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ABSTRACT 

The introduction of artemisinin-based combination therapy (ACT) substantially reduced malaria-

related mortality and morbidity during the past two decade. However, there is limited 

information on ACT effectiveness in routine health care when treatment is not monitored. 

Malaria patients infected by multiple parasite strains have been shown to be high risk of 

treatment failure. Genetically distinct malaria parasites in natural population have an extremely 

high rate of recombination during sexual stage in mosquito gut during zygote formation, 

resulting in gene variations of P. falciparum. Because of this variation, the conformation of anti 

malarial drug targets is altered and then renders the parasite drug resistant which hinders the 

outcome of malaria treatment. Hence, broad understanding of the genetic variations of the 

parasite population can contribute to the definition of control measures including an appropriate 

anti-malarial treatment 

The first section of this PhD study is a prospective study of the clinical and parasitological 

efficacy of artemether-lumefantrine (AL) to directly observed therapy for uncomplicated P. 

falciparum malaria according to WHO revised protocol for malaria drug therapeutic efficacy 

study. Real-time polymerase chain reaction (PCR) and nested PCR reaction methods were used 

to quantify and genotype P. falciparum. Of the 80 study participants enrolled, 75 completed the 

follow-up at day-28 with ACPR. For per protocol (PP) analysis, PCR-uncorrected and -corrected 

cure rate of AL among the study participants was 94.7% (95% CI 87.1–98.5) and 96% (95% CI 

88.8–99.2), respectively. For intention to treat (ITT) analysis, the cure rate was 90% (95% CI 

88.8–99.2). Based on Kaplan–Meier survival estimate, the cumulative incidence of failure rate of 

AL was 3.8% (95% CI 1.3–11.4). Only three participants 3.8% (95% CI 0.8–10.6) of the 80 

enrolled participants were found to be positive on day-3. The day three positive participants were 

followed up to day 28 and did not correspond to treatment failures observed during follow-up. 

Only 7.5% (6/80) of the participants were gametocyte positive on enrollment and 

gametocytaemia was absent on day-2 following treatment with AL. The findings of this study 

advocate for the continuous use of AL as first-line therapy for uncomplicated malaria in 

Ethiopia. However, the threat of spreading or de novo development of artemisinin resistance, 

comprehensive and ‘regular surveillance of ACT partner drugs needs be conducted’ to not only 
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ensure early detection of resistance to P. falciparum but also guarantee informed decisions by 

policy makers on matters of malaria treatment. 

The second section of this PhD study assesses the genetic polymorphism and multiplicity of P. 

falciparum infection from clinical samples using the msp-1 and msp-2 genes. Of 80 qPCR-

positive samples analysed for polymorphisms on msp-1 and msp-2 genes, the efficiency of msp-1 

and msp-2 gene amplification reactions with family-specific primers were 95 %  and 98.8%, 

respectively. Allelic variation of 90% (72/80) for msp-1 and 86.2% (69/80) for msp-2 were 

observed.  K1 was the predominant msp-1 allelic family detected in 20.8% (15/72) of the 

samples followed by MAD20 and RO33. Within msp-2, allelic family FC27 showed a higher 

frequency (26.1%) compared to IC/3D7 (15.9%). Ten different alleles were observed in msp-1 

with 6allelesforK1, 3 alleles for MAD20 and1 allele forRO33. In msp-2, 19 individual alleles 

were detected with 10 alleles for FC27 and 9 alleles for 3D7. Eighty percent (80%) of isolates 

had multiple genotypes and the overall mean multiplicity of infection was 3.2 (95% CI: 2.87- 

3.46). The heterozygosity indices were 0.43 and 0.85 for msp-1 and msp-2, respectively. There 

was no significant association between multiplicity of infection and age or parasite density. 

Thus, this information will serve as a baseline molecular evidence for further research on areas 

having similar malaria epidemiology to make the control and elimination efforts of malaria 

effective. 

The third section of this PhD study is a systematic review and meta-analysis aimed to synthesize 

the available evidence on the efficacy of AL for the management of uncomplicated falciparum 

malaria in Ethiopia. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines were followed. Relevant published studies were searched from the 

databases (PubMed, Google Scholar and Clinical trial registry) on published AL therapeutic 

efficacy studies conducted in Ethiopia from 2004 to 2020. The retrieved studies were assessed 

for quality using the modified Newcastle Ottawa Scale for observational studies and modified 

Jadad scale for interventional studies. Risk of bias was also assessed by using ROBINS-I tool. 

OpenMeta-Analyst software was used for the statistical analysis. The review protocol is 

registered in PROSPERO, number CRD42020201859. Fifteen studies (1523 participants) were 

included in the final analysis. The overall PCR-uncorrected pooled proportion of treatment 

success of artemether-lumefantrine therapy for uncomplicated falciparum malaria was 98.4% 
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(95%CI: 97.6-99.1). A random-effects model was used because of considerable heterogeneity 

(χ
2
=20.48, df(14), P=0.011 and I

2
=31.65). PCR-corrected pooled proportion of treatment success 

of artemether-lumefantrine therapywas 98.7% (95% CI 97.7–99.6).A random-effects model was 

used (χ
2
=7.37, df(6), P=0.287 and I

2
=18.69). Most studies included in the present review 

achieved a rapid reduction of fevers and parasitaemia between D0 and D3 of assessment. 

Adverse events were mostly mild and only two cases were reported as serious, but were not 

directly attributed to the drug. The present meta-analysis suggests that AL therapy is efficacious 

and safe in treating uncomplicated falciparum malaria in Ethiopia. However, owing to the high 

risk of bias in the included studies, strong conclusions cannot be drawn. Further high-quality 

RCTs assessing anti-malarial efficacy and safety should be performed to demonstrates strong 

evidence of changes in parasite sensitivity to AL in Ethiopia. 

In summary, this PhD thesis focused on evaluating the efficacy of AL for the management of 

uncomplicated falciparum malaria in Ethiopia. Also, examined the genetic variation of P. 

falciparum msp-1 and msp-2 genes that can be used to assess intensity of parasite transmission 

and identify potential deficiencies in malaria control programmes, which provides vital 

information to evaluating malaria elimination efforts; strong recommendation from studies such 

as this PhD project, provide quality evidence that can be used to support national malaria control 

decision making for optimal impact in further reducing malaria transmission in the region.  
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Global malaria burden  

Malaria continues to be the most important parasitic disease worldwide, despite a wide 

implementation of control and elimination measures through the international and national 

malaria control programs [1]. In the last two decades an historic progress against malaria has 

made, saving an estimated 7.6 million lives, preventing over 1.5 billion new malaria infections. 

In 2019, World Health Organization (WHO) estimated 229 million malaria cases and 409,000 

deaths, mostly among children under the age of five in 87 malaria-endemic countries. Global 

malaria case incidence and death rates reduced by 29% and 60%, respectively, between 2000 and 

2019, though the incidence and death rates have seen a slowing annual rate of decline in recent 

years. The case incidence (i.e. cases per 1000 population at risk) reduced from 80 in 2000 to 58 

in 2015 and 57 in 2019 globally. Between 2000 and 2015, global malaria case incidence declined 

by 27%, and between 2015 and 2019 it declined by less than 2%, reflecting a slowing of the rate 

of decline since 2015 and the number of cases and deaths worldwide has plateaued, in stark 

contrast to the rapid decline seen over the previous decade [1].  

As in past years, the African Region shouldered more than 90% of the overall disease burden. 

Since 2000, the region has reduced its malaria death toll by 44%, from an estimated 680 000 to 

384 000 annually. However, progress has slowed in recent years, particularly in countries with a 

high burden of the disease [1, 2]. Nearly 99% of all estimated cases reported in the WHO 

African Region were caused by Plasmodium falciparum (Except in horn of Africa), and 

accounted for about 94% of all malaria cases and deaths globally in 2019[1]. Plasmodium vivax, 

the second biggest contributor to disease burden, is the most prevalent species, giving rise to 

cases within 95 countries across the globe, more common in the Americas and Asia & the Pacific 

[3]. However, the four remaining species, Plasmodium ovale curtisi, Plasmodium ovale 

wallikeri, Plasmodium malariae, and the zoonotic parasite, Plasmodium knowlesi, still contribute 

a considerable disease burden, and must not be ignored in the strive towards malaria 

eradication[1,4]. 

Apart from illness and deaths, malaria has paused a profound economic effect [5]. The direct 

costs of malaria prevention and treatment are estimated to be over 12 billion USD per year. 
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However, this figure does not take into account the overall loss of capital a nation experiences as 

a result of illness and death reducing the workforce and, more indirectly, interrupting access to 

education. The ensuing poverty, however, in turn directly impacts public health, as individuals 

and entire nations are less able to afford nutritious food, quality housing, and accessible 

healthcare [5]. 

WHO’s Global technical strategy (GTS) for malaria 2016-2030, endorsed by the World Health 

Assembly in May 2015, and the Roll Back Malaria (RBM) Partnership’s Action and Investment 

to defeat Malaria (AIM) have embraced the goal of a “world free of malaria” and is designed to 

guide and support all malaria-affected countries as they work to reduce and eliminate the human 

suffering caused by the world’s deadliest mosquito-borne disease [1, 2]. The strategy sets 

ambitious targets aimed at dramatically lowering the global malaria burden over a 15-year 

period, with milestones at each five year mark to track progress towards the targets and 

milestones of the GTS (a reduction in malaria case incidence and mortality rate of at least 40% 

by 2020, 75% by 2025 and 90% by 2030 from a 2015 baseline). The GTS is fully aligned with 

Sustainable Development Goals (SDGs); ending malaria is vital for achieving the SDGs beyond 

health, including those related to education, poverty eradication and gender equality [1, 2, 6]. It 

is synergistic. Since 2017, WHO has supported a group of 21 malaria-eliminating countries 

through a special initiative called the “E-2020” [7]. This report charts their progress towards a 

common goal: eliminating malaria within the 2020 timeline. According to this report, eight E-

2020 member countries had successfully reported zero indigenous cases of malaria: Algeria, 

Belize, Cabo Verde, China, El Salvador, the Islamic Republic of Iran, Malaysia and Paraguay. 

However, the achievement of most of the GTS targets is currently off track. Of the 92 countries 

that were malaria endemic globally in 2015, 31 (34%) were estimated to be on track for the GTS 

morbidity milestone for 2020, having achieved 40% or more reduction in case incidence or 

reported zero malaria cases [1]. Analysis of the trends by region shows that the WHO African 

Region is off track for both the malaria morbidity and mortality 2020 GTS milestones, by 37% 

and 25%, respectively. Only Botswana, Cabo Verde, Ethiopia, the Gambia, Ghana, Namibia and 

South Africa are on track to achieve the GTS 2020 target of a 40% reduction in malaria case 

incidence, and Algeria has already been certified malaria free [1]. Botswana, Cabo Verde, 

Eswatini, and Sao Tome and Principe reported zero malaria deaths in 2019 and were projected to 

maintain this in 2020. Ethiopia and Namibia were estimated to have achieved a reduction in 



3 
 

mortality rate of more than 40% [1]. The progression from control to elimination status is 

hindered for many endemic nations due to several parasitological challenges. Firstly, resistance 

to front line antimalarials, including artemisinin and partner drugs, continues to rise [8, 9, 10 ]. 

Secondly, asymptomatic carriers and zoonotic sources create permanent reservoirs of infective 

parasites [11, 12]. Finally, hypnozoites, dormant forms of the parasite, cause relapsing P. vivax 

and P. ovale cases [13, 14]. 

To reignite the pace of progress and to get back on track to meet the GTS milestones, WHO and 

the RBM partnership to end malaria catalysed the “High Burden to High Impact” (HBHI) 

response, launched in 2018. HBHI builds on the principle that no one should die from a disease 

that is preventable and treatable. It is led by 11 countries, ten in sub-Saharan Africa (Burkina 

Faso, Cameroon, Democratic Republic of the Congo, Ghana, Mali, Mozambique, Niger, Nigeria, 

Uganda and United Republic of Tanzania) and India  that, together, accounted for approximately 

70% of the world’s malaria burden in 2017[1]. Over the last two years, HBHI countries have 

implemented activities across four response elements: (i) Political will to reduce malaria deaths; 

(ii) Strategic information to drive impact, (iii) Better guidance, policies and strategies, and (iv)  

A coordinated national malaria response. While it is too early to measure the impact of the HBHI 

approach, the report shows that in the first year: The total number of cases in the 11 HBHI 

countries increased slightly from 155 million in 2018 to 156 million in 2019. Between 2018 and 

2019, cases in India were reduced by 1.2 million and in Mali by 800 000. Over the same time 

frame, there was an increase in cases in Nigeria (2.4 million) and in the Democratic Republic of 

the Congo (1.2 million). Deaths were reduced in the 11 countries from 263 000 in 2018 to 226 

000 in 2019[1].  

The slow progress over the recent years as incidence has plateaued [1] and uneven global 

progress against malaria in recent years can be attributed to a variety of factors including, 

inadequate funding, emergence and spread of drug-resistant parasites and insecticide-resistant 

mosquitoes, suboptimal rapid diagnostic tests (RDTs), lack of universal access to malaria 

prevention and treatment and the lack of a highly effective vaccine, increasing population 

movement, and rising cases in the highest burden countries[1].  

Generally, the future of malaria control is critically impacted by external factors, including 

population growth, migration, poverty, inequity, complex emergencies and climate change, 
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combined with weak health systems and biological threats, such as insecticide and drug 

resistance. Reduction in effective intervention coverage carries a high risk of rebounds and 

epidemics. Investment in core epidemiological and entomological capacity in countries is critical 

to identifying needs and deploying interventions. Acceleration of progress will require 

optimization of strategies and innovations both in delivery of available interventions and in new 

tools and approaches, as well as increased financial investment [1, 6]. 

1.1.1 Malaria burden in Ethiopia 

Ethiopia has made remarkable progress in decreasing the prevalence and burden of malaria 

through public health measures taken in the last two decades [15]. However, malaria remains one 

of the public health problems with a high level of mortality and disability adjusted life years 

(DALYs) [16].  The economic burden of malaria is substantial in Ethiopia, leading 

to catastrophic costs for rural households [17]. The lost productive personnel due to malaria 

illness, school absenteeism, direct and indirect costs are the major economic burdens of malaria 

in Ethiopia [18]. The seasonal transmission of malaria in Ethiopia has complicated the burden of 

malaria because the peak malaria transmission season and the major planting and harvesting 

period coincide. Malaria is also among the diseases that classified as major killers of under five 

children [19]. Accordingly, malaria stands to be one of the top priority programmes in the 

national health and overall socioeconomic development agenda. Malaria prevention, control and 

elimination have been given due attention by the government and its partners. Moreover, the 

country launched a malaria elimination programme, which in turn demonstrated the 

government’s commitment in the fight against the disease [15]. 

In the past five years, mortality and morbidity from malaria has declined dramatically. Between 

2015 and 2019, malaria deaths dropped from 3.6 to 0.3 per 100,000 populations at risk, and 

malaria case incidence dropped from 5.2 million in 2015 to less than 1 million in 2019[20]. In 

2017/18, a malaria elimination program was launched, with activities carried out in 239-targeted 

districts. The country has started a sub-national elimination program to comprehensively 

interrupt local transmission of the disease by 2030[20].  

According to the recent malaria program review (MPR) 2020 report, malaria control initiatives 

have been on track [15, 21]. Between 2016 and 2019 the mortality due to malaria has declined by 

67% from 0.9/100,000 population to 0.3/100,000 population at risk. Similarly, the annual 



5 
 

parasite incidence (API) has declined by 37% from 19/1000 population to 12/1000 population 

between 2016 and 2019. The number of confirmed malaria cases has reduced by 47% between 

2016 and 2019. This reduction is in line with the NMSP target that aims at reducing malaria 

cases by 40% by the end of 2020 from baseline of 2016[15]. Accordingly, Ethiopia achieved the 

2020 GTS milestones of reducing malaria incidence and deaths by 40% compared to 2015. 

However, high-level resistance of malaria vectors to insecticides, sub-optimal usage of 

interventions by target communities, complacency in maintaining the momentum, delay in 

implementing the national case management guidelines, and shortage of complete and timely 

data for evidence-based decision-making are remaining challenges that need close attention [15].  

Following considerable successes in the control of malaria in the last two decades, the Ethiopian 

Health Sector Transformation Plan Two (HSTP-II) aims for a reduction in mortality rate from 

0.3/100,000 population at risk to 0.2 in 2024/2025, and a reduction in incidence of malaria from 

28 per 1,000 population at risk to 8 per 1,000 from a 2019 baseline [20].  

The NMSP’s top priority is building a robust, timely, and effective surveillance and response 

system. Such surveillance system will actively detect and respond to outbreaks, test, treat, and 

track individual cases, and investigate cases or foci with appropriate mitigation actions and 

monitor overall progress in implementation of planned activities. Additionally, the NMSP strives 

for significant malaria burden reductions in high and moderate transmission settings, eliminate 

the disease in low transmission districts and prevent reintroduction of malaria into districts 

reporting zero indigenous malaria cases. The proposed goals from 2021-2025 were reducing 

malaria morbidity and mortality by 50 percent from baseline of 2020 and achieve zero 

indigenous malaria in districts with annual parasite incidence of less than 10 malaria cases and 

prevent reintroduction of malaria in districts reporting zero indigenous malaria cases by 2025. In 

general, this strategy focuses on national malaria elimination programme, addresses the 

recommendations of the 2020 malaria programme review and responds to the major 

implementation gaps identified so far [15]. 

Despite the achievement, unstable malaria transmission patterns with other contributing factors 

such as a large and mobile population, heterogeneous transmission, and the presence of both P. 

falciparum and Plasmodium vivax malaria parasites make an estimated 52% of the population 

are at risk of contracting malaria[15]. Compared to other endemic countries in Sub-Saharan 
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Africa, malaria prevalence in Ethiopia is relatively low, but a few high-burden areas in the 

western lowlands remain a major threat to the elimination efforts in other districts. The 

heterogeneous transmission in Ethiopia is largely due to variation in elevation. Elevations below 

2,000 meters have the highest transmission potential and contain the majority of the population 

[15, 22]. 

1.2 The malaria parasite: Origins and types of human-infective Plasmodium species 

Of the five human Plasmodium species, P. falciparum belongs to subgenus Laverania, whereas 

all the others belong to subgenus Plasmodium [23]. Plasmodium species have remarkable genetic 

flexibility which lets them adapt to alterations in the environment, giving them the potential to 

quickly develop resistance to therapeutics such as antimalarials and to change host specificity. 

The origins of the human-specific Plasmodium species have been the subject of much debate.  

One hypothesis, popular until about 10 years ago, suggested that humans and chimpanzees 

acquired P. falciparum-like infections from their common ancestor and that these parasites had 

coevolved with their respective host species for millions of years [23, 24, 25]. In contrast, P. 

vivax was believed to have emerged in Southeast Asia following the transmission of a macaque 

parasite to humans [23, 24, 25]. However, the discovery of parasites closely related to P. 

falciparum and P. vivax in wild-living chimpanzees (Pan troglodytes), bonobos (Pan paniscus), 

and western gorillas (Gorilla gorilla) has contradicted these theories, indicating that both human 

pathogens emerged much more recently from parasites infecting African apes [23, 26, 27]. 

Although the origins of P. malariae, P. ovale curtisi, and P. ovale wallikeri have not yet been 

fully deciphered, all of these human parasites also have closely related chimpanzee, bonobo, 

and/or gorilla counterparts [23, 28, 29, 30]. Though, many questions remain concerning the 

biology and zoonotic potential of the P. falciparum and P. vivax-like parasites infecting apes, 

comparative genomics, coupled with functional parasite and vector studies, are likely to yield 

new insights into ape Plasmodium transmission and pathogenesis that are relevant to the success 

of malaria control and elimination efforts of human malaria. 

To date, over 250 species of Plasmodium have been formally described, and each species infects 

a certain range of hosts. Plasmodium species that naturally infect humans and cause malaria in 

large areas of the world are limited to five, i.e. P. falciparum, P. vivax, P. malariae, P. ovale and 

P. knowlesi [4, 31].  P. ovale has been identified to exist in dimorphism of classical and variant 
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types i.e., P. ovale curtisi and P. ovale wallikeri respectively.  All of Plasmodium species have 

variable severity and geographical distribution and the relative prevalence of these different 

species in endemic areas has been changing with the ongoing malaria control efforts. 

1.2.1 Plasmodium knowlesi 

Unlike the other species pathogenic to humans, the primary hosts of P. knowlesi are 

the long-tailed and pig-tailed macaques and can also cause severe human malaria if not treated 

early [32]. The majority, if not all, human P. knowlesi infections are thought to arise from an 

Anopheles mosquito first biting an infected macaque and then transmitting parasites to the human 

host. This phenomenon means P. knowlesi infections are geographically restricted by the 

requirement for overlapping human, macaque, and vector populations, resulting in transmission 

being limited to South-east Asia [33]. Practically speaking, this also means that risk factors for 

contracting P. knowlesi include working in and around forested areas, farmlands, and plantations, 

where both macaques and mosquito vectors are present[12, 34]. Importantly, since transmission 

between macaques cannot be curtailed with normal control measures, such as treatment with 

drugs, or using bed-nets, macaques remain a constant source of infection to humans within a 

given region [12]. Therefore, the development of a vaccine may be the only way to prevent P. 

knowlesi infections without also impacting macaque populations. 

A potential reason for the emergence and rise in P. knowlesi infections is continuous 

deforestation, which ultimately brings human and macaque/vector populations into closer contact 

[35]. It has recently been shown to be a significant cause of zoonotic human malaria in that 

region, particularly in Malaysia where it accounts for up to 87% of human malaria cases [36, 

37].The recent increases in cases and their severity may also be indicative of changes in host 

pathogen interactions and the emergence of some human-human transmission [38, 39]. There is 

also evidence that the current increasing risk from P. knowlesi may be partly due to an indirect 

consequence of successfully controlling other human malaria parasites [38, 39]. Recently, P. 

vivax antibodies targeting several erythrocyte invasion antigens demonstrated cross-inhibitory 

action against P. knowlesi parasites in culture. Thus the spread and intensity of P. knowlesi 

infections may be curbed by cross-immunity to P. vivax [38, 39]. 
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1.2.2 Plasmodium malariae 

P. malariae is often reported as a benign malaria parasite [42], distributed over most of the 

malaria endemic area and is the only human malaria species that has a quartian (72 hours) cycle 

[43]. If untreated, P. malariae often causes a long-lasting, chronic infection which often remains 

latent and can in some cases probably last a lifetime. Infections with P. malariae can in 

chronically infected patients cause serious complications such as nephrotic syndrome [44]. In 

Africa mixed infections with P. falciparum and P. ovale are common, and all three species can 

even occur simultaneously. P. malariae preferably invades RBCs older than 100 days making 

parasite densities seldom exceed 1% [42, 44]. 

1.2.3 Plasmodium ovale 

P. ovale is found mostly in Africa (especially West Africa) and on the islands of the western 

Pacific. It is biologically and morphologically very similar to P. vivax. However, and in 

contrast to P. vivax, it can infect individuals who are negative for the Duffy blood group. 

Genetic studies have shown that P. ovale actually comprises two non-recombining species 

that are sympatric in Africa and Asia and these are morphologically identical [45]. Mixed 

infections with P. falciparum are common. Like P. vivax, P. ovale has long been considered 

to have a dormant hypnozoite stage that can persist in the liver and cause relapses, but Richter 

et al. have questioned whether such a stage actually exists for P. ovale [14]. P. ovale also has 

a tertian cycle. Both P. vivax and P. ovale preferably invades young RBC, i.e., reticulocytes, 

which make parasite densities therefore seldom exceed 1%. 

1.2.4 Plasmodium vivax 

P. vivax which is geographically more widespread than P. falciparum and responsible for about 

half of all malariarelated morbidity outside of Africa [14].  P. vivax is found mostly in Asia, 

Latin America, and in some parts of East Africa. It has been believed that P. vivax was virtually 

absent in Africa, because the absence of erythrocyte receptors for P. vivax (Duffy antigen) in 

most African population, tendering protection against the infection [14]. There is however 

growing evidence that the protection conferred to Duffy-negative individuals is not 100% 

effective, and the relative prevalence of P. vivax is increasing across Africa, especially in 

countries at the horn of Africa, such as Ethiopia, Djibouti, Eritrea, Somalia, Sudan and South 

Sudan [14, 46, 47]. This makes it more urgent to understand the true prevalence of P. vivax in 
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Africa to be able to eliminate malaria, especially since P. vivax requires different treatment and 

elimination strategies due to the hypnozoite stage (dormant parasite stage in the liver).  

1.2.5 Plasmodium falciparum 

P. falciparum parasite belongs to the lineage Laverania subgenus and has been suggested 

to be of more recent origin compared to other malaria species due to the low level of 

polymorphism within the P. falciparum genome [29, 30, 48]. However, other researchers have 

found that the P. falciparum parasites co-evolved with its human host [49, 50] and recent 

reports have shown that P. falciparum can infect both monkeys and gorillas [23, 26, 27, 28, 29, 

50]. This may complicate concerns regarding the feasibility to eliminate malaria from areas 

where these reservoirs are maintained.  

The most malignant form of malaria is caused by this species. P falciparum is able to infect 

RBCs of all ages, resulting in high levels of parasitemia because each schizonts can harbor up to 

32 merozoites that are able to infect RBCs of all ages [52]. This enables the infection to become 

hyper parasitemic with parasite densities of more than 5% causing massive lysis of RBCs and 

subsequent anemia, a common cause of severe malaria in children. P. falciparum has a tertian 

(48 hour) cycle even though fever paroxysms generally do not show a distinct periodicity.  

Maturing stages of P. falciparum are expressing cyto-adherent proteins, forming knobs on the 

RBC surface. The P. falciparum Erythrocyte Membrane Protein1 (PfEMP1), encoded by the var 

gene family, plays a major role in cytoadherence [53]. The knobs make the infected cells 

“sticky”, binding uninfected RBCs to their surface forming rosettes [54, 55]. These proteins also 

mediate binding of the infected RBC to the endothelial of the deep vessels, known as 

sequestration. This prevents the infected RBCs from being cleared from the circulation by the 

spleen [56]. The sequestered parasites clog in the vessels hampering the blood circulation. When 

this occurs in the brain it can result in cerebral malaria [57], a complication that stands for a large 

proportion of malaria deaths. Since P. falciparum malaria claims hundreds of thousands lives 

annually in sub-Saharan Africa, and is prevalent in Ethiopia, this PhD thesis focuses on P. 

falciparum hereafter. 
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1.3 Malaria life cycle 

1.3.1 The hidden malarial life cycle 

Recent studies reported that large numbers of malaria parasites hiding in the human spleen where 

they actively multiply in a previously unrecognized life cycle [58, 59]. Until now, it was thought 

that once malaria parasites reached the blood stream, they circulated and multiplied only in the 

blood. However, researchers recently found that in chronic malaria, concentrations of parasites 

were hundreds to thousands of times higher in the spleen than found in the circulating blood and 

indicated that some people with large numbers of parasites hiding in the spleen do not have 

parasites detectable in the blood [58, 59]. Kho et al. [58] examined spleens from people in Papua, 

Indonesia, undergoing spleen removal following road accidents. This study found that the 

patients generally had no symptoms of malaria before the accident, but 95 percent of patients had 

large numbers of live parasites hiding in the spleen and suggested the importance of redefining 

the malaria life-cycle.  

Accumulation of parasites in the spleen was found with both major Plasmodium species causing 

malaria, but was particularly apparent in P. vivax, where over 98 percent of all the parasites in 

the body were hiding in the spleen [59]. The study also found that the human spleen traps large 

numbers of young red blood cells, called reticulocytes, which are the only type of red cell that P. 

vivax can infect. This makes the spleen a highly favorable location in which the vivax malaria 

parasites can multiply. While the spleen does filter out and destroy some parasites, the researcher 

now show it also provides a shelter for long-term persistence of parasites. These findings 

emphasized that persistent infection of the spleen has major clinical and public health 

implications, including a significant contribution to anemia [58]. This is another factor limiting 

the success of malaria elimination programs relying on mass testing of blood and only treating 

those with detectable infection. 

1.3.2 The Plasmodium falciparum life cycle 

Malaria parasites pose a challenge to vaccine production because of the different 

stages of its life cycle which involves two hosts [60, 61]. The primary host of malaria is the 

female Anopheles mosquitoes and the secondary host the human being, all Plasmodium species 

shares a similar life cycle. The size and genetic complexity of the parasite mean that each 

infection presents thousands of antigens (proteins) to the human immune system. The parasite 
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also changes through several life stages even while in the human host, presenting different 

antigens at different stages of its life cycle [31, 61]. Understanding which of these can be a 

useful target for vaccine development has been complicated. In addition, the parasite has 

developed a series of strategies that allow it to confuse, hide, and misdirect the human immune 

system [62].  

The complex life cycle of the Plasmodium parasite begins when a female Anopheles mosquito 

injects parasites in the form of sporozoites into the dermis of a vertebrate host [Figure 1]. 

Sporozoites travel through the blood stream to the liver, where they multiply asexually to form 

liver schizonts. In some species, a small fraction of the parasites remains dormant in the liver as 

hypnozoites. Once mature, liver schizonts release merozoites back into the blood stream. The 

merozoites infect red blood cells (RBCs), mature into ring stage parasites, progress 

to trophozoites and eventually become blood schizonts that release new merozoites into the 

blood. This asexual multiplication of blood stage parasites, also referred to as the intra-

erythrocytic developmental cycle, leads to 10 to 30-fold increase in parasite numbers every 24-

72 h (every 24h (P. knowlesi), 48h (P. falciparum, P. ovale, P. vivax) or 72h (P. malariae) 

hours.), and is responsible for all clinical symptoms[31, 60]. A small number of these asexual 

parasites differentiate into male and female gametocytes, the sexual forms of Plasmodium, which 

are taken up by a mosquito during a blood meal. The gametocytes are activated once exposed to 

the specific environment of the mosquito midgut lumen, and the male and the female 

gametocytes differentiate to produce microgametes and macrogametes, respectively. The 

microgamete fertilises the macrogamete to produce a zygote, the only developmental stage of the 

parasite that has a diploid genome [60]. Genetic crossing experiments with gametocytes of two 

clones of P. falciparum with different allelic variants demonstrated that recombination can occur 

in zygotes. Soon the zygote undergoes meiosis and differentiates into a motile form, the ookinete 

that now contains four haploid genomes in its nucleus. The ookinete penetrates the wall of the 

mosquito midgut and forms an oocyst on the outer side. In the oocyst, several rounds of mitosis 

take place, and numerous sporozoites are produced by sporogony. When the oocyst matures, it 

ruptures, and sporozoites released into the haemolymph migrate to the salivary glands, where 

they acquire the ability to infect human cells when released into the body of a vertebrate host 

during a blood meal. Human-infecting Plasmodium species complete this second part of the life 

cycle (gametocytes to sporozoites ready to infect the next person) in around 10-18 days [31, 60]. 
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Figure 1. Life cycle of P. falciparum (Source: White et al. [31]) 

1.2 Malaria transmission and endemicity 

The epidemiology of malaria is dependent on the environmental tropism, breeding activity and 

biting habits of its Anopheles vectors [63]. Several physiological, behavioral, and ecological 

characteristics determine how effective various Anopheles species are as vectors of malaria [63]. 

Besides, more than 45 species of Anopheles species have been identified worldwide as being 

capable of transmitting malaria to humans and only three, Anopheles gambiae, Anopheles 

arabiensis and Anopheles funestus are responsible for majority of the transmission [62, 63].  

Depending on geographical location, some species are more prevalent and efficient vectors than 

others [63, 64]. In sub-Saharan Africa, the Anopheles gambiae and Anopheles funestus are the 

most dominant vectors [64, 65]. Each species may have differing breeding requirements, life 

spans, feeding habits, and vulnerability to environmental stressors or insecticides [63, 64, 65]. In 

contrast to the endemic African mosquitoes, the Asian malaria vector Anopheles stephensi is one 

of the few anopheline species found in central urban locations [66].The mosquito vectors 

classified based on their preference to feed on human (anthropophily) versus animals (zoophily), 

when they prefer to feed (night vs day), and whether they feed and rest more indoors or outdoors. 
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The female mosquito bites humans to get proteins from the blood, which are required for egg 

production [64, 65]. 

External factors playing important roles in the vector’s transmission potential include: 

(a).Rainfall patterns and optimal ambient mean temperatures of about 26°C (minimum 17°C and 

maximum 35°C) that allows the parasite to develop inside the mosquito and be transmitted[67] 

(b).Presence of swampy areas where the mosquito can mate and complete all their four stages in 

the lifecycle, i.e. egg, larva, pupa and imago; and (c).Survival of mosquito for more than 10-21 

days for the parasite to complete its cycle inside it. All these factors are essential to take into 

account in vector control interventions. However, there are cases, albeit rare, where transmission 

is independent of the mosquito vector, such as from pregnant mother to foetus/child (vertical 

transmission) or through transfusion of infected blood to an infection-free person or through 

contaminated syringes among intravenous drug users [68, 69]. Taken together, these factors 

explain why malaria endemicity can vary so widely within relatively small geographic areas. The 

long lifespan and strong human-biting habit of the African vector species is the main reason why 

approximately 90% of the world's malaria cases are in Africa [70]. 

The clinical epidemiology of P. falciparum malaria in any human population is the product of a 

complex interplay between the factors of age, acquired immunity and the level of endemicity of 

P. falciparum infection in the area where a population resides [71, 72, 73]. Individuals in 

endemic areas of P. falciparum transmission gained acquired immunity to the infection slowly 

over long period of time, probably years but such immunity may never result in sterile immunity. 

This means that an individual having acquired immunity to malaria can lose it depending on his 

exposure to the infection in endemic setting. It is however the belief of many that artificial 

immunity in the form of a vaccine may be an antidote to these challenges of acquired immunity 

but Polymorphism of the surface molecules of infected RBCs is thwarting the effort of 

developing an effective vaccine [73]. In areas of high transmission, immunity develops in an 

age-dependent manner where children under five years of age are at highest risk of disease, and 

clinical manifestations among adults are rare; while in areas of low/unstable transmission, 

immunity is not acquired and therefore all age groups are at risk. Individuals living in malaria-

endemic setting develop premunition against malaria. Premunition is partial (non-sterile) 

immunity that a person develops when living in malaria-endemic region after exposure to 
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malaria infections and asymptomatic parasitemia is common in adults living in endemic regions 

[71]. In children older than 5 years of age, premunition protects against severe malaria. With 

continued exposure as the children become adults, it protects them against clinical disease and 

they become asymptomatic reservoirs of the parasite [72]. These asymptomatic reservoirs are 

very important in pre-elimination and elimination setting, as they pose a challenge in clearing the 

last source of local transmission. This immunity however develops slowly, may take 15–20 years 

of exposure with at least 5 infective bites per year, and it rapidly declines when an individual is 

no longer exposed to infections. After a period as short as one year of no exposure, an individual 

may no longer be protected by premonition [72, 73, 74]. 

Malaria endemicity classification can be done using various measures such as parasite rate 

(proportion of persons with laboratory-confirmed malaria infection), or spleen rate (the 

prevalence of enlarged spleen) or entomological inoculation rate (EIR) (number of infective 

mosquito bites per person per year). In most malaria-endemic countries, data collection and 

management are suboptimal due to deficiencies in health systems, making it rather difficult to 

classify endemicity in these regions correctly [75]. Traditionally, depending on parasite rate or 

spleen rate prevalence, classification can be in the following groups: Hyperendemic regions 

where transmission is high and parasite rate/spleen rate is >50% for P. falciparum among 

children 2-9 years old. In holoendemic regions parasite rates/spleen rate in this age group are 

>75%. In these regions, almost all individuals get infected during early childhood and infancy, 

and premunition is high. Mesoendemic regions where transmission is considered moderate, 

parasite rate/spleen rate is 11–50% for P. falciparum among children 2-9 years old. Age groups 

with the highest prevalence in these regions are children and adolescents [76]. Hypoendemic 

regions where transmission is considered low, parasite rate is ≤10% for P. falciparum among 

children 2-9 years old. In this region, premunition is low, and the prevalence of malaria infection 

and disease does not vary among age groups [76]. 

EIR on the other hand, measures the risk of infection over a transmission season depending on 

the number of infectious bites an individual is exposed to. It is a useful parameter when assessing 

interventions that focus on reducing human-vector contact. Using EIR, endemic areas can be 

classified as stable or unstable transmission regions [77]. In stable transmission regions, the case 

incidence of infections is rather steady from year to year unless there is an effective intervention 
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or unusual changes in the environment that alter the prevalence. It correlates with ongoing 

human exposure to bites of infectious mosquito throughout the year and subsequently higher 

morbidity and mortality. The EIR can be as high as 1000 infective bites per person per year in 

very high transmission setting and the individual who survive the exposure, develop premunition 

immunity. These are considered hyper- and holo- endemic regions (high transmission) which is 

more common in sub-Saharan Africa [77].  

In unstable transmission regions, there are considerable differences in case incidence patterns 

from year to year and the EIR can be <5 or even <1 infective bite per person per year. In unstable 

transmission regions, the population has very low immunity and are vulnerable to epidemics. It is 

crucial, therefore to prevent case reintroductions in areas there is very little or no malaria. These 

are considered hypo- and meso- endemic regions (low transmission), this is common in tropical 

Southeast Asia, Central Asia and Latin America [77]. Malaria epidemics can occur with 

devastating consequences. 

