economic conditions on malaria transmission at various spatial scales. The documented 

results facilitate an improved understanding of the global epidemiology of malaria 

transmission, providing information to support more accurate malaria risk estimation 

and for designing malaria intervention and control strategies. 

Rapid urbanization in the developing world has and will continue to have a 

profound influence on the malaria landscape. This research demonstrates consistent 

relationships between urban areas and lower P. vivax transmission at large scales 

(globally, regionally, nationally and by dominant vector species), following trends 

observed previously for P. falciparum malaria. Such results indicate that urban 

environment is generally not favorable for malaria vectors and an overall coverage of 

malaria intervention is not necessary in urban areas. However, a substantial level of 

spatial heterogeneity of malaria transmission was found to exist between and within 

cities. Urban malaria has received increasing concerns in developing countries, 

suggesting that targeted malaria intervention is more appropriate in urban areas. 



87 
 

Contrary to many observations from conflict-affected regions, consistently lower 

rates of P. falciparum malaria transmission after armed conflicts were found across 

Africa, in most African countries and in low PfRc regions, as the analyses are set 

against a general background of substantial declines in transmission for many countries 

in the past decade, indicating progress can still be made even during the most difficult 

of circumstances. However, significantly increased malaria transmission during/after 

conflicts was found in areas affected by sudden major conflicts or in countries with 

intermediate to high levels of transmission of malaria, highlighting the need for efforts to 

maintain intervention and healthcare coverage in conflict situations. Also, the priority for 

malaria intervention and funding should be allocated to areas with intensive malaria 

transmission and severe armed conflicts. 

Significantly higher economic output in malaria free and low endemic areas was 

found globally, continentally and in several countries, while a few countries showed the 

opposite patterns. The evident negative association between economic conditions and 

malaria transmission suggests that economic development is potentially an effective 

intervention against malaria. Equally, the control and elimination of malaria may 

facilitate economic development. The inconsistent and intricate relationships between 

malaria transmission and economic conditions at the country level are probably caused 

by the fact that a single variable of economic condition is unable to fully capture the 

socioeconomic status of a grid cell and this variable masks the plausible with-in-cell 

heterogeneity in terms of economic development.  

There are still some limitations in this study and several potential fields for future 

research. First, only an urban map at a single-time point was used to distinguish urban 
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surveys from rural ones. It is likely that some of the surveys were misclassified as urban 

extent changes over time. Future research may look at longitudinal population density 

maps that cover multiple time periods to delineate the dynamics of urban extent. 

Second, the before-after conflict pairs of PfPR values were generated by averaging the 

surveys that were taken before and after the conflicts, respectively. To make these 

values more accurate, population and distance weights can be added to take underling 

population density and distance effects into account. Furthermore, a spatial constraint of 

50km may be problematic as refugees tends to be unstable and PfPR surveys 

undertaken after the conflict may survey a very different population compared to that 

before the conflict. Therefore, bias resulting from such population movement, if data 

available in the future, should be rectified. Third, the econometric models used to 

quantify the relationship between malaria and economic conditions only included a 

limited set of covariates. Other explanatory factors should be collected to refine the 

models. Moreover, spatially lagged variables and spatial error autocorrelation can be 

incorporated to account for the spatial dependence inherently embedded in the geo-

referenced PfPR dataset. 

Finally, it should be recognized that significant heterogeneity in the associations 

between socioeconomic factors and malaria transmission exist at city levels or among 

countries and the causal relationship between them remains unsolved. This study 

presents a first step towards understanding the general picture of such relationships 

and improved allocation of malaria intervention resources worldwide. To further 

understand these patterns and untangle the causation, more epidemiological, 
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parasitological and behavioral analyses of the disease at smaller spatial scales are 

needed.  
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APPENDIX A 
SUPPLEMENTARY TABLES FOR CHAPTER 2 

This document shows the supplementary tables used in chapter 2. 