In Ethiopia, the diverse ecology of the country supports a wide range of transmission intensities, 

ranging from low-hypo-endemic transmission in the highland fringe areas and semi-arid regions 

to high endemic perennial transmission in the low land regions and valley floors. Generally, 

malaria transmission in Ethiopia occurs in areas located at altitudes below 2,000m above sea 

level, which is the target area for antimalarial interventions. However, some studies indicated 

that malaria infection was detected in areas beyond this cut-off [78, 79]. Ecological modification 

for agricultural activities like extensive deforestation in higher altitudes of Ethiopia in the last 

three decades [80] which is complexed with anomalous weather conditions that might have 

favored occasional malaria transmission. An estimated 52% of the population is at risk of 

malaria infection. Altitude, climate, and proximity of settlement villages to bodies of water such 

as streams and rivers are the most important determinants of malaria transmission risk [81]. In 

most parts of the country, transmission is seasonal, major transmission being from September to 

mid-December, following the main rainy season (June-August), and minor transmission season 

during March-May. As a result, malaria transmission pattern in Ethiopia is seasonal and unstable 

[82] often characterized by highly focal and large-scale cyclic epidemics [83, 84].Transmission 

of malaria in highland fringe and semi-arid areas of the country is found to be sharply decreasing 

over recent years, which is believed that the scale of interventions made in the country since 
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2005 has attributed for the decrease observed over the decade. Despite the reduction in overall 

incidence of malaria, malaria transmission has expanded to highland areas due to recent 

temperature warming in these highlands. An increase in the daily minimum temperature of 0.4°C 

per decade has been recorded in the highlands of Ethiopia [85]. 

Federal Ministry of Health (FMOH) updated the country’s malaria risk strata based upon malaria 

annual parasite incidence (API) per 1,000 population (per the WHO recommendation) plus 

altitude and expert opinions, new malaria stratification developed. In addition, estimation of 

population at risk of malaria has done using elevation as a parameter. Accordingly, a total of 

20,831 Kebeles and 154,000 enumeration areas (EAs) used for this purpose. The current 

stratification that assumed the level of malaria burden into account ensures suitability for 

different strategic objectives and will guide implementation of appropriate interventions across 

different strata. A malaria risk map from this analysis is showing areas with malaria transmission 

risk by API classified as High (≥50 cases/1,000 population/year), moderate (≥10 &<50), Low 

(>5 &<10), very low (>0 &<=5), and Malaria-Free (~0). Areas with the highest malaria 

transmission risk as stratified by district API appear to be largely in the lowlands and midlands 

of the western border with South Sudan and Sudan. Many densely populated highland areas were 

newly classified as malaria-free (API=0), including the capital city of Addis Ababa. Based on the 

current stratification, the proportion of the population at risk of malaria is about 52.1% percent 

with 68 (4.8%) districts having year-round high transmission [15]. 

1.4 Host- malaria parasite interaction 

Host-parasite interactions are the main forces driving the evolution of both malaria parasites and 

their hosts [86]. Genome Polymorphism and gene function have co-evolved shaping the current 

genomes of malaria parasites and their hosts. Application of antimalarial drugs, deployment of 

vaccines, modulation of host immunity, and the development in mosquito vector control 

measures all have the potential to alter parasite populations including genome Polymorphism and 

virulence [86]. Proper monitoring of parasite populations in the context of drug, vaccine, and 

vector control programs is necessary to minimize unintended negative impacts on parasite 

population dynamics and disease severity [86]. 

Malaria parasites trigger an immune response the moment when they enter a host. To survive in 

this hostile environment, the parasite displays a range of strategies to evade host killing 
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mechanisms, including variations in antigen epitopes targeted by host immune machinery and 

interference or suppression of specific arms of the host immune response [86]. One of the 

consequences of these host-parasite interactions is increased genetic Polymorphism at genes 

encoding proteins under host immune selection [Figure 2A], leading to genetic signatures of 

diversifying selection in the parasite genome. Some highly polymorphic genes include those 

encoding proteins such as the apical membrane antigen 1 (AMA1), merozoite surface protein 1 

and 2 (MSP1 and MSP2) along with the glutamate-rich protein (GLURP) and circumsporozoite 

protein (CSP). These highly polymorphic genes as well as genome-wide polymorphisms such as 

single nucleotide polymorphisms (SNPs) and microsatellites (MSs) have been used for 

genotyping parasite strains, tracking parasite migration and disease outbreak, studying parasite 

molecular evolution, and evaluating host immune response and vaccine efficacy and/or 

determining the impact and progress of malaria intervention [86]. In addition to highly 

polymorphic antigen genes, there are many polymorphic gene families in the P. falciparum 

genomes such as the var genes, Plasmodium interspersed repeat (pir) multi-gene family, which 

include repetitive interspersed (ri) and subtelomeric variant open reading frame (stevor) [86]. 

Indeed, large multigene families are present in many Apicomplexa parasites [86]. These gene 

families evolve at high rates and play critical roles in antigenic variation and immune evasion. 

The var genes encode P. falciparum erythrocyte membrane protein 1 (PfEMP1) proteins [86]. 

Switches in expression among an estimated 60 var genes in every single parasite have been 

shown to correlate with variation in antigenic determinants that bind to different host receptors 

such as ICAM-1, CD36, EPCR, and other receptors. The binding of PfEMP1 proteins to host 

receptors is responsible for cytoadherence of infected erythrocytes (iRBCs) and the 

pathogenicity of severe malaria, particularly cerebral malaria [86]. The P. falciparum parasite 

evades host immunity via mutually exclusive expression (e.g., only one PfEMP1 is expressed on 

the surface of an iRBC at a time) of the highly diverse var family representing an almost 

unlimited gene pool at the parasite population level [86].  

Whereas host immunity is one of the major factors driving parasite evolution, malaria parasites 

and many other pathogens also have tremendous impacts on the adaption and evolution of their 

hosts [86]. A protective effect against malaria infection has been associated with genetic 

disorders involving the RBC, such as cytoskeleton disorders, surface antigen gene mutations, 

enzymatic machinery deficiencies, or hemoglobin alterations [86].  Genetic factors like RBC 
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polymorphism causing sickle-cell trait (carriers of Hb-S) and thalassemia have proven to have 

protective effect against P. falciparum malaria. Also glucose-6-phosfate dehydrogenase (G6PD) 

deficiency and Duffy blood group negativity have proven to have a protective effect against P. 

falciparum and P. vivax infection, respectively. These factors are primarily present in areas 

endemic for malaria. Malaria selection has played a major role in the distribution of all these 

polymorphisms [87, 88, 89]. On the contrary, patients who are homozygous for the sickle gene 

are more vulnerable to severe outcomes since malaria complicates the sickle cell anaemia [90]. 

A partially protective vaccine may selectively remove a specific parasite strain from the 

population [Figure 2B] [86]. Malaria parasite populations in endemic regions consist of a large 

number of strains that express different alleles of vaccine target proteins. Due to technical 

limitation, malaria vaccines are usually designed based on sequences from one to a limited 

number of alleles of a vaccine target. It is has been shown that anti-malaria immunity is mostly 

strain-specific [86], and a vaccine based on a limited number of alleles of a target may select for 

parasite populations with alternative alleles. Indeed, vaccination with pneumococcal conjugate 

vaccines (PCVs) changed the pneumococcal populations in children, resulting in statistically 

significant shift from vaccine-type population to non-vaccine type populations [86]. Similarly, 

using the rodent malaria model P. chabaudi and recombinant AMA-1 antigen, it was shown that 

mono-allelic immunization increased the frequency of heterologous clones in mixed clone 

infections [86]. Moreover, analysis of parasite genotypes collected from the RTS, S phase III 

trial showed that the RTS, S vaccine had greater activity against malaria parasites with the 

matched PfCSP allele than against those with mismatched alleles [86, 92]. Therefore, 

vaccination with an allele of the target antigen will likely change target allele proportion in 

parasite populations, and large-scale vaccination may lead to vaccine mediated depletion of 

specific alleles targeted by the vaccine [Figure 2B]. The impacts of this type of selection on 

parasite populations, including the possibility of selecting more virulent parasite strains, remain 

largely unknown and required further investigations [86]. Interestingly, a vaccine may also alter 

parasite expression of variant antigen genes. Vaccination of 10 African volunteers with the 

PfSPZ vaccine showed parasites from individuals with intermediate antibody levels expressed 

only few var gene variants, whereas those with low antibody levels expressed a broad spectrum 

of multiple, predominantly subtelomeric var genes coding PfEMP1 binding to endothelial 

protein C receptor (EPCR) that is associated with severe childhood malaria [93]. Therefore, 
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vaccination certainly can impact parasite population dynamics, genetic Polymorphism, and 

possibly virulence. RTS, S/AS01 (RTS, S) is the first and, to date, the only P. falciparum vaccine 

to reach the stage of an ongoing large-scale post-licensure pilot implementation programme in 

Ghana, Kenya, and Malawi, where the vaccine has been administered to hundreds of thousands 

of young children. Among children who received 4 doses in large-scale clinical trials, the 

vaccine gives a 35.9% protection even with multiple booster doses [70, 86]. This has mostly 

been attributed to the genetic Polymorphism of the parasite, which also affects drug efficacy [94, 

95, 96]. Therefore, it is important to determine the genetic Polymorphism of antigens that are 

vaccine targets in different transmission settings to assist the development of effective malaria 

vaccines and monitor current interventions [94, 95, 96].  Besides, knowledge of the genetic 

structure of malaria parasites is also essential to predict what important phenotypes in relation to 

the novel antigenic variants or drug resistant strains originated and spread in the population [96]. 

In addition to host immune response, antimalarial drugs have played a significant role in shaping 

parasite populations. Drug treatment will reduce population Polymorphism by removing the drug 

sensitive parasites and selecting for one or a few drug resistant parasite clones that may then 

spread to many endemic regions, leading drug selective sweeps. Some examples of drug 

selective sweep include mutations in P. falciparum chloroquine resistance transporter (PfCRT) 

and in dihydrofolate reductase-thymidylate synthase and dihydropteroate synthase (PfDHFR-TS 

and PfDHPS) conferring resistances to chloroquine (CQ) and pyrimethamine/sulfadoxine (PS), 

respectively [86, 97]. Under drug pressure, a small number of parasites with resistant mutations 

will survive, whereas parasites without the mutations are killed by the drugs. With large-scale 

drug use, parasites with resistant mutations will spread, replacing parasites sensit ive to the drugs. 

Indeed, worldwide CQ and PS selective sweeps have been reported [86, 97, 99], which can 

greatly reduce population Polymorphism in many endemic areas generating population 

bottlenecks. Drug selective sweeps are important factors in shaping the current worldwide 

parasite populations and may have contributed to Malaria’s Eve hypothesis debate [101]. The 

sweeps of parasites derived from one or a few mutants conferring resistance to a drug will result 

in a relatively homogeneous parasite population [Figure 2C], as was seen in the Brazilian 

Amazon after wide spread use of CQ [99]. A relatively homogeneous parasite population may be 

advantageous for vaccine development [86]. 
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Parasites passing through mosquitoes may generate new progeny through genetic recombination 

and chromosomal re-assortment, reset gene expression profile particularly those related to 

parasite survival, and select for clones that are better adapted to specific mosquito species [ 

Figure 2D]. Mosquito vectors can shape parasite populations in many ways. First, genetic 

changes such as chromosome re-assortment and crossover will occur inside a mosquito and 

generate new parasite strains if a patient is infected with two or more variant strains, which will 

increase parasite population Polymorphism. A high multiplicity of infection is frequently 

observed in patients in regions with high transmission intensity [86, 101]. The genotyping 

of Plasmodium falciparum parasites has been shown to be a useful tool for exploring genetic 

Polymorphism (i.e., the complexity and size of the parasite populations) and multiplicity of 

infection (MOI), i.e., the number of clones per sample, which is generally considered to be 

strongly correlated with transmission intensity [102, 103, 104, 105]. Indeed, parasite genetic 

Polymorphism and MOI are high in areas with high rates of malaria transmission, whereas they 

tend to be markedly lower in regions implementing effective malaria control strategies [104, 

106]. Second, parasite transmission through mosquitoes can also re-program gene expression 

profiles. For example, changes in composition and frequency of var gene transcripts were 

observed between cultured P. falciparum parasites used to infect mosquitoes and the parasites 

recovered from infected volunteers after mosquito bites, suggesting re-programing var gene 

expression profile [107].  
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Figure 2. Potential impacts of host-parasite interactions and human intervention measures on 

parasite populations and evolution (Sourec: Su XZ et al. [86]) 

1.5 Clinical manifestations of malaria 

Malaria infection presents with fever, as a constitutional symptom that could also be present in 

other viral or bacterial infections. Depending on the severity of the disease, malaria infection can 

be classified as uncomplicated or severe malaria. Uncomplicated malaria is more common 

during the early stage of the disease, and in individuals who have premunition. Features of 

uncomplicated malaria include fever, headache, cough, generalized body weakness, nausea and 

vomiting, muscle pain, enlarged spleen, and mild anaemia. Severe malaria can develop rapidly 

from uncomplicated malaria if not treated especially in pregnant women, malnourished children, 

elderly with co-morbidities, individuals without spleen or whose spleen has compromised 

function and immunocompromised individuals [108]. The tendency to develop severe malaria in 

P. falciparum is contributed by the promiscuous nature of the merozoites when it comes to 

infecting RBCs. Daughter merozoites can infect both young and matured RBCs during asexual 

replication, and the high number of merozoites per schizonts (up to 32) enables the infection to 

become rapidly hyperparasitaemic[31]. Clinical features of severe falciparum malaria include 

hyperparasitaemia (>10% of RBCs irrespective of endemicity) severe anaemia (haemoglobin <5 

g/dL or haematocrit <15% mostly in young children), hypoglycaemia (blood glucose <2.2 mM 

(<40 mg/dL), altered consciousness that range from seizures to unarousable coma, respiratory 
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distress, metabolic acidosis (plasma bicarbonate <15mmol/L), acute kidney injury, pulmonary 

oedema, and jaundice [31, 109].. 

1.6 Diagnosis Plasmodium falciparum malaria 

Malaria case management and treatment outcomes depend on timely accurate diagnosis and 

receiving efficacious medication. Clinical diagnosis of malaria in endemic setting is traditionally 

based on fever or history of fever in the past 24 hours. With the declining prevalence of malaria 

globally, availability of improved and affordable diagnostic tools and threats of drug resistance 

development, WHO recommends that all suspected cases of malaria require laboratory 

confirmation before treatment [109]. This is due to the low specificity of clinical diagnosis that 

leads to unnecessary prescription of antimalarial drugs and missing other causes of febrile 

illness. WHO recommends antimalarial drugs to be given only to patients with laboratory-

confirmed malaria [109]. There are different tools used in malaria diagnosis with respective 

advantages and limitations depending on the setting. 

1.6.1 Light microscopy 

Light microscopy remains the gold standard of malaria diagnosis and follow-up to assessment of 

treatment outcome [109, 110]. It involves visually inspecting Giemsa stained parasites through a 

microscope at 1000X magnification. Giemsa solution is the classical stain used in malaria 

microscopy. Peripheral blood, generally from a finger-prick, is collected on a glass slide as a thin 

or thick smear. The thin smear is fixed with alcohol before staining to maintain the integrity of 

RBC, which allows identifying of parasite species inside the RBC by comparing their different 

morphologies. In the thick smear, RBCs undergo haemolysis, and the ring-stage parasites are 

free for easy counting against WBCs. Parasite quantification from thick smear is done by 

counting against 500 or 200 WBCs. Each μL of blood is estimated to contain 8000 WBCs, 

meaning when the number of parasites counted per 500 or 200 WBC is multiplied by a factor of 

16 or 40 respectively, one gets the parasite density per μL of blood [110]. This is expressed 

mathematically as: (parasites counted/number of WBC counted) x 8000 = p/μL blood An 

alternative method to quantify parasites in microscopy is by estimating the percentage of infected 

RBCs in a thin blood smear and density is reported as percent of the RBCs that are infected[111].  

Advantages of microscopy include its low cost per test, ability to quantify parasites especially 

during diagnosis and follow-up when evaluating the effect of treatment in reducing parasite 
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density and efficacy outcome of treatment. It is a well-established method that is useful even in a 

limited resource setting without electricity. In a tropical setting, it is possible to detect other 

blood borne parasitic infections and with experienced technician may be able to determined 

anaemia or neutrophilia. However, its performance is highly dependent on the technician; it is 

labour-intensive, can take up to one hour to complete, and the multiple steps from smear 

collection, fixing, staining and storage can lead to variable results[110]. In a field setting, the 

limit of parasite detection is 50-100 p/μL, meanwhile with expert microscopist in an optimal 

setting the limit can be as low as 5-10 p/μL [112, 113]. 

1.6.2 Rapid diagnostic test (mRDT) 

The malaria rapid diagnostic test (mRDT) is a field-friendly diagnostic tool that has had a 

significant contribution to improved case management and reducing malaria morbidity and 

mortality in sub-Saharan Africa since its introduction [113]. mRDTs are based on immuno-

chromatographic detection of parasite antigens from peripheral blood of a febrile individual 

[112].   

They are mainstay of routine malaria diagnosis in Africa, since it takes between 15 and 25 

minutes to get results depending on the type of mRDT, and has very few steps, that can be done 

even by community healthcare workers with minimal training. WHO recommendations of 

widescale use of mRDTs has led to subsidised costs and easy access of mRDT at health care 

centres [110, 111]. Moreover, mRDT can be a valuable source of parasite DNA for molecular 

analysis [114]. 

Disadvantages of mRDT include; inability to quantify parasites, inability to distinguish between 

sexual and asexual parasites and they are not suitable for follow-up of treatment outcome since 

they remain positive up to 35 days after treatment[115]. Three types of antigens have been 

employed in this method, Plasmodium histidine-rich protein (HRP) 2 (pHRP-2), Plasmodium 

lactate dehydrogenase (pLDH) and Plasmodium aldolase. pHRP-2 is specific to P. falciparum, 

while pLDH and Plasmodium aldolase are found in all species [116]. More than 90% of 

commercially available RDTs target pHRP-2 [117].  False negatives are becoming more 

common due to parasites with pHRP-2 gene deletion and prozone phenomenon in patients with 

high parasitemia or antigen overload as it indirectly detects the presence of antigen [117]. The 

limit of detection for mRDT depending on the antigen detected is estimated to be comparable to 
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microscopy between 50-200p/μL. However, ultrasensitive mRDTs that have a detection limit up 

to 10 fold lower than current mRDTs are available, and are being explored for sensitivity and 

potential deployment for routine patient care in malaria endemic countries [118, 119, 120]. 

Globally, 2.7 billion rapid diagnostic tests (RDTs) for malaria were sold by manufacturers in 

2010-2019, with nearly 80% of these sales being to sub-Saharan African countries. In the same 

period, national malaria programmes (NMPs) distributed 1.9 billion RDTs - 84% in sub-Saharan 

Africa. In 2019, 348 million RDTs were sold by manufacturers and 267 million distributed by 

NMPs. RDT sales and distributions in 2019 were lower than those reported in 2018, by 63 

million and 24 million, respectively, with most decreases being in sub-Saharan Africa[1]. 

1.6.3 Nucleic acid amplification-based tests  

These are molecular methods for malaria diagnosis, and currently they are not used in endemic 

setting as part of routine diagnosis [121, 122]. However, they offer opportunity to quantify 

parasite densities as low as <1 p/µL through detection of parasite DNA or RNA, making them 

ideal for research purposes due to the high sensitivity. In community-based patient screening in 

areas with unstable malaria transmission, these molecular methods can provide robust parasite 

detection and quantification results [123, 124]. In therapeutic efficacy studies molecular methods 

play a central role in distinguishing recrudescence from reinfection by genotyping, and can be 

used to detect drug resistance mutations and to determine complexity of infections (COI) in 

terms of number of different infecting clones in a patient[199, 199].  

Several molecular methods exist, but all have similar steps they follow when used. The parasite 

DNA or RNA has to be extracted first, then amplified then detected and/or quantified. Main 

differences in these various methods are in terms of infrastructure required, samples preparation 

processes and the time it takes, detection limits, convenience of use and cost [123]. All these 

factors affect the efficiency. DNA extractions methods can use both whole blood or dried blood 

spots (DBS) on filter papers. Commonly available extraction methods are: Boil and spin method, 

chelex-100 beads-based method and colum-based extraction method. The nucleic acid 

amplification-based tests used in this PhD thesis were: Conventional polymerase chain reaction 

(PCR), Nested-PCR and real-time quantitative PCRs (qPCR). 
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1.6.4 Genotyping of Plasmodium falciparum parasites 

In the past two decades advances in the development of molecular genotyping techniques 

have made it possible to distinguish individual parasite clones within a host and numerous 

molecular epidemiological studies have increased our understanding of the parasite 

population structure in endemic countries. A hallmark of Plasmodium infections in highly 

endemic areas is the presence of concurrently infecting parasite clones within a host. The 

molecular markers most often used to discriminate P. falciparum clones are the genes of 

merozoite surface proteins 1 and 2 (msp1 and msp2) which are both highly polymorphic. 

Msp2 alleles can be grouped into 2 allelic families (3D7 and FC27) according to a dimorphic 

non-repetitive region flanking a highly polymorphic domain of tandem repeats [125]. The size 

polymorphism of msp2 is generated by differences in copy number and length of the repeat 

units. The msp1 gene falls in three distinct allelic families (K1, MAD20 or RO33). Similar to 

msp2, the central repeat regions of MAD20-type and K1-type alleles give rise to size 

polymorphism and are flanked by family-specific sequences. The RO33 sequence does not 

contain any repeats [126]. Several genotyping techniques have been devised for studying 

genetic Polymorphism in these two genes encoding surface antigens. All assays are based on 

PCR amplification of the central polymorphic region. Two commonly applied methods are: (i) 

sizing of PCR fragments on agarose gels. Identification of the allelic family is achieved by 

either use of family-specific primers [127] or by hybridization with family-specific probes [127], 

and (ii) restriction digestion of the amplified PCR products [129, 130]. A more recent genotyping 

approach for msp2 is based on capillary electrophoresis of fluorescently labeled family-specific 

PCR fragments [131]. The major advantage of this technique lies in the accuracy of 

discriminating distinct parasite clones, even in complex mixtures, and in facilitating high 

throughput genotyping. Genotyping studies have shown that P. falciparum infected individuals 

from endemic areas generally harbour multi-clonal infections (≥ 2 clones). Multiplicity of 

infection (MOI) describes the number of parasite genotypes simultaneously infecting one host. 

MOI does not only vary by transmission intensity [131, 132] but also by age and parasite density. 

In this PhD thesis the msp1 and msp2 markers were used for genotyping of P. falciparum 

malarial parasites. 
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1.7 Plasmodium falciparum malaria treatment 

According to WHO, the severity of disease determines the focus during malaria case 

management [76, 109]. For uncomplicated malaria, the objective is to prevent potential 

progression to severe malaria by clearing the parasite from the body and achieve cure. In severe 

malaria, the aim is to keep the patient alive, limit potential complications associated with severe 

disease and prevent recrudescence of infection. Preventing emergence and spread drug resistance 

together with blocking transmission to other people through mosquitoes is at the core of public 

health interest [76, 109]. 

Historically, the P. falciparum parasite has developed resistance against all known antimalarials; 

hence treatment strategies need to involve monitoring of parasites sensitivity to the drugs [133]. 

This resistance development has led to some antimalarials like CQ to be removed from routine 

care of P. falciparum malaria in Africa and sulfadoxine and pyrimethamine use is limited for use 

only as intermittent presumptive treatment for pregnant women, and quinine is reserved as 

second-line treatment for severe falciparum malariain Africa [76, 109]. With the recent outbreak 

of corona virus disease (COVID-19), CQ and hydroxychloroquine is being explored as a viable 

option for treatment of COVID-19 [134, 135], this requires further evaluation on its potential 

impact to P. falciparum parasites, especially when introduced to malaria endemic regions. The 

WHO recommends the use of artemisinin-based combination therapies (ACT) to achieve 

parasitological cure and prevent drug resistance [76, 109]. With artemisinin as a backbone, drugs 

such as lumefantrine, amodiaquine, piperaquine and mefloquine can be used efficaciously even 

in areas where they cannot achieve required cure rate as monotherapy [136]. 

1.8 Role of artemisinin-based combination therapies 

1.8.1 Artemisinins 

Artemisinins are currently widely known and researched antimalarial drugs that originate from 

the extract of the sweet wormwood plant - Qinghao (Artemisia annua), which has been used in 

Chinese traditional medicine for over 2000 years [137]. The discovery of artemisinin as the 

active ingredient in 1972 revolutionised malaria case management as an alternative to the already 

failing quinolines[138], and triggered increased interest in research around artemisinin 

derivatives and structurally similar drugs for use beyond malaria treatment (i.e. schistosomiasis, 

toxoplasmosis and cancer) [139, 140, 141]. Artemisinin has been used as a monotherapy against 
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malaria for more than 30 years in the region of Western Cambodia and other parts of the worlds 

at varying formulations and dosing, until the WHO banned artemisinin monotherapy use in 2007 

[141]. Artemisinin has significantly contributed to the recent decline in global malaria burden; in 

the 2000-2015 period, more than 22% (of 663 million) of the reduction in malaria mortality was 

linked to ACTs [1, 141]. Its importance in global health was highlighted when Professor You 

You Tu received the 2015 Nobel Prize in Physiology or Medicine "for her discoveries 

concerning a novel therapy against Malaria", i.e. artemisinin [141]. The potency of artemisinin 

and its derivatives such as artemether, dihydroartemisinin, and artesunate is very high against all 

erythrocytic cycle asexual stages of P. falciparum with preference to the young ring stages[144], 

so much that it reduces the parasite biomass by 100 to 10000 folds per each asexual cycle (after 

48 hours). It also kills young gametocytes, hence playing a role in reducing malaria transmission 

blocking [145]. The proposed mechanisms by which artemisinins kill the parasites are quite 

broad and are still being studied, but they generally fall under two categories: 1) Damaging 

parasite proteins such as transport proteins through haem activated endoperoxide activity and 2) 

Inhibition of proteasome activity (parasite's cellular repair mechanisms) leading to accumulation 

of damaged/unfolded proteins and stress-induced death[146, 147,148, 149, 150]. The safety 

profile of artemisinin and its derivatives in humans is remarkable and the drug is well tolerated 

[136, 151]. Some animal studies show concerning evidence on neurotoxicity, foetal 

abnormalities and death in early pregnancy, but in human pregnancies there is no demonstratable 

impact [152, 153, 154, 155]. However, the WHO does not recommend the use of artemisinins in 

first trimester pregnancy [76, 109]. There is conflicting evidence when it comes to demonstrating 

neurotoxicity of artemisinins in humans, manifesting as hearing loss in general (ototoxicity). 

Some researchers argue that there is association between oral artemisinin with ototoxicity based 

on their works, while subsequent studies with other researchers fail to demonstrate the same 

[157, 158, 159, 160, 161, 162, 163]. This is also in light of excellent safety profiles over decades 

of use of artemisinin derivatives to treat millions of patients around endemic countries [164]. It is 

a matter of importance to examine this safety aspect further especially if patients are exposed to 

higher doses of artemisinins. WHO recommends use of artemisinins is for both severe malaria 

and uncomplicated malaria. Severe malaria is treated with parenteral artesunate injection or 

artemisinin-based rectal suppositories for children <6 years only as pre referral treatment (10 

mg/Kg) [76, 109]. Recommended parenteral dose is 2.4 mg/Kg for adults or 3 mg/Kg for 
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children with less than 20 Kg, given at 0 hours, 12 hours and 24 hours. After this dose, patients 

continue with oral ACT for three days as it is for uncomplicated malaria within 8-12 hours from 

the artesunate injection [76, 109]. Combining artemisinins with a longer half partner drug is 

believed to play a protective role from development of resistance for both artemisinin and partner 

drug, and reduces the likelihood of treatment failure. The complimentary pharmacokinetics of 

ACTs makes them the best drug against malaria [145, 164]. 

Artemisinin-based combination therapies Since WHO recommended ACTs in the guidelines of 

treatment of uncomplicated malaria, multiple studies have been done to assess the therapeutic 

efficacy of the combinations. ACTs that have been recommended by WHO for general use are 

fixed dose combination that includes artemether-lumefantrine, artesunate-amodiaquine, 

artesunate-mefloquine, dihydroartemisinin-piperaquine and artesunate + sulfadoxine–

pyrimethamine. There are many other ACT being assessed in the pipeline, and several that have 

been registered recently such as artesunate pyronaridine, arterolane-piperaquine, 

artemisininpiperaquine base and artemisinin-naphthoquinone. However due to limited evidence 

of safety and efficacy they are not yet recommended for general use, despite being used in some 

countries[76, 109]. 

For the commonly used ACT in Africa, artemether-lumefantrine and artesunate-amodiaquine, the 

efficacy is excellent and the safety profile is acceptable [164, 165, 166, 167, 168, 169]. 

Artemether-lumefantrine is the ACT used in this PhD thesis 

1.8.2 Artemether-lumefantrine 

Artemether-lumefantrine (20/120 mg) has been approved by the WHO as a fixed dose 

combination developed jointly by Novartis Pharma and the Academy Medical Sciences, Beijing, 

China [162]. Artemether is a highly lipophilic semi-synthetic derivative of artemisinin. It takes 

about 2 hours to be fully absorbed, and about the same time after absorption, to be hydrated to its 

active ingredient dihydro-artemisinin, where about 76% of it is bound to albumin. Artemether is 

short acting, with a terminal elimination half-life of 1-3 hours [170]. Lumefantrine shares 

structural similarities with drugs like halofantrine, quinine and mefloquine from the same aryl-

amino alcohol group. It is also lipophilic and takes 8-10 hours to reach peak plasma 

concentrations with longer terminal elimination half-life of about 4-6 days. Almost 99% of 

plasma lumefantrine is protein bound [170, 171]. Lumefantrine’s proposed mechanism of action 
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is by inhibiting the formation of hemozoin. It binds to hemin and leads to accumulation of haem 

that is toxic to the parasite and other free radicals leading to parasites’ death [172]. Both 

artemether and lumefantrine are metabolized by cytochrome P450 3A4 (CYP3A4) [172, 173]. 

Artemether is more potent in the reduction of parasite biomass while lumefantrine ensures 

parasitological cure and prevents recrudescence [145]. Current duration of treatment is three 

days with a total of six doses given at 0, 8, 24, 36, 48 and 60 hours. The dose is given by weight 

i.e. between 5 Kg and <15 Kg get one tablet, 15 Kg to <25 Kg get two tablets and between 25 

Kg and <35 Kg get three tablets, for >35 Kg it is four tablets [76, 109]. In different parts of the 

world, including sub-Saharan Africa where clinical trials have been conducted to test for the 

efficacy of the six dose regimen of artemether-lumefantrine for 3 days in treatment of 

uncomplicated malaria, it has achieved PCR-adjusted cure rate of >95% [167, 168, 169, 172, 

164, 165, 166, 167, 168, 169, 170]. Safety profile and tolerability of the currently recommended 

six-dose regimen for artemether-lumefantrine (20/120 mg) tablets has also been demonstrated to 

have favourable outcomes across different age groups and sex. Most importantly artemether-

lumefantrine can be used safely in treatment of uncomplicated malaria for pregnant women in 

second and third trimester [151]. 

1.8.3 Artesunate-amodiaquine 

This is a WHO prequalified ACT for treatment of uncomplicated falciparum malaria. It is 

available in fixed dose combination, loose combination and as dispersible fixed dose 

combination for [76, 109]. Standard dosage is 4mg/Kg/day for artesunate and 10mg/Kg/day for 

amodiaquine given once a day for three days. Different from artemether, artesunate is a 

hydrophilic semi-synthetic artemisinin derivative which is rapidly absorbed orally, reaching peak 

plasma concentration after around 90 minutes. Similar to artemether, artesunate is also converted 

to dihydroartemisinin which is the active metabolite that is rapidly eliminated with a terminal 

elimination half-life of around 45 minutes [180, 181]. Amodiaquine is a quinoline belonging to 

the same group with CQ, since its synthesis in the 1940; it has been used extensively as 

monotherapy for treatment of uncomplicated malaria. Amodiaquine has schizonticidal activity 

through interfering with hemozoin formation through complexation with haem after 

accumulating in parasites’ food vacuole. It is absorbed rapidly and converted to 

desethylamodiaquine, reaching peak plasma concentration after about 4 hours. It has a terminal 

elimination half-life of 3-12 days in African children with uncomplicated malaria [181]. 
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1.8.4 Primaquine 

Primaquine is an 8-aminoquinoline antimalarial drug which has been in use for more than 60 

years for radical cure by clearing the dormant liver stage of P. vivax and P. ovale malaria 

(hypnozoites) [187]. The drug has also been used as a single dose treatment against P. 

falciparum gametocytes as a means to control and eliminate malaria in some parts of the world 

and also to control chloroquine resistance [184, 185, 186]. Almost all antimalarials can kill 

gametocytes of other human malaria parasites and developing P. falciparum gametocytes, but 

only primaquine and methylene blue can kill mature P. falciparum gametocytes [187]. When 

combined with ACT, primaquine rapidly shortens gametocyte carriage duration [188, 189]. 

Primaquine clears mature gametocytes rapidly, but unlike artemisinin derivatives it does not 

prevent gametocyte development [188] hence the two drugs act synergistically. Primaquine is 

absorbed rapidly and peak concentrations are reached in approximately 2 hours. It has a half-life 

of 6 hours and it is metabolized in the liver. The metabolically inert principle metabolite 

(carboxy-primaquine) reaches peak concentrations within 6 hours of administration. However, 

the active metabolite and the exact mechanism of action of primaquine has not yet been 

identified [189]. The kinetics of primaquine are affected by malaria (acute infection reduces oral 

clearance of primaquine), by food (increase primaquine bio-availability); or by other 

antimalarials (quinine induces a higher area under the curve (AUC) of the carboxy metabolite) [ 

189]. In combination with schizonticidal drugs, primaquine at 0.75 mg/Kg has been used to 

reduce malaria transmission and control the spread of chloroquine resistance. However, the 

scaled-up use of the primaquine for malaria control has been hampered by the dose dependent 

haemolytic anaemia which the drug induces particularly in individuals with G6PD deficiency 

[189]. To address the issue of G6PD deficiency, Tafenoquine, a single-dose 8-aminoquinoline 

that has recently been registered for the radical cure of  P. vivax[190] and this drug was safe, 

well tolerated, and highly effective in preventing P. vivax and multidrug-resistant P. falciparum 

malaria in Thai[191]. 

1.9 Assessment of anti-malarial drug efficacy 

Efficacious malaria case management is severely impeded by resistance to antimalarial drugs, 

leading to an increase in malaria cases and deaths. When poorly monitored and poorly contained, 

resistance can spread across the world, or start locally as it was with chloroquine resistance in the 

1970’s [147, 192]. The historical experience we have with chloroquine resistance when it 
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reached Africa and caused an increase in malaria mortality and morbidity, teaches us to be even 

more proactive in monitoring the drug resistance to artemisinin and ACT, since it is the only 

option that we currently have for first-line management of malaria[193, 194, 195]. The WHO 

recommends a combination of in vivo therapeutic efficacy studies, and in vitro experiments, 

genotyping studies for molecular markers of resistance as complementing tools for drug 

resistance surveillance.  

The main focus of this PhD thesis is in vivo therapeutic efficacy study and this will be discussed 

further in the next sub-section. However, in the following paragraph the in vitro experiments, 

genotyping studies for molecular markers of resistance will be described in brief. 

In vitro tests are experiments that use laboratory parasite cultures to assess the capacity of a drug 

to inhibit normal growth of parasite (from trophozoite to schizonts) using different known 

concentrations. For example, ring stage assays are used to test the sensitivity of P. falciparum 

rings to artemisinin [196]. In vitro experiments have a good control of desired parasite’s drug 

exposure and have flexibility of conducting parallel sensitivity analysis with different drugs and 

manipulating experimental conditions [197]. However, in vitro tests need highly skilled 

personnel, expensive equipment, long-time to results and are labour intensive. Also, the absence 

of influence of host factors that may be important in activation of pro drugs like proguanil can 

limits the utility of in vitro tests. The results of in vitro tests lack influence of immunity and 

interpersonal pharmacokinetic variabilities that are representative of the real population and 

depend on animal models for simulation [197]. This makes it hard to interpret objectively any 

correlations observed between in vivo and in vitro results. 

1.9.1 In vivo therapeutic efficacy studies 

In vivo studies are WHO standardized therapeutic efficacy studies (TES) for antimalarial drug 

efficacy. These TES have undergone several iterations of standardization to ensure comparability 

of results across different endemic regions while providing national malaria control programs 

and researchers with minimum essential data to inform national policy changes regarding malaria 

treatment regimen [198]. Since 1996 when the first standard protocol for high transmission 

regions was made, adjustment have been made to accommodate medium and low transmission 

regions in the new 2009 standard guidelines. In the latest document on methods for surveillance 

of antimalarial drug efficacy of 2009, WHO has developed and incorporated robust tools ranging 
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from study protocol templates to data collection tools and data entry programs/templates. The 

data entry programs are also embedded with formulae for data analysis which allows 

standardised analysis with the recommended Kaplan-Meier analysis [198]. The usual per 

protocol analysis can also be used in parallel for treatment outcomes. These tools are flexible 

enough to be customised for local needs by national malaria control programs while maintaining 

important standard features common to all TES.  

The 2009 TES guidelines involves enrolment of patients under 5 years of age in high 

transmission setting and all patients over 6 months of age in areas of low-to-moderate 

transmission, with uncomplicated mono-infection falciparum malaria (microscopy confirmed). 

They receive standard treatment for malaria and undergo repeated assessment for clinical and 

parasitological outcome during follow-up period of 28 or 42 days depending on the antimalaria 

used. The drugs capacity to kill all parasites and resolve patients’ symptoms determines the 

outcome of the treatment and ensuring that there is no recurrent parasitaemia during follow-up.  

Treatment outcomes are classified into four categories which are applicable to all levels of 

malaria transmission: early treatment failure (ETF), late clinical failure (LCF), and late 

parasitological failure (LPF), adequate clinical and parasitological response (ACPR) [198]. 

The outcome of these efficacy studies are, however, influenced not only by the true susceptibility 

of the parasite to the test drug but also several factors such as immune status of study 

participants, the individual drug bioavailability, as well as an often complex interpretation of 

PCR results[198]. 

The WHO and Medicine form Malaria Venture recommends use of merozoite surface proteins 1 

and 2 (msp-1 and msp-2) and glutamate-rich protein (glurp) as molecular markers for primary 

endpoint analysis during TES. The following properties make them best suited as candidates 

capable of distinguishing P. falciparum parasite sub-populations. They have intragenic repeats 

that vary in length and copy number which makes them highly polymorphic markers in terms of 

both size and sequence (except for glurp where allelic differentiation is based on size alone). 

They are single copy genes located on different chromosomes hence they are unlinked [199]. 

They have been extensively used in many studies and gave useful results, this allow for 

comparison during interpretation of data [199]. 
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The recommended samples for molecular genotyping are day 0 samples that were collected 

before start of antimalarial treatment and samples at the first occurrence of asexual parasitaemia 

by microscopy at or after day 7. These samples are paired and analysed for family specific allele 

of the makers. New infection is when all the alleles in parasites from the post treatment samples 

are different from those at day 0 for one or more loci tested. Recrudescence is when at least one 

allele at each locus is common to both paired samples [199]. The genotyping should be done 

sequentially, starting with either msp2 or glurp as they have highest discrimination power, then 

the last maker should be msp1 [199]. 

Classical definition of antimalarial drug resistance according to WHO definition is; when 

parasites are still able to survive and/or propagate in presence of medicine administered and 

absorbed in recommended therapeutic doses or higher but within the tolerance level of the 

subject. It is important that the active form of the drug reaches the parasite or infected RBC for 

the duration needed for it to kill the parasite [76, 109]. 

Occurrence of parasite resistance to antimalarial drugs is a result of natural selection, where the 

drugs exert pressure on the parasite population for survival. It is a gradual process, involving a 

series of alterations in the parasite’s genome to develop tolerance to the drug exerting selection 

pressure. The tolerant parasites have genomic alterations that decrease their susceptibility to the 

drugs, but they still die at therapeutic concentrations. Those genomic alterations can take a form 

of SNPs or amplification of gene copy numbers. This can result into changes in the drug target 

site, or increase mitigation of toxicity damages caused by the drug, or modification of transporter 

pumps that efflux the drugs to reduce intra-parasitic concentrations, or develop ability to alter the 

active components of the drug or a combination of any of those drug resistance mechanisms[200, 

201, 202, 203, 204, 205]. Development and spread of resistance are a function of parasite factors, 

host factors, the drug itself, vectors and the environment. For instance, in high transmission 

setting, tolerant parasites that can survive sub-therapeutic concentration of the drug, are selected 

when reinfecting during the post-treatment prophylaxis until clinical treatment failure becomes 

apparent [205, 206].  
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1.10 Plasmodium falciparum drug resistance  

1.10.1 Artemisinin resistance 

In 2009 the first report of emerging artemisinin resistance in P. falciparum malaria was 

published from Southeast Asia-Cambodia (Pailin), where also chloroquine and sulfadoxine-

pyrimethamine resistance was first documented [207]. The P. falciparum resistance to 

artemisinin does not well fit into the WHO definition of drug resistance, since it is 

phenotypically characterized by delayed parasite clearance times following ACT treatment hence 

it represents partial resistance. Patients with infections that demonstrate delay in clearance, 

eventually clear the parasites by the long-acting partner drug or longer treatment duration with 

artesunate. Microscopy based P. falciparum positivity rate on day 3 after initiation of ACT 

treatment is considered an important determinant, and if the day-3 positivity rate exceeds 10% 

this is considered an alert for artemisinin resistance [208]. The molecular basis for artemisinin 

resistance in Southeast Asia has been linked to SNPs in the pfk13 gene. Kelch13 encodes a 726 

amino acid protein containing a BTB/POZ domain and a C-terminal 6-blade propeller domain 

[209, 210]. The PfKelch13 is believed to be important in the regulation of protein quality control 

[133]. There is a growing list of SNPs in the Kelch13 propeller domain, that are considered 

markers associated with both in vivo and ex vivo artemisinin resistance. These markers are 

categorised as validated or candidate marker. To qualify as a validates maker, the SNP has to be 

correlated with delayed clearance phenotype in in vivo clinical studies, and be correlated with 

reduced in vitro drug sensitivity (e.g., ring-stage assay – RSA0-3h) using fresh isolates, or 

reduced in vitro sensitivity resulting from the insertion of the SNP in transfection studies. If the 

marker is only associated with the delayed clearance phenotype but not correlated with resistance 

in in vitro studies, it remains as a candidate marker. Some of the validated markers according to 

the WHO 2018 status report include F446I, N458Y, P553L, R561H, M4761, Y493H, R539T, 

I543T and C580Y. Other candidate markers are P441L, G538V, G449A, V568G, C469F, P574L, 

A481V, F673I, P527H, A675V and N537I [209, 210]. When taken together, the slow clearing 

phenotype and the identified pfk13 mutations, the definition of artemisinin resistance becomes 

refined to two definitions:  

1. Suspected partial artemisinin resistance is defined as: 

 ≥5% of patients harbour parasite with pfk13 resistance-associated mutations; or 
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 ≥10% of patients with persistent parasitaemia by microscopy on day after treatment with 

ACT or artesunate monotherapy; or 

 ≥10% of patients with a parasite clearance half-life of ≥5 hours after 

treatment with ACT or artesunate monotherapy. 

2. Confirmed partial artemisinin resistance is defined as ≥5% of patients carrying pfk13 

resistance associated mutations, all of whom have been found, after treatment with ACT or 

artesunate monotherapy, to have either persistent parasitaemia by microscopy on day 3, or a 

parasite clearance half-life of ≥5 hours[209]. 

The parasite clearance time can be influenced by other confounding factors such as splenectomy, 

haemoglobin abnormalities and reduced immunity. Moreover, the proportion of patients who are 

parasitaemic after 3 days of treatment can be influenced by baseline parasitaemia, immunity of 

the patients, variability in skills of microscopist and time of assessment [209]. 

1.10.1.1 Spread of artemisinin resistance 

Since the early reports of confirmed artemisinin resistance in Western Cambodia, Thailand, 

Vietnam, Eastern Myanmar and Northern Cambodia, it has been spreading reaching Central 

Myanmar, Southern Laos and North-eastern Cambodia, Bangladesh and spreading further west 

reaching Eastern India [211]. In addition to the widespread of pfk13 mutations in the Greater 

Mekong Subregion, there are recent reports of independent origins of pfk13 mutations detected at 

a prevalence of more than 5% in Guyana, Papua New Guinea and Rwanda [212, 213, 213]. 

Being faced by the threat of spreading drug resistance from Southeast Asia, and the potential of 

locally arising resistance as evidenced by other reports of pfk13 polymorphisms in Africa [215, 

216, 217, 218, 219, 220], developing strategies to protect the therapeutic efficacy of ACTs in 

Africa cannot be more urgent. 

1.10.2 Lumefantrine resistance 

Lumefantrine tolerance/resistance has been linked to SNPs in pfmdr1 at positions N86Y, Y184F 

and D1246Y, and in pfcrt at position K76T and pfmrp1 at positions I876V SNP [211, 213]. 

Interestingly, lumefantrine selects for pfmdr1 N86, 184F, D1246 and pfcrt K76, the chloroquine 

sensitive genotypes. Another genetic alteration previously linked to lumefantrine resistance in 

Southeast Asia is increased pfmdr1 copy numbers [221]. Importantly, to date no clear evidence 

of pfmdr1 copy number variation has been observed in EastAfrica. The development of 



36 
 

tolerance/resistance against lumefantrine, and other long acting partner drugs in ACT, has been 

suggested to start through post treatment selection among recurrent infections of less sensitive P. 

falciparum parasites, as reinfecting lumefantrine tolerant parasites are able to survive the 

exposure of sub-therapeutic blood levels of lumefantrine after treatment [211]. 

1.11 Malaria case management in Ethiopia 

The introduction of AL in Ethiopia was secondary to P. falciparum drug resistance that 

developed to chloroquine and led to change of regimen in 1998 to sulfadoxine-pyrimethamine as 

an interim solution, which lasted only six years because of resistance. Chloroquine (CQ)-

resistant P. falciparum became a major public health threat in the early 1990s in Ethiopia [220]. 

By the late 1990s, 86-88% treatment failure rates with CQ were being reported, which prompted 

change of first-line treatment to sulphadoxine-pyrimethamine (SP) in 1998 [223, 224]. In 2003, a 

nation-wide study evaluating SP efficacy showed 36% and 72% treatment failure rates with 14-

day and 28-day follow-up, respectively [225]. Following a large-scale malaria epidemic that 

ravaged Ethiopia in 2003 [83] and the concomitant recognition of wide-spread resistance to SP 

[225], the Federal Ministry of Health (FMOH) adopted artemether lumefantrine (AL) for first-

line treatment of uncomplicated P. falciparum malaria in Ethiopia [226].  

According to Ethiopian NMCP, artemether-lumefantrine with single low-dose primaquine 

should be used to treat P. falciparum infections, whereas chloroquine combined with radical 

cure primaquine should be used to treat P. vivax cases without prior G6PD testing. Oral 

quinine remains the treatment of choice for uncomplicated P. falciparum for pregnant women 

during the first trimester of pregnancy, and as second-line for treatment failures. Rectal 

artesunate should be available at rural health posts for pre-referral treatment for children less 

than six years of age, and parenteral artesunate or artemether (alternate) should be available 

at health centers and hospitals for the treatment of severe malaria [227]. Widespread drug 

resistance to chloroquine and sulfadoxine-pyrimethamine was estimated to increase morbidity 

and mortality of malaria by 2 to 11 folds in endemic regions including Africa, this made it urgent 

to change to ACT as early as possible [228]. 

1.11.1 Experiences with artemether-lumefantrine since 2004 in Ethiopia 

Since the roll out of ACT,  artemether-lumefantrine from 2004 in Ethiopia, as first-line treatment 

of uncomplicated malaria, the therapeutic efficacy monitoring results from different malarious 
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parts of the Country with varied transmission intensity demonstrate that the AL in use in 

Ethiopia are still highly efficacious (>90%)against falciparum malaria, in accordance to the 

WHO parameters [198], while there is minor variation between the efficacies of AL by study 

settings[229, 230, 231, 232, 233, 234]. Over the years, administration of artemether-lumefantrine 

has been safe in the Ethiopia population, with no reports of new adverse events that were not 

previously identified, most of which are mild and often indistinguishable from the disease 

pathology [229, 230, 231, 232, 233, 234]. Experience has shown that Ethiopia has trained and 

deployed over 30,000 community health extension workers to manage malaria at the community-

level health posts. Two HEWs are assigned for every 5,000 people, and they are fully integrated 

with the health system as part of the regular workforce [235, 236]. The impact of this large-scale 

deployment of AL was demonstrated in Tigray Regional State, where a two year study of 

community-based deployment of AL significantly lowered risk of malaria-specific mortality by 

37% [237]. However, there are challenges with regards to prescribing practices such as 

prescribing antimalarial drugs to patients with negative test results and insufficient adherence to 

use of AL [239].Low health service utilization and inadequate diagnosis and treatment of malaria 

could be attributed to the following: (i) There is inadequate follow-up and supportive supervision 

of HEWs generally, and particularly for malaria prevention and control [238, 239]. As a 

consequence, accurate diagnosis with RDTs and recognition of the clinical symptoms of malaria 

is often not adequate; and (ii) Supportive supervision to strengthen disease management and 

diagnosis with RDTs by both HEWs and health facilities has not been well coordinated. This 

contributes to inappropriate malaria case management and may increase the risk of resistance to 

artemether-lumefantrine. Despite the known fact that for lumefantrine to be adequately absorbed 

it requires to be taken with a fatty snack or milk, data from a review in Africa including Ethiopia 

demonstrated that normal African diet has adequate fat content for sufficient absorption of 

artemether-lumefantrine for efficacious treatment outcome [145, 181]. 

1.11.2 Status of artemether-lumefantrine resistance in Ethiopia 

Measurement and reporting of parasite clearance on day-3 after treatment with ACT is 

particularly important, as this is one of the first signals of emergence of parasite 

tolerance/resistance to artemisinin [240]. In Ethiopia, several studies showed day-3 parasitaemic 

cases of between 3.8% - 5.7%, after treatment with AL [230, 231, 241, 242, 243]. A recent 

publication from Ethiopia report the presence of a unique kelch 13 mutation (R622I) marker of 
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artemisinin resistance from northern of Ethiopia (Gondar)[215]. Moreover, recent data from 

Rwanda reports presence of similar locally arising pfk13 mutation (R561H) at the rate 

of up to 20% among three TES sites, the highest documentation Africa to date [216]. Despite the 

documented rapid microscopy determined parasite clearance by day 3 after treatment with 

artemether-lumefantrine in Ethiopia. Taken together, the presence of a a unique kelch 13 

mutation (R622I) marker of artemisinin resistance, and persistent day-3 positivity warrants 

further evaluation as to what their role may be in treatment outcome and continued transmission. 

1.12 Significance of the study 

Monitoring antimalarial drug efficacy and resistance is important for the early detection of 

resistance which in turn enables timely action to prevent its spread and limit the impact on global 

health. WHO recommends artemisinin-based combination therapies (ACTs) as first and second-

line treatment for uncomplicated malaria caused by P. falciparum [198]. Maintaining the 

efficacy of ACTs for the management of malaria is a global health priority. However, 

artemisinin-resistant P. falciparum strains have emerged and spread in the Greater Mekong 

Subregion (GMS).  More worrying, artemisinin resistance has been recently reported and 

confirmed in Rwanda, Uganda and elsewhere in East Africa.  Furthermore, the development of 

resistance to the partner drugs used in the ACTs continues to pose a challenge in the treatment of 

malaria  

To respond to malaria drug resistance, we need systems that:  

1) Can detect changes in how well the recommended treatment is working  

2) That can implement changes in policy when needed  

Therapeutic efficacy studies (TES) are the gold standard for monitoring drug efficacy to inform 

treatment policy. Many factors can contribute to treatment failure, including incorrect dosage, 

poor patient compliance, poor drug quality, and drug interactions and resistance. Most of these 

factors are addressed in therapeutic efficacy studies. WHO recommended regular surveillance to 

monitor the performance of antimalarial drugs in use in all malaria endemic Countries. However, 

the efficacy of artemether-lumefantrine (AL) for treatment of uncomplicated P. falciparum 

malaria in south-western Ethiopia is poorly documented. Meta-analysis of multiple TES provides 
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more reliable indications of drug efficacy than studying individual TES separately. In this 

context, the study presented here aimed to investigate the therapeutic efficacy of AL for the 

treatment of uncomplicated P. falciparum malaria in Ethiopia 

Malaria patients infected by multiple parasite strains have been shown to be high risk of 

treatment failure. Genetically distinct malaria parasites in natural population have an extremely 

high rate of recombination during sexual stage in mosquito gut during zygote formation, 

resulting in gene diversity of P. falciparum. Because of this variation, the conformation of ant 

malarial drug targets is altered and then renders the parasite drug resistant which hinders the 

outcome of malaria treatment. Hence, broad understanding of the genetic variation of the parasite 

population can contribute to the definition of control measures including an appropriate anti-

malarial treatment 

Genetic variation and multiplicity of infection (MOI) in P. falciparum populations can be used to 

describe the resilience and spatial distribution of the parasite in the midst of intensified 

intervention efforts. Genetic diversity and multiplicity of infection (MOI) are strongly correlated 

with transmission intensity. Indeed, parasite genetic diversity and MOI are high in areas where 

high rate of malaria transmission whereas they tend to be markedly lower in regions 

implementing effective malaria control strategies. Hence, MOI, the number of different parasite 

genotypes co-existing within a particular infection, has been suggested as a useful malaria metric 

describing transmission dynamics (malaria epidemiology) 

In addition, the development of an effective vaccine is being hampered by genetic variation. 

understanding the extent and dynamics genetic variation in vaccine antigens (e.g msp) of all 

parasite strains is needed to guide rational vaccine design and to interpret the results of vaccine 

efficacy trials conducted in malaria endemic areas.  E.g. RTS, S has greater activity against 

malaria parasite with matched circumsporozoite protein than mismatched parasite strains. The 

present study’s findings provide an overview of the genetic variability of P. falciparum in 

symptomatic infection. These data can provide valuable information in the development of blood 

stage vaccine that could reduce the symptomatic disease  

Hence, accurate malaria metrics are needed to complement the assessment of malaria 

transmission dynamics in a context of multiple control interventions. msp-1 and msp-2 gene 
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characterization are the most widely used techniques for assessing the genetic variation and MOI 

of P. falciparum. In this context, the study presented here aimed to provide new data concerning 

the genetic variation and multiplicity of P. falciparum populations in Chewaka district, Ethiopia 
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CHAPTER II: AIMS OF THE STUDY 

2.1 General Objective 

The overall aim of this thesis was to evaluate the therapeutic efficacy of artemether-lumefantrine 

for treatment of uncomplicated falciparum malaria and to analyze Plasmodium falciparum msp-1 

and msp-2 genes in Ethiopia  

2.2  Specific Objectives 

  To assess the therapeutic efficacy of artemether-lumefantrine for treatment of uncomplicated 

falciparum malaria in Chewaka district, Ethiopia. 

 To determine genetic polymorphisms and multiplicity of infection in P. falciparum 

parasite isolates by using antigenic polymorphic markers msp1 and  msp2 

 To synthesize the available evidence on the efficacy of artemether-lumefantrine for the 

management of uncomplicated falciparum malaria in Ethiopia. 
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CHAPTER III: GENERAL METHODS 

3.1 Study setting 

The study site was Chewaka district, which is located in Buno Bedelle zone, Oromia Region of 

Ethiopia. The district covers a total area of 618.7 km
2
 and it is about 552 km Southwest of Addis 

Ababa. Geographically, it lies between 8° 43′ 30″ N and 9° 5′ 30″ N latitude and 35° 58′ 0″ E to 

36° 14′ 30″ E longitude (Figure 3). It was recognized as one administrative woreda of Oromia 

regional state since population resettlement in the area [244]. A diverse topographic condition 

which consists of undulating terrain, gentle sloping lowlands, gorges and small rounded hills 

characterizes the study site. Its altitude ranges between 1130 and 2053 m above mean sea level 

(Figure 3). The district lies in moist Woina Dega (cool sub-humid) and Kolla (warm semi-arid) 

agro-ecological zones and experiences both high temperatures and rainfall. It attains the 

maximum rain in the summer season (June, July and August) and small rainy season occurs from 

February to April. The dry season covers the remaining months of the year. The mean annual 

temperatures of the district range from 19.8 to 28.5 °C and the average annual rainfall varies 

between 800 and 1200 mm
3
 [245]. Study section I and II of this PhD thesis was based on 

samples and data collected from Chewaka district and the third study was a systematic review 

and meta-analysis that reviewed the implementation of in vivo efficacy testing in Ethiopia after 

deployment of AL in order to monitor the efficacy of AL for the treatment of uncomplicated P. 

falciparum malaria 

 
Figure 3. Map of the study area [Adopted from Abera et al. [244]] 
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3.2 Study specific methodologies  

Detailed description of objectives and methodologies of specific studies are described in methods 

section of respective papers, however the general methods are summarized in Table 1 
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Table 1. Study specific objectives and methodologies 

Study   Objectives 

Study 

design  

 

Study population 
Study 

duration 

Sampling 

method 

Sample 

size 

Major outcome 

variable 
Analysis model 

I 

To assess the therapeutic 

efficacy of artemether-

lumefantrine for  treatment 
of  uncomplicated 

falciparum malaria  

 

In vivo 

therapeutic 

efficacy 

study 

Patients  aged ≥ 6 
months of age who 

visited  Chewaka 

HC with sign of 

uncomplicated 

malaria 

Samples 

were 
collected 

between 

September 

and 

December 

2017 

Single 

population 

proportion 

80 

*Cure rate: 

Day-28 

ETF,LCF,LPF, 
ACPR 

*Parasite 

clearance times 

* Fever 

clearance times 

 

*Standard WHO 

Protocol for 

surveillance of 

anti-malarial drug 
efficacy: 

*Proportion of 

ACPR 

* Kaplan–Meier 

survival analysis 

 

 

II 

To determine genetic 

diversity and multiplicity 

of P. falciparum infection 

from clinical samples 

using the msp-1 and msp-

2 genes  
 

NA 

Parasite population 

collected during 

evaluation of TES 

 

2017-2020 NA 80 

* Genetic  

diversity of 

msp1 and 
msp2, 

Multiplicity of 

infection(MOI) 

*Descriptive 

analysis 
*Mean MOI 

*Proportion 

*Spearman’s rank 

correlation 

coefficients 

 

III 

To synthesize the 

available evidence on the 

efficacy of artemether-

lumefantrine  for  

treatment of  

uncomplicated falciparum 

malaria  

 

Systemati

c review 

and 

Meta-

Analysis 

(PICOS  

strategy) 

Published 

artemether 

lumefantrine 

therapeutic 

efficacy studies 

conducted in 
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studies conducted 
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and I
2
 statistics 
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3.3 Study design 

This study consisted of two study designs (Table 1). The first study section is a one-arm, 

prospective, evaluation of the clinical and parasitological, responses to directly observed 

treatment with AL among patients with uncomplicated P. falciparum malaria. The third study 

section is a systematic review and meta-analysis aimed to synthesize the available evidence on 

the efficacy of artemether–lumefantrine for the management of uncomplicated falciparum 

malaria in Ethiopia.  

3.4 Genotyping for PCR adjusted cure rates 

Patients with recurrent parasitaemia by microscopy were selected for genotyping. Nested PCR 

amplification targeting the unique sequence of 18 srRNA gene was held by using specific primer 

pairs for molecular detection of P. falciparum from the isolates. Timepoints of genotyped 

samples were enrolment (day 0) and day of recurrent parasitaemia. The analysis was conducted 

in a stepwise manner, as recommended by WHO [198, 199].  msp-2 was chosen as the first 

marker as it is considered the most divisive marker, followed by msp-1. Analysis of each marker 

was conducted by nested PCR according to previously established lab protocols, as adapted from 

Snounou et al., 1999 [90]. Once msp-1 and msp-2 gene markers were complete, each patient was 

categorized into a final classification based on the following criteria as shown in the flow chart 

Figure 4. Recrudescent was when the two markers returned a recrudescent result, reinfection 

when one of the markers tested returned a reinfection result, negative when the two markers 

returned a negative result and unknown if the two or one markers returned either an unknown or 

recrudescent result. 

3.5 Ethical considerations 

For study section I and II, the study protocol was approved by the Ethics Review Board of 

Jimma University. Written informed consent from adult participants and parents/guardians of the 

study children and assent from children aged less than 18 years was obtained for all participants. 

If apatient, parent or guardian was illiterate, an impartial witness was used. For study section III, 

the PRISMA guideline recommendations were used and strictly followed to carry out this 

systematic review and meta-analysis. Ethical approval is not recommended and was not needed 

since it is a systematic review and meta-analysis. 
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Genotyping results with 

msp-2 marker 

No result Recrudescence  New infection 

Continue with msp-1 marker Final result = new infection  

No result Recrudescence  

 

New infection 

 

Final result = new infection  Final result = 

Recrudescence  

 

If no result with any marker, 

perform species PCR and 

re-check blood slide 

Final result= failure, 

excluded, or censored 

according to study protocol 

Figure 4. Flowchart to illustrate the process followed to determine final treatment outcome of 

microscopy recurrent samples 
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CHAPTER IV: THERAPEUTIC EFFICACY OF ARTEMETHER-

LUMEFANTRINE FOR UNCOMPLICATED PLASMODIUM 

FALCIPARUM CASE MANAGEMENT 

 

(Adopted from: Abamecha et al.2020) 

 

Abstract 

Background: The efficacy of artemether-lumefantrine (AL) for treatment of uncomplicated 

Plasmodium falciparum malaria in south-western Ethiopia is poorly documented. Regular 

monitoring of drug efficacy is an important tool for supporting national treatment policies and 

practice. This study investigated the therapeutic efficacy of AL for the treatment of Plasmodium 

falciparum malaria in Ethiopia. 

Methods: The study was a one arm, prospective, evaluation of the clinical and parasitological, 

responses to directly observed treatment with AL among participants 6 months and older with 

uncomplicated P. falciparum malaria. Real-time polymerase chain reaction (PCR) and nested 

PCR reaction methods were used to quantify and genotype P. falciparum. A modified protocol 

based on the World Health Organization 2009 recommendations for the surveillance of 

antimalarial drug efficacy was used for the study with primary outcomes, clinical and 

parasitological cure rates at day-28. Secondary outcomes assessed included patterns of fever and 
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parasite clearance. Cure rate on day-28 was assessed by intention to treat (ITT) and per protocol 

(PP) analysis. Parasite genotyping was also performed at baseline and at the time of recurrence 

of parasitaemia to differentiate between recrudescence and new infection. 

Results: Of the 80 study participants enrolled, 75 completed the follow-up at day-28 with ACPR. 

For per protocol (PP) analysis, PCR-uncorrected and -corrected cure rate of AL among the study 

participants was 94.7% (95% CI 87.1–98.5) and 96% (95% CI 88.8–99.2), respectively. For 

intention to treat (ITT) analysis, the cure rate was 90% (95% CI 88.8–99.2). Based on Kaplan–

Meier survival estimate, the cumulative incidence of failure rate of AL was 3.8% (95% CI 1.3–

11.4). Only three participants 3.8% (95% CI 0.8–10.6) of the 80 enrolled participants were found 

to be positive on day-3. The day three positive participants were followed up to day 28 and did 

not correspond to treatment failures observed during follow-up. Only 7.5% (6/80) of the 

participants were gametocyte positive on enrollment and gametocytaemia was absent on day-2 

following treatment with AL. 

Conclusions: The therapeutic efficacy of AL is considerably high (above 90%). AL remained 

highly efficacious in the treatment of uncomplicated malaria in the study area resulted in rapid 

fever and parasite clearance as well as low gametocyte carriage rates despite the use of this 

combination for more than 15 years. 

Keywords: Therapeutic efficacy, Arthemeter-lumfantrine, Uncomplicated malaria, Ethiopia 
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4.1 Background 

Malaria, caused by infection with Plasmodium protozoan parasites, threatens over half the 

world’s population [246]. Despite concerted efforts, which have considerably reduced the burden 

of mortality and morbidity in recent years, malaria remains a major public health threat [247, 

248].   In 2017, over 219 million cases and 435,000 deaths were reported [247]. Approximately 

92% of the cases and 93% of the deaths were from sub-Saharan Africa [247]. Between 2000 and 

2015, the widespread adoption of artemisinin-based combination therapy (ACT), the increased 

use of insecticide-treated nets (ITNs) and indoor residual spraying (IRS) against the Anopheles 

mosquito vector, decreased the global number of malaria deaths by an estimated 37% [249]. 

Recently, these fragile gains are, jeopardized by the emergence and spread of drugresistance in 

the parasite and insecticide resistance in the mosquito vector [250]. 

Ethiopia is also one of the many malaria epidemic-prone countries in Africa [251]. The trends in 

malaria over the past five years have also shown a decline in malaria cases and reduced 

epidemics [252].In 2014/2015, Ethiopia reported 2,174,707 malaria cases and 662 reported 

malaria deaths among all age groups which is 98% reduction compared to 41,000 estimated 

deaths in 2006 [252, 253]. The key interventions which have been contributing to such 

significant decline includes: introduction of prompt and effective treatment with artemisinin-

based combinationsto treat uncomplicated P. falciparum malaria, the distribution of long-lasting 

insecticidal nets (LLINs), indoor residual spraying (IRS); and to a lesser extent environmental 

management [252, 253, 254]. Following this, Ethiopia has also set a goal to eliminate the disease 

by 2030 [255, 256]. 

ACT is the first-line treatment for uncomplicated P. falciparum malaria and has been 

instrumental in reducing malaria burden [76, 258]. As yet the majority of endemic prone areas 

have little or no drug resistance to ACT, and itshigh efficacy (~95%) at clearing parasitaemia has 

been extensively demonstrated from clinical trials[259, 260]. However, there is limited 

information on ACT effectiveness in routine health care when treatment is not monitored. 

Resistance of Plasmodium species to artemisinin has been reported from eastern and southern 

Asian countries which threatens malaria control and elimination efforts worldwide [261, 262, 

263]. For the purpose of ensuring good performance and detection of emergence of resistance of 
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anti-malarial drugs, especially those used as a first-line and second-line treatment in a country, 

the World Health Organization (WHO) recommends regular monitoring of their efficacy at least 

every two years in malaria-endemic countries [198]. 

Early diagnosis and prompt treatment is one of the main strategies in malaria prevention and 

control and it is also the key to reducing morbidity and preventing mortality in Ethiopia [251]. 

According to the President’s malaria initiative Ethiopia malaria operational plan fiscal year 2018, 

60-70% of the total projected numbers of malaria cases are due to P. falciparum and to be treated 

with AL from year 2017-2019 [252].  The emergence and spread of both artemisinin and partner 

drug resistance threatens the efficacy of ACT and subsequently undermines the treatment of 

uncomplicated falciparum malaria, which is to eliminate all parasites from the body and prevent 

progression to severe disease [76, 263]. It is, therefore, necessary to generate continuous data on 

the therapeutic efficacy of first-line ACT to ensure real-time evidence-based review of national 

treatment policies as and when necessary. Since the introduction of ACT in Ethiopia in 2004, 

there have been few studies on therapeutic efficacy of AL [232, 233, 234]. This paper presents 

data on the therapeutic efficacy of AL for the treatment of uncomplicated falciparum malaria, the 

prevalence of day three parasitaemia, which has previously been used as a surrogate for 

artemisinin (partial) resistance and patterns of fever and parasite clearance. 

4.2 Methods  

4.2.1 Study setting and period 

The study was conducted in Ilu Harar Health Center, Chewka district, Buno Bedele Zone, 

Southwest Ethiopia during September-December 2017.Chewaka district is located in Buno 

Bedele zone, Oromia regional state about 570 km  southwest of Addis Ababa. The district has 26 

administrative kebeles (villages) and has an altitude ranging from 1,600-2,000 above sea levels. 

As in most other areas of the country, malaria transmission in Chewaka follows rainy seasons, 

with transmission peaking in the months between September and December and between April 

and May.The main malaria control strategies in the district include, IRS,LLINs and malaria case 

management using ACTs [251]. 
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4.2.2 Study design and participants 

This was a prospective study of the clinical and parasitological efficacy of AL to directly 

observed therapy for uncomplicated P. falciparummalaria according to WHO revised protocol 

for malaria drug therapeutic efficacy study [198]. 

Inclusion criteria: Febrile patients (axillary temperature ≥37.5 0C) or having history of fever 

within the previous 24 hours, who fulfilled WHO revised protocol for malaria drug therapeutic 

efficacy study [198] and signed an informed consent were included inthe study. Briefly, all 

participants over 6 months of age and body weight > 5 kg, and microscopically confirmed P. 

falciparum mono-infection with asexual parasitaemia of 1000-100,000 parasites/μl of blood, 

non-pregnant or non-breast-feeding women, permanently living within the health 

centrecatchment area (5-10 km radius) during the study period were recruited. 

Exclusion criteria: Evidence of mixed of mixed or mono-infection with Plasmodium species 

other than P. falciparum, haemoglobin (Hb) level ≤5.0 g/dl, AL intake within the previous 2 

weeks, inability to take oral medication or continuous vomiting, known hypersensitivity to AL, 

severe malaria or other danger signs, severe malnutrition, febrile conditions due to diseases other 

than malaria (e.g. measles, acute lower respiratory tract infection, severe diarrhoea with 

dehydration) or other known underlying chronic or severe diseases (e.g. cardiac, renal and 

hepatic diseases, human immunodeficiency virus (HIV)/acquired immunodeficiency 

syndrome(AIDS) cases); and regular medication which may interfere with AL pharmacokinetics. 

4.2.3 Treatment and follow-up 

AL [Batch: DYI476065; Mfg: 03, 2016; Exp: 02, 2018] which was manufactured by Ipca 

Laboratories Ltd (Plot №: 255/1; Athal, Silvassa 396 230 (D & NH), India) was provided by the 

Ethiopian FMoH through WHO support. Drug dosage was determined according to the revised 

WHO weight-based guideline [76]. Briefly, participants were treated with the standard six-dose 

regimen of AL given twice daily for three consecutive days under direct observation of a study 

nurse/public health officer and administered with a milk biscuit to ensure good absorption.  The 

participants were then observed for 30 minutes to ascertain retention of the drug. Participants 

who vomited during the observation period were re-dosed with the same drug and observed for 

an additional 30 minutes. Participants with repeated vomiting were withdrawn from the study 

and treated as severe malaria according to national standard treatment guidelines [198].  



12 
 

On Day 0 (enrollment day), participants who were successfully treated with the first dose of AL 

were given an appointment card bearing patient name and identification code and next scheduled 

visit date, and the evening dose to be administered at home by health extension workers. 

Participants were then advised to come back for treatment the next two days (Day-1, Day-2). 

Scheduled follow-up visits were on Day-3, Day-7, Day-14, Day-21, and Day-28. There were 

unscheduled visits as well when a participant felt sick.Microscopy was performed during each 

subsequent visit to determine infection status, species, and parasite density. 

4.2.4 Haemoglobin measurement 

Finger-pick blood sample was used to measure haemoglobin using a portable spectrophotometer 

(Haemocue). 

4.2.5 Parasitological Assessment 

4.2.5.1 Microscopic analysis 

Thick and thin blood films were collected from each patient at screening. Blood films were also 

obtained on days 1, 2, 3, 7, 14, 21, 28 and any other day, if the patient returned due to some 

complaints spontaneously [198]. Giemsa working solution with buffering PH of 7.2 was used to 

stain the smears. Double-slide blood smears were prepared; one stained rapidly with 10% 

Giemsa for 10 to 15 minutes to screen for recruitment, and the next stained with standard 3% 

Giemsa for 30 to 45 min as recommended elsewhere [198]. The blood smears were examined by 

two microscopists blinded to each other results at a magnification of 1000× to examine parasite 

positivity,to identify parasite species and determine parasite density. Asexual and sexual stage of 

the parasite was determined from Giemsa-stained thick blood smears and enumerated against the 

number of parasites per 200 white blood cells on day 0, based on an assumed density of 8000 

white blood cells per μl of blood. A blood smear was declared negative after examination of 

1000 white blood cells [264, 265]. Discrepant results in terms of parasite positivity, species or 

density (by > 25%), a third blinded, independent microscopist re-examined the blood slides. For 

parasite species and positivity, two concordant results were considered the final result, while for 

parasite density, the average of the two closest estimates of parasitaemia was considered final.  
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4.2.6 Molecular analysis 

4.2.6.1 Screening of Plasmodium genus with qPCR 

Primerdesign
TM

Genesig standard kit for Plasmodium spp. (all species) genomes was assayed for 

the in vitro quantification of all Plasmodium species genomes by targeting the 18S ribosomal 

RNA (18S) gene according to the protocol of Primerdesign
TM

 Ltd [266]. Each reaction was 

performed in duplicate and the cycle threshold number (Ct) was determined as their mean. A 

sample was considered positive if the fluorescent signal was detected in at least one replicate; 

conversely, if no signal was detected within 40 cycles, a reaction was considered negative. 

4.2.6.1 Species-specific qPCR 

Plasmodium falciparum genome was analysed for the in vitro quantification of P. falciparum 

genomes by targeting the plasmepsin 4 gene according to the protocol of Primerdesign
TM

 Ltd 

[267]. 

4.2.6.1 Molecular genotyping of msp-1 and msp-2 

Dried blood spots were obtained for PCR analysis at enrolment (day 0) and on follow-up days 7, 

14, 21, and 28. PCR genotyping was performed on paired dried blood spots in the case of 

parasitaemia detected on or after day-7 to distinguish between recrudescence and re-infection for 

all treatment failures. PCR genotyping of P. falciparum polymorphic genes msp1 and msp2 was 

performed as per WHO protocol [268, 269, 270]. The results were classified as recrudescence if 

the recurrent parasites were of the same parasite strain as those on days 0 or as a new infection if 

they were a different strain. 

4.2.7 Treatment outcome classification 

Treatment outcomes were classified based on parasitological and clinical outcomes as 

recommended by the WHO [198]. Efficacy was evaluated using microscopy and qPCR in 

conjunction with clinical signs and symptoms. Parasite genotyping was also performed at 

baseline and at the time of recurrence of parasitaemia to differentiate between recrudescence and 

new infection. Therapeutic responses on day 28 were classified as adequate clinical and 

parasitological response (ACPR), or treatment failure (TF); designated as early treatment failure 

(ETF), late clinical failure (LCF), or late parasitological failure (LPF). The primary outcome 

measure was ACPR, corrected for reinfection using PCR genotyping from the day of 

reemergence of parasitaemia based on per protocol method and Kaplan–Meier analysis. A 
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secondary treatment outcome was parasite clearance during the first three day of follow-up and 

patterns of fever (i.e. temperature ≥ 37.5 
o
C).  