 

Table A-1.  Results of Wilcoxon Signed Rank tests on PvPR values between GRUMP-UE defined urban (U) and rural(R) 
survey pairs for the dominant Anopheles vectors in Asia-Pacific region 

Dominant Anopheles vector 
species 

 
No. pairs 

U>R U<R U=R  
Z 

 
P-value No. pairs  Rank sum No. pairs Rank sum No. pairs 

An. aconitus 467 56 15006 351 68022 60 -11.163 <0.001*** 
An. annularis 453 57 15184 342 64616 54 -10.722 <0.001*** 
An. balabacensis 18 4 25 6 30 8 -0.255 0.838 
An. barbirostris# 462 53 14200 348 66401 61 -11.239 <0.001*** 
An. culicifacies# 129 18 1467 111 6918 0 -6.407 <0.001*** 
An. dirus# 95 7 428 87 4037 1 -6.805 <0.001*** 
An. farauti# 104 28 1370 76 4090 0 -4.410 <0.001*** 
An. flavirostris 317 41 7583 217 25878 59 -7.645 <0.001*** 
An. fluviatilis# 51 10 315 41 1011 0 -3.262 0.001*** 
An. koliensis 86 25 1003 61 2738 0 -3.735 <0.001*** 
An. lesteri 24 8 127 12 173 4 -0.657 0.527 
An. leucosphyrus & 
An.latens 

149 26 2584 114 7286 9 -4.890 <0.001*** 

An. maculatus group 504 65 19156 378 79190 61 -11.133 <0.001*** 
An. minimus# 91 8 480 82 3615 1 -6.307 <0.001*** 
An. punctulatus# 104 28 1363 76 4097 0 -4.433 <0.001*** 
An. sinensis# 318 56 11525 256 37303 6 -8.082 <0.001*** 
An. stephensi 93 20 1106 69 2899 4 -3.668 <0.001*** 
An. subpictus# 233 43 5692 179 19061 11 -6.977 <0.001*** 
An. sundaicus# 27 4 47 17 184 6 -2.381 0.018** 
(#) denotes that a vector species is now recognized as a species complex. (*) denotes the significant level of the test 
(***=P<0.01, **=P<0.05, *=P<0.1). 
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Table A-2.  Results of Wilcoxon Signed Rank tests on PvPR values between GRUMP-UE defined urban (U) and rural(R) 
survey pairs for the dominant Anopheles vectors in Africa, Europe and the Middle East 

Dominant Anopheles vector 
species 

 
No. pairs 

U>R U<R U=R  
Z 

 
P-value No. pairs  Rank sum No. pairs Rank sum No. pairs 

An. arabiensis 422 32 1360 84 5426 306 -5.601 <0.001*** 
An. funestus 207 20 771 73 3600 114 -5.420 <0.001*** 
An. gambiae 115 1 2 3 8 111 -1.095 0.361 
An. melas 4 0 0 2 3 2 -1.342 0.371 
An. moucheti 20 0 0 2 3 18 -1.342 0.371 
An. nili# 227 11 130 20 366 196 -2.312 0.021** 
An. sacharovi 4 0 0 0 0 4       NA       NA 
An. sergentii 34 6 31 13 159 15 -2.576 0.011** 
An. superpictus 65 22 927 35 726 8 0.798 0.427 
(#) denotes that a vector species is now recognized as a species complex. (*) denotes the significant level of the test 
(***=P<0.01, **=P<0.05, *=P<0.1). 
 
 
 
Table A-3.  Results of Wilcoxon Signed Rank tests on PvPR values between GRUMP-UE defined urban (U) and rural(R) 

survey pairs for the dominant Anopheles vectors in the Americas 
 
Dominant Anopheles vector species 

 
No. pairs 

U>R U<R U=R  
Z 

 
P-value No. pairs  Rank sum No. pairs Rank sum No. pairs 

An. albimanus 21 5 74 13 97 3 -0.501 0.628 
An. albitarsis 28 17 235 7 65 4 2.429 0.016** 
An. aquasalis 2 1 2 1 1 0 0.447 1.000 
An. darlingi 28 19 229 5 71 4 2.257 0.025** 
An. marajoara 24 16 168 4 42 4 2.352 0.020** 
An. nuneztovari 23 16 153 3 37 4 2.334 0.021** 
An. pseudopunctipennis 22 6 95 13 95 3 0 1.000 