4.2.8 Data management 

Data entry and analysis was done by using the WHO designed Excel spreadsheet [271] and SPSS 

version 20 for windows. Cure rate on day-28 was assessed by intention to treat (ITT) and per 

protocol (PP) analysis. The PP Kaplan Meir was used to analyse the primary therapeutic 

outcomes. Briefly, PCR-uncorrected per protocol analysis excluded participants lost to follow-up 

and with-drawn whilst Kaplan-Meier analysis censored last day of follow-up for such 

participants. PCR-corrected per protocol analysis excluded participants lost to follow-up, with-

drawn, with falciparum re-infection, and undetermined PCR whilst Kaplan–Meier analysis 

censored last day of follow-up for those lost to follow-up as well as those withdrawn or with 

falciparum re-infection. Study participants with undetermined PCR were also excluded in the 

Kaplan-Meier analysis [198]. Secondary treatment outcomes analyzed were parasite clearance 

during the first three days of follow-up, patterns of fever (i.e. temperature ≥ 37.5 
o
C) and 

gametocyte clearance. Chi-square and Fisher’s exact tests were used to compare proportions 

whilst Student’s t-test was used to compare means and p < 0.05 was considered significant 

during the analysis. 

4.3 Results 

4.3.1 Study participant enrolment and demographic characteristics 

A total of 282 febrile participants were screened and of these, 80 participants were included in 

this study. The rest who were not fulfilling the WHO revised protocol for malaria drug 

therapeutic efficacy study [198] criteria were excluded from the study.  Of the 80 participants, 

four participants (5%) were lost to follow up on days seven and twenty-one and one participant 

with LCF was classified as reinfection on day fourteen and was excluded from per protocol 

analysis. Thus, 75 participants were successfully followed up during the course of the study 

(Figure 5). 
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The age, axillary temperature, Hb level, body weight, parasitaemia and gametocyte carriage of 

the study participants are summarized in Table 2. The majority (71.2%) of the study participants 

were males.  The age group 5-15 years represented most participants 50 (62.5%) followed by the 

group >15 years of age 26 (32.5%). The mean age of the study population was 20.96 (range 3-60 

282 participants assessed for 

eligibility 

80 Enrolled 

202 ineligible  

- 79 other Plasmodium spp. infection 

- 65 mixed Plasmodium spp. infection 

- 8 declined to provide consent and assent 

- 26 had low parasite count ( < 1000 

parasite/μL) 

- 4 severe malaria(Confirmed) 

- 2 severe malaria(presumed on screening) 

- 8 breast feeding 

- 10 pregnant 

 

75 Participants completed 

therapeutic efficacy study 

- 4 participants Lost to follow-up (LFU) ( 

One patient at Day7, 3 patients at day 21) 

- 1 LCF withdrawn with reinfection at day 

14 

Figure 5. Study participant flow chart  
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years). Geometric mean parasitaemia at baseline was 12374.31 (95%CI: 3699-14744) parasite/μl 

among all study participants.  

Table 2. Demographic characteristics of study participants in the evaluation of therapeutic 

efficacy of artemether-lumefantrine in the treatment of uncomplicated Plasmodium falciparum 

malaria in Chewaka district, Ethiopia 

 

 

Key: SD: standard deviation,   Kg: kilogram, Hb: hemoglobin, n: number, °C: degree centigrade; g/dl: gram/deciliter  

 

4.3.2 Primary outcomes 

Four treatment failures, three LPF (one case at day-14 and two cases at day-21) and one LCF 

case at day-14 were observed, giving PCR-uncorrected failure rate of 5.3% (4/76) (95%CI: 0.8-

18.2). By PCR correction, only the LCF was confirmed as a reinfection case with a failure rate of 

4 %( 95CI:0.8-11.2). There was seen no early treatment failure (ETF). For per protocol (PP) 

Patient characteristics 

Age category 

< 15 years  

(n=30) 

>=15 years 

(n=50) 

Total  

(n= 80) 

Mean age( or range) 9.27(3-14) 27.98(15-60) 20.96(3-60) 

Gender 

Male n(%) 

Female n(%) 

 

20(66.7) 

10(33.3) 

 

37(74.0) 

13(26.0) 

 

57(71.2) 

33(28.8) 

Temperature in 
o
C, mean(SD) 37.68( 0.58) 37.79( 0.81) 37.75( 0.73) 

Weight(Kg), mean(SD) 32.77 ( 19.01) 63.62( 18.43) 52.05( 23.86) 

Hemoglobin (g/dl), mean(SD) 11.37(3.21) 11.82(3.15) 11.65(3.16) 

Parasitaemia(per μl), geometric 

mean (range) 

12301.31(3699-

14292) 

12418.31(9539-

14744) 

12374.31(3699-

14744) 

Gametocyte carriage, n(%) 2(6.7) 5(10.0) 7(8.8) 
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analysis, PCR-uncorrected cure rate of AL among the study participants was 94.7% (95%CI: 

87.1-98.5) and the PCR corrected cure rate was 96% (95%CI: 88.8- 99.2). For intention to treat 

(ITT) analysis, the cure rate was 90% (95%CI: 88.8-99.2) (Table 3). Based on PCR-corrected 

Kaplan-Meier survival estimate, the cumulative incidence of failure rate of AL among study 

participants was 3.8 %( 95%CI: 1.3-11.4) and the cumulative incidence of success rate of AL 

among study participants was 96.2 %( 95%CI: 88.6-98.7) (Figure 6) 

 

Figure 6.  Kaplan-Meier Survival Curve with PCR corrected 
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Table 3. Results of therapeutic efficacy of artemether-lumefantrine in the treatment of 

uncomplicated P. falciparum malaria in Chewaka district, Ethiopia 

Key: ETF: Early treatment failure, LCF: Late clinical failure, LPF: Late parasitological failure, ACPR: Adequeate clinical and parasitological 

response, WTH: Withdrawal, LFU:Lost to follow-up, n.: number, PP: per protocol analysis; ITT: intention to treatanalysis,  LFU: loss to follow 

up 

Note: * stands for recrudescence and
#
stands for new infection. 

4.3.3 Secondary outcomes 

Parasite clearance: Based on qPCR quantitative parasite assessment, parasitaemia detection rate 

was 38.8% (31/80) on day-1, and declined to 18.8% (15/80) on day-2 and 3.8% (3/80) on day-3. 

Accordingly, parasite clearance rate was high that 61.2% of the participants cleared parasitaemia 

on day-1, 81.2% on day-2 and 96.2% on day-3 (Table 4 ). In total, only three participants (3.8%) 

of the 80 study participants were found to be positive on day-3.  The day-3 positive participants 

were followed up to day 28 and had ACPR. Parasite clearance rate was compared between age 

groups taking day-2 mean parasitaemia as comparison variable; day-2 mean parasitaemia was 

significantly higher (p<0.05) in age group less than 15 years (702.4±1390.46) compared to age 

group greater than 15 years (408.3±1041.09) implying that study participants age greater than 15 

years cleared the parasite faster than study participants age less than 15 years. 

Fever clearance: Febrile individuals, with ≥37.5°C axillary temperature, accounted for 73.8% 

(59/80) at the day of recruitment and decreased to 47.8% (38/80) on day 1, 13.8% (11/80) on 

day-2 and 2.5% (2/80) on days-3. Accordingly, fever clearance rate was 87.2% (69/80) on day-2, 

Treatment outcome n (%) 

ETF 0(0.0) 

LCF 1(1.3)
#
 

LPF 3(4.0)
*
 

ACPR 72(94.7) 

PP PCR-uncorrected cure rate(95% CI) 72/76;94.7(87.1-98.5) 

PP PCR-corrected cure rate(95% CI) 72/75;96.0(88.8-99.2) 

ITT cure rate(95% CI) 72/80;90.0(83.3-96.7) 
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97.5% (74/80) on day-3 (Table 4 and Figure 7 ) and no febrile case was detected onwards except 

the three recrudescence and the one reinfection cases.  

 

Figure 7. Parasitaemia, fever and gametocyte clearance rate during treatment and follow-up 

period in Chewaka district, Ethiopia 

Gametocytaemia clearance: based on microscopic analysis, only 8.8% (7/80) gametocyte 

carriers, among all study participants, were detected at enrolment: Of these, 6.2% (2/30) detected 

in <15 years and 10% (5/50) was detected in ≥15 years. Of the day-0 gametocyte carriers 

detected, threecases on day-1 and fourcases on day-2 were cleared giving gametocytaemia 

clearance rate of 42.9 % (3/7) and/or 57.1 % (4/7) respectively. The proportion of gametocyte 

carriage per total study participants was declined from 8.8% (7/80) on day 0 to 5% (4/80) on day 

1, 3.8 % (3/80) on day 2 and totally disappeared on day 3 (Table 4 and Figure 7). After initiation 

of the treatment nonew gametocyte carrier was observed. 

 

 

 

Day 0 Day 1 Day 2 Day 3 Day 7 

Parasitemia Detected (%) 100 38.8 18.8 3.8 0 

Fever Cases (≥37.5°C) (%) 73.8 47.5 13.8 2.5 0 

Gametocytes Carriage (%) 8.8 5 3.8 0 0 
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Table 4 Parasite, fever and gametocyte clearance rate in study participants during treatment and 

follow-up period in Chewaka district, Ethiopia 

4.3.4 Clinical cases with recrudescence 

Three study participants experiencing recrudescent parasitaemia between 14-21 days after 

treatment start. All attended their treatment at health centers for uncomplicated P. falciparum 

malaria and had an adequate initial treatment response and were parasite-negative by microscopy 

and qPCR analysis latest on the second day after initiated AL treatment of admission. Each dose 

was administered by a ward nurse and medical officer who documented intake in the medical 

record, and compliance according to documentation was 100%. The participants were 21-51 

years old with body weight 54-70 kg. 

4.3.5 Adverse Drug Reactions 

Information on AL related side effects was collected through self-reporting and recorded in the 

case reporting forms. No serious adverse events were reported throughout the 28 days follow up 

period. Overall, 80% of all study participants reported no side effects and 20% reported one or 

 

Variable  

 

Age 

Category 

Follow-up days 

D0 

(Baseline) 

D1 

(24hr) 

D2 

(48hr) 

D3 

(72hr) 

Parasitemia detected, n (%) 

 

<15 yrs. 30(100) 12(40.0) 9(30.0) 0(0.0) 

≥15 yrs. 50(100) 19(38.0) 7(14.0) 3(6.0) 

Total 80(100) 31(38.8) 16(20.0) 3(3.8) 

Fever cases (≥37.5°C), n (%) 

 

 

<15 yrs. 24(80) 17(56.7) 7(23.3) 0(0.0) 

≥15 yrs. 35(70) 21(42.0) 4(8.0) 2(6.7) 

Total 59(73.8) 38(47.5) 11(13.8) 2(2.5) 

Gametocytes carriage, n (%) 

 

<15 yrs. 

 

2(6.7) 0(0.0) 0(0.0) 0(0.0) 

≥15 yrs. 5(10.0) 4(8.0) 3(6.0) 0(0.0) 

Total 7(8.8) 4(5.0) 3(3.8) 0(0.0) 
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two side effects. The most reported adverse reactions in this study were headache (8.8%), 

vomiting (3.4%), Shortness of breath (2.5%), cough (1.3%), diarrhea (1.3%) and joint/muscle 

pain (2.5%). Most of these probable AEs disappeared with the clearance of parasitaemia except 

cough. Cough persisted for some time beyond parasite clearance. 

4.4 Discussion  

In this study the PCR-corrected cure rate 96% (95%CI; 88.8-99.2), which showed   the high 

therapeutic efficacy of AL since its introduction for the treatment of uncomplicated falciparum 

malaria in the study area, meeting the WHO recommendation that cure rates for falciparum 

malaria should be at least 90%  [198].  The observed PCR corrected cure rate in this study is 

comparable  with what was documented in other parts of Ethiopia by Nega et al., Mekonnen et 

al., and Getnet et al. in which PCR-corrected ACPR of 97.8% , 98.8% and 95% respectively, 

were observed after 28 days follow following treatment with AL [232, 233, 234]. The observed 

high AL cure rate is comparable with other findings in other parts of Africa in which PCR-

corrected ACPR of 95% in Ghana by Abuaku et al.  and 99.3% in Tanzania by Ishengomaet al. 

were demonstrated [169, 272]. Most of these results are well within the confidence intervals of 

this study and minor differences may be attributable to host nutritional and immune status, initial 

parasitaemia level, pharmacokinetics and pharmacodynamics may influence the therapeutic 

efficacy of a drug apart from inherent parasite susceptibility [273].  

Early treatment failure was not observed in this study, whereas three LPF were 3.9 %( 95CI:0.8-

11.1) in PCR uncorrected and 4 %( 95CI:0.8-11.2) treatment failure was observed in PCR 

corrected data. Several studies[149, 171, 274, 275] in which therapeutic efficacy tests were 

combined with sampling of plasma or whole blood for drug concentration measurements at 

various times during follow-up have shown that cured patients have higher drug concentrations 

than those in whom treatment failed. There are two possible explanations for the latter finding. 

First, failures are associated with inadequate drug concentrations rather than resistance-this could 

be the case in our findings of treatment failure of 4%; secondly, when drug resistance emerges, 

there is a higher likelihood that a resistant strain will emerge if the drug is present at a 

suboptimal concentration. 

According to the Kaplan Meier PP survival analysis in the current study, the PCR-corrected AL 

failure rate was 3.8% (95%CI; 1.3-11.4) and the cumulative incidence of success rate of AL 
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among study participants was 96.2 %( 95%CI: 88.6-98.7) (Figure 6). The AL treatment failure 

rates observed is below the WHO threshold of 10%, and, therefore, suggests that lumefantrine 

was not failing as partner drug in AL use in the study area, with no change in the national 

treatment policy [198]. Inadequate drug absorption resulting in suboptimal serum drug 

concentrations can cause treatment failure. Artemether is rapidly absorbed and eliminated (half-

life of a few hours), whereas lumefantrine was variably absorbed and more slowly eliminated 

[76]. Lumefantrine is a lipophilic compound with erratic bioavailability unless administered with 

a small fatty meal [171], and for this reason, guidelines recommend administration of AL with a 

fatty meal such as milk or a small biscuit. In the case of our study, we were unable to confirm 

adequate serum concentrations of lumefantrine; however, all participants received a complete 

course of treatment and all the doses were supervised in the health centreand administered with a 

milk biscuit to ensure good absorption. Nevertheless, considerable inter-individual variation 

exists in lumefantrine exposure, and these participants may have had relatively low 

concentrations. 

Day-3 parasitaemia may be a poor predictor of patient outcomes on day 28 because the 

supplemental drug may still clear the infection. However, determining the presence of day 3 

parasitaemia has been suggested as a surrogate for assessing artemisinin resistance e.g. in mobile 

populations [276]. In the present study, the parasitaemia on day 3 following treatment with AL 

was only 3.8% (95%CI; 0.8-10.6) on day-3 and Day-3 parasitaemia did not correspond to 

failures observed during follow-up. This may indicate absence of resistant strains of P. 

falciparum to artemisinin in study area. This is in line with the WHO 2009 anti-malarial 

protocol, that if 10% of the study participants have peripheral parasitaemia on day 3, it is an 

indicator of emergence of artemisinin resistance to Plasmodium species [198, 276]. The overall 

rate of day-3 positivity observed in this study are consistent with the 3-5% background rate of 

day-3 positivity that might be expected in the absence of resistance to artemisinin, but also the 3-

10% range which in the past has been seen as appropriate window for initiating containment 

activities [277]. 

Episodes of recurrent parasitaemia following treatment may be due to recrudescence of the initial 

infection, reflecting failure of the drug to clear the infection; or, they may be due to new 

infections that occurred during the follow-up period [279]. In areas of high endemicity recurrent 
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infections are common although PCR analysis of msp1 and msp2 gene markers estimated that 

three cases were recrudescence and a single case of re-infections are observed in this study. The 

recrudescent parasitaemia resolved quickly after initiated re-treatment in all cases. 

AL showed rapid parasite and fever clearance during the first three days of controlled supervised 

follow-up period. Over all prevalence of parasite and fever declined by 96.2% and 97.5 on day 3 

respectively. Gametocytaemia was absent on day 3 following treatment with AL. These findings 

suggest that AL remains effective in rapidly clearing asexual parasites and fever as well as 

reducing gametocyte carriage rates in study Ethiopia [232, 233, 234]. The high parasite and fever 

clearance rates could be explained by the fast act of artemether to clear parasite biomass leading 

to rapid resolution of clinical manifestations [76, 279].  

This study also showed that AL had a safety profile comparable to previous studies and was well 

tolerated with minimal adverse events. Studies conducted in other African countries [280, 281, 

282] reported similar safety profiles of AL when used for the treatment of uncomplicated 

falciparum malaria. A high number of cases reporting cough at the study site could be attributed 

to weather conditions, which were relatively cold and rainy at the time of the study. 

The relative bioavailability of artemether and lumefantrine increases by 2-3 times and 16 times, 

respectively, when administered after a high-fat meal [283].The limitation of this study is the 

lack of pharmacokinetic data to better explain the recrudescence observed. The cure rates for AL 

may therefore be higher than the rates observed in this study. 

4.5 Conclusions 

The findings of this study showed that the therapeutic efficacy of AL is considerably high (above 

90%). AL remains highly efficacious in the treatment of uncomplicated malaria in the study area 

achieving rapid fever and parasite clearance as well as low gametocyte carriage rates despite the 

use of this combination for more than 15 years. Day-three parasitaemia warrants a close 

monitoring of the efficacy of AL in the future and should be continued in order to generate 

evidence to support national malaria treatment policy and practice. 
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CHAPTER V:  GENETIC POLYMORPHISM PLASMODIUM 

FALCIPARUM PARASITES 

(Adopted from: Abamecha et al. 2020) 

 

Abstract 

Background: Genetic Polymorphism in Plasmodium falciparum poses a major threat to malaria 

control and elimination interventions. Characterization of the genetic Polymorphism of P. 

falciparum strains can be used to assess intensity of parasite transmission and identify potential 

deficiencies in malaria control programmes, which provides vital information to evaluating 

malaria elimination efforts. This study investigated the P. falciparum genetic Polymorphism and 

genotype multiplicity of infection in parasite isolates from cases with uncomplicated P. 

falciparum malaria in Southwest Ethiopia. 

Methods: A total of 80 P. falciparum microscopy and qPCR positive blood samples were 

collected from study participants aged six months to sixty years, who visited the health facilities 

during study evaluating the efficacy of artemether-lumefantrine from September-December, 

2017. Polymorphic regions of the msp-1 and msp-2 were genotyped by nested polymerase chain 

reactions (nPCR) followed by gel electrophoresis for fragment analysis. 
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Results: Of 80 qPCR-positive samples analysed for polymorphisms on msp-1 and msp-2 genes, 

the efficiency of msp-1 and msp-2 gene amplification reactions with family-specific primers 

were 95 %  and 98.8%, respectively. Allelic variation of 90% (72/80) for msp-1 and 86.2% 

(69/80) for msp-2 were observed.  K1 was the predominant msp-1 allelic family detected in 

20.8% (15/72) of the samples followed by MAD20 and RO33. Within msp-2, allelic family 

FC27 showed a higher frequency (26.1%) compared to IC/3D7 (15.9%). Ten different alleles 

were observed in msp-1 with 6allelesforK1, 3 alleles for MAD20 and1 allele forRO33. In msp-2, 

19 individual alleles were detected with 10 alleles for FC27 and 9 alleles for 3D7. Eighty percent 

(80%) of isolates had multiple genotypes and the overall mean multiplicity of infection was 3.2 

(95% CI: 2.87- 3.46). The heterozygosity indices were 0.43 and 0.85 for msp-1 and msp-2, 

respectively. There was no significant association between multiplicity of infection and age or 

parasite density. 

Conclusions: The study revealed high levels of genetic Polymorphism and mixed-strain 

infections of P. falciparum populations in Chewaka district, Ethiopia, suggesting that both 

endemicity level and malaria transmission remain high and that strengthened control efforts are 

needed in Ethiopia.  

Keywords: Genetic Polymorphism, Multiplicity of infection (MOI), Plasmodium falciparum, 

Ethiopia 
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5.1 Background  

The intensification of malaria control interventions has resulted in its global decline, but it 

remains a significant public health burden across several malaria-endemic countries [247]. The 

2018 global malaria report revealed that the incidence rate of malaria declined by 18% from 

2010 to 2017, in the same period, the estimated number of cases dropped from 239 million to 

219 million, and the number of deaths from 607,000 to 435,000 [247, 283, 284]. In Ethiopia, the 

trends in malaria over the past five years have also shown a decline in malaria cases and fewer 

epidemics [285, 286]. In 2014/2015, Ethiopia reported 2,174,707 malaria cases and 662 reported 

malaria deaths among all age groups which is a 98% reduction compared to 41,000 estimated 

deaths in 2006 [285285, 286]. Between June 2016 and July 2017, the Ethiopian Health 

Management Information System (HMIS) reported a total of 1,755,748 malaria cases and 356 

deaths due to malaria [285]. The key interventions which have been contributing to such 

significant decline includes: introduction of prompt and effective treatment withartemisinin-

based combination therapy (ACT), the distribution and promotion of the use of long-lasting 

insecticidal nets (LLINs), nationwide coverage of indoor residual spraying (IRS), and 

environmental management [285, 286]. Ethiopia adopted artemether-lumefantrine (AL) in 

2004as first-line for the treatment of uncomplicated falciparum malaria, LLINs coverage has 

been scaled up in Ethiopia since 2005, resulting in over 64 million nets distributed by 2014. IRS, 

includingpermethrin, bendiocarb propoxur and deltamethrin, pirimiphos-methyl has been used 

between 2014 - 2020.Although these control measures have resulted in a substantial decrease in 

malaria infections in Ethiopia, malaria is still endemic, with populations in some areas remaining 

at high risk of infection. Ethiopia has set a goal to eliminate the disease by 2030 using these 

interventions [285, 287]. 

Genetically-distinct malaria parasites in natural populations have an extremely high rate of 

genetic recombination during the sexual stages in a mosquito host, often resulting in multiple 

strains being transmitted simultaneously [289]. This Polymorphism hampers development of 

effective vaccine as it limits the efficacy of protective immunity (i.e., antibody-mediated parasite 

inhibition) [290]. Highly endemic malaria settings are prone to infections containing multiple P. 

falciparum strains, primarily due to repeated exposure to mosquitoes infected with multiple 

parasite strains [291]. This genetic Polymorphism of the parasite is one of the main factors 

responsible for the slow acquisition (several years) of immunity against malaria. Thus, 



27 
 

individuals would have to encounter a broad range of circulating parasite populations before they 

develop an effective anti-malarial immunity [292].  

Genetic Polymorphism and multiplicity of P. falciparum infections are essential parasite indices 

that could determine the potential impact on the selection of drug-resistant parasites. Although 

many polymorphic antigens have been described in several stages of the parasite life cycle, 

merozoite surface protein 1 and 2 (msp-1 and msp-2) seem to be the most appropriate to 

distinguish parasite populations [95, 293, 294]. This markers are particularly useful in 

determining the multiplicity of infection (MOI), a measure of the effectiveness of intervention 

programmes and also msp-1 and msp-2 typing are widely used in anti-malarial drug efficacy 

trials to distinguishing recrudescent parasites from new infections [295, 296, 297]. Study reports 

by Jelinek et al. [298] and Meyer et al. [299] showed that increased genetic Polymorphism of 

circulating malaria parasites in a population increases the potential for the selection of drug 

resistance. 

Declining malaria transmission as a result of scaling-up interventions has been shown to affect 

the parasite population genetics pattern and population structure of P. falciparum [104, 105, 

300]. The scale-up interventions, such as the usage of insecticide-treated bed nets, indoor 

residual spraying [104, 301] and the introduction of new anti-malarial drug regimens [102, 103, 

105, 302, 303, 304, 305] to control and treat malaria have been shown to cause the genetic drift 

and decrease the level of allelic Polymorphism(He) and MOI. However, this does not occurred in 

all settings [105, 104]. In addition, the genetic Polymorphism and population structure studies 

can be used to monitor the effects of any malaria scale-up interventions, such as the impact of 

malaria control and elimination programs [306]. Hence, accurate assessment of the parasite’s 

genetic Polymorphism across malaria endemic regions could help plan or develop new control 

and elimination strategies. The MOI, which identifies the number of clones within a particular 

infection, can serve as a measure of the level of malaria transmission as well as identify hotspots 

[127, 307]. Malaria parasite Polymorphism is distinct in different individuals, populations, 

transmission settings and seasons within endemic zones and changes with variations in parasite 

prevalence [307], and has been suggested to be constantly changing [309, 310, 311, 312]. 

Parasite populations even respond to specific interventions, such as rapid diagnostic tests, human 

host immune pressure and mosquito vector [313, 314, 315]. The identification of hotspots is 
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important in understanding the epidemiology of P. falciparum infections for informed 

interventions to be implemented [307, 316]. The effect of malaria control interventions on the P. 

falciparum population structure in Ethiopia could not be assessed due to the lack of genetic data 

and systematic genetic surveillance study. Chewaka district in Southwest Ethiopia experiences 

frequent epidemic outbreaks of malaria. Parasite genetic Polymorphism and multiplicity of 

infection studies have also been found to be important in the surveillance of strains circulating in 

a particular transmission area especially in Southwest Ethiopia because there was so limited 

information available on the genetic structures of P. falciparum [317, 318, 319]. This study was 

aimed at characterizing the genetic Polymorphism and allele frequencies of msp-1 and msp-2 

genes of P. falciparum isolates from uncomplicated malaria patients in Chewaka district, 

Southwest Ethiopia. 

5.2 Methods  

5.2.1 Study setting 

The study was conducted in Ilu-Harar Health Centre, Chewka district, Buno Bedele Zone, 

Southwest Ethiopia during September-December 2017. Chewaka district is located in Buno 

Bedele zone, Oromia regional state, Ethiopia about 570 kilometres southwest of Addis Ababa.  It 

is situated in lowland areas of Dhidhesa valley, which lies below 1500m above sea level. The 

district has 26 administrative kebeles (villages).  As in most other areas, malaria transmission in 

Chewaka follows rainy seasons, with transmission peaking in the months between September 

and December and between April and May. The main malaria control strategy in the district 

includes long-lasting insecticidal nets (LLINs), indoor residual spraying (IRS) and malaria case 

management with ACT [285, 287]. In 2017, the FMOH updated the country’s malaria risk strata 

based on malaria annual parasite incidence (API), calculated from micro-plan data from more 

than 800 districts,classifying areas with malaria transmission risk by API as high (≥100 

cases/1,000 population/year), moderate (≥5 and <100), low (>0 and <5), and malaria-free (~0). 

Chewaka district was classified as mesoendomic/moderate transmission setting [286]. 

5.2.2 Study population and blood sample collection 

A total of 80 P. falciparum infected blood spots were collected during a therapeutic efficacy 

study of artemether-lumefantrine (Coartem®), between September and December 2017. The 

PCR analysis of msp1 and msp2 gene markers showed that three cases were recrudescence and a 
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single case of re-infections was observed in the study. The observed recrudescent parasitemia 

was between 14-21 days after treatment start. However, the recrudescent parasitemia resolved 

quickly after initiated re-treatment in all cases with the same regimen (unpublished data). The 

participants were aged between six months and sixty years, were residents within Chewaka area, 

and had presented to the local health centre. Febrile patients with axillary temperatures ≥37.5°C, 

positive for asexual P. falciparum mono-infection giving written consent were included in the 

study. Children aged less than six month, pregnant women and individuals suffering from any 

other diseases were excluded.  

After consent was obtained, the blood samples were obtained by finger prick and malaria 

infection was diagnosed using microscopy and qPCR. Whenever a participant tested positive for 

asexual P. falciparum mono-infection, approximately 50μl of whole blood was spotted onto filter 

paper (Whatman® 927 mm) and air dried. The blood spots were individually placed into 

plasticbags with desiccant and transported to the Jimma University Clinical Trial Unit (JU-CTU) 

and stored at -20 °C for a maximum of three months prior to further analysis. 

5.2.3 Extraction of parasite DNA 

Genomic DNA was extracted from whole blood using proteinase K-base method (GE Healthcare 

Illustra Blood Genomic Prep Mini Spin Kit) according to the manufacturer’s instructions for 

qPCR species identification and parasite density determination. For nested PCR, the DNA was 

extracted from stored dried blood spots collected on enrollment (Day-0) and on any day after day 

3 were deemed to have recurrent parasitaemia using Pure Link
TM

 Genomic DNA mini Kit 

(Invitrogen, USA) according to the manufacturer’s instructions. DNA was checked for purity and 

quantity using Nanodrop spectrophotometer (ND 1,000), and stored at -20 °C until used for PCR 

amplification and detection.  

5.2.4 Quantitative PCR (qPCR) screening for Plasmodium falciparum 

Primer design genesig (Bio-Rad Laboratories,Inc. Germany) standard Kit for Plasmodium spp. 

genomes was analysed for the in vitro quantification of all Plasmodium spp.genomes by 

targeting the 18S ribosomal RNA (18S) gene according to the protocol of Primer design
TM

 Ltd 

[320].Species specific Plasmodium falciparum genome was analysed for in vitro quantification 

of P. falciparum genomes by targeting the plasmepsin 4 gene according to the protocol of 

Primerdesign
TM

 Ltd [320]. Each reaction was performed in duplicate and the cycle threshold 
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number (Ct) was determined as their mean. A sample was considered positive if the fluorescent 

signal was detected in at least one replicate; conversely, if no signal was detected within 40 

cycles, a reaction was considered negative. 

5.2.5 Genotyping of Plasmodium falciparum isolates  

Genotyping of P. falciparum isolates was carried out by Nested PCR amplification of the two 

highly polymorphic regions of msp-1 (block2) and msp-2 (block3) genes as reported previously 

[320, 321]. Primer sequences (Additional file 1: Table S1 and Additional file 2: Table S2) and 

cycling parameters used for amplification of the three allelic families of msp-1(K1, MAD20 and 

RO33) and two allelic families of msp-2 (FC27 and 3D7) have been reported elsewhere [322, 

323]. Briefly, in the initial amplification, primer pairs corresponding to conserved sequences 

within the polymorphic regions of each gene were included in separate reactions. The product 

generated in the initial amplification was used as a template in five separate nested PCR 

reactions. In the nested reaction, separate primer pairs targeted the respective allelic types of 

msp-1(K1, MAD20 and RO33) and msp-2 (IC/3D7 and FC27), with an amplification mixture 

containing 250nM of each primer, 2mM of MgCl2 and 125µM of each dNTPs and 0.4 units Taq 

DNA polymerase (MyTaq
TM 

DNA Polymerase, Bioline). The cycling conditions in the 

thermocycler (TECHNE, GENIUS), for initial msp-1 and msp-2 PCR were as follows: 5 min at 

95 °C, followed by 25 cycles for 1 min at 94 °C, 2 min at 58 °C and 2 min at 72 °C and final 

extension of 5 min at 72 °C. For msp-1 and msp-2 nested PCR, conditions were as follows: 

5 min at 95 °C, followed by 30 cycles for 1 min at 95 °C, 2 min at 61 °C and 2 min at 72 °C and 

final extension of 5  min at 72 °C [322]. The allelic specific positive control 3D7 and DNA free 

negative controls were included in each set of reactions [321]. Fragment analysis of msp-1 and 

msp-2 amplified products were then performed through electrophoresis on 2% and 3% ethidium 

bromide-stained agarose gel, respectively, and after migration, the DNA fragments were 

visualized by UV trans- illumination.  A standard curve is then drawn by measuring the distances 

traveled (in cm) from the well, of the bands of the size marker, according to the mathematical 

function: f (x) = y; where f (x) = the actual distance traveled by the band on the gel; y = log10 

(bp). The size of an unknown strip is then determined by plotting the distance travelled on the x-

axis, then projection on the coordinate axis to determine the size in base pairs. For individual 

samples, alleles were identified according to band size (Additional file 3: Figure S3 and 

Additional file 4: Figure S4). This study assessed the frequency of the occurrence of each allele 
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in the population. The studycategorized clones into molecular weight groups differing by 20 bp 

for clear discrimination from other clones and elimination of errors that would result from 

estimating the molecular weight on agarose-gels. 

5.2.6 Data analysis 

The msp-1 and msp-2 allele frequencies were expressed as the proportion of samples containing 

an allelic family compared to the total number of samples that gene was detected in isolates. The 

detection of one msp-1 and msp-2 allele was considered as one parasite genotype. The 

multiplicity of infection (MOI) was defined as the minimum number of P. falciparum genotypes 

per infected subject and estimated by dividing the number of amplified PCR fragments reflecting 

the parasite genotypes by the number of positive samples in the same marker [323]. The size of 

polymorphism in each allelic family was analysed; assuming that one band represented one 

amplified PCR fragment derived from a single copy of P. falciparum msp-1or msp-2 genes. 

Alleles in each family were considered the same if fragment sizes were within 20bp interval 

[296].  

Spearman’s rank correlation coefficients were calculated to assess association between 

multiplicity of infection (MOI) and geometric mean parasite density and age. The heterozygosity 

index (He), which represents the probability of being infected by two parasites with different 

alleles at a given locus, was calculated by using the Genetic Analysis in Excel toolkit (GenAIEx) 

[324]. Briefly, the allelic Polymorphism (He) for each antigenic markers was calculated based on 

the allele frequencies, using the formula: He= [n/ (n-1)] [(1-Σpi
2
)], where n is the number of 

isolates sampled and pi is the allele frequency at a given locus. Allelic Polymorphism has a 

potential range from 0 (no allele Polymorphism) to 1 (all sampled alleles are different) [325]. 

Student’s test was used to compare MOI. The chi-square test or Fisher’s exact test was used for 

proportion comparisons. The p value < 0.05 was chosen as threshold significance for the various 

statistical tests. All statistical analyses were performed using SPSS version 20.0 (SPSS Inc., 

Chicago, IL, USA). 
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5.3 Results 

5.3.1 Demographic and parasitological data 

Of the 80 patients enrolled 57 (71.2%) were males, mean (+SD) age of participants was 20.96 

(±13.6) years. Participants had asexual parasitaemia ranging from 3,699   to 14, 744 parasites/µL 

with a geometric mean of 12,513parasites/µl (95% CI 12,167-12,859). The parasite DNA from 

the 80 P. falciparum samples was analysed for msp-1 and msp-2 genes. The estimated frequency 

of msp-1 and msp-2 gene amplification reactions with family-specific primers was 90% (72/80) 

and 86.3% (69/80), respectively. 

5.3.2 Allelic polymorphism of P. falciparum msp-1 and msp-2 genes 

Polymorphism analysis was assessed in 80 P. falciparum isolates within the allelic families of 

msp-1 and msp-2 with a total of 253 distinct fragments detected. The msp-1 gene analysis 

showed 63, 50, 31 fragments belonged to K1 (43.75% of overall detected msp-1 alleles), MAD20 

(34.72%) and RO33 (21.5%) allelic families noted, respectively. The msp-2 gene analysis 

showed 58, 51 fragments belonged to FC27 (53.2% of overall detected msp-2 alleles) and 

IC/3D7 (46.8%) allelic families noted respectively.  

The proportion of K1, MAD20 and RO33 types were 20.8, 4.2, and 4.2%, respectively. The 

remaining 70.8% (51/72) were polyclonal infections. Among polyclonal infections carrying two 

allelic types, the frequency of samples with K1/MAD20, K1/RO33, and MAD20/RO33 was 

31.9, 5.6, and 5.6%, respectively. Infections with all three allelic types were detected in 29.2% of 

cases (Table 5). 

Table 5. Genotyping of P. falciparum msp-1 polymorphic region block-2 in malaria patients 

from Chewaka district, Ethiopia 

msp-1, N=72 Frequency (%) Allele size (bp) No of alleles Overall MOI 

K1 15(20.8) 130-300 6 2.0 

MAD20 3(4.2) 180-220 3  

RO33 3(4.2) 150 1  

K1+MAD20 23(31.9)    

K1+RO33 4(5.6)    

MAD20+RO33 3(4.2)    

K1+MAD20+RO33 21(29.2)    

Key: MOI; multiplicity of infection 
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Allele genotyping demonstrated the highly polymorphic nature (i.e. more alleles) of P. 

falciparum in Chewaka isolates with respect to msp-1 and msp-2 (Additional file 3: Figure S3 

and Additional file 4: Figure S4). A total of 29 individual with msp alleles were identified (10 for 

msp-1 and 19 for msp-2). Among msp-1 isolates, six K1 (130-300 bp), three MAD20 (180-

220bp) and one RO33 (150bp) allelic families were noted. 

In msp-2, a total of 19 different alleles were identified (Table 6), of which ten alleles belonged to 

FC27and nine alleles belonged to IC/3D7. Allele sizes ranged from (260 to 540 bp) for FC27 and 

(170 to 450 bp) for IC/3D7 allelic families. The frequency of samples with only FC27 and 

IC/3D7 were 26.1 % (18/69) and 15.9 % (11/69), respectively. Forty of the isolates (58%) 

carried both msp-2 allelic families. 

5.3.3 Genotype multiplicity of P. falciparum infection  

Of the 80 positive samples, 64 (80%) harboured more than one parasite genotype identified by 

the presence of two or more alleles of one or both genes. with the overall mean MOI i.e., parasite 

clones per sample was 3.2 (95% CI: 2.87- 3.46).  When considering msp-1 and msp-2 genes 

separately, the MOI was 2.0 (95% CI: 1.82-2.18) and 1.6 (95% CI: 1.46- 1.70), respectively, 

while 51/72(70.9%) and 40/66 (58%) of isolates contained multi-clonal infection at least with 2 

clones, respectively. The heterozygosity index, which represents the probability of being infected 

by two parasites with different alleles at a given locus, was 0.43 for msp-1and 0.85 for msp-2 

loci. No significant correlation between multiplicity of infection and parasite density of patients 

(Spearman rank correlation = 0.094; p= 0.409) or multiplicity of infection and age (Spearman 

rank correlation = 0.072; p= 0.528). According to age, and parasite density the MOI was similar 

between individuals of different age and parasite density with-out significant difference (Table 

7). 
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Table 6.  Genotype of P. falciparum msp-2 polymorphic region block region block 3 in malaria 

patients from Chewaka district, Ethiopia 

Key: MOI, multiplicity of infection 

 

Table 7. MOI according age and parasite densityin malaria patients from Chewaka district, 

Ethiopia 

 MOI 

Age msp1 msp2 msp-1+msp-2 

< 5 years 1.75 1.67 3.0 

5-15 years 2.00 1.61 3.19 

≥15 years 2.02 1.56 3.16 

P  Value p> 0.05 p> 0.05 p> 0.05 

Parasite density    

<1000 2.50 1.25 3.75 

≥10000 1.97 1.60 3.13 

P Value p> 0.05 p> 0.05 p> 0.05 

 

msp-2,N=69 

Frequency 

(%) 

Allele 

size(bp) 

No 

of alleles 

Overall MOI 

FC27 18(26.1) 260-540 10 1.6 

IC/3D7 11(15.9) 170-450 9 

FC27+IC/3D7 40(58.0)   
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5.4 Discussion 

The genetic Polymorphism of P. falciparum parasites impacts malaria transmission and malaria 

control strategies [326].Genetic structures and population genetics studies of P. falciparum may 

hold the key for effective disease surveillance and control programmes, especially in Southwest 

Ethiopia as so far there is very limited information available on the genetic structures of P. 

falciparum. As the country moves towards malaria elimination, understanding the genetic 

Polymorphism and population structure of the malaria parasite populations in hotspots is crucial 

to guide monitoring and evaluation of malaria control strategies and anti-malarial interventions. 

The present study provides a detailed assessment of genetic Polymorphism and multiplicity of 

infection of P. falciparum parasites from Chewaka district, Southwest Ethiopia. 

In this study, allele-specific PCR typing of the msp-1 and msp-2 loci showed considerably 

diverse and extensive allelic polymorphisms in P. falciparum populations in the analysed 

samples. However, the number of alleles may have been underestimated due to the limitations of 

the technique used. Indeed, the numbers of alleles (bands) detected may be underestimated due 

to sensitivity of the PCR technique used as minor fragments (<50 bp) cannot be detected on the 

agarose gel and also similar sized fragments may be classified as identical leading to a false 

impression of similarity. Within allele families, alleles of the same size may have different amino 

acids motifs [324, 325], which emphasizes the importance of sequencing in future studies to 

confirm Polymorphism and extensive allelic polymorphisms in the P. falciparum.  A total of 10 

and 15 different alleles for msp-1 and msp-2, respectively, were obtained from the parasite 

isolates in Chewaka district, Ethiopia. This genetic Polymorphism was consistent with the 

Polymorphism found in Kolla-Shele area, Southwest Ethiopia (msp-1: 11; msp-2: 12) in 2015 

[317], in Northwest Ethiopia (msp-1: 12; msp-2: 22) in 2018 [318], and Brazzaville in the 

Republic of Congo (msp-1: 15; msp-2: 20) in 2018 [327]. In contrast, a higher Polymorphism 

(msp-1: 26; msp-2: 25) was found in Bioko Island, Equatorial Guinea in 2018, even though this 

area has comparable malaria endemicity patterns [326]. K1 was the predominant allelic family 

for msp-1 as also demonstrated in previous studies in Africa, including Southwest Ethiopia 

[317], Brazzaville, Republic of Congo [296] and Gabon [328]. However, in studies conducted in 

Northern Ethiopia [319], Central Sudan [95] and Bioko Island, Equatorial Guinea [326] the 

MAD-20 allele was found to be predominant.  
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In this study, the RO33 family showed no polymorphism with only a single allele (160bp). This 

is similar to findings in Congo [296]. Allele typing of msp-2 showed that FC27 was the 

predominant allelic family as also demonstrated in previous reports from Benin [328] and 

Central Sudan [95], but in contrast with previous studies in Ethiopia [317] and Brazzaville, 

Republic of Congo [296]. A variation in the prevalence of alleles between different studies likely 

reflects the differences in sample population. Thus, it is important to conduct studies that include 

adequate sample size as well as sampling at different time point within the same region to assess 

and compare the genetic profile of parasites circulating in endemic areas in an attempt to avoid 

intra and inter individual variation in the number of parasite genotypes detected in the different 

episodes of malaria. Besides, methodological differences may also affect the comparability of 

results. Hence, further investigations with more powerful techniques such as capillary 

electrophoresis and DNA sequencing are needed to better characterize the malaria parasites in 

the country. 

Multiplicity of infection (MOI), i.e. the number of different P. falciparum strains co-infecting a 

single host, has been shown to be a common feature in most malaria-endemic areas and was 

reported to vary with age, parasite density, immune status, epidemiological settings and 

transmission intensity [132, 330, 331, 332]. In this study, 80% of the isolates harboured more 

than one parasite genotype identified by the presence of two or more alleles of one or both genes 

with the overall mean MOI being 3.2 (95% CI: 2.87- 3.46). The overall MOI value reported in 

this study was higher than previously reported studies, including Ethiopia (MOI: 1.8 - 2.6) 

between 2015-2018 [317, 318, 319], Brazzaville, Republic of Congo (MOI: 2.2) [296] in 2011 

and Bobo-Dioulasso, Burkina Faso (MOI: 1.95) [333]. In contrast to study reported in Bioko 

Island, Equatorial Guinea (MOI: 5.51) [326] in 2018 and Gabon (MOI: 4.0) [334] in 2018. The 

difference in MOI can be explained by the differences in intensity of malaria transmission 

seasons. In this study, samples were collected during the major malaria transmission season of 

September to December, when malaria transmission is very intense. All year round (seasonal) 

studies covering major and minor transmission seasons are needed to better understand genetic 

profiles in this area including a sense on seasonal variations. 

The results of this study show that age has no association on multiplicity of infectionsimilar to 

other studies [317, 319, 323], but in contrast with reports from Brazzaville, Republic of Congo 
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[296] and Central Sudan [95]. Previous studies regarding the variation of MOI over age have 

suggested that the influence of age on the multiplicity of infection is highly affected by 

endemicity of malaria [132, 329, 330, 331]. This is probably a reflection of the development of 

anti-parasite specific immunity [127]. Thus, in holo- or hyperendemic areas, immunity develops 

faster and at younger age than in areas with less intense transmission [335]. Studies have shown 

an age-dependent MOI in a village with intense perennial malaria transmission but not in areas 

where malaria is mesoendemic [132, 323]. Similarly, in this study reported that no significant 

relation between MOI and the parasite count, similar to reports from previous studies in Ethiopia 

[317, 319], but in contrast with reports fromBioko Island, Equatorial Guinea [329]. This may 

have been due to the small number of isolates analysed. 

High transmission regions like those in many African countries are commonly characterized by 

P. falciparum populations that are genetically diverse. Antigenic marker genotyping carried out 

in African regions like Burkina Faso, Sao Tome, Malawi, Uganda and Tanzania have identified 

P. falciparum populations with alleles occurring at a frequency below 10 percent with a very 

high He level of 0.78 to 0.99 [297]. This study indicated that the genetic Polymorphism values 

were higher based on heterozygosity index for msp-2 (He=0.85), than for msp-1 (He=0.43), 

suggesting a large genotype Polymorphism within the msp-2 locus, which was higher than 

previously reported from Northwest Ethiopia (msp-2: He 0.62) in 2018 [319]. Djibouti, a 

neighbouring country to Ethiopia, an initially moderate level of genetic Polymorphism declined 

over an 11-year period to the point that the expected heterozygosity reached zero in 2009 

consistent with very low Polymorphism [306]. 

Despite the lack of entomological data from Chewaka district, the number of clones co-infecting 

a single host can be used as an indicator of the level of malaria transmission or the level of host 

acquired immunity [330, 336, 337]. Besides, transmission intensity can also be affected by other 

factors, such as vector biting behaviour and endemicity [336]. Inferring high transmission 

intensity from the presence of multi-clonal infections alone has additional limitations including 

estimates of MOI varying by genotyping method, potential impact from sampling frequency and 

a non-linear relationship between MOI and transmission intensity [336]. Despite these 

limitations, infections with multiple clones observed in this study, combined with evidence of 

high genetic Polymorphism may indicate high transmission intensity in the study area.  
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5.5 Limitations of the study 

The limitation of the present study is the small number of isolates analysed, which were collected 

during a therapeutic efficacy study of artemether-lumefantrine (Coartem®) in the region. In this 

study, the association between the dominant allelic families and the manifestation of the disease 

was not examined because all samples were collected from uncomplicated malaria patients. 

Thus, the relationship between malaria severity or clinical symptom and genetic Polymorphism 

could not be addressed in the present study. The collection of samples throughout the year (not 

just in high transmission season) would potentially give a better understanding of the true 

Polymorphism in the region. Despite these limitations, the data from the present study has 

confirmed the high genetic Polymorphism profile and mixed-strain infections of P. falciparum 

populations in Chewaka district, Ethiopia, potentially reflecting both the endemicity level as well 

as the fact that malaria transmission remains high in Southwest, Ethiopia. 

5.6 Conclusions 

The high level of polyclonal infections with P. falciparum parasites harbouring multiple 

genotypes and also infections with high MOI in this study indicate the extensive genetic 

Polymorphism and complexity of P. falciparum infection in the region. More effort is needed to 

control malaria transmission and prevent the emergence of resistance alleles in the study area. 
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CHAPTER VI: MONITORING OF EFFICACY AND SAFETY OF 

ARTEMETHER-LUMEFANTRINE FOR TREATMENT OF UNCOMPLICATED 

PLASMODIUM FALCIPARUM MALARIA IN ETHIOPIA: A SYSTEMATIC 

REVIEW AND META-ANALYSIS OF THE EVIDENCE 

 

(Adopted from: Abamecha et al. 2021)  

 

Abstract 

Background: Regular monitoring of anti-malarial drug efficacy is vital for establishing rational 

malaria treatment guidelines and ensuring adequate treatment outcomes. This study aimed to 

synthesize the available evidence on the efficacy of artemether-lumefantrine (AL) for the 

management of uncomplicated falciparum malaria in Ethiopia. 

Methods: The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 

guidelines were followed. Relevant published studies were searched from the databases 

(PubMed, Google Scholar and Clinical trial registry) on published artemether-lumefantrine 

therapeutic efficacy studies conducted in Ethiopia from 2004 to 2020. The retrieved studies were 

assessed for quality using the modified Newcastle Ottawa Scale for observational studies and 

modified Jadad scale for interventional studies.Risk of bias was also assessed by using ROBINS-

I tool. OpenMeta-Analyst software was used for the statistical analysis. The review protocol is 

registered in PROSPERO, number CRD42020201859. 
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Results: Fifteen studies (1523 participants) were included in the final analysis. The overall PCR-

uncorrected pooled proportion of treatment success of artemether-lumefantrine therapy for 

uncomplicated falciparum malaria was 98.4% (95%CI: 97.6-99.1). A random-effects model was 

used because of considerable heterogeneity (χ
2
=20.48, df(14), P=0.011 and I

2
=31.65). PCR-

corrected pooled proportion of treatment success of artemether-lumefantrine therapywas 98.7% 

(95% CI 97.7–99.6).A random-effects model was used (χ
2
=7.37, df(6), P=0.287 and I

2
=18.69). 

Most studies included in the present review achieved a rapid reduction of fevers and parasitaemia 

between D0 and D3 of assessment. Adverse events were mostly mild and only two cases were 

reported as serious, but were not directly attributed to the drug. 

Conclusion: The present meta-analysis suggests that artemether-lumefantrine therapy is 

efficacious and safe in treating uncomplicated falciparum malaria in Ethiopia. However, owing 

to the high risk of bias in the included studies, strong conclusions cannot be drawn. Further 

high-quality RCTs assessing anti-malarial efficacy and safety should be performed to 

demonstrates strong evidence onchanges in parasite sensitivity to AL in Ethiopia.  

Keywords Therapeutic efficacy, Artemether-lumefantrine, Plasmodium falciparum, Systematic 

review, Ethiopia 
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6.1 Background 

Malaria is one of the leading health problems in Ethiopia. Approximately 60% of the total 

populations in Ethiopia live in malaria-endemic area. Due to the unstable nature of malaria 

transmission in the country, major malaria epidemics had been one of the serious public health 

emergencies. Sixty percent of malaria infections in Ethiopia are due to Plasmodium falciparum 

and 40% of infections are due to Plasmodium vivax [15, 22].  

Resistance of P. falciparum to the traditional anti-malarial drugs (such as chloroquine, 

sulfadoxine‐pyrimethamine, amodiaquine, and mefloquine) is a growing problem and is thought 

to have contributed to increased malaria mortality in recent years [338]. Chloroquine resistance 

has now been documented in all regions except Central America and the Caribbean. There is 

high‐level resistance to sulfadoxine‐pyrimethamine throughout South East Asia and increasingly 

in Africa, including Ethiopia, and mefloquine resistance is common in the border areas of 

Cambodia, Myanmar, and Thailand [338, 339].  

To combat the spread of resistance, the World Health Organization (WHO) now recommends 

that P. falciparum malaria should always be treated using a combination of two drugs that act at 

different biochemical sites within the parasite [338]. If a parasite mutation producing drug 

resistance arises spontaneously during treatment, the parasite should then be killed by the partner 

drug, thus reducing or delaying the development of resistance and increasing the useful lifetime 

of the individual drugs [340, 341]. The current drug combinations all include a short‐acting 

artemisinin derivative (such as artesunate, artemether, or dihydroartemisinin), partnered with a 

longer‐acting drug in combinations known as 'Artemisinin‐based combination therapy' (ACT).In 

Ethiopia, the use of artemether-lumefantrine (20/120 mg) as the first-line treatment for 

uncomplicated falciparum malaria has been started in 2004 [251]. 

The potency of artemisinin and its derivatives such as artemether, dihydroartemisinin, and 

artesunate is very high against all erythrocytic cycle asexual stages of P. falciparum with 

preference to the young ring stages[144], so much that it reduces the parasite biomass by 100 to 

10000 folds per each asexual blood stage cycle (after 48 hours). It also kills young gametocytes, 

hence playing a role in reducing malaria transmission [145]. The proposed mechanisms by which 

artemisinins kill the parasites are quite broad and are still being studied, but they generally fall 
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under two categories: 1) Damaging parasite proteins, such as transport proteins through haem 

activated endoperoxide activity and 2) Inhibition of proteasome activity (parasite's cellular repair 

mechanisms) leading to accumulation of damaged/unfolded proteins and stress-induced death 

[146, 147,148, 149, 150]. 

Due to the risk of the emergence and spread of anti-malarial drug resistance, World Health 

Organization (WHO) recommends regular monitoring of anti-malarial drug efficacy at least 

every two years in malaria-endemic countries [198]. In Ethiopia, the Federal ministry of Health 

(FMOH), in collaboration with its partners, including President’s Malaria Initiative (PMI), 

research institutions, universities, WHO country office and Global fund, have been conducting 

regular therapeutic efficacy studies (TESs). The efforts of the FMOH to ensure regular TESs 

have also been complemented by TESs conducted by independent researchers [227, 251]. 

A meta-analysis of AL efficacy studies in Ethiopia was also carried out in 2017, but had several 

limitations including failure to assess risk of bias and missed studies [342, 343]. Hence, this 

study aimed to synthesize the available evidence, including new studies and studies that were 

missed in the previous meta-analysis, on the efficacy of AL for the management of 

uncomplicated falciparum malaria in Ethiopia. 

6.2 Methods:  

6.2.1 Study protocol registration 

The present study adhered to the preferred reporting items for systematic reviews and meta-

analyses (PRISMA) guideline [344]. The completed PRISMA checklist is available in Additional 

file 1.The review protocol was registered in a repository of systematic review protocols prior to 

starting the research (PROSPERO, protocol number CRD42020201859) [345]. 

6.2.2 Searching strategies  

The searching strategy was performed using approaches that enhance methodological 

transparency and improve the reproducibility of the results and evidence synthesis. In this sense, 

the search strategy was elaborated and implemented prior to study selection, according to the 

PRISMA checklist as guidance [344]. Additionally, using the Population, Intervention, 

Comparison, Outcome and Study design (PICOS) strategy [346, 347].The following major 

databases were searched: PubMed, Google Scholar, and ClinicalTrials.gov databases. In order to 
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reflect contemporary practice, a search of the literature from the last 16 years (January 2004 to 

October 2020) was performed. The starting year (i.e., 2004) was purposely chosen because that 

was the year when Ethiopia adopted use of AL for treating uncomplicated falciparum malaria 

[348]. The date of the last search was 30
th 

October 2020. 

The search terms were developed in line with the Medical Subject Headings (MeSH) thesaurus 

using a combination of the big ideas (or “key terms”) which derived from the research question. 

The domains of the search terms were: “efficacy”, “therapeutic efficacy”, “artemether-

lumefantrine”, ”Coartem”, “Plasmodium falciparum malaria”, “falciparum malaria”, 

“antimalarial drug”, and “Ethiopia”. This study combined terms using the Boolean operator 

“OR” and “AND” accordingly [349]. Search was limited to studies published in English 

language until October 2020. Full search strategy for the databases is provided in Additional 

file 2. Two reviewers (AbAb, and WA) reviewed the search results independently to identify 

relevant studies. Also, the bibliographic software EndNote X5 citation manager (Thomson 

Reuters, New York, USA) was used to store, organize and manage all the references and ensure 

a systematic and comprehensive search. 

6.2.3 Selection criteria 

Eligible studies included randomized controlled trials (RCTs), non-randomized single-arm 

intervention studies (with or without a control group) and prospective cohort studies. This study 

intended to only include studies with a comparator or control group, but because of the varying 

quality of papers retrieved, the study methodology deviated from the original methodologic plan 

and included any study describing patients given a treatment of interest (i.e. AL), which advise a 

28-day follow-up to capture cure rate, even if no specific control group was available. All the 

non-primary literature, retrospective studies, case reports and in vitro experiments were 

excluded. 

A summary of the participants, interventions, comparators and outcomes considered, as well as 

the type of studies included according to PICOS criteria[346, 347], which is provided in Table 8. 

The primary objective of this review was the efficacy of AL measured as treatment success at 

day 28 (or adequate clinical and parasitological response (ACPR). ACPR is defined by the WHO 

as the “absence of parasitaemia on day 28 irrespective of axillary temperature, in patients who 

did not previously meet any of the criteria of early treatment failure, late clinical failure or late 
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parasitological failure” [198]. This is also consistent with previous Cochrane Reviews. The 

secondary endpoints were fever clearance, parasite clearance, and the frequency of adverse drug 

reactions (ADRs). ADRs were defined as ‘signs and symptoms that first occurred or became 

more severe after treatment was started’ or ‘as a sign, symptom, or abnormal laboratory value 

not present on day 0, but which occurred during follow up, or was present on day 0 but became 

worse during follow up’. Serious adverse events were defined according to International 

Conference on Harmonization (ICH) guidelines. Studies included in this review are shown in 

Table 9. 

Table 8. PICOS strategy and eligibility criteria 

PICOS Strategy Inclusion criteria Exclusion Criteria 

P:Population Participants residing in Ethiopia and having 

uncomplicated falciparum malaria, irrespective of 

gender and age group were considered. Microscopy 

of the peripheral blood smear samples detected 

mono-infection with a P. falciparum parasite count 

of 1000 -100,000/µl.   

 

I:Intervention Studies using fixed dose compound tablets 

artemether-lumefantrine (20/120 mg) were 

included. All participants must have received a 

standard six-dose regimen of AL over three days 

and were followed up for 28 days.    

C:Comparison Standard treatment, no treatment or , not applicable 

  

O: Outcome The primary objective of this review was the 

efficacy of AL measured as treatment success at 

day 28 (or adequate clinical and parasitological 

response (ACPR)). The secondary outcomes were 

measured based on the parasite clearance time and 

fever clearance time and the occurrence of adverse 

events (AEs).  

Studies that do  

not report any  

treatment success (cure 

rates) of AL at day-28  

as primary  

outcome 
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S: Study Design Randomized clinical trials (RCTs), nonrandomized 

single-arm intervention studies (with or without a 

control group) and prospective cohort studies that 

reported the therapeutic efficacy of AL for the 

treatment of uncomplicated falciparum malaria in 

Ethiopia 

All the non-primary  

literature, retrospective 

studies, case reports and 

animal or in vitro 

experiments were excluded 

6.2.4 Data extraction and management 

Initial screening of studies was based on the information contained in their titles and abstracts 

and was conducted by two independent investigators. When the reviewers disagreed, the article 

was re-evaluated and, if the disagreement persisted, a third reviewer made a final decision. Full-

paper screening was conducted by the same independent investigators.  

Data were extracted using a case record form (CRF), including four domains: (1) identificat ion 

of the study (article title; journal title; authors name; country of the study; language, publication 

year and study setting); (2) methodological characteristics (study design; stated length of follow-

up; sample size; gender; age; intervention details; literature quality assessment characteristics; 

statistical analyses); (3) main findings(treatment success rates; parasite clearance; fever 

clearance;  adverse events) and (4) conclusions. If the outcome data in the original article were 

unclear, the corresponding author was contacted via email for clarification. A bibliographic 

software EndNote X5 citation manager (Thomson Reuters, New York, USA) was used to store, 

organize and manage all the references and ensure a systematic and comprehensive search. 

6.2.5 Methodological quality assessment 

Two review authors independently assessed the methodological quality of the selected studies by 

using methodological quality assessment forms and the criteria outlined in the Cochrane 

Handbook for Systematic Reviews of Interventions [346, 347].Any disagreements between the 

two review authors were resolved through discussion. Quality assessment was undertaken using 

the Newcastle Ottawa Scale (NOS) for observational studies [350] and modified Jadad scale for 

interventional studies [351].NOS assess the quality under three major headings, namely, 

selection of the studies (representativeness and the exposure assessment/control selection), 

comparability (adjustment for main/additional confounders), and outcome/exposure (adequacy of 

outcome measured, exposure measured vs. self-report)(Additional file 3).The modified Jadad 
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scale included eight items: randomization, blinding, withdrawals, dropouts, inclusion/exclusion 

criteria, adverse effects and statistical analysis. The reviewers independently assessed the quality 

of the methodology of included studies (Additional file 4).This study also assessed using Risk of 

Bias in Non-Randomized Studies of Interventions (ROBINS-I) assessment tool for non-

randomized intervention and cohort studies. Studies were ranked as low, moderate, serious, or 

critical risk of bias in seven domains [352].  

6.2.6 Statistical analysis 

OpenMeta Analyst software for Windows [353, 354] was used to perform the meta-analyses.  

The heterogeneity of the included studies was evaluated using the Cochran Q and I
2
 statistics. 

The random effects model was used as standard in the determination of heterogeneity between 

studies [355].The I
2
 values were expressed in percentages. Heterogeneity was classified as low, 

moderate and high, with upper limits of 0-25%, 25-50% and >50% for I
2
, respectively [356, 

357]. The method of random effects model was used to combine the included studies. 

6.3 Results 

6.3.1 Literature search results 

A total of 1043 studies were retrieved from the database and manual searching. Among these, 

724duplicated studies were excluded. From the remaining 319 articles, 303 of them were 

excluded after evaluation of their title and abstract confirming non relevance to this study. One 

paper [225] was excluded following full text review as data collection for the study was 

conducted before official adoption of AL in Ethiopia. Finally, a total of 15 papers met the 

eligibility criteria and were included in this systematic review and meta-analysis (Figure 8).  

6.3.2 Characteristics of the included studies  

The summary characteristics of the included studies are shown in Table 9. From 15 eligible 

studies a total 1523 participants were included. Seven of the studies were interventional [229, 

230, 231, 232, 233, 234, 280], and the other eight studies were observational study [241, 242, 

243, 358, 359, 360, 361, 362]. No RCTs had been completed at the time of review. These studies 

were conducted in different malarious parts of the country with varied transmission intensity 

(Figure 9). Most (10/15, 66.7%) of the studies included patients who were ≥ 6 months of age 

(Table 9).Treatment outcomes in all studies were assessed using clinical and parasitological 
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criteria according to WHO guidelines [198].In majority of the studies(86.7%), treatment 

compliance was assured by supervised administration of the study drug under direct observation 

on days 1, 2 and 3, i.e. the morning doses were directly observed over 3 days, while the evening 

doses were given to patients for intake at home by health extension workers. The endpoint was 

day 28 in all studies [198]. RoB assessment is shown for all studies in Table 12. 
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Figure 8. PRISMA flow diagram showing study selection process, 2020 
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Figure 9. Distribution of artemether-lumefantrine efficacy and safety study sites in Ethiopia 

from 2004-2020. 
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Table 9.  Summary characteristics of included studies on the efficacy and safety of artemether-lumefantrine for treatment of 

uncomplicated P. falciparum malaria in Ethiopia from 2004-2020(N=1523) 

Study [ 

Ref.No] 
Study Settings 

Study 

design 

Study 

duration 

(Months) 

Inclusion 

for age 

Transmission 

level 

Patient 

Enrolled 

(N)
a
 

Patient 

available 

(n)
b
 

Mean 

Hg 

Pf-

GMPD 

Length 

of 

follow 

up 

(days) 

Super-

vision 

Abamecha  

et al. 

2020[230] 

Ilu-Harar Health 

Center, 

Chewakadistrct, 

Ethiopia 

One‑arm, 

prospective 

study 

September-

December 

2017 

Above 6 

months of 

age 

Moderate 
80 76 

11.7 12374.3 28 Partial 

Teklemari

am  et al. 

2017[358] 

SetitHumera, 

Northwest Ethiopia 

Single-arm 

prospective 
study 

October 28, 

2014 and 

January 9, 

2015 

≥ 6 

months of 

age 

High 
92 79 

13.2 27798.0 28 Partial 

Deressa  

et al. 

2017[242] 

Kola Diba Health 

Center (KHC) in the 

Dembia district, 

Northwest Ethiopia 

Prospective 

cohort study 

April 2015 

to February 

2016 

Above 6 

months of  

age 

High 
80 75 

n/a 8377.8 28 Partial 

Nega  et 

al. 

2016[234] 

Metehara Health 

Centre, Eastern 

Ethiopia 

Open-label 
single-arm 
study 

October 

2014 to 

January 

2015 

≥ 6 

months of 

age 

Low-moderate 
91 85 

12.4 11509.6 28 Partial 

Wudneh  

et al. 
2016[359] 

Gendewuha 

(Metema) Health 

Center, 
Northwest Ethiopia 

One-arm 

open-label  

study 

October 

2014 to 

January 
2015 

Above 6 

months of  
age 

Moderate 
91 81 

13.7 13441.6 28 Partial 

Kanche   

et al. 2016 

[243] 

Baddessa Health 

Center,Wolaita 

Zone, Southern 

Ethiopia 

Wolaita Zone, 

Southern Ethiopia 

One-arm 

prospective 

study 

February - 

March 

2015 

> 5 years 

old 

 

Moderate 
86 88 

10.8 
4238.8 

 

28 Partial  

Mekonnen  

et al. 

2015[232] 

Omo Nada health 

center in 

southwestern 

Ethiopia 

 Prospective 

cohort study 

August-

December 

2011 

Above 6 

months of  

age 

Moderate 
88 86 

11.6 8404.0 28 Partial 
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Ebstie  et 

al. 

2015[241] 

Bahir Dar district, 

Northwest Ethiopia 

Prospective  

observationa

l cohort 

study 

March and 

July 2012 

> 5 years 

old 
Moderate 

93 89 
10.8 8675.3 28 Partial 

Getnet  et 

al. 

2015[233] 

Enfranze Health 

Centrer, Northwest 

Ethiopia 

One-arm, 

prospective 

study 

January 

and May 

2013 

Above 6 

months of 

age 

Moderate 
134 130 

12.3 7898.0 28 Partial 

Mulu  et 

al. 

2015[360] 

Kemisie Health 

Center, Northeast 

Ethiopia 

One-arm 

prospective 

study 

September, 

2012 to 

May, 2013 

Above 6 

months of  

age 

Moderate 
80 80 

NR 10454.0 28 NR 

Eshetu   et 

al. 

2012[229] 

Agaro Health 

Centre, Jimma 

Health 

Centre, Serbo 

Health Centre, and 

Asendabo Health 

Centre 

Open-label, 

single arm 
study 

November 

2008 and 

January 

2009 and 

between 

August and 

December 

2009 

> 1 year Moderate 
348 315 

NR 9720.0 28/42 
non-

supervised 

Kinfu  et 

al. 
2012[361] 

Tumuga health 

center 

Alamatadistrict,Tigr
ai regional state, 

North Ethiopia 

Prospective  

cohort study 

August–

November 
2009 

Above 6 

months of 
age 

Moderate 
66 60 

N/R 20672.0 28 Partial 

Hwang  et 

al. 

2011[231] 

Bishoftu Malaria 

Clinic and Bulbula 

Health Center, 

Oromia Regional 

State, Ethiopia 

Open-label, 

single arm 

study 

October 

and 

November 

2009 

Above 6 

months of 

age 

Moderate 
73 71 

12.6 16374.0 28/42 Partial 

Assefa  et 

al.2010[28

0] 

Serbo Health 

Center, Kersa 

District, Southwest, 

Ethiopia 

 Prospective  

cohort study 

November 

2007 and 

January 

2008 

N/R Moderate 
119 112 

12.2 22660.0 28 Partial 

Kefyalew  

et al. 

2009[362] 

AlabaKulito Health 

Center, Southern 

Ethiopia 

Prospective  

cohort study 

October - 

December 

2007 

> 1 year 
Low -

moderate 
102 102 

11.4 8264.3 28 Partial  

Key: N/R: Not reported; TES: Therapeutic efficacy study      Hg: Hemoglobin; Pf-GMPD: Plasmodium falciparum geometric mean parasite density of asexual parasites per microlitre of blood 

aP.falciparum patients enrolled in study as per manuscript, 
b
Patients available for analysis from study 



52 
 

6.3.3 Treatment outcome  

The overall PCR-uncorrected pooled proportion estimate of treatment success of AL therapy for 

uncomplicated falciparum malaria was 98.4% (95%CI: 97.6-99.1). A random-effects model was 

used because of substantial heterogeneity (χ
2
=20.48, df (14), P=0.011 and I

2
=31.65; Figure 10). 

PCR-corrected pooled proportion of treatment success of AL therapy was 98.7% (95% CI 97.7–

99.6). A random-effects model was used (χ
2
=7.37, df (6), P=0.287 and I

2
=18.69; Figure 11).  

The proportion of recurrence infection was ranging from 1%-5.6% at 28-day follow-up period 

after treatment with AL. The proportion of recurrence infection was ranging from 4.6- 6.7% at 

42-day follow-up period after treatment with AL. 

The PCR-corrected cure rates of AL therapy ranged from 95.0 to 99.4% in per-protocol analysis 

and 88.8 to 97.4% in intention-to-treat analysis. The percentage of ACPR and the 95% CI are 

presented in Table 10. The highest cure rate 99.4 %( 95% CI: 97.4-100.0) was reported by study 

conducted in Jimma Zone, Southwest Ethiopia in 2012 [229], and97.4%(95% CI: 93.9-100) 

reported by study conducted in Bishoftu Malaria Clinic and Bulbula Health Center, Oromia 

Regional State, Ethiopia 2011[231]. 

6.3.4 Fever and parasite clearance rate 

Among the five partially supervised efficacy studies that reported fever clearance, more than 

75% of the patients cleared fever by day 1 post-treatment with AL [232, 233, 234, 242, 280, 

361].Some authors did not measure fever clearance on subsequent days post drug administration 

and only choose day-3 for this clinical measurement [241, 280]. Among the fifteen studies that 

reported parasite clearance, five studies showed day-3 parasitaemic cases of 5.7%, 5.1%, 5%, 

3.9% and 3.8% [230, 233, 241, 242, 243]. Table 11 shows the overall progress of fever and 

parasite clearance in the first three days of AL treatment.  
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Figure 10. PCR-uncorrected treatment success of artemether-lumefantrine therapy using a random effect 

model 
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Figure 11. PCR-corrected treatment success of artemether-lumefantrine therapy a random effect model 
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Table 10. Treatment Outcome of AL Therapy reported in efficacy studies in Ethiopia 

Study  

PP PCR-corrected percentage 

cure rate (95% CI), day-28 

ITT PCR-corrected percentage  

cure rate (95% CI), day-28 

Abamecha A et al. 2020 96.0(91.6-100) 94.9(90.1-99.8) 

Nega D et al. 2016 98.8(96.5-100) 92.2(86.7-97.8) 

Mekonnen SK et al. 2015 97.8(94.7-99.8) 96.7(93.0-100) 

Getnet G et al. 2015 95.0(90.2 -100) 97.4(93.9-100) 

Eshetu T  et al. 2012 99.4(97.4-100) 89.9(86.7-93.1) 

Hwang J et al. 2011 99.1(91.6-100) 94.1(89.9-98.3) 

Assefa A et al.2010 96.3(92.3-100) 88.8(82.2-95.3) 

 

6.3.5 Safety outcomes 

The current meta-analysis showed that 80% of the included studies reported ADRs to AL which 

were observed in 36.1%, (550/1523) patients.All of the ADRs were mild and resolved 

spontaneously. Two SAE were observed (Additional file 5). 

6.3.6 Methodological quality assessment 

Eight observational studies [241, 242, 243, 358, 359, 360, 361, 362] were assessed with the 

Newcastle Ottawa Scale (NOS) [350] with satisfactory qualities with a value score of 5 

(Additional file 3) and while the remaining seven interventional studies [229, 230, 231, 232, 233, 

234, 280] were assessed using the modified Jadad scale [351] with high qualities with a value 

score of 4 (Additional file 4).All or most of the included studies had a ‘serious’ or ‘critical’ risk 

of bias due to confounding because most were single-arm studies (Table 12). 

 



56 
 

Table 11.  Fever and parasite clearance reported in efficacy studies in Ethiopia (2004- 2020) 

Study  

Patient 

Enrolled 

(N) 

Patient 

available  

Patient 

Included Fever clearance (%) Parasite clearance (%) 
Supervised 

D1 D2 D3 D1 D2 D3 

Abamecha  et al. 2020 80 76 72 52.5 87.2 97.5 61.2 81.2 96.2 Partial 

Teklemariam  et al. 2017 92 79 78 80.0 97.8 100.0 33.0 84.4 100.0 Partial 

Deressa  et al. 2017 80 75 69 62.5 93.7 97.5 67.5 85.0 95.0 Partial 

Nega  et al. 2016 91 85 83 78.7 94.3 97.7 69.7 95.5 100.0 Partial 

Wudneh  et al. 2016 91 81 80 69.6 97.8 100.0 23.6 91.0 100.0 Partial 

Kanche et al.  2016 88 86 86 N/R 59.1 93.2 N/R 72.2 94.3 Partial 

Mekonnen  et al. 2015 93 89 84 88.1 94.4 100.0 88.8 96.6 100.0 Partial 

Ebstie  et al. 2015 134 130 128 NR NR 87.9 NR 85.9 96.1 Partial 

Getnet  et al. 2015 80 80 74 75.0 91.3 96.2 73.8 91.3 94.9 Partial 

Mulu  et al. 2015 66 60 58 89.4 98.5 100.0 84.8 93.9 100.0 NR 

Eshetu   et al. 2012 348 315 312 NR 96.7 99.1 NR 98.2 99.4 

non-

supervised 

Kinfu  et al. 2012 73 71 69 NR NR 100.0 NR 100.0 100.0 Partial 

Hwang  et al. 2011 119 112 111 65.2 90.5 93.0 NR 93.1 99.1 Partial 

Assefa  et al.2010 90 82 79 NR NR 100 98 NR 100.0 Partial 

Kefyalew  et al. 2009 102 102 102 44.1 82.4 93.1 NR NR NR Partial 
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Table 12.  Quality assessment by ‘Risk Of Bias in Non-randomized Studies-of Interventions (ROBIN-I)’ for Non-randomized and 

cohort studies 

Study[ Ref.No] Study design 

Reason for risk of bias (RoB) determination 

Confounding 

Selection 

of 

participants 

Classification 

of 

interventions 

Deviations 

from 

intended 

interventions 

Missing 

outcome 

data 

Outcome 

measure

ments 

Selection 

of 

results 

reported 

Overall 

RoB 

Abamecha  et al. 

2020[230] 

One arm, 

prospective 

study 

Serious Low Moderate Moderate Low Low Moderate Serious 

Teklemariam  et al. 

2017[358] 

Single-arm 

prospective 

study 

Critical Low Moderate Moderate Critical  Low  Moderate Critical 

Deressa  et al. 

2017[242] 

Prospective 

cohort study 
Critical Low Moderate Moderate Critical Low Moderate Critical 

Nega  et al. 

2016[234] 

Open-label 

single-arm 

study 

Serious Low Moderate Moderate Low Low Moderate Serious 

Wudneh  et al. 

2016[359] 

one-arm 

open-label 

study 

Critical Low Moderate Moderate 

Critical  

Low Moderate Critical 

Kanche   et al. 2016 

[243] 

One-arm 

prospective 

study 

Critical Low Moderate Moderate 

Critical  

Low Moderate Critical 

Mekonnen  et al. 

2015[232] 

In-vivo 

therapeutic 

efficacy study 

Serious Low Moderate Moderate Critical Low Moderate Critical 

Ebstie  et al. Prospective  Critical Low Moderate Moderate Critical Low Moderate Critical 
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2015[241] observational 

cohort study 

Getnet  et al. 

2015[233] 

One arm, 

prospective 

study 

Serious Low Moderate Moderate Critical Low Moderate Critical 

Mulu  et al. 

2015[360] 

One-arm 

prospective 

study 

Critical Low Moderate Moderate Critical Low Moderate Critical 

Eshetu   et al. 