(*) denotes the significant level of the test (***=P<0.01, **=P<0.05, *=P<0.1). 
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Table A-4.  Results of Wilcoxon Signed Rank tests on PvPR values between MODIS defined urban (U) and rural(R) 
survey pairs for continents, countries and the World 

 
Region 

 
No. pairs 

U>R U<R U=R  
Z 

 
   P-value No. pairs  Rank sum No. pairs Rank sum No. pairs 

Africa+ 192 11 75 3 30 178 1.412 0.167 
  Ethiopia 7 5 17 1 4 1 1.363 0.208 
  Sudan 146 6 22 1 6 139 1.352 0.205 
  Zambia 35 0 0 0 0 35        NA       NA 
Americas 15 8 60 7 60 0 0 1.000 
  Brazil 8 5 15 3 21 0 -0.420 0.742 
CSE Asia 138 20 1604 95 5066 23 -4.831 <0.001*** 
  Afghanistan 19 6 76 12 95 1 -0.413 0.695 
  Indonesia 94 8 500 72 2740 14 -5.372 <0.001*** 
  India 8 2 3 0 NA 6 1.342 0.371 
  Vietnam 8 3 14 4 14 1 0 1.000 
World 345 39 3378 105 7062 201 -3.674 <0.001*** 
(*) denotes the significant level of the test (***=P<0.01, **=P<0.05, *=P<0.1). 
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APPENDIX B 
SUPPLEMENTARY TABLES FOR CHAPTER 3 

This document shows the supplementary tables used in chapter 3. 

 

Table B-1.  Results of Wilcoxon Signed Rank tests on PfPR values between before (B) 
and after (A) conflict survey pairs across Africa and by country (with conflict 
pairs that occurred during ETa Anomalies excluded) 

 
Region 

 
No. 

pairs 

B>A B<A  
Z 

 
P-value No. 

pairs 
Rank 
sum 

No. 
pairs 

Rank 
sum 

Africa 1996 1352 1305518 577 555967 15.318 <0.001*** 
Burundi 61 48 1767 13 124 5.901 <0.001*** 
DRC 53 13 347 26 433 -0.600 0.552 
Ethiopia 10 7 35 2 10 1.481 0.153 
Côte d'Ivoire 18 12 78 6 93 -0.327 0.759 
Kenya 428 208 42986 195 38420 0.976 0.329 
Malawi 10 0 0 10 55 -2.803 0.006** 
Mozambique 19 19 190 0 0 3.823 <0.001*** 
Nigeria 34 8 140 26 455 -2.693 0.007** 
Somalia 1023 814 402248 197 109318 15.772 <0.001*** 
Sudan 88 76 3287 12 629 5.530 <0.001*** 
Tanzania 81 71 2919 10 402 5.925 <0.001*** 
Uganda 63 30 844 33 1172 -1.123 0.263 
Zambia 41 22 608 18 212 2.661 0.008** 
Zimbabwe 28 4 10 10 95 -2.668 0.008** 
(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
 
 
Table B-2.  Results of Wilcoxon Signed Rank tests on PfPR values between before (B) 

and after (A) conflict survey pairs by conflict type 
 
Event type 

 
No. 

pairs 

B>A B<A  
Z 

 
P-value No. 

pairs 
Rank 
sum 

No. 
pairs 

Rank 
sum 

Battles 810 552 207147 233 101359 8.323 <0.001*** 
Non-violent activities 268 196 26061 69 9185 6.757 <0.001*** 
Riots/Protests 529 316 82334 193 47462 5.252 <0.001*** 
Violence against 
civilians 