2012[229] 

open-label, 

single-arm 

study 

Serious Low Moderate Moderate Low Low Moderate Serious 

Kinfu  et al. 

2012[361] 

Prospective 

cohort study 
Critical Low Moderate Moderate Critical Low Moderate Critical 

Hwang  et al. 

2011[231] 

single arm, 

open label 

study 

Serious Low Moderate Moderate Low Low Moderate Serious 

Assefa  et 

al.2010[280] 

Prospective  

cohort study 
Serious Low Moderate Moderate Critical  Low Moderate Critical  

Kefyalew  et al. 

2009[362] 

Prospective  

cohort study 
Critical Low Moderate Moderate Critical Low Moderate Critical 
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6.4 Discussion  

The present study found high treatment success of AL therapy in the treatment of uncomplicated 

falciparum malaria in Ethiopia despite its use for more than 16 years. Besides, AL was generally 

a safe treatment. Previous meta-analysis in 2017 revealed similarly high efficacies of AL [342, 

343]. This result is also consistent with neighboring Sudan, a high treatment success rate (98%) 

of malaria treatment was recently reported in a meta-analysis that included 20 studies with a total 

of 4070 patients [363].The treatment success of 98.7% (95% CI 97.7-99.6) found in this study 

suggests that, in accordance with WHO parameters [198], AL is still effective as first-line drug 

for uncomplicated malaria treatment in Ethiopia, but warrants regular monitoring. 

There is a concern about the limited post-treatment prophylactic effects of AL in high 

transmission areas [198]. In this study, the proportion of recurrence infection ranging from 1% to 

5.6% at 28-day follow-up period after treatment with AL. From the included studies, two studies 

[229, 231] also had 42-day follow up period, and the proportion of recurrence infection were 

relatively high (ranging from 4.6-6.7%). The study results showed that most recurrent 

parasitaemia occur after day 28 and this emphasizes the need for follow-up periods of at least 42 

days. High recurrent parasitaemia rate in children ≤5 years (9.4%) was observed, which suggest 

that the partner drug may not provide prolonged protection despite high therapeutic efficacy 

[174].This observation has also been reported in Democratic Republic of Congo which showed 

high level of resistance to lumefantrine [364].  In most of the studies, a great majority of the 

recurrent infections were due to re-infections when assessed with a step-wise PCR genotyping 

protocol. This signifies that the drugs are still efficacious and the high rates of re-infections could 

only be attributed to high malaria transmission. In terms of clinical practice, the high re-infection 

rates are of great concern among clinicians. Clinicians should be clearly guided on what to 

expect and how to handle such cases with recurrent infections within a period of three to eight 

weeks post-treatment. The observed high re-infection rates after AL treatment underscores the 

importance of providing anti-malarial drug with a longer period of protection against re-

infection, such as DHA-piperaquine [365] and integrating treatment with  non-therapeutic 

prevention and control measures (insecticide-treated bed nets, indoor residual spraying and other 

vector control measures)  to effectively  prevent recurrent infections [247, 366]. Besides, it is 

also important to use transmission-blocking drugs (e.g. use of primaquine) (gametocytocidal) in 

low transmission areas. 
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Most studies included in the present review achieved a rapid reduction of fevers and parasitaemia 

between D0 and D3 of assessment. A previous aggregate study on the clinical predictors of early 

parasitological response to ACT in African patients with uncomplicated falciparum malaria 

confirmed the rapid decrease ofparasite positivity rate from 59.7% (95% CI: 54.5–64.9) on day 1 

to 6.7% (95% CI: 4.8–8.7) on day 2and 0.9% (95% CI: 0.5–-1.2) on day 3 [367]. 

In resource-limited settings, the day-3 parasite-positive rate can be used as a proxy measure of 

delayed parasite clearance [240]. In the present review, few studies showed day-3 parasitaemic 

cases (3.8% - 5.7%) after treatment with AL [230, 233, 241, 242, 243].However, most of the 

studies reviewed in this article were based on 24-hour sampling, which is not the recommended 

method for assessing parasite clearance and detection of tolerance/resistance to artemisinins. 

Regarding safety of AL for treatment of uncomplicated malaria, mild adverse events (a 

headache, cough, fever, diarrhoea, vomiting, perioral ulcer, anorexia, abdominal pain, dizziness 

and nausea, weakness/fatigue and others) were mostly reported in the eligible studies. Besides, 

almost all were resolved soon after completion of the treatment except cough [230, 280, 358].  

Similar mild adverse events have been associated with AL; the most common being headache, 

fever, vomiting followed by gastrointestinal disturbances [363, 368].The observed rate of 36.1%, 

(550/1523)ADRs was comparable with the rate reported in the previous review in Ethiopia 

where 269 of 633 patients had ADRs, with a pooled event rate of 41.2% [343].  

From the included studies, one study reported serious adverse events (SAE) in two infants [229]. 

These infants had SAE on the day of presentation (day-0) with high parasitaemia (>95,000/μL), 

no signs of severe malaria were noticed at admission and did not tolerate oral treatment. After re-

dosing and repeated vomiting, the infants were referred to the ward for intravenous treatment; 

one died the same day. The cause of death was not established and its possible association with 

AL treatment could not be ascertained.  

6.5 Limitation of the review 

This review provided an overall country-specific performance of AL after the wide-scale 

deployment, since 2004 as first-line anti-malarials for treating uncomplicated P. falciparum 

malaria in Ethiopia. The main limitation of this work was the lack of a control group in the 

included studies that severely limits the ability to draw a firm conclusion regarding the efficacy 
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of an intervention. Moreover, there are insufficient number of therapeutic efficacy studies (TESs) 

studies with high-quality and more rigorous design. This may be due to the fact 

that TESs and long-term follow-up of patients require logistics and incur high cost in low and 

middle income countries, limiting regular implementation of clinical evaluation within the 

country. The current study howeveris the first most comprehensive effort at highlighting the 

levels of implementation of TESs in Ethiopia and provides an overall country-specific 

performance of AL after their wide-scale deployment since 2004 as first-line anti-malarials for 

treating uncomplicated P. falciparum malaria in the country. 

6.6 Conclusions 

The present meta-analysis provides some evidence to support that AL therapy is efficacious and 

safe in treating uncomplicated falciparum malaria in Ethiopia. However, owing to the risk of bias 

in the included studies, strong conclusions cannot be drawn. Further high-quality randomized 

controlled trials are warranted to substantiate the efficacy and safety of AL, to detect future 

changes in parasite sensitivity to AL in Ethiopia. 
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CHAPTER SIX: GENERAL DISCUSSION AND CONCLUSION 

6.1 Efficacy and safety of artemether-lumefantrine  

In paper I it was concluded that artemether-lumefantrine is a highly efficacious and well 

tolerated treatment for patients with uncomplicated falciparum malaria in Chewaka district, 

Ethiopia after more than 16 years’ use. However, it is important to consider whether using only 

the markers msp-1 and msp-2 might have contributed to this very low recrudescence rate. It is 

true that the markers recommended by WHO are msp-1, msp-2 and glurp [198, 270], but these 

markers should be genotyped sequentially, from the higher to the lowest discriminatory power. 

Once the analysis of one marker has shown a new infection, the analysis should be stopped 

(Figure 4). If no evidence of new infection is detected with the first markers, the second marker 

should be analysed. If no new infection is detected, then the third marker should be used. This 

would mean that the result could be given with the genotyping of a single marker and the low 

rate of recrudescence in this study cannot be attributed to the use of only two markers. 

Furthermore, several studies [229, 233, 329,] in which three markers were used also found very 

low recrudescence rates. Findings in this study are consistent with other therapeutic efficacy 

studies with AL conducted both in the past in Ethiopia [232, 233, 234] and elsewhere in sub-

Saharan African countries (SSA) in which the PCR corrected ACPR ranged from 95 to 100 % 

[167,169 329].  

The absence of ETF during treatment with AL in this study and in several previous studies 

conducted in Ethiopia [229, 231, 234, 280] highlights the drug’s efficacy and is emphasized by 

the rapid rate (48 h) of parasite clearance. These findings are similar to those previously reported 

in studies from several other countries [167, 329 ]. AL clears parasites quickly as a result of the 

rapidly absorbed, fast-acting artemisinin component.  

A total of three cases of recrudescent parasitaemia were observed from day 14 onwards, giving a 

rate of treatment failure of 4% (95% CI 0.8–11.2) in the study population. However, the 

recrudescent parasitaemia resolved quickly after initiated re-treatment in all cases with the same 

regimen. Several studies [149, 171, 274, 275] in which therapeutic efficacy tests were combined 

with sampling of plasma or whole blood for drug concentration measurements at various times 

during follow-up have shown that cured patients have higher drug concentrations than those in 

whom treatment failed. There are two possible explanations for the latter finding. First, failures 
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are associated with inadequate drug concentrations rather than resistance, this could be the case 

in our findings of treatment failure; secondly, when drug resistance emerges, there is a higher 

likelihood that a resistant strain will emerge if the drug is present at a suboptimal concentration. 

Hence, proper absorption of the drug must be ensured and monitored through controlled 

nutritional interventions so that the parasites are not exposed to suboptimal and tolerable level of 

plasma lumefantrine concentration.  

In the present study, the parasitaemia on day 3 following treatment with AL was only 3.8% (95% 

CI 0.8–10.6) and day-3 parasitaemia did not correspond to failures observed during follow-up. 

The overall rate of day-3 positivity observed in this study are consistent with the 3-5% 

background rate of day-3 positivity that might be expected in the absence of resistance to 

artemisinin, but also the 3-10% range which in the past has been seen as appropriate window for 

initiating containment activities [276, 277].  Hence, such results indicate a requirement for 

regular in vitro monitoring of the efficacy of lumefantrine on plasmodial strains in countries 

where the AL combination is used as first-line treatment. 

This study also showed that AL had a safety profile comparable to previous studies and was well 

tolerated with minimal adverse events. Studies conducted in other African countries [281, 282] 

reported similar safety profiles of AL when used for the treatment of uncomplicated falciparum 

malaria. A high number of cases reporting cough at the study site could be attributed to weather 

conditions, which were relatively cold and rainy at the time of the study.  

6.2 Genetic Polymorphism and genotype multiplicity of P. falciparum infection 

In Ethiopia, even though enormous efforts have been made at national and local levels to control 

and eventually eliminate malaria, limited molecular data exists on genetic polymorphism of P. 

falciparum, the most predominant and virulent malaria parasite in the region. Paper II aimed to 

assess repeat length polymorphism and genetic Polymorphism of P. falciparum isolates from 

Ethiopia using the msp-1 and msp-2 genes. In addition, the multiplicity of infection and 

heterozygosity, both of which reflect the transmission intensity as affected by intervention were 

evaluated. 

Size polymorphism of msp-1 and msp-2 allelic variant identified in the present study is consistent 

with the Polymorphism found in Kolla-Shele area, Southwest Ethiopia (msp-1: 11; msp-2: 12) in 
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2015 [317], in Northwest Ethiopia (msp- 1: 12; msp-2: 22) in 2018 [318], and Brazzaville in the 

Republic of Congo (msp-1: 15; msp-2: 20) in 2018 [327].  And less diverse than from Bioko 

Island, Equatorial Guinea (msp-1: 26; msp-2: 25) [326] and Bobo-Dioulasso of Burkina 

Faso[333]. The major factor that may account for such variation could be; the scope of study 

sites covered and local malaria transmission patterns might have contributed.  Gel analysis of the 

present study revealed that; from 72 msp-1 amplicon 21(30.5%) were monoclonal infection, 

whereas the remaining 51(70.9%) were poly-allelic type, with 31.9% for (K1 + MAD20), 5.6% 

for (K1 +RO33), 4.2% for (MAD20+RO33), and 29.2% were K1 + MAD20 + RO33 type. The 

proportion of monoclonal infection was 20.8% K1, 4.2% MAD20 and 4.2% RO33 (Table 5).  

From 69 msp-2 amplicon 29(42%) were monoclonal infection, with 26.1% for FC27 and 15.9% 

for IC/3D7 whereas the remaining 40(58%) were poly-allelic type (Table 6). This finding is 

consistent with the report from previous studies in Africa, including Southwest Ethiopia [317], 

Brazzaville, Republic of Congo [88], and Gabon [91] of the three msp-1 gene allelic families K1 

was the predominant allelic type. However, this finding differ from the report from studies 

conducted in Northern Ethiopia [318] and Bioko Island, Equatorial Guinea [326], where MAD-

20 allele type was the most prevalent allelic family.  Allele typing of msp-2 showed that FC27 

was the predominant allelic family as also demonstrated in previous reports from Benin [329] 

and Central Sudan [95], but in contrast with previous studies in Ethiopia [317] and Brazzaville, 

Republic of Congo [88]. Although the deriving forces for such variation needs further 

investigation; the difference in micro-ecological factors and the local transmission intensity [199, 

336], could play a significant role. Moreover, evolutionary process like genetic drift resulting 

uneven reproduction of the parasite lineages, types and rate of mutations, inbreeding,  and the 

contribution of allelic variants in reproductive success are some of the factors that might have 

contributed for such variation[369]. 

High genetic Polymorphism is an indicator of the intensity of transmission [370], and potential 

challenges in malaria control programs [318]. Studies have shown that malaria reduction as the 

result of intensified control efforts is accompanied by reduced genetic Polymorphism of the 

parasite populations [371]. Widespread use of specific antimalarial drugs can also alter the 

genetic Polymorphism because of selective pressure on specific parasite strains. In this study, we 

found that, 80% of the isolates having multiple genotype infection (i.e more than one parasite 

genotype identified by the presence of two or more alleles of one or both genes); almost similar 
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frequency (83%) to that in the Republic of Congo [296], while 59-76% of the sample population 

harboured multiple genotypes, in previously reported studies between 2015 and 2018 in Ethiopia 

[317, 318, 319]. This shows that malaria transmission in our study area exhibits extensive 

genetic Polymorphism. This could be due to the gap in ongoing intensified scale up of 

interventions, differences in local epidemiology, demographic and environmental conditions that 

might have resulted in observed higher genetic Polymorphism pattern in Chewaka district.  

Based on heterozygosity, which measures the level of genetic Polymorphism at polymorphic 

loci, this study indicate that the genetic Polymorphism values were higher based on 

heterozygosity index for msp-2 (He=0.85), than for msp-1 (He=0.43), suggesting a large 

genotype Polymorphism within the msp-2 locus, which was higher than previously reported from 

Northwest Ethiopia (msp-2: He 0.62) in 2018 [319]. In contrast, declining rates of Polymorphism 

of alleles (heterozygosity) in P.falciparum are associated with decreasing transmission rates 

[306]. The current study area has high genetic Polymorphism in parasite populations with high 

local transmission and thus it requires increased attention with malaria control programs 

Multiplicity of infection (MOI), index which is related to the number of clones per infection and 

usually associated with the level of malaria transmission [336, 372, 373]. The overall MOI value 

reported in this study was higher than previously reported studies, including Ethiopia (MOI: 1.8–

2.6) between 2015 and 2018 [317, 318, 319], Brazzaville, Republic of Congo (MOI: 2.2) [296] 

in 2011 and Bobo-Dioulasso, Burkina Faso (MOI: 1.95) [333]. In contrast to study reported in 

Bioko Island, Equatorial Guinea (MOI: 5.51) [326] in 2018 and Gabon (MOI: 4.0) [334] in 2018. 

The difference in MOI can be explained by the differences in intensity of malaria transmission 

seasons. This observation needs caution as Ethiopia enter malaria elimination phase and as such, 

low MOI levels were expected. This could have several implications for the malaria control 

programme in Ethiopia: firstly, as NMCP target a more focal control, parasite could be 

circulating and transmission going on in other not-targetted areas, subsequently, this high MOI 

observed and if neglected could lead to extensive parasite recombination and hence further 

diverse falciparum strains that could pose problems in employing the conventional control 

methods (use of artemisinin combination therapy). Besides, caution is needed when interpreting 

such results as samples were collected during the major malaria transmission season of 

September to December, when malaria transmission is very intense. All year round (seasonal) 
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studies covering major and minor transmission seasons are needed to better understand genetic 

profiles in this area including a sense on seasonal variations.   

Several studies reported conflicting results in which the MOI correlates with ages and parasite 

density [95, 132] but others studies failed to demonstrate this correlation[ 317, 318].  In the 

present study we found that, no significant correlation existed between MOI of P. falciparum 

with age and parasite density (Table 7). Previous studies regarding the variation of MOI over age 

have suggested that the influence of age on the multiplicity of infection is highly affected by 

endemicity of malaria [132, 329, 330, 331]. This is probably a reflection of the development of 

anti-parasite specific immunity [127]. Thus, in holo- or hyperendemic areas, immunity develops 

faster and at younger age than in areas with less intense transmission [335]. Studies have shown 

an age-dependent MOI in a village with intense perennial malaria transmission but not in areas 

where malaria is mesoendemic [132, 323]. Similarly, in this study reported that no significant 

relation between MOI and the parasite count, similar to reports from previous studies in Ethiopia 

[317, 318], but in contrast with reports from Bioko Island, Equatorial Guinea [329]. This may 

have been due to the small number of isolates analysed. 

6.3 P. falciparum malaria treatment success in Ethiopia 

In the absence of a full understanding of the antimalarial drug efficacy trend, the use of 

antimalarial drug efficacy data to inform antimalarial drug policy and guideline development 

would be challenging. In paper III therefore, aimed to provide significant information on 

antimalarial drug efficacy monitoring studies conducted in Ethiopia. Accordingly, the present 

study found high treatment success of AL therapy in the treatment of uncomplicated falciparum 

malaria in Ethiopia despite its use for more than 16 years. Besides, AL was generally a safe 

treatment. Previous meta-analysis in 2017 revealed similarly high efficacies of AL [342, 343]. 

This result is also consistent with neighbouring Sudan; a high treatment success rate (98%) of 

malaria treatment was recently reported in a meta-analysis that included 20 studies with a total of 

4070 patients [363]. The treatment success of 98.7% (95%CI 97.7- 99.6) found in this study 

suggests that, in accordance with WHO parameters [198], AL is still effective as first-line drug 

for uncomplicated malaria treatment in Ethiopia, but warrants regular monitoring. 

 

https://malariajournal.biomedcentral.com/articles/10.1186/s12936-021-03719-w#ref-CR26
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https://malariajournal.biomedcentral.com/articles/10.1186/s12936-021-03719-w#ref-CR27
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-021-03719-w#ref-CR27
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6.4 Strength and limitation  

In study I, the use of qPCR for identification and quantification of parasite and, use validated 

genetic markers to identify recurrent infections are major strengths of this study. However, the 

lack of pharmacokinetic data to better explains the recrudescence observed.  

In study II, use of validated genetic marker for Polymorphism and allelic frequency are major 

strengths of this study. However, this study acknowledges several limitations such as the 

inadequate amount of sample size, difficulties to precisely estimate the allelic frequencies and 

genetic Polymorphism due lower discriminatory power assay (agarose gel electrophoresis) 

compared to other assays (e.g. capillary electrophoresis). Alleles with short differences in length 

(less than 10 bp) might not be clearly distinguished. 

In study III, the study employed an approach that allows reviewing and document findings of 

antimalarial efficacy studies conducted in Ethiopia and to assess their contribution to 

inform policy. The methodological approach and the data collection method used were 

appropriate for the study. However, the main limitation of this work was the lack of a control 

group in the included studies that severely limits the ability to draw a firm conclusion regarding 

the efficacy of an intervention. Moreover, there are insufficient number of therapeutic efficacy 

studies (TESs) studies with high-quality and more rigorous design. This may be due to the fact 

that TESs and long-term follow-up of patients require logistics and incur high cost in low and 

middle income countries, limiting regular implementation of clinical evaluation within the 

country.  

6.5 Conclusions  

These are the overall conclusions from this PhD thesis: 

 The therapeutic efficacy of artemether-lumefantrine is considerably high (above 90%) 

despite the use of this combination for more than 15 years 

 AL remains effective in rapidly clearing asexual parasites and fever as well as reducing 

gametocyte carriage rates 
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 Genetic polymorphisms and multiplicity of P. falciparum infections among symptomatic 

patients reveal a high level of multi-clonal infections and high genetic diversity of parasites 

circulating in the study area. 

6.6 Recommendation 

These are the overall recommendations from this PhD thesis: 

 Artemether-lumefantrine remains highly efficacious as first-line drug for uncomplicated  

falciparum malaria treatment in Ethiopia 

 Day-3 parasitaemia warrants a close monitoring of the efficacy of AL to detect changing 

patterns of parasite susceptibility and make timely revisions to national policies 

 Periodic malaria molecular genetic surveillance is therefore recommended as a fundamental 

tool for monitoring changes in parasite population diversity and clonality over time, and for 

malaria control intervention programs' effectiveness 

6.7 Future perspectives 

 Further study should be done on P. falciparum malaria drug resistance markers to 

supplement and substantiate the current efficacy of AL in different populations and 

epidemiological regions 

 This study also, warrants further P. falciparum gene diversity investigation in a wider 

population and also in asymptomatic individuals in order to have an inclusive picture of the 

parasite diversity 

 

 



69 
 

References 

1. WHO. World malaria report 2020. Geneva, World Health Organization, 2020. 

https://www.who.int/publications/i/item/9789240015791. Accessed on 8 December 2020. 

2. WHO.  “WHO  news  letter ” Webpage: https://www.who.int/news/item/30-11-2020-

who-calls-for-reinvigorated-action-to-fight-malaria  

3. Howes RE, Battle KE, Mendis KN, Smith DL, Cibulskis RE, Baird JK, et al. Global 

Epidemiology of Plasmodium vivax. Am J Trop Med Hyg. 2016 Dec 28;95(6 Suppl):15-

34.  

4. Rutledge GG, Böhme U, Sanders M, Reid AJ, Cotton JA, Maiga-Ascofare O, et al. 

Plasmodium malariae and P. ovale genomes provide insights into malaria parasite 

evolution. Nature. 2017 Feb 2;542(7639):101-104.  

5. World Health Organization Strategic Advisory Group on Malaria, 2020. Malaria 

eradication: benefits, future scenarios and feasiblity: A report of the Strategic Advisory 

Group on Malaria Eradication. [online] Available at: 

https://www.who.int/publications/i/item/malaria-eradication-benefits-futurescenarios 

feasibility [Accessed 16 October 2020]. 

6. WHO. Global technical strategy for malaria 2016-2030. Geneva, World Health 

Organization, 2015. https://apps.who.int/iris/handle/10665/176712. Accessed 20 April 

2021. 

7. WHO. “Zeroing in on malaria elimination: final report of the E-2020 initiative” 

Webpage, https://www.who.int/publications/i/item/9789240024359 

8. Noedl H, Se Y, Schaecher K, Smith BL, Socheat D, Fukuda MM. Evidence of 

artemisinin-resistant malaria in western Cambodia. N Engl J Med. 2008 Dec 

11;359(24):2619-20.  

9. Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, et al. Spread of 

artemisinin resistance in Plasmodium falciparum malaria. N Engl J Med. 2014 Jul 

31;371(5):411-23. doi: 10.1056/NEJMoa1314981. Erratum in: N Engl J Med. 2014 Aug 

21;371(8):786.  

10. Mairet-Khedim M, Leang R, Marmai C, Khim N, Kim S, Ke S,. et al. Clinical and in 

vitro resistance of Plasmodium falciparum to artesunate-amodiaquine in Cambodia. Clin 

Infect Dis. 2020 May 27:ciaa628.  

11. Galatas B, Bassat Q, Mayor A. Malaria Parasites in the Asymptomatic: Looking for the 

Hay in the Haystack. Trends Parasitol. 2016 Apr; 32(4):296-308.  

12. Grigg MJ, Cox J, William T, Jelip J, Fornace KM, Brock PM, von Seidlein L . et al.  

Individual-level factors associated with the risk of acquiring human Plasmodium 

knowlesi malaria in Malaysia: a case-control study. Lancet Planet Health. 2017 Jun 

9;1(3):e97-e104.  

13. Adams JH, Mueller I. The Biology of Plasmodium vivax. Cold Spring Harb Perspect 

Med. 2017 Sep 1;7(9):a025585.  

14. Richter J, Franken G, Mehlhorn H, Labisch A, Häussinger D. What is the evidence for 

the existence of Plasmodium ovale hypnozoites? Parasitol Res. 2010 Nov; 107(6):1285-

90.  

15. Federal Democratic Republic of Ethiopia Ministry of Health. National malaria 

elimination strategic plan 2021-2025. Addis Ababa: FMOH: 2020. 

https://www.who.int/publications/i/item/9789240015791
https://www.who.int/news/item/30-11-2020-who-calls-for-reinvigorated-action-to-fight-malaria
https://www.who.int/news/item/30-11-2020-who-calls-for-reinvigorated-action-to-fight-malaria
https://www.who.int/publications/i/item/malaria-eradication-benefits-futurescenarios
https://apps.who.int/iris/handle/10665/176712
https://www.who.int/publications/i/item/9789240024359


70 
 

https://www.moh.gov.et/ejcc/am/ETHIOPIA_MALARIA_ELIMINATION_STRATEGI

C_PLAN:_2021-2025 . Accessed on 13 July 2021. 

16. Girum T, Shumbej T, Shewangizaw M. Burden of malaria in Ethiopia, 2000-2016: 

findings from the Global Health Estimates 2016. Trop Dis Travel Med Vaccines. 2019 

Jul 12; 5:11. 

17. Hailu A, Lindtjørn B, Deressa W, Gari T, Loha E, Robberstad B. Economic burden of 

malaria and predictors of cost variability to rural households in south-central Ethiopia. 

PLoS One. 2017 Oct 11; 12(10):e0185315.  

18. Alelign A, Dejene T. Current status of malaria in Ethiopia: evaluation of the Burden, 

factors for transmission and prevention methods. Acta Parasitol Glob. 2016;7(1):01–6. 

19. Institute for Health Metrics and Evaluation. Burden of Disease for Ethiopia: GBD 2019. 

Retrieved from: http://www.healthdata.org/ethiopia  

20. Federal Democratic Republic of Ethiopia Ministry of Health. Health sector 

transformation plan (HSTP-II). Addis Ababa: FMOH; 2021. 

21. Federal Democratic Republic of Ethiopia Ministry of Health. The 2020 MPR report. 

Addis Ababa: FMOH; 2020: 1-64. 

22. Federal Democratic Republic of Ethiopia Ministry of Health. National Malaria 

Elimination Roadmap.  Addis Ababa: FMOH; 2016. 

23. Sharp PM, Plenderleith LJ, Hahn BH. Ape Origins of Human Malaria. Annu Rev 

Microbiol. 2020 Sep 8; 74:39-63. doi: 10.1146/annurev-micro-020518-115628.  

24. Escalante AA, Ayala FJ. Phylogeny of the malarial genus Plasmodium, derived from 

rRNA gene sequences. Proc Natl Acad Sci U S A. 1994 Nov 22;91(24):11373-7. doi: 

10.1073/pnas.91.24.11373. PMID: 7972067; PMCID: PMC45233. 

25. Hughes AL, Verra F. Malaria parasite sequences from chimpanzee support the co-

speciation hypothesis for the origin of virulent human malaria (Plasmodium falciparum). 

Mol Phylogenet Evol. 2010 Oct;57(1):135-43. doi: 10.1016/j.ympev.2010.06.004. Epub 

2010 Jun 10. PMID: 20541613; PMCID: PMC2934748. 

26. Loy DE, Liu W, Li Y, Learn GH, Plenderleith LJ, Sundararaman SA, Sharp PM, Hahn 

BH. Out of Africa: origins and evolution of the human malaria parasites Plasmodium 

falciparum and Plasmodium vivax. Int J Parasitol. 2017 Feb;47(2-3):87-97. doi: 

10.1016/j.ijpara.2016.05.008. Epub 2016 Jul 2. PMID: 27381764; PMCID: 

PMC5205579. 

27. Rayner JC, Liu W, Peeters M, Sharp PM, Hahn BH. A plethora of Plasmodium species in 

wild apes: a source of human infection? Trends Parasitol. 2011 May;27(5):222-9. doi: 

10.1016/j.pt.2011.01.006. Epub 2011 Feb 25. PMID: 21354860; PMCID: PMC3087880. 

28. Kaiser M, Löwa A, Ulrich M, Ellerbrok H, Goffe AS, Blasse A, Zommers Z, Couacy-

Hymann E, Babweteera F, Zuberbühler K, Metzger S, Geidel S, Boesch C, Gillespie TR, 

Leendertz FH. Wild chimpanzees infected with 5 Plasmodium species. Emerg Infect Dis. 

2010 Dec;16(12):1956-9. doi: 10.3201/eid1612.100424. PMID: 21122230; PMCID: 

PMC3294549. 

29. Liu W, Li Y, Learn GH, Rudicell RS, Robertson JD, Keele BF, Ndjango JB, Sanz CM, 

Morgan DB, Locatelli S, Gonder MK, Kranzusch PJ, Walsh PD, Delaporte E, Mpoudi-

Ngole E, Georgiev AV, Muller MN, Shaw GM, Peeters M, Sharp PM, Rayner JC, Hahn 

BH. Origin of the human malaria parasite Plasmodium falciparum in gorillas. Nature. 

2010 Sep 23;467(7314):420-5. doi: 10.1038/nature09442. PMID: 20864995; PMCID: 

PMC2997044. 

https://www.moh.gov.et/ejcc/am/ETHIOPIA_MALARIA_ELIMINATION_STRATEGIC_PLAN:_2021-2025
https://www.moh.gov.et/ejcc/am/ETHIOPIA_MALARIA_ELIMINATION_STRATEGIC_PLAN:_2021-2025
http://www.healthdata.org/ethiopia


71 
 

30. Liu W, Sherrill-Mix S, Learn GH, Scully EJ, Li Y, Avitto AN, Loy DE, Lauder AP, 

Sundararaman SA, Plenderleith LJ, Ndjango JN, Georgiev AV, Ahuka-Mundeke S, 

Peeters M, Bertolani P, Dupain J, Garai C, Hart JA, Hart TB, Shaw GM, Sharp PM, Hahn 

BH. Wild bonobos host geographically restricted malaria parasites including a putative 

new Laverania species. Nat Commun. 2017 Nov 21;8(1):1635. doi: 10.1038/s41467-017-

01798-5. PMID: 29158512; PMCID: PMC5696340. 

31. White NJ, Pukrittayakamee S, Hien TT, Faiz MA, Mokuolu OA, Dondorp 

AM. Malaria. The Lancet. 2014. 

32. Singh B, Daneshvar C. Human infections and detection of Plasmodium knowlesi. Clin 

Microbiol Rev. 2013 Apr;26(2):165-84. doi: 10.1128/CMR.00079-12. PMID: 23554413; 

PMCID: PMC3623376. 

33. Manin BO, Ferguson HM, Vythilingam I, Fornace K, William T, Torr SJ, et al.  

Investigating the Contribution of Peri-domestic Transmission to Risk of Zoonotic Malaria 

Infection in Humans. PLoS Negl Trop Dis. 2016 Oct 14;10(10):e0005064.  

34. Barber BE, William T, Dhararaj P, Anderios F, Grigg MJ, Yeo TW, et al.. Epidemiology 

of Plasmodium knowlesi malaria in north-east Sabah, Malaysia: family clusters and wide 

age distribution. Malar J. 2012 Dec 5;11:401.  

35. Singh B, Daneshvar C. Human infections and detection of Plasmodium knowlesi. Clin 

Microbiol Rev. 2013 Apr;26(2):165-84. doi: 10.1128/CMR.00079-12. PMID: 23554413; 

PMCID: PMC3623376. 

36. White, N.J., Plasmodium knowlesi: the fifth human malaria parasite. Clinical 

infectious diseases: an official publication of the Infectious Diseases Society of 

America, 2008. 46(2): p. 172-3. 

37. De Ang JX, Yaman K, Kadir KA, Matusop A, Singh B. New vectors that are early 

feeders for Plasmodium knowlesi and other simian malaria parasites in Sarawak, 

Malaysian Borneo. Sci Rep. 2021 Apr 8;11(1):7739. doi: 10.1038/s41598-021-86107-3. 

PMID: 33833272; PMCID: PMC8032675. 

38. Cooper DJ, Rajahram GS, William T, Jelip J, Mohammad R, Benedict J. et. al. 

Plasmodium knowlesi Malaria in Sabah, Malaysia, 2015-2017: Ongoing Increase in 

Incidence Despite Near-elimination of the Human-only Plasmodium Species. Clin Infect 

Dis. 2020 Jan 16;70(3):361-367.  

39. William T, Rahman HA, Jelip J, Ibrahim MY, Menon J, Grigg MJ, et al. Increasing 

incidence of Plasmodium knowlesi malaria following control of P. falciparum and P. 

vivax Malaria in Sabah, Malaysia. PLoS Negl Trop Dis. 2013;7(1):e2026.  

40. Muh F, Kim N, Nyunt MH, Firdaus ER, Han JH, Hoque MR, et al. Cross-species 

reactivity of antibodies against Plasmodium vivax blood-stage antigens to Plasmodium 

knowlesi. PLoS Negl Trop Dis. 2020 Jun 19;14(6):e0008323.  

41. Ndegwa DN, Kundu P, Hostetler JB, Marin-Menendez A, Sanderson T, Mwikali K, et al. 

Using Plasmodium knowlesi as a model for screening Plasmodium vivax blood-stage 

malaria vaccine targets reveals new candidates. PLoS Pathog. 2021 Jul 1; 

17(7):e1008864.  

42. Oriero EC, Amenga-Etego L, Ishengoma DS, Amambua-Ngwa A. Plasmodium 

malariae, current knowledge and future research opportunities on a neglected malaria 

parasite species. Crit Rev Microbiol. 2021 Feb;47(1):44-56.  

43. Collins WE and Jeffery GM. Plasmodium malariae: parasite and disease. Clin 

Microbiol Rev, 2007; 20(4): p. 579-92.  



72 
 

44. Thuraisingham R.C., Manson tropical diseases 22 Ed. Renal diseases in tropics 

45.  Sutherland, C.J., et al., Two nonrecombining sympatric forms of the human malaria 

parasite Plasmodium ovale occur globally. The Journal of infectious diseases, 2010. 

201(10): p. 1544-50. 

46. Howes RE, Reiner Jr RC, Battle KE, Longbottom J, Mappin B, Ordanovich D, et al. 

Plasmodium vivax Transmission in Africa. PLoS Negl Trop Dis. 2015;9(11):e0004222–

e0004222. Available from: https://pubmed.ncbi.nlm.nih.gov/26587988 

47. Twohig KA, Pfeffer DA, Baird JK, Price RN, Zimmerman PA, Hay SI, et al.  

Growing evidence of Plasmodium vivax across malaria-endemic Africa. 

PLoS Negl Trop Dis. 2019 Jan 31;13(1):e0007140. Available from: 

https://doi.org/10.1371/journal.pntd.0007140 

48. Conway DJ, Fanello C, Lloyd JM, Al-Joubori BM, Baloch AH, Somanath SD, Roper C, 

Oduola AM, Mulder B, Povoa MM, Singh B, Thomas AW. Origin of Plasmodium 

falciparum malaria is traced by mitochondrial DNA. Mol Biochem Parasitol. 2000 Nov; 

111(1):163-71. doi: 10.1016/s0166-6851(00)00313-3. PMID: 11087926. 

49. Volkman SK, Barry AE, Lyons EJ, Nielsen KM, Thomas SM, Choi M, Thakore SS, Day 

KP, Wirth DF, Hartl DL. Recent origin of Plasmodium falciparum from a single 

progenitor. Science. 2001 Jul 20;293(5529):482-4. doi: 10.1126/science.1059878. PMID: 

11463913. 

50. Hughes AL, Verra F. Very large long-term effective population size in the virulent 

human malaria parasite Plasmodium falciparum. Proc Biol Sci. 2001 Sep 

7;268(1478):1855-60. doi: 10.1098/rspb.2001.1759. PMID: 11522206; PMCID: 

PMC1088819. 

51. Prugnolle F, Ollomo B, Durand P, Yalcindag E, Arnathau C, Elguero E, Berry A, Pourrut 

X, Gonzalez JP, Nkoghe D, Akiana J, Verrier D, Leroy E, Ayala FJ, Renaud F. African 

monkeys are infected by Plasmodium falciparum nonhuman primate-specific strains. 

Proc Natl Acad Sci U S A. 2011 Jul 19;108(29):11948-53. doi: 

10.1073/pnas.1109368108. Epub 2011 Jul 5. PMID: 21730135; PMCID: PMC3141972. 

52. Wipasa J, Elliott S, Xu H, Good MF. Immunity to asexual blood stage malaria and 

vaccine approaches. Immunol Cell Biol. 2002 Oct;80(5):401-14.  

53. Sherman IW, Eda S, Winograd E. Cytoadherence and sequestration in Plasmodium 

falciparum: defining the ties that bind. Microbes Infect. 2003 Aug;5(10):897-909. doi: 

10.1016/s1286-4579(03)00162-x. PMID: 12919858. 

54. Carlson J. Erythrocyte rosetting in Plasmodium falciparum malaria--with special 

reference to the pathogenesis of cerebral malaria. Scand J Infect Dis Suppl. 1993;86:1-79. 

PMID: 8493454. 

55. Kaul DK, Roth EF Jr, Nagel RL, Howard RJ, Handunnetti SM. Rosetting of Plasmodium 

falciparum-infected red blood cells with uninfected red blood cells enhances 

microvascular obstruction under flow conditions. Blood. 1991 Aug 1;78(3):812-9. PMID: 

1859893. 

56.  H Fujioka MA. The malaria parasite, in Malaria, Molecular and Clinical Aspects, 

M.W.a.P. Perlmann, Editor 1999. 

57. MacPherson GG, Warrell MJ, White NJ, Looareesuwan S, Warrell DA. Human cerebral 

malaria. A quantitative ultrastructural analysis of parasitized erythrocyte sequestration. 

Am J Pathol. 1985 Jun;119(3):385-401. PMID: 3893148; PMCID: PMC1888001. 

https://pubmed.ncbi.nlm.nih.gov/26587988
https://doi.org/10.1371/journal.pntd.0007140


73 
 

58. Kho S, Qotrunnada L, Leonardo L, Andries B, Wardani PAI, Fricot A, et al. Hidden 

Biomass of Intact Malaria Parasites in the Human Spleen. N Engl J Med. 2021 May 

27;384(21):2067-2069.  

59. Kho S, Qotrunnada L, Leonardo L, Andries B, Wardani PAI, Fricot A, et al.. Evaluation 

of splenic accumulation and colocalization of immature reticulocytes and Plasmodium 

vivax in asymptomatic malaria: A prospective human splenectomy study. PLoS Med. 

2021 May 26;18(5):e1003632.  

60. Sato S. Plasmodium-a brief introduction to the parasites causing human malaria and their 

basic biology. J Physiol Anthropol. 2021 Jan 7;40(1):1. doi: 10.1186/s40101-020-00251-

9. Erratum in: J Physiol Anthropol. 2021 Jan 29;40(1):3. PMID: 33413683; PMCID: 

PMC7792015. 

61. Tebben K, Bradwell K, Serre D. Variation in selective constraints along the Plasmodium 

life cycle. Infection, Genetics and Evolution. 2021: 92. 

62. Molina-Franky J, Cuy-Chaparro L, Camargo A, Reyes C, Gomez M, Salamanca DR, et 

al. Plasmodium falciparum pre-erythrocytic stage vaccine development. Malar J. 2020 

Feb; 19(1):56. 

63. Gillies MT. Anopheline mosquitoes and biomomics, in Malaria: Principles and Practice 

of Malariology, W.H. Wernsdorfer and I. McGregor, Editors. 1988, Churchill 

Livingstone:Edinburgh. p. 453-485. 

64. Ekoko WE, Awono-Ambene P, Bigoga J, Mandeng S, Piameu M, Nvondo N, et al. 

Patterns of anopheline feeding/resting behaviour and Plasmodium infections in North 

Cameroon, 2011–2014: implications for malaria control. Parasit Vectors. 2019; 

12(1):297. Available from: https://doi.org/10.1186/s13071-019-3552-2 

65. Sherrard-Smith E, Skarp JE, Beale AD, Fornadel C, Norris LC, Moore SJ, et al. 

Mosquito feeding behavior and how it influences residual malaria transmission across 

Africa. Proc Natl Acad Sci U S A. 2019;116(30):15086–95. Available from: 

https://pubmed.ncbi.nlm.nih.gov/31285346 

66. Ashine T, Teka H, Esayas E, Messenger LA, Chali W, Meerstein-Kessel L et al. 

Anopheles stephensi as an emerging malaria vector 

in the Horn of Africa with high susceptibility to Ethiopian Plasmodium vivax and 

Plasmodium falciparum isolates. bioRxiv. 2020.  

67. Shapiro LLM, Whitehead SA, Thomas MB. Quantifying the effects of 

temperature on mosquito and parasite traits that determine the transmission 

potential of human malaria. PLOS Biol. 2017; 15(10):e2003489. Available from: 

https://doi.org/10.1371/journal.pbio.2003489 

68. Verra F, Angheben A, Martello E, Giorli G, Perandin F, Bisoffi Z. A systematic review 

of transfusion-transmitted malaria in non-endemic areas. Malar J. 2018;17(1):36. 

Available from: https://pubmed.ncbi.nlm.nih.gov/29338786 

69. Schwarz NG, Adegnika AA, Breitling LP, Gabor J, Agnandji ST, Newman RD, et al. 

Placental malaria increases malaria risk in the first 30 months of life. Clin Infect Dis. 

2008 Oct;47(8):1017–25. 

70. WHO. “WHO malaria fact sheet”. Webpage: https://www.who.int/news-room/fact-

sheets/detail/malaria 

71. Doolan DL, Dobaño C, Baird JK. Acquired immunity to malaria. Clin Microbiol Rev. 

2009; 22(1):13–36. Available from: https://pubmed.ncbi.nlm.nih.gov/19136431 

https://pubmed.ncbi.nlm.nih.gov/31285346
https://doi.org/10.1371/journal.pbio.2003489
https://pubmed.ncbi.nlm.nih.gov/29338786
https://www.who.int/news-room/fact-sheets/detail/malaria
https://www.who.int/news-room/fact-sheets/detail/malaria
https://pubmed.ncbi.nlm.nih.gov/19136431


74 
 

72. Langhorne J, Ndungu FM, Sponaas A-M, Marsh K. Immunity to malaria: more questions 

than answers. Nat Immunol. 2008 Jul;9(7):725–32. 

73. Obi RK, Okangba CC, Nwanebu FC, Ndubuisi UU, Orji NM. Premunition in 

plasmodium falciparum malaria. African J Biotechnol. 2010;9(10):1397–401 

74. Baird JK, Krisin, Barcus MJ, Elyazar IRF, Bangs MJ, Maguire JD, Fryauff DJ, Richie 

TL, Sekartuti, Kalalo W. Onset of clinical immunity to Plasmodium falciparum among 

Javanese migrants to Indonesian Papua. Annals of tropical medicine and parasitology. 

2003;97(6):557-64. 

75. Autino B, Noris A, Russo R, Castelli F. Epidemiology of malaria in endemic areas. 

Mediterr J Hematol Infect Dis. 2012;4(1):e2012060. 

76. WHO. WHO guidelines for the treatment of malaria 2015. 3
rd

 Editio. Geneva, 

Switzerland; 2015. 

77. Hay SI, Smith DL, Snow RW. Measuring malaria endemicity from intense to interrupted 

transmission. Lancet Infect Dis. 2008; 8(6):369–78. 

78. Tesfaye S, Belyhun Y, Teklu T, Mengesha T, Petros B. Malaria prevalence pattern 

observed in the highland fringe of Butajira, Southern Ethiopia: a longitudinal study from 

parasitological and entomological survey. Malar J. 2011 Jun 7;10:153. doi: 

10.1186/1475-2875-10-153. PMID: 21649923; PMCID: PMC3141588. 

79. Woyessa A, Deressa W, Ali A, Lindtjørn B. Prevalence of malaria infection in Butajira 

area, south-central Ethiopia. Malar J. 2012 Mar 23;11:84. doi: 10.1186/1475-2875-11-84. 

PMID: 22443307; PMCID: PMC3383546. 

80. Himeidan YE, Kweka EJ. Malaria in East African highlands during the past 30 years: 

impact of environmental changes. Front Physiol. 2012 Aug 2;3:315. doi: 

10.3389/fphys.2012.00315. PMID: 22934065; PMCID: PMC3429085. 

81. Graves PM, Richards FO, Ngondi J, et al. Individual, household, and environmental risk 

factors for malaria infection in Amhara, Oromia and SNNP regions of Ethiopia. Trans R 

Soc Trop Med Hyg. 2009; 103: 1211-1220 

82. Adhanom Ghebreyesus T, Deressa W, Witten KH, Getachew A, Seboxa T. Malaria. In: 

Berhane Y, Haile-Mariam D, Kloos H, eds.Epidemiology and Ecology of Health and 

Disease in Ethiopia. 1st edition. Addis Ababa, Ethiopia: Shama Books; 2006: 556-576. 

83. Guthmann JP, Bonnet M, Ahoua L, Dantoine F, Balkan S, van Herp M, Tamrat A, 

Legros D, Brown V, Checchi F. Death rates from malaria epidemics, Burundi and 

Ethiopia. Emerg Infect Dis. 2007; 13: 140-143. 

84. Negash K, Kebede A, Medhin A, Argaw D, Babaniyi O, Guintran JO, Delacollette C. 

 Malaria epidemics in the highlands of Ethiopia. East Afr Med J. 2005; 82: 186-192 

85. Conway D, Mould C, Bewket W: Over one century of rainfall and temperature 

observations in Addis Ababa, Ethiopia. Int J Climatol 2004, 24:77-91. 

86. Su XZ, Zhang C, Joy DA. Host-Malaria Parasite Interactions and Impacts on Mutual 

Evolution. Front Cell Infect Microbiol. 2020 Oct 27;10:587933. doi: 

10.3389/fcimb.2020.587933.  

87. Kwiatkowski DP. How malaria has affected the human genome and what human genetics 

can teach us about malaria. Am J Hum Genet. 2005 Aug;77(2):171–92. 

88. Fry AE, Griffiths MJ, Auburn S, Diakite M, Forton JT, Green A, et al. Common variation 

in the ABO glycosyltransferase is associated with susceptibility to severe Plasmodium 

falciparum malaria. Hum Mol Genet.2008 Feb;17(4):567–76. 



75 
 

89. Luzzatto L. Sickle cell anaemia and malaria. Mediterr J Hematol Infect Dis. 

2012;4(1):e2012065–e2012065. Available from: 

https://pubmed.ncbi.nlm.nih.gov/23170194 

90. Perignon JL, Druilhe P. Immune mechanisms underlying the premonition against 

Plasmodium falciparum malaria. Mem Inst Oswaldo Cruz. 1994; 89 Suppl 2:51–3. 

91. Carter R, Mendis KN. Evolutionary and historical aspects of the burden of malaria. Clin 

Microbiol Rev. 2002 Oct;15(4):564-94. doi: 10.1128/CMR.15.4.564-594.2002. Erratum 

in: Clin Microbiol Rev. 2003 Jan;16(1):173. PMID: 12364370; PMCID: PMC126857. 

92. Neafsey DE, Juraska M, Bedford T, Benkeser D, Valim C, Griggs A, Lievens M, Abdulla 

S, Adjei S, Agbenyega T, Agnandji ST, Aide P, Anderson S, Ansong D, Aponte JJ, 

Asante KP, Bejon P, Birkett AJ, Bruls M, Connolly KM. Genetic Polymorphism and 

Protective Efficacy of the RTS,S/AS01 Malaria Vaccine. N Engl J Med. 2015 Nov 

19;373(21):2025-2037. doi: 10.1056/NEJMoa1505819. Epub 2015 Oct 21. PMID: 

26488565; PMCID: PMC4762279. 

93. Bachmann A, Bruske E, Krumkamp R, Turner L, Wichers JS, Petter M, Held J, Duffy 

MF, Sim BKL, Hoffman SL, Kremsner PG, Lell B, Lavstsen T, Frank M, Mordmüller B, 

Tannich E. Controlled human malaria infection with Plasmodium falciparum 

demonstrates impact of naturally acquired immunity on virulence gene expression. PLoS 

Pathog. 2019 Jul 11;15(7):e1007906. doi: 10.1371/journal.ppat.1007906. PMID: 

31295334; PMCID: PMC6650087. 

94. Oboh MA, Ndiaye T, Diongue K, Ndiaye YD, Sy M, Deme AB,  et al.  Allelic 

Polymorphism of MSP1 and MSP2 repeat loci correlate with levels of malaria endemicity 

in Senegal and Nigerian populations. Malar J. 2021 Jan 13;20(1):38.  

95. Hamid MM, Mohammed SB, El Hassan IM. Genetic Polymorphism of Plasmodium 

falciparum Field Isolates in Central Sudan Inferred by PCR Genotyping of Merozoite 

Surface Protein 1 and 2. N Am J Med Sci. 2013 Feb;5(2):95-101.  

96. Oyebola MK, Idowu ET, Olukosi YA, Iwalokun BA, Agomo CO, Ajibaye OO, Tola M, 

Otubanjo AO. Genetic Polymorphism and complexity of Plasmodium falciparum 

infections in Lagos, Nigeria. Asian Pac J Trop Biomed. 2014 May; 4(Suppl 1):S87-91.  

97. Fidock DA, Nomura T, Talley AK, Cooper RA, Dzekunov SM, Ferdig MT, et al. 

Mutations in the P. falciparum digestive vacuole transmembrane protein PfCRT and 

evidence for their role in chloroquine resistance. Mol. Cell. 2000; 6:861–871.  

98. McCollum AM, Basco LK, Tahar R, Udhayakumar V, Escalante AA. Hitchhiking and 

selective sweeps of Plasmodium falciparum sulfadoxine and pyrimethamine resistance 

alleles in a population from central Africa. Antimicrob Agents Chemother. 2008 

Nov;52(11):4089-97. doi: 10.1128/AAC.00623-08. Epub 2008 Sep 2. PMID: 18765692; 

PMCID: PMC2573158. 

99. Wootton JC, Feng X, Ferdig MT, Cooper RA, Mu J, Baruch DI, Magill AJ, Su XZ. 

Genetic Polymorphism and chloroquine selective sweeps in Plasmodium falciparum. 

Nature. 2002 Jul 18;418(6895):320-3. doi: 10.1038/nature00813. PMID: 12124623. 

100. Su XZ, Mu J, Joy DA. The "Malaria's Eve" hypothesis and the debate concerning the 

origin of the human malaria parasite Plasmodium falciparum. Microbes Infect. 2003 

Aug;5(10):891-6. doi: 10.1016/s1286-4579(03)00173-4. PMID: 12919857. 

101. Felger I, Maire M, Bretscher MT, Falk N, Tiaden A, Sama W, Beck HP, Owusu-Agyei S, 

Smith TA. The dynamics of natural Plasmodium falciparum infections. PLoS One. 

https://pubmed.ncbi.nlm.nih.gov/23170194


76 
 

2012;7(9):e45542. doi: 10.1371/journal.pone.0045542. Epub 2012 Sep 18. PMID: 

23029082; PMCID: PMC3445515. 

102. Chenet SM, Schneider KA, Villegas L, Escalante AA. Local population structure of 

Plasmodium: impact on malaria control and elimination. Malar J. 2012;11:412. 

103.  Chenet SM, Taylor JE, Blair S, Zuluaga L, Escalante AA. Longitudinal analysis of 

Plasmodium falciparum genetic variation in Turbo, Colombia: implications for malaria 

control and elimination. Malar J. 2015; 14:363. 

104.  Daniels R, Chang HH, Sene PD, Park DC, Neafsey DE, Schafner SF, et al. Genetic 

surveillance detects both clonal and epidemic transmission of malaria following enhanced 

intervention in Senegal. PLoS One. 2013; 8:e60780.  

105.  Nkhoma SC, Nair S, Al-Saai S, Ashley E, McGready R, Phyo AP, et al. Population 

genetic correlates of declining transmission in a human pathogen. Mol Ecol. 

2013;22:273–85. 

106.  Hofmann EH, da Silveira LA, Tonhosolo R, Pereira FJ, Ribeiro WL, Tonon AP, et al. 

Geographical patterns of allelic Polymorphism in the Plasmodium falciparum malaria-

vaccine candidate, merozoite surface protein-2. Ann Trop Med Parasitol. 2001;95:117–32 

107. Peters J, Fowler E, Gatton M, Chen N, Saul A, Cheng Q. High Polymorphism and rapid 

changeover of expressed var genes during the acute phase of Plasmodium falciparum 

infections in human volunteers. Proc Natl Acad Sci U S A. 2002 Aug 6; 99(16):10689-

94.  

108. Bartoloni A, Zammarchi L. Clinical aspects of uncomplicated and severe malaria. 

Mediterr J Hematol Infect Dis. 2012; 4(1):e2012026–e2012026. Available from: 

https://pubmed.ncbi.nlm.nih.gov/22708041 

109. WHO. WHO guidelines for the treatment of malaria 2015. 3
rd

 Editio. Geneva, 

Switzerland; 2015. 

110. Tangpukdee N, Duangdee C, Wilairatana P, Krudsood S. Malaria diagnosis: a brief 

review. Korean J Parasitol. 2009 Jun; 47(2):93–102. 

111. Greenwood BM, Armstrong JR. Comparison of two simple methods for 

determining malaria parasite density. Trans R Soc Trop Med Hyg. 

1991;85(2):186–8. 

112. WHO. New Perspectives: Malaria Diagnosis. 2000; 14(October 1999):29. 

113. Bruxvoort KJ, Leurent B, Chandler CIR, Ansah EK, Baiden F, Björkman A, et al. The 

Impact of Introducing Malaria Rapid Diagnostic Tests on Fever Case Management: A 

Synthesis of Ten Studies from the ACT Consortium. Am J Trop Med Hyg. 2017; 

97(4):1170–9. 

Available from: https://pubmed.ncbi.nlm.nih.gov/28820705 

114. Morris U, Aydin-Schmidt B, Shakely D, Mårtensson A, Jörnhagen L, Ali AS, et al. Rapid 

diagnostic tests for molecular surveillance of Plasmodium falciparum malaria -

assessment of DNA extraction methods and field applicability. Malar J. 2013; 12(1):106. 

Available from: http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-

106 

115. Houzé S, Boly MD, Le Bras J, Deloron P, Faucher JF. PfHRP2 and PfLDH antigen 

detection for monitoring the efficacy of artemisinin-based combination therapy (ACT) in 

the treatment of uncomplicated falciparum malaria. Malar J. 2009 Sep 7;8:211. doi: 

10.1186/1475-2875-8-211. PMID: 19735557; PMCID: PMC2754493. 

https://pubmed.ncbi.nlm.nih.gov/22708041
https://pubmed.ncbi.nlm.nih.gov/28820705
http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-106
http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-106


77 
 

116. Amir A, Cheong FW, De Silva JR, Lau YL. Diagnostic tools in childhood malaria. 

Parasit Vectors. 2018 Jan 23; 11(1):53. doi: 10.1186/s13071-018-2617-y. PMID: 

29361963; PMCID: PMC5781272. 

117. Mouatcho JC, Goldring JPD. Malaria rapid diagnostic tests: challenges and prospects. J 

Med Microbiol. 2013 Oct;62(Pt 10):1491-1505. doi: 10.1099/jmm.0.052506-0. PMID: 

24048274. 

118. Wilson ML. Malaria rapid diagnostic tests. Clin Infect Dis. 2012 Jun;54(11):1637-41. 

doi: 10.1093/cid/cis228. Epub 2012 May 1. PMID: 22550113. 

119. Hofmann NE, Antunes Moniz C, Holzschuh A, Keitel K, Boillat-Blanco N, Kagoro F, et 

al. Diagnostic Performance of Conventional and Ultrasensitive Rapid Diagnostic Tests 

for Malaria in Febrile Outpatients in Tanzania. J Infect Dis. 2019 Apr; 219(9):1490–8. 

120. Unwin VT, Ahmed R, Noviyanti R, Puspitasari AM, Utami RAS, Trianty L, Lukito T, 

Syafruddin D, Poespoprodjo JR, Santana-Morales MA, Ter Kuile FO, Adams ER. Use of 

a highly-sensitive rapid diagnostic test to screen for malaria in pregnancy in Indonesia. 

Malar J. 2020 Jan 16;19(1):28. doi: 10.1186/s12936-020-3110-6. PMID: 31948448; 

PMCID: PMC6966894. 

121. Tedla M. A focus on improving molecular diagnostic approaches to malaria control and 

elimination in low transmission settings: Review. Parasite Epidemiol Control. 2019 Apr 

25;6:e00107. doi: 10.1016/j.parepi.2019.e00107. PMID: 31193331; PMCID: 

PMC6525315. 

122. Mens PF, van Amerongen A, Sawa P, Kager PA, Schallig HDFH. Molecular diagnosis of 

malaria in the field: development of a novel 1-step nucleic acid lateral flow immunoassay 

for the detection of all 4 human Plasmodium spp. and its evaluation in Mbita, Kenya. 

Diagn Microbiol Infect Dis. 2008 Aug;61(4):421–7. 

123. Grossenbacher B, Holzschuh A, Hofmann NE, Omar KA, Stuck L, Fakih BS, Ali A, 

Yukich J, Hetzel MW, Felger I. Molecular methods for tracking residual Plasmodium 

falciparum transmission in a close-to-elimination setting in Zanzibar. Malar J. 2020 Jan 

29; 19(1):50. doi: 10.1186/s12936-020-3127-x. PMID: 31996210; PMCID: 

PMC6988349. 

124. Britton S, Cheng Q, McCarthy JS. Novel molecular diagnostic tools for malaria 

elimination: a review of options from the point of view of high-throughput and 

applicability in resource limited settings. Malar J. 2016 Feb 16;15:88. doi: 

10.1186/s12936-016-1158-0. PMID: 26879936; PMCID: PMC4754967. 

125. Smythe JA, Peterson MG, Coppel RL, Saul AJ, Kemp DJ, Anders RF: Structural 

Polymorphism in the 45-kilodalton merozoite surface antigen of Plasmodium 

falciparum. Mol Biochem Parasitol 1990, 39: 227-234. 

126. Miller LH, Roberts T, Shahabuddin M, McCutchan TF: Analysis of sequence 

Polymorphism in the Plasmodium falciparum merozoite surface protein-1 (MSP-1). 

Mol Biochem Parasitol 1993, 59: 1-14. 

127. Snounou G, White NJ. The co-existence of Plasmodium: sidelights from falciparum and 

vivax malaria in Thailand. Trends Parasitol. 2004 Jul; 20(7):333-9. doi: 

10.1016/j.pt.2004.05.004. PMID: 15193565. 

128. Ntoumi F, Contamin H, Rogier C, Bonnefoy S, Trape JF, Mercereau-Puijalon O: 

Agedependent carriage of multiple Plasmodium falciparum merozoite surface 

antigen-2 alleles in asymptomatic malaria infections. Am J Trop Med Hyg 1995, 

52: 81-88. 



78 
 

129. Felger I, Tavul L, Beck HP: Plasmodium falciparum: a rapid technique for 

genotyping the merozoite surface protein 2. Exp Parasitol 1993, 77: 372-375. 

130. Falk N, Maire N, Sama W, Owusu-Agyei S, Smith T, Beck HP, Felger I: Comparison 

of PCR-RFLP and Genescan-based genotyping for analyzing infection dynamics 

of Plasmodium falciparum. Am J Trop Med Hyg 2006, 74: 944-950. 

131. Arnot D: Unstable malaria in Sudan: the influence of the dry season. Clone 

multiplicity of Plasmodium falciparum infections in individuals exposed to 

variable levels of disease transmission. Trans R Soc Trop Med Hyg 1998, 92: 580- 

585. 

132. Konaté L, Zwetyenga J, Rogier C, Bischoff E, Fontenille D, Tall A, Spiegel A, Trape JF, 

Mercereau-Puijalon O. Variation of Plasmodium falciparum msp1 block 2 and msp2 

allele prevalence and of infection complexity in two neighbouring Senegalese villages 

with different transmission conditions. Trans R Soc Trop Med Hyg. 1999 Feb;93 Suppl 

1:21-8. doi: 10.1016/s0035-9203(99)90323-1. PMID: 10450422. 

133. Haldar K, Bhattacharjee S, Safeukui I. Drug resistance in Plasmodium. Nat Rev 

Microbiol. 2018 Mar;16(3):156-170. doi: 10.1038/nrmicro.2017.161. Epub 2018 Jan 22. 

PMID: 29355852; PMCID: PMC6371404. 

134. Sahraei Z, Shabani M, Shokouhi S, Saffaei A. Aminoquinolines against coronavirus 

disease 2019 (COVID-19): chloroquine or hydroxychloroquine. Int J Antimicrob Agents. 

2020 Apr;55(4):105945. doi: 10.1016/j.ijantimicag.2020.105945. Epub 2020 Mar 17. 

PMID: 32194152; PMCID: PMC7156117. 

135. Cortegiani A, Ingoglia G, Ippolito M, Giarratano A, Einav S. A systematic review on the 

efficacy and safety of chloroquine for the treatment of COVID-19. J Crit Care. 2020 Jun; 

57:279-283. doi: 10.1016/j.jcrc.2020.03.005. Epub 2020 Mar 10. PMID: 32173110; 

PMCID: PMC7270792. 

136. Ashley EA, White NJ. Artemisinin-based combinations. Curr Opin Infect Dis.2005 Dec; 

18(6):531–6. 

137. Li Y, Wu YL. How Chinese scientists discovered qinghaosu (artemisinin) and developed 

its derivatives? What are the future perspectives? Med Trop (Mars). 1998; 58(3 Suppl):9–

12. 

138. Bjorkman A, Bhattarai A. Public health impact of drug resistant Plasmodium falciparum 

malaria. Acta Trop. 2005 Jun; 94(3):163–9. 

139. Klayman DL. Qinghaosu (artemisinin): an antimalarial drug from China. Science. 1985 

May; 228(4703):1049–55. 

140. Zhang X-G, Li G-X, Zhao S-S, Xu F-L, Wang Y-H, Wang W. A review of 

dihydroartemisinin as another gift from traditional Chinese medicine not only for malaria 

control but also for schistosomiasis control. Parasitol Res. 2014 May; 113(5):1769–73. 

141. Su XZ, Miller LH. The discovery of artemisinin and the Nobel Prize in Physiology or 

Medicine. Sci China Life Sci. 2015 Nov; 58(11):1175-9. doi: 10.1007/s11427-015-4948-

7. PMID: 26481135; PMCID: PMC4966551. 

142. Rehwagen C. WHO ultimatum on artemisinin monotherapy is showing results. BMJ. 

2006 May 20; 332(7551):1176. doi: 10.1136/bmj.332.7551.1176-b. PMID: 16709988; 

PMCID: PMC1463909. 

143. WHO. World malaria report 2019. 2019. Available from:www.who.int/malaria 

http://www.who.int/malaria


79 
 

144. Klonis N, Xie SC, McCaw JM, Crespo-Ortiz MP, Zaloumis SG, Simpson JA, et al. 

Altered temporal response of malaria parasites determines differential sensitivity to 

artemisinin. Proc Natl Acad Sci U S A. 2013 Mar;110(13):5157–62. 

145. Premji ZG. Coartem: the journey to the clinic. Malar J. 2009 Oct 12;8 Suppl 1(Suppl 

1):S3. doi: 10.1186/1475-2875-8-S1-S3. PMID: 19818170; PMCID: PMC2760238. 

146. Bridgford JL, Xie SC, Cobbold SA, Pasaje CFA, Herrmann S, Yang T, et al. Artemisinin 

kills malaria parasites by damaging proteins and inhibiting the proteasome. Nat Commun. 

2018;9(1):3801. Available from:https://doi.org/10.1038/s41467-018-06221-1 

147. Golenser J, Waknine JH, Krugliak M, Hunt NH, Grau GE. Current perspectives on the 

mechanism of action of artemisinins. Int J Parasitol. 2006 Dec;36(14):1427-41. doi: 

10.1016/j.ijpara.2006.07.011. Epub 2006 Sep 12. PMID: 17005183. 

148. Shandilya A, Chacko S, Jayaram B, Ghosh I. A plausible mechanism for the antimalarial 

activity of artemisinin: A computational approach. Sci Rep. 2013; 3(1):2513. Available 

from:https://doi.org/10.1038/srep02513 

149. White NJ. Clinical pharmacokinetics and pharmacodynamics of artemisinin and 

derivatives. Trans R Soc Trop Med Hyg. 1994 Jun; 88 Suppl 1:S41-3. 

150. Eckstein-Ludwig U, Webb RJ, Van Goethem IDA, East JM, Lee AG, Kimura M, et al. 

Artemisinins target the SERCA of Plasmodium falciparum. Nature. 2003 Aug; 

424(6951):957–61. 

151.  Falade C, Manyando C. Safety profile of Coartem: the evidence base. Malar J. 2009 Oct 

12;8 Suppl 1(Suppl 1):S6. doi: 10.1186/1475-2875-8-S1-S6. PMID: 19818173; PMCID: 

PMC2760241. 

152. Gomes C, Boareto AC, Dalsenter PR. Clinical and non-clinical safety of 

artemisinin derivatives in pregnancy. Reprod Toxicol. 2016 Oct;65:194–203. 

153. Clark RL, Edwards TL, Longo M, Kinney J, Walker DK, Rhodes J, et al. Improved 

safety margin for embryotoxicity in rats for the new endoperoxide artefenomel (OZ439) 

as compared to artesunate. Birth defects Res. 2018 Apr;110(7):553–78. 

154. Li Q, Weina PJ. Severe embryotoxicity of artemisinin derivatives in experimental 

animals, but possibly safe in pregnant women. Molecules. 2009 Dec;15(1):40–57. 

155. Brewer TG, Peggins JO, Grate SJ, Petras JM, Levine BS, Weina PJ, et al. 

Neurotoxicity in animals due to arteether and artemether. Trans R Soc Trop 

Med Hyg. 1994 Jun;88 Suppl 1:S33-6. 

156. Toovey S, Jamieson A. Audiometric changes associated with the treatment of 

uncomplicated falciparum malaria with co-artemether. Trans R Soc Trop Med Hyg. 2004 

May; 98(5):261–9. 

157. Toovey S. A case-control auditory evaluation of patients treated with artemether-

lumefantrine. Vol. 74, The American journal of tropical medicine and hygiene. United 

States; 2006. p. 939–40; author reply 940. 

158. Toovey S. Comment on: no hearing loss associated with the use of artemether-

lumefantrine to treat experimental human malaria. Trans R Soc Trop Med Hyg. 2007 

Mar;101(3):314-5; author reply 315-6. doi: 10.1016/j.trstmh.2006.09.001. Epub 2006 Oct 

24. PMID: 17064745. 

159. Gurkov R, Eshetu T, Miranda IB, Berens-Riha N, Mamo Y, Girma T, et al. Ototoxicity of 

artemether/lumefantrine in the treatment of falciparum malaria: a randomized trial. Malar 

J. 2008 Sep;7:179. 



80 
 

160. McCall MBB, Beynon AJ, Mylanus EAM, van der Ven AJAM, Sauerwein RW. No 

hearing loss associated with the use of artemether-lumefantrine to treat experimental 

human malaria. Trans R Soc Trop Med Hyg. 2006 Dec;100(12):1098–104. 

161. Hutagalung R, Htoo H, Nwee P, Arunkamomkiri J, Zwang J, Carrara VI, et al. A case-

control auditory evaluation of patients treated with artemetherlumefantrine. Am J Trop 

Med Hyg. 2006 Feb;74(2):211–4. 

162. Djimdé A, Lefèvre G. Understanding the pharmacokinetics of Coartem. Malar J. 2009;8 

Suppl 1:S4. 

163. Mårtensson A, Strömberg J, Sisowath C, Msellem MI, Gil JP, Montgomery SM, et al. 

Efficacy of artesunate plus amodiaquine versus that of artemetherlumefantrine for the 

treatment of uncomplicated childhood Plasmodium falciparum malaria in Zanzibar, 

Tanzania. Clin Infect Dis. 2005 Oct 15[cited 2016 Jul 26];41(8):1079–86. Available 

from:http://www.ncbi.nlm.nih.gov/pubmed/16163624 

164. Makanga M, Premji Z, Falade C, Karbwang J, Mueller EA, Andriano K, et al. Efficacy 

and safety of the six-dose regimen of artemether-lumefantrine in pediatrics with 

uncomplicated Plasmodium falciparum malaria: a pooled analysis of individual patient 

data. Am J Trop Med Hyg. 2006 Jun;74(6):991–8. 

165. Kiaco K, Teixeira J, Machado M, do Rosário V, Lopes D. Evaluation of artemether-

lumefantrine efficacy in the treatment of uncomplicated malaria and its association with 

pfmdr1, pfatpase6 and K13 propeller polymorphisms in Luanda, Angola. Malar J. 

2015;14(1):504. Available from:http://www.malariajournal.com/content/14/1/504 

166. Cousin M, Hunt P, Walter V, Rosenthal PJ, Falade CO, Premji ZG, et al. Efficacy and 

Safety of Artemether-Lumefantrine in the Treatment of Acute, Uncomplicated 

Plasmodium falciparum Malaria: A Pooled Analysis. Am J Trop Med Hyg. 

2011;85(5):793–804. Available from: 

http://www.ajtmh.org/content/journals/10.4269/ajtmh.2011.11-0069 

167. Shayo A, Mandara CI, Shahada F, Buza J, Lemnge MM, Ishengoma DS, et al. 

Therapeutic efficacy and safety of artemether-lumefantrine for the treatment of 

uncomplicated falciparum malaria in North-Eastern Tanzania. Malar J. 2014;13(1):376. 

Available from: 

http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-13-376 

168. Kakolwa MA, Mahende MK, Ishengoma DS, Mandara CI, Ngasala B, Kamugisha E, et 

al. Efficacy and safety of artemisinin-based combination therapy, and molecular markers 

for artemisinin and piperaquine resistance in Mainland Tanzania. Malar J. 2018; 17:369. 

Available from: https://doi.org/10.1186/s12936-018-2524-x 

169. Ishengoma DS, Mandara CI, Francis F, Talundzic E, Lucchi NW, Ngasala B, et al. 

Efficacy and safety of artemether-lumefantrine for the treatment of uncomplicated 

malaria and prevalence of pfk13 and Pfmdr1 polymorphisms after a decade of using 

artemisinin-based combination therapy in mainland Tanzania. Malar J. 2019;18(1):88. 

Available from: 

https://malariajournal.biomedcentral.com/articles/10.1186/s12936-019-2730-1 

170. White NJ, van Vugt M, Ezzet F. Clinical pharmacokinetics and pharmacodynamics and 

pharmacodynamics of artemether-lumefantrine. Clin Pharmacokinet. 1999 Aug; 

37(2):105–25. 

http://www.ajtmh.org/content/journals/10.4269/ajtmh.2011.11-0069
http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-13-376
https://doi.org/10.1186/s12936-018-2524-x
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-019-2730-1


81 
 

171. Ezzet F, Karbwang J. Population pharmacokinetics and therapeutic response of CGP 

56697 (artemether + benflumetol) in malaria patients. Br J Clin Pharmacol. 

1998;46(6):553–61. 

172. Warhurst D, Adagu I, Beck H, Duraisingh M, Kirby G, von Seidlein L, et al. Mode of 

action of artemether lumefantrine (COARTEM): The sole, fixed, oral ADCC and its role 

in combatting multidrug resistance. 2001; 

173. Djimdé A, Lefèvre G, White N, Vugt M van, Ezzet F, Ezzet F, et al. 

Understanding the pharmacokinetics of Coartem®. Malar J. 2009; 8(Suppl 1):S4. 

Available from:http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-8-

S1-S4 

174. Ngasala BE, Malmberg M, Carlsson AM, Ferreira PE, Petzold MG, Blessborn D, et al. 

Efficacy and effectiveness of artemether-lumefantrine after initial and repeated treatment 

in children <5 years of age with acute uncomplicated Plasmodium falciparum malaria in 

rural Tanzania: a randomized trial. Clin Infect Dis. 2011 Apr 1; 52(7):873-82. doi: 

10.1093/cid/cir066. PMID: 21427394. 

175. Nhama A, Bassat Q, Enosse S, Nhacolo A, Mutemba R, Carvalho E, et al. In vivo 

efficacy of artemether-lumefantrine and artesunate-amodiaquine for the treatment of 

uncomplicated falciparum malaria in children: a multisite, openlabel, two-cohort, clinical 

trial in Mozambique. Malar J. 2014 [cited 2016 Aug 3];13(1):309. Available from: 

http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-13-309 

176. Tavul L, Hetzel MW, Teliki A, Walsh D, Kiniboro B, Rare L, et al. Efficacy of 

artemether-lumefantrine and dihydroartemisinin-piperaquine for the treatment of 

uncomplicated malaria in Papua New Guinea. Malar J. 2018;17(1):1–12. Available from: 

https://doi.org/10.1186/s12936-018-2494-z 

177. Abdulla S, Sagara I, Borrmann S, D’Alessandro U, González R, Hamel M, et al. Efficacy 

and safety of artemether-lumefantrine dispersible tablets compared with crushed 

commercial tablets in African infants and children with uncomplicated malaria: a 

randomised, single-blind, multicentre trial. Lancet. 2008;372(9652):1819–27.Available 

from: http://linkinghub.elsevier.com/retrieve/pii/S0140673608614920 

178. Makanga M, Krudsood S. The clinical efficacy of artemether/lumefantrine (Coartem). 

Malar J. 2009;8 Suppl 1:S5. 

179. Anstey NM, Price RN, Davis TME, Karunajeewa HA, Mueller I, D’Alessandro U, et al. 

The effect of dose on the antimalarial efficacy of artemether-lumefantrine: A systematic 

review and pooled analysis of individual patient data. Lancet Infect Dis. 2015;15(6):692–

702. Available from:http://www.ncbi.nlm.nih.gov/pubmed/25788162 

180. Navaratnam V, Mansor SM, Sit NW, Grace J, Li Q, Olliaro P. Pharmacokinetics of 

artemisinin-type compounds. Clin Pharmacokinet. 2000 Oct;39(4):255–70. 

181. Suputtamongkol Y, Newton PN, Angus B, Teja-Isavadharm P, Keeratithakul D, 

Rasameesoraj M, et al. A comparison of oral artesunate and artemether antimalarial 

bioactivities in acute falciparum malaria. Br J Clin Pharmacol. 2001; 52(6):655–61.  

182. Hietala SF, Bhattarai A, Msellem M, Roshammar D, Ali AS, Stromberg J, et al. 

Population pharmacokinetics of amodiaquine and desethylamodiaquine in pediatric 

patients with uncomplicated falciparum malaria. J Pharmacokinet Pharmacodyn. 2007 

Oct;34(5):669–86. 

183. WHO. Evidence Review Group. The Safety and Effectiveness of Single Dose Primaquine 

as a P.falciparum gametocytocide. 2012;(September):1–19. 

http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-13-309
https://doi.org/10.1186/s12936-018-2494-z
http://linkinghub.elsevier.com/retrieve/pii/S0140673608614920


82 
 

184. Burgess RW, Bray RS. The effect of a single dose of primaquine on the gametocytes, 

gametogony and sporogony of Laverania falciparum. Bull World Health Organ. 