852 547 219517 268 113003 7.922 <0.001*** 

(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
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Table B-3.  Results of Wilcoxon Signed Rank tests on PfPR values between before (B) 
and after (A) conflict survey pairs by conflict level (fatalities &length) 

 
Event 
level 

 
No. 

pairs 

B>A B<A  
Z 

 
P-value No. 

pairs 
Rank 
sum 

No. 
pairs 

Rank 
sum 

Fatalities (No. death) 
0 1840 1252 1092240 522 482186 14.136 <0.001*** 

1-10 515 301 74765 198 49989 3.844 <0.001*** 
>10 104 58 2739 43 2412 0.554 0.581 

Length (day) 
1 1787 1173 996262 558 502785 11.863 <0.001*** 
2 342 234 39474 97 15473 6.888 <0.001*** 

3-10 287 175 23195 97 13933 3.566 <0.001*** 
>10 43 29 598 11 222 2.527 0.012** 

(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, *=P<0.1). 
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APPENDIX C 
SUPPLEMENTARY FIGURES FOR CHAPTER 4 

This document shows the supplementary figures used in chapter 4. 
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Figure C-1.  Countries with highest and lowest GDP per capita and Plasmodium 

falciparum malaria endemicity. Panel A shows the wealthiest and poorest 
twenty countries in terms of GDP per capita in 2005 [160]. Panel B shows the 
P. falciparum malaria endemicity class in 2010. Areas were defined as stable 
transmission (PfAPI ≥0.1 per 1,000 pa), unstable transmission (medium grey, 
PfAPI < 0.1 per 1,000 pa) and no risk (light grey, PfAPI = 0 per 1,000 pa). 
Within the stable transmission, areas were further categorized into low (light 
red, PfPR2-10≤ 5%), intermediate (medium red, 5% <PfPR2-10< 40%) and high 
(dark red, PfPR2-10≥40%) risk [44]. 
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Figure C-2.  Boxplots showing the differences in lnP among areas with no (N), unstable 

(U) and stable (S) risk of Plasmodium falciparum malaria by country. (*) 
denotes the significant level of the test results (***=P<0.01, **=P<0.05, 
*=P<0.1).  
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Figure C-3.  Boxplots showing the differences in lnP among areas with low (L), 

intermediate (I) and high (H) risk of Plasmodium falciparum malaria by 
country. (*) denotes the significant level of the test results (***=P<0.01, 
**=P<0.05, *=P<0.1).  
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Figure C-4.  Boxplots showing the differences in lnG among areas with no (N), unstable 

(U) and stable (S) risk of Plasmodium falciparum malaria by country. (*) 
denotes the significant level of the test results (***=P<0.01, **=P<0.05, 
*=P<0.1).  
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Figure C-5.  Boxplots showing the differences in lnG among areas with low (L), 

intermediate (I) and high (H) risk of Plasmodium falciparum malaria by 
country. (*) denotes the significant level of the test results (***=P<0.01, 
**=P<0.05, *=P<0.1).  
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Figure C-6.  Boxplots showing the differences in NLDI among areas with no (N), 

unstable (U) and stable (S) risk of Plasmodium falciparum malaria globally 
and by region. (*) denotes the significant level of the test results (***=P<0.01, 
**=P<0.05, *=P<0.1). Africa+=Africa, Saudi Arabia and Yemen; CSE 
Asia=Central and South East Asia. 
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Figure C-7.  Boxplots showing the differences in NLDI among areas with no (N), 

unstable (U) and stable (S) risk of Plasmodium falciparum malaria by country. 
(*) denotes the significant level of the test results (***=P<0.01, **=P<0.05, 
*=P<0.1). Africa+=Africa, Saudi Arabia and Yemen; CSE Asia=Central and 
South East Asia. 
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Figure C-8.  Boxplots showing the differences in NLDI among areas with low (L), 

intermediate (I) and high (H) risk of Plasmodium falciparum malaria globally, 
by region and by country. (*) denotes the significant level of the test results 
(***=P<0.01, **=P<0.05, *=P<0.1).  
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