1961;24(4–5):451-6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/13689019 

185. Rieckmann KH, McNamara J V, Frischer H, Stockert TA, Carson PE, Powell RD. 

Gametocytocidal and sporontocidal effects of primaquine and of sulfadiazine with 

pyrimethamine in a chloroquine-resistant strain of Plasmodium falciparum. Bull World 

Health Organ. 1968; 38(4):625-32. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/4876731 

186. Grewal RS. Pharmacology of 8-aminoquinolines. Bull World Health Organ. 1981; 

59(3):397–406. Available from:http://www.ncbi.nlm.nih.gov/pubmed/6976847 

187. Pukrittayakamee S, Chotivanich K, Chantra A, Clemens R, Looareesuwan S, 

White NJ. Activities of artesunate and primaquine against asexual- and sexual-stage 

parasites in falciparum malaria. Antimicrob Agents Chemother. 2004; 48(4):1329–34. 

Available from:http://www.ncbi.nlm.nih.gov/pubmed/15047537 

188. Wilairatana P, Krudsood S, Tangpukdee N. Appropriate time for primaquine treatment to 

reduce Plasmodium falciparum transmission in hypoendemic areas. Korean J Parasitol. 

2010; 48(2):179–82. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20585538 

189. Recht J, Ashley E, White N. Safety of 8-Aminoquinoline Antimalarial Medicines. World 

Health Organization. 2014;1–224. 

190. Lacerda MVG, Llanos-Cuentas A, Krudsood S, Lon C, Saunders DL, Mohammed R, et 

al. Single-Dose Tafenoquine to Prevent Relapse of Plasmodium vivax Malaria. N Engl J 

Med. 2019; 380(3):215-228. doi: 10.1056/NEJMoa1710775. PMID: 30650322; PMCID: 

PMC6657226. 

191. Walsh DS, Eamsila C, Sasiprapha T, Sangkharomya S, Khaewsathien P, Supakalin P, et 

al. Efficacy of monthly tafenoquine for prophylaxis of Plasmodium vivax and multidrug-

resistant P. falciparum malaria. J Infect Dis. 2004; 190(8):1456-63. doi: 10.1086/424468. 

Epub 2004 Sep 20. PMID: 15378438. 

192. Marsh K. Malaria disaster in Africa. Lancet (London, England). 1998; 352(9132):924. 

193. Zucker JR, Ruebush TK 2nd, Obonyo C, Otieno J, Campbell CC. The mortality 

consequences of the continued use of chloroquine in Africa: experience in Siaya, western 

Kenya. Am J Trop Med Hyg. 2003; 68(4):386–90. 

194. Zucker JR, Lackritz EM, Ruebush TK 2nd, Hightower AW, Adungosi JE, Were JB, 

Metchock B, Patrick E, Campbell CC. Childhood mortality during and after 

hospitalization in western Kenya: effect of malaria treatment regimens. Am J Trop Med 

Hyg. 1996 Dec;55(6):655-60. doi: 10.4269/ajtmh.1996.55.655. Erratum in: Am J Trop 

Med Hyg 1997 Mar;56(3):358. PMID: 9025694. 

195. Trape JF. The public health impact of chloroquine resistance in Africa. Am J Trop Med 

Hyg. 2001; 64(1-2 Suppl):12–7. 

196. Maji AK. Drug susceptibility testing methods of antimalarial agents. Trop 

Parasitol. 2018; 8(2):70–6. Available from:https://pubmed.ncbi.nlm.nih.gov/30693210 

197. Minkah NK, Schafer C, Kappe SHI. Humanized Mouse Models for the Study of Human 

Malaria Parasite Biology, Pathogenesis, and Immunity. Front Immunol. 2018; 9:807. 

Available from:https://www.frontiersin.org/article/10.3389/fimmu.2018.00807 

198. World Health Organization. Methods for surveillance of antimalarial drug efficacy. 

Geneva: World Health Organization; 2009. 

http://www.ncbi.nlm.nih.gov/pubmed/13689019
http://www.ncbi.nlm.nih.gov/pubmed/4876731
http://www.ncbi.nlm.nih.gov/pubmed/20585538
https://pubmed.ncbi.nlm.nih.gov/30693210


83 
 

199. Färnert A, Arez AP, Babiker HA, Beck HP, Benito A, Björkman A, et al. Genotyping of 

Plasmodium falciparum infections by PCR: a comparative multicentre study. Trans R Soc 

Trop Med Hyg. 2001 Mar 1; 95(2):225–32. 

200. Medicines for Malaria Venture & World Health Organization. . Methods and techniques 

for clinical trials on antimalarial drug efficacy: genotyping to identify parasite 

populations: informal consultation organized by the Medicines for Malaria Venture and 

cosponsored by the World Health Organization, 2008; 29-31 May 2007, Amsterdam, The 

Netherlands. World Health Organization. https://apps.who.int/iris/handle/10665/43824  

201. White NJ. Qinghaosu (artemisinin): the price of success. Science. 2008 Apr 

18;320(5874):330-4. doi: 10.1126/science.1155165. PMID: 18420924. 

202. Sisowath C, Ferreira PE, Bustamante LY, Dahlstrom S, Martensson A, Bjorkman A, et 

al. The role of pfmdr1 in Plasmodium falciparum tolerance to artemether-lumefantrine in 

Africa. Trop Med Int Health. 2007 Jun;12(6):736–42. 

203. Sisowath C, Petersen I, Veiga MI, Mårtensson A, Premji Z, Björkman A, et al. In Vivo 

Selection of Plasmodium falciparum Parasites Carrying the Chloroquine-Susceptible 

pfcrt K76 Allele after Treatment with ArtemetherLumefantrine in Africa. J Infect Dis. 

2009; 199. 

204. Sisowath C, Stromberg J, Martensson A, Msellem M, Obondo C, Bjorkman A, et al. In 

vivo selection of Plasmodium falciparum pfmdr1 86N coding alleles by artemether-

lumefantrine (Coartem). J Infect Dis. 2005 Mar; 191(6):1014–7. 

205. Hastings IM, Watkins WM. Tolerance is the key to understanding antimalarial drug 

resistance. Trends Parasitol. 2006 Feb;22(2):71–7. 

206. Hastings IM, Watkins WM, White NJ. The evolution of drug-resistant 

malaria: the role of drug elimination half-life. Philos Trans R Soc Lond B Biol Sci. 2002 

Apr; 357(1420):505–19. 

207. Dondorp AM, Nosten F, Poravuth Y, Das D, Phyo AP, Tarning J, et al. Artemisinin 

resistance in Plasmodium falciparum malaria. N Engl J Med.2009;361:455–67. 

208. Ariey F, Witkowski B, Amaratunga C, Beghain J, Langlois A-C, Khim N, et al. A 

molecular marker of artemisinin-resistant Plasmodium falciparum malaria. Nature. 2014; 

505(7481):50–5. 

209. WHO. Status report on artemisinin resistance and ACT efficacy. 2018. Available from: 

https://www.who.int/malaria/publications/atoz/artemisinin-resistanceaugust2018/en/ 

210. Wwarn K, Group GS. Association of mutations in the Plasmodium falciparum 

Kelch13 gene (Pf3D7_1343700) with parasite clearance rates after 

artemisinin-based treatments-a WWARN individual patient data metaanalysis. BMC 

Med. 2019;17(1):1. 

211. Malmberg M, Ngasala B, Ferreira PE, Larsson E, Jovel I, Hjalmarsson A, et al. Temporal 

trends of molecular markers associated with artemetherlumefantrine tolerance/resistance 

in Bagamoyo district, Tanzania. Malar J. 2013; 12(1):103. Available from: 

http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-103 

212. Miotto O, Sekihara M, Tachibana S-I, Yamauchi M, Pearson R, Amato R, et al. 

Emergence of artemisinin-resistant Plasmodium falciparum with kelch13 C580Y 

mutations on the island of New Guinea. 2019. 

213. Ndoli J, Gahutu JB, Sifft K, Gai PP, Mockenhaupt FP, Geus D, et al. 

Artemisinin Resistance–Associated K13 Polymorphisms of Plasmodium 

falciparum in Southern Rwanda, 2010–2015. Am J Trop Med Hyg. 2016;95(5):1090–3.  

https://apps.who.int/iris/handle/10665/43824
https://www.who.int/malaria/publications/atoz/artemisinin-resistanceaugust2018/en/
http://malariajournal.biomedcentral.com/articles/10.1186/1475-2875-12-103


84 
 

214. Dahlstrom S, Ferreira PE, Veiga MI, Sedighi N, Wiklund L, Martensson A, 

et al. Plasmodium falciparum multidrug resistance protein 1 and artemisininbased 

combination therapy in Africa. J Infect Dis. 2009 Nov;200(9):1456–64 

215. Abebe Genetu Bayih, Gebeyaw Getnet, Abebe Alemu, Sisay Getie, Abu Naser Mohon, 

and Dylan R. Pillai. A Unique P. falciparum K13 Gene Mutation in Northwest Ethiopia. 

Am. J. Trop. Med. Hyg., 94(1), 2016, pp. 132–135 doi:10.4269/ajtmh.15-0477 

216. Aline Uwimana, Noella Umulisa, Meera Venkatesan, Eric S. Halsey, 

Tharcisse Munyaneza, Rafiki Madjid Habimana, Ryan Sandford, Leah F. 

Moriarty, Emily Piercefield, Zhiyong Zhou, Samaly Souza, Ira Goldman, 

Naomi Lucchi, Brian Ezema, Eldin Talundzic, Daniel N and AM. Presence 

of k13 561H artemisinin resistance mutations in Plasmodium falciparum 

infections from Rwanda. Tropical Health Matters. 2019. Available from: 

http://malariamatters.org/category/resistance/ 

217. Isozumi R, Uemura H, Kimata I, Ichinose Y, Logedi J, Omar AH, et al. Novel 

mutations in K13 propeller gene of artemisinin-resistant Plasmodium falciparum. Emerg 

Infect Dis. 2015; 21(3):490-2. Available 

from:http://www.ncbi.nlm.nih.gov/pubmed/25695257 

218. Eboumbou Moukoko CE, Huang F, Nsango SE, Kojom Foko LP, Ebong SB, 

Epee Eboumbou P, et al. K-13 propeller gene polymorphisms isolated between 2014 and 

2017 from Cameroonian Plasmodium falciparum malaria patients. PLoS One. 

2019;14(9):e0221895. 

219. Taylor SM, Parobek CM, De Conti DK, Kayentao K, Coulibaly SO, Greenwood BM, et 

al. Absence of putative artemisinin resistance mutations among Plasmodium falciparum 

in sub-Saharan Africa: A molecular epidemiologic study. J Infect Dis. 2015; 211(5):680–

8. 

220. Foguim Tsombeng F, Gendrot M, Robert MG, Madamet M, Pradines B. Are k13 and 

plasmepsin II genes, involved in Plasmodium falciparum resistance to artemisinin 

derivatives and piperaquine in Southeast Asia, reliable to monitor resistance surveillance 

in Africa? Malar J. 2019 Aug;18(1):285. 

221. Veiga M, Ferreira P, Jörnhagen L, Malmberg M, Kone A, Schmidt B, et al. 

Novel Polymorphisms in Plasmodium falciparum ABC Transporter Genes 

Are Associated with Major ACT Antimalarial Drug Resistance. PLoS One. 

222. Alene GD, Bennett S: Chloroquine resistance of Plasmodium falciparum malaria in 

Ethiopia and Eritrea. Trop Med Int Health 1996,1:810-815. 

223. Kebede F, Taffa N, Tedla T: An in-vivo study of falciparum malaria sensitivity to 

chloroquine in unstable malaria endemic area of central Ethiopia. Ethiopian Medical 

Journal 1999, 37:97-109 

224. Tulu AN, Webber RH, Schellenberg JA, Bradley DJ: Failure of chloroquine treatment for 

malaria in the highlands of Ethiopia. Trans R Soc Trop Med Hyg 1996, 90:556-557. 

225. Jima D, Tesfaye G, Medhin A, Kebede A, Argaw D, Babaniyi O: Efficacy of 

sulfadoxine-pyrimethamine for the treatment of uncomplicated falciparum malaria in 

Ethiopia. East African Med J 2005, 82:391-395. 

226. WHO: World Malaria Report 2009 Geneva: World Health Organization; 2009. 

227. President’s Malaria Initiative Ethiopia. Malaria Operational Plan FY 2020 

http://malariamatters.org/category/resistance/
http://www.ncbi.nlm.nih.gov/pubmed/25695257


85 
 

228. Olotu A, Fegan G, Wambua J, Nyangweso G, Leach A, Lievens M, et al. Seven-Year 

Efficacy of RTS,S/AS01 Malaria Vaccine among Young African Children. N Engl J 

Med. Massachusetts Medical Society; 2016;374:2519–29. 

229. Eshetu T, Abdo N, Bedru KH, et al. Open-label trial with artemether-lumefantrine against 

uncomplicated Plasmodium falciparum malaria three years after its broad introduction in 

Jimma Zone, Ethiopia. Malar J. 2012;11:240.  

230. Abamecha A, Yilma D, Addisu W, El-Abid H, Ibenthal A, Noedl H, Yewhalaw D, 

Moumni M, Abdissa A. Therapeutic efficacy of artemether-lumefantrine in the treatment 

of uncomplicated Plasmodium falciparum malaria in Chewaka District, Ethiopia. Malar J. 

2020 Jul 10;19(1):240. doi: 10.1186/s12936-020-03307-4. 

231. Hwang J, Alemayehu B, Hoos D, et al. In vivo efficacy of artemether-lumefantrine 

against uncomplicated Plasmodium falciparum malaria in Central Ethiopia. Malar 

J. 2011;10(1):209.  

232. Mekonnen SK, Medhin G, Berhe N, Clouse RM, Aseffa A. Efficacy of artemether-

lumefantrine therapy for the treatment of uncomplicated Plasmodium falciparum malaria 

in Southwestern Ethiopia. Malar J. 2015; 14:317.  

233. Getnet G, Fola AA, Alemu A, Getie S, Fuehrer HP, Noedl H. Therapeutic efficacy of 

artemether-lumefantrine for the treatment of uncomplicated Plasmodium 

falciparum malaria in Enfranze, north-west Ethiopia. Malar J. 2015; 14:258.  

234. Nega D, Assefa A, Mohamed H, et al. Therapeutic efficacy of artemether-lumefantrine 

(Coart
e
m

®
) in treating uncomplicated P. falciparum malaria in Metehara, Eastern 

Ethiopia: regulatory clinical study. PLoS One. 2016;11(4):e0154618.  

235. Kong S, Brown M. Community health workers: Ethiopia, AddisAbaba: USAID 

Knowledge Services Center. www.usaid.gov. 

236. Temiess W. Health extension program in Ethiopia: Towardsbetter access to health 

services for the rural poor. In: HealthSector Development Programme. Q Health Bull. 

2008;3-9 

237. Barnes, K.I., Chanda, P. & Ab Barnabas, G. Impact of the large-scale deployment of 

artemether/lumefantrine on the malaria disease burden in Africa: case studies of South 

Africa, Zambia and Ethiopia. Malar J8, S8 (2009). https://doi.org/10.1186/1475-2875-8-

S1-S8 

238. Kebede A, Woyessa A, Urga K, Messelle T, Jima D.Policy brief on improving access to 

artemisinin-based combination therapies for malaria control in Ethiopia.International 

Journal of Technology Assessment in Health Care, 26:2 (2010), 246–249. 

239. Kitaw Y, Ye-Ebiyo Y, Said A, Desta T, Teklehaimanot A.Assessment of the training of the 

first intake of health extensionworkers. Ethiop J Health Dev. 2007;21:232-239. 

240. WHO. Global plan for artemisinin resistance containment (GPARC). 

Geneva,Switzerland: World Health Organization; 2011. 

241. Ebstie YA, Zeynudin A, Belachew T, Desalegn Z, Suleman S. Assessment of therapeutic 

efficacy and safety of artemether-lumefantrine (Coartem
®
) in the treatment of 

uncomplicated Plasmodium falciparum malaria patients in Bahir Dar district, Northwest 

Ethiopia: an observational cohort study. Malar J. 2015;14:236.  

242. Deressa T, Seid ME, Birhan W, Aleka Y, Tebeje BM. In vivo efficacy of artemether–

lumefantrine against uncomplicated Plasmodium falciparum malaria in Dembia District, 

northwest Ethiopia. TherClin Risk Manag. 2017; 13:201-206. 

http://www.usaid.gov/


86 
 

243. Kanche ZZ, Woticha EW, Gidebo KD. Therapeutic efcacy and safety of artemether–

lumefantrine (Coartem®) in uncomplicated P. falcipa-rummalaria in Wolaita Zone, 

Southern Ethiopia. J BiolAgricHealthc. 2016; 6:42–8. 

244. Abera A, Yirgu T, Uncha A.Impact of resettlement schemeon vegetation cover and its 

implicationson conservation in Chewaka district of Ethiopia. Abera et al. Environ Syst 

Res (2020) 9:2 

245. National Meteorological Service Agency (NMSA) (2018) Rainfall and temperature 

records of Chewaka woreda. National Meteorological Service Agency (NMSA), Addis 

Ababa 

246. Phillips MA, Burrows JN, Manyando C, van Huijsduijnen RH, Van Voorhis WC, Wells 

TNC.  Malaria. Nat. Rev. Dis. Prim 2017; 3:17050. 

247. WHO. World malaria report 2018. Geneva: World Health Organization; 2018. 

248. Snow RW, Sartorius B, Kyalo D, Maina J, Amratia P, Mundia CW, et al. The prevalence 

of Plasmodium falciparum in sub-Saharan Africa since 1900. Nature. 2017; 550:515-8. 

249. Gething PW, Casey DC, Weiss DJ, Bisanzio D, Bhatt S, Cameron E, et al. Mapping 

Plasmodium falciparum mortality in Africa between 1990 and 2015. N. Engl. J.Med. 

2016; 375:2435-2445. 

250. Blasco B, Leroy D, Fidock DA. Antimalarial drug resistance:linking Plasmodium 

falciparum parasite biology to the clinic. Nat. Med.2017: 23:917-928. 

251. Federal Democratic Republic of Ethiopia Ministry of Health. National Malaria Guideline 

3
rd

 edition. Addis Ababa: Ministry of Health; 2012. 

252. President’s Malaria Initiative Ethiopia. Malaria Operational Plan FY 2015. 

253. Ministry of Health. Ethiopia National Malaria Indicator Survey 2015. Addis Ababa: 

Ethiopia Public Health Institute; 2016. 

254. Institute Ethiopia Public Health. Ethiopia National Malaria Indicator Survey 2015. Addis 

Ababa: Ethiopia Public Health Institute; 2016. 

255. WHO. World malaria report 2015. Geneva: World Health Organization; 2015. 

256. Ministry of Health. National strategic plan for malaria prevention, control and 

elimination in Ethiopia: 2014-2020. Ministry of Health: Addis Ababa; 2014. 

257. WHO. Guidelines for the Treatment of Malaria 3
rd

 Edn. Geneva: World Health 

Organization; 2015. 

258. Bhatt S, Weiss DJ, Cameron E, Bisanzio D, Mappin B, Dalrymple U. et al. The effect of 

malaria control on Plasmodium falciparum in Africa between 2000 and 2015. 

Nature.2015; 526: 207–211. 

259. Sinclair D, Zani B, Donegan S, Olliaro P, Garner P. Artemisinin-based combination 

therapy for treating uncomplicated malaria. Cochrane Database of Syst. Rev. 

CD007483;2009. 

260. Atwine, D, Balikagala B, Bassat Q, Chalwe V, D’Alessandro U, Dhorda M, et al. A 

head-to-head comparison of four artemisinin-based combinations for treating 

uncomplicated malaria in african children: a randomized trial. PLOS Med. 8, e1001119 

(2011). 

261. Noedl H, Se Y, Schaecher K, Smith BL, Socheat D, Fukuda MM; Artemisinin Resistance 

in Cambodia 1 (ARC1) Study Consortium. Evidence of artemisinin-resistant malaria in 

western Cambodia. N Engl J Med. 2008 Dec 11;359(24):2619-20 



87 
 

262. Ménard D, Khim N, Beghain J, Adegnika AA, Shaful-Alam M, Amodu O, et al. A 

worldwide map of Plasmodium falciparum K13-propeller polymor-phisms. N Engl J 

Med. 2016;374:2453–64 

263. WHO. World Malaria Report 2014. Geneva: World Health Organization; 2014. 

264. WHO. Basic Malaria Microscopy. Part 1. Learner’s guide. Geneva Switzerland: World 

Health Organization; 2010. 

265. Cheesbrough M: District Laboratory practice in Tropical countries. 2
nd

  edition. 

Cambridge: Cambridge University Press; 2005:24451. 

266. http://www.genesig.com/assets/files/plasmodium_spp_std.pdf 

267. http://www.genesig.com/assets/files/p_falciparum_std.pdf 

268. WHO. Methods and techniques for clinical trials on antimalarial drug efficacy: 

genotyping to identify parasite populations. Geneva: World Health Organization; 2008. 

269. WHO.Recommended Genotyping Procedures (RGPs) to identify parasite populations. 

Medicines for Malaria Venture and World Health Organization; 2007. 

270. WHO. Methods and techniques for clinical trials on antimalarial drug efficacy: 

genotyping to identify parasite populations. Geneva: World Health Organization; 2007. 

271. WHO. Tools for monitoring antimalarial drug efficacy: WHO data entry and analysis 

tool. 2017. Geneva: World Health Organization; 2018. 

272. Abuaku B, Quashie ND, Quaye L, Matrevi SA, Quashie N, Gyasi A, et al. Therapeutic 

efficacy of artesunate-amodiaquine and artemether–lumefantrine combinations for 

uncomplicated malaria in 10 sentinel sites across Ghana: 2015-2017. Malar J. 

2019;18:206. 

273. Baird JK. Effectiveness of antimalarial drugs. N Engl J Med. 2005;352:1565–77. 

274. Denis MB, Tsuyuoka R, Lim P, Lindegardh N, Yi P, Top SN, et al. Efficacy of 

artemether–lumefantrine for the treatment of uncomplicated falciparum malaria in 

Northwest Cambodia. Trop Med Int Health. 2006;11:1800–7. 

275. Kshirsagar NA, Gogtay NJ, Moorthy NS, Garg MR, Dalvi SS, Chogle AR, et al. A 

randomized, double-blind, parallel-group, comparative safety, and efficacy trial of oral 

co-artemether versus oral chloroquine in the treatment of acute uncomplicated 

Plasmodium falciparum malaria in adults in India. Am J Trop Med Hyg. 2000;62:402–8. 

276. Vreden SGS, Jitan JK, Bansie RK, Adhin MR. Evidence of an increased incidence of day 

3 parasitaemia in Suriname: an indicator of the emerging resistance of Plasmodium 

falciparum to artemether. Mem Inst Oswaldo Cruz. 2013;108:968–73. 

277. WHO. WHO. Progress on the containment of artemisinin tolerant malaria parasites in 

South-East Asia (ARCE) Initiative. Geneva: World Health Organization; 2010. 

278. Ayesha MS, Elizabeth AG, Leo JK, Matthew BL, Fraction KD, Osward MN, et al. 

Clinical manifestations of new versus recrudescent malaria infections following 

anti-malarial drug treatment. Malar J. 2012;11:207. 

279. Muhindo MK, Kakuru A, Jagannathan P, Talisuna A, Osilo E, Orukan F, et al. Early 

parasite clearance following artemisinin-based combination therapy among Ugandan 

children with uncomplicated Plasmodium falciparum malaria. Malar J. 2014;13:32. 

280. Assefa A, Kassa M, Tadese G, Mohamed H, Animut A, Mengesha T, et al. Therapeutic 

efficacy of artemether/lumefantrine (Coartem®) against Plasmodium falciparum in Kersa 

South West Ethiopia. Parasit Vectors. 2010;3:1. 

http://www.genesig.com/assets/files/p_falciparum_std.pdf


88 
 

281. Fogg C, Bajunirwe F, Piola P, Biraro S, Checchi F, Kiguli J, et al. Adherence to a 

six-dose regimen of artemether-lumefantrine for treatment of uncomplicated Plasmodium 

falciparum malaria in Uganda. Am J Trop Med Hyg. 2004;71:525–30. 

282. Yeka A, Dorsey G, Kamya MR, Talisuna A, Lugemwa M, et al. Artemether-lumefantrine 

versus dihydroartemisinin-piperaquine for treating uncomplicated malaria: a randomized 

trial to guide policy in Uganda. PLoS Ones. 2008;3:e2390. 

283. Krishna S, Uhlemann AC, Haynes RK. Artemisinins: mechanisms of action and potential 

for resistance. Drug Resist Updates. 2004;7:233–44. 

284. Bhutta ZA, Sommerfeld J, Lassi ZS, Salam RA, Das JK. Global burden, distribution, and 

interventions for infectious diseases of poverty. Infect Dis Poverty. 2014;3:21. 

285. Tusting LS, Willey B, Lucas H, Thompson J, Kafy HT, Smith R, et al. Socioeconomic 

development as an intervention against malaria: a systematic review and meta-analysis. 

Lancet. 2013;38:963-72. 

286. President’s Malaria Initiative Ethiopia. Malaria Operational Plan FY 2019. 

287. Institute Ethiopia Public Health. Ethiopia National Malaria Indicator Survey 2015. Addis 

Ababa, 2016. 

288. Ministry of Health. National strategic plan for malaria prevention, control and 

elimination in Ethiopia: 2014-2020. Ministry of Health: Addis Ababa; 2014. 

289. Conway DJ, Roper C, Oduola AMJ, Arnot DE, Kremsner PG, Grobusch MP, et al. High 

recombination rate in natural populations of Plasmodium falciparum. Proc Natl Acad Sci 

USA. 1999;96:4506-1. 

290. Healer J, Murphy V, Hodder AN, Masciantonio R, Gemmill AW, Anders RF, et al. 

Allelic polymorphisms in apical membrane antigen-1 are responsible for evasion of 

antibody-mediated inhibition in Plasmodium falciparum. Mol Microbiol. 

2004;52:159-68. 

291. Das S, Muleba M, Stevenson JC, Pringle JC, Norris DE. Beyond the entomological 

inoculation rate: Characterizing multiple blood feeding behavior and Plasmodium 

falciparum multiplicity of infection in Anopheles mosquitoes in northern Zambia. Parasit 

Vectors. 2017;10:45. 

292. Jeffery GM. Epidemiological significance of repeated infections with homologous and 

heterologous strains and species of Plasmodium. Bull World Health Organ. 1966;35:873-

82. 

293. Tanabe K, Sakihama N, Kaneko O, Saito-Ito A, Kimura M. A PCR method for molecular 

epidemiology of Plasmodium falciparum msp-1. Tokai JExpClin Med. 1998;23:375-382. 

294. Kanunfre KA, Leoratti FM, Hoffmann EH, Durlacher RR, Ferreira AW, Moraes-Ávila 

SL. Differential recognition of Plasmodium falciparum merozoite surface protein 2 

variants by antibodies from malaria patients in Brazil. Clin Diagn Lab Immunol.2003;10: 

973-976. 

295. Ntoumi F, Ngoundou-Landji J, Lekoulou F, Luty A, Deloron P, Ringwald P. Site based 

study on polymorphism of Plasmodium falciparum msp-1and msp-2genes in isolates 

from two villages in Central Africa. Parasitology. 2000;42:197-203. 

296. Mayengue PI, Ndounga M, Malonga FV, Bitemo M, Ntoumi F. Genetic polymorphism of 

mérozoïte surface protein-1 and merozoite surface protein-2 in Plasmodium falciparum  

isolates from Brazzaville, Republic of Congo. Malar J. 2011;10:276. 



89 
 

297. Mwingira F, Nkwengulila G, Schoepflin S, Sumari D, Hans-Peter Beck, Snounou G, et 

al.  Plasmodium falciparummsp1, msp2 and glurp allele frequency and Polymorphism in 

sub-Saharan Africa. Malar J. 2011;10:79. 

298. Jelinek T, Kilian AH, Westermeier A, Pröll S, Kabagambe G,Nothdurft HD, et al. 

Population structure of recrudescentPlasmodium falciparum isolates from western 

Uganda. TropMed Int Health. 1999;4:476-80. 

299. Meyer CG, May J, Arez AP, Gil JP, Do Rosario V. Genetic Polymorphism of 

Plasmodium falciparum asexual stages. Trop Med Int Health. 2002;7:395-408. 

300. Escalante AA, Ferreira MU, Vinetz JM, Volkman SK, Cui L, Gamboa D, et al. Malaria 

molecular epidemiology: lessons from the International Centers of Excellence for Malaria 

Research Network. Am J Trop Med Hyg. 2015;93(Suppl 3):79-86. 

301. Gatei W, Gimnig JE, Hawley W, Ter Kuile F, OderoC, Iriemenam NC, et al. Genetic 

Polymorphism of Plasmodium falciparumparasite by microsatellitemarkers after scale-up 

of insecticide-treated bed nets in western Kenya. Malar J. 2015;13 Suppl 1:495. 

302. Griffing SM, Mixson-Hayden T, Sridaran S, Alam MT, McCollum AM, Cabezas C, et al. 

South American Plasmodium falciparum after the malaria eradication era: clonal 

population expansion and survival of the fittest hybrids. PloS one. 2011;6(9):e23486. 

303. Akter J, Thriemer K, Khan WA, Sullivan DJ Jr., Noedl H, Haque R. Genotyping of 

Plasmodium falciparum using antigenic polymorphic markers and to study anti-malarial 

drug resistance markers in malaria endemic areas of Bangladesh. Malar J. 2012;11:386. 

304. Alam MT, de SouzaDK, Vinayak S, Griffing SM, Poe AC, DuahNO, et al. Selective 

sweeps and genetic lineages of Plasmodium falciparum drug-resistant alleles in Ghana. 

The Journal of infectious diseases. 2011;203(2):220-7. 

305. Griffing SM, Viana GM, Mixson-Hayden T, Sridaran S, Alam MT, deOliveira AM, et al. 

Historical shifts in Brazilian Plasmodium falciparum population structure and drug 

resistance alleles. PloS one. 2013;8 (3):e58984. 

306. Khaireh BA, Assefa A, Guessod HH, Basco LK, Khaireh MA, Pascual A, et al. 

Population genetics anal-ysis during the elimination process ofPlasmodium falciparum in 

Djibouti. Malar J. 2013;12:201. 

307. Karl S, White MT, Milne GJ, Gurarie D, Hay SI, Barry AE, Felger I, Mueller I.Spatial 

effects on the multiplicity of Plasmodium falciparum infections. PLoS One. 

2016;11:e0164054. 

308. Ouattara A, Laurens MB. Vaccines against malaria. Clin Infect Dis. 2014; 60:930-6. 

309. Childs LM, Prosper OF. Simulating within-vector generation of the malaria parasite 

Polymorphism. PLoS One. 2017;12:e017794. 

310. Pumpaibool T, Arnathau C, Durand P, Kanchanakhan N, Siripoon N, Suegorn A, Sitthi-

amorn C, Renaud F, Harnyuttanakorn P. Genetic Polymorphism and population structure 

of Plasmodium falciparum in Thailand, a low transmission country. Malar J. 2009;8:155. 

311. Anderson TJ, Haubold B, Williams JT, Estrada-Franco§ JG, Richardson L, Mollinedo R, 

Bockarie M, Mokili J, Mharakurwa S, French N. Microsatellite markers reveal a 

spectrum of population structures in the malaria parasite Plasmodium falciparum. Mol 

Biol Evol. 2000;17:1467-82. 

312. Machado RL, voa MMP, Calvosa VS, Ferreira MU, Rossit AR, EJd S, Conway DJ. 

Genetic structure of Plasmodium falciparum populations in the Brazilian Amazon region. 

J Infect Dis. 2004;190:1547-55. 



90 
 

313. Arnott A, Barry AE, Reeder JC. Understanding the population genetics of Plasmodium 

vivax is essential for malaria control and elimination. Malar J. 2012;11:14. 

314. Haddad D, Snounou G, Mattei D, Enamorado IG, Figueroa J, Ståhl S, Berzins K. Limited 

genetic Polymorphism of Plasmodium falciparum in field isolates from Honduras. Am J 

Trop Med Hyg. 1999;60:30-4. 

315. Babiker HA, Lines J, Hill WG, Walliker D. Population structure of Plasmodium 

falciparum in villages with different malaria endemicity in East Africa. Am J Trop Med 

Hyg. 1997;56:141-7. 

316. Mita T, Jombart T. Patterns and dynamics of genetic Polymorphism in Plasmodium 

falciparum: what past human migrations tell us about malaria. Parasitol Int. 2015;64:238-

43. 

317. Mohammed H, Mindaye T, Belayneh M, Kassa M, Assefa A, Tadesse M, et al. Genetic 

Polymorphism of Plasmodium falciparum isolates based on MSP-1 and MSP-2 genes 

from Kolla-Shele area, Arbaminch Zuria District, south-west Ethiopia. Malar J. 

2015;14:73. 

318. Mohammed H, Kassa M, Assefa A, Tadesse M, Kebede A. Genetic  polymorphism of 

Merozoite Surface Protein-2 (MSP-2) in Plasmodium falciparum isolates from Pawe 

District, North West Ethiopia. PLoS ONE. 2017;12:e0177559. 

319. Mohammed H,  Kassa M, Kassa M, Mekete K. Assefa A, Taye G, Commons RG. 

Genetic Polymorphism of the msp-1, msp-2, and glurp genes of Plasmodium falciparum 

isolates in Northwest Ethiopia. Malar J. 2015;14:73. 

320. Snounou G, Zhu X, Siripoon N, Jarra W,Thaithong S, Brown KN, et al. Biased 

distribution of msp1 and msp2 allelic variants in Plasmodium falciparum populations in 

Thailand. Transactions of the Royal Society of Tropical Medicine and Hygiene. 

1999;93:369-374. 

321. Snounou G. Genotypingof Plasmodiumspp.Nested PCR.Methods in molecular medicine. 

2002;72:103-116. 

322. WHO. Recommended Genotyping Procedures (RGPs) to identify parasite populations. 

Amsterdam: Medicines for Malaria Venture and World Health Organization; 2007. 

323. Zwetyenga J, Rogier C,  Tall  A,  Fontenille  D,  Snounou G,  Trape J. No influence of 

age on infectious complexity and allelic distribution in Plasmodium falciparum infections 

in Ndiop, a Senegalese village with seasonal, mesoendemic malaria. American Journal of 

Tropical Medicine and Hygiene. 1998;59:726-35. 

324. Peakall R, Smouse PE. GenAlEx 6.5: genetic analysis in Excel. Population genetic 

software for teaching and research-an update. Bioinformatics 2012;28:2537-2539. 

325. Nei M. Estimation of average heterozygosity and genetic distance from a small number 

of individuals. Genetics.1978;89:583±90. 

326. Chen JT, Li J, Zha GC, Huang G, Huang ZX, Xie DD. Genetic Polymorphism and allele 

frequencies of Plasmodium falciparummsp1and msp2 in parasite isolates from Bioko 

Island, Equatorial Guinea. Malar J. 2018;17:458. 

327. Nsg G, Ntoumi F, Vouvoungui C, Kobawila SC, Kombo MN, Mouanga A, et al. 

Plasmodium falciparummerozoite protein-1 genetic Polymorphism and multiplicity of 

infection in isolates from Congolese children consulting in a pediatric hospital in 

Brazzaville. Acta Trop. 2018;183:78-83. 



91 
 

328. Bouyou-Akotet MK, M’Bondoukwé  NP, Mawili-Mboumba DP. Genetic polymorphism 

of merozoite surface protein-1in Plasmodium falciparumisolates from patients with mild 

to severe malaria in Libreville, Gabon. Parasite 2015;22:12. 

329. Ogouye’mi-Hounto A, Gazard DK, Ndam N, Topanou E, Garba O, Elegbe P,et al. 

Genetic polymorphism of merozoite surface protein-1 and merozoite surface protein-2 in 

Plasmodium falciparum isolates from children in South of Benin. Parasite. 2013;20:37. 

330. Smith T, Felger I, Tanner M, Beck HP: Premunition in Plasmodium falciparum infection: 

Insights from the epidemiology of multiple infections. Trans R Soc Trop Med Hyg. 

1999;93(Suppl 1):59-64. 

331. Bendixen M, Msangeni HA, Pedersen BV, Shayo D, Bodker R. Polymorphism 

of Plasmodium falciparum populations and complexity of infections in relation to 

transmission intensity and host age: A study from the Usambara mountains, Tanzania. 

Trans R Soc Trop Med Hyg. 2001;95:143-148. 

332. Franks S, Koram KA, Wagner GE, Tetteh K, McGuinness D, Wheeler JG, et al. Frequent 

and persistent, asymptomatic Plasmodium falciparum infections in African infants, 

characterized by multilocus genotyping. J Infect Dis. 2001;183:796-804. 

333. Somé AF, Bazié T, Zongo I, Yerbanga RS, Nikiéma F, Neya C, Taho LK, Ouédraogo JB. 

Plasmodium falciparum msp1 and msp2genetic Polymorphism and allele frequencies in 

parasites isolated from symptomatic malaria patients in Bobo-Dioulasso, Burkina Faso. 

Parasites & Vectors. 2018;11:323. 

334. Ndong Ngomo JM, M’Bondoukwe NP, Yavo W, Bongho Mavoungou LC, 

Bouyou-Akotet MK, Mawili-Mboumba DP. Spatial and temporal distribution of 

Pfmsp1and Pfmsp2alleles and genetic profle change of Plasmodium 

falciparumpopulations in Gabon. Acta Trop. 2018;178:27-33. 

335. Baird JK. Host age as a determinant of naturally acquired immunity to Plasmodium 

falciparum. Parasitol Today. 1995;11:105-11. 

336. Yavo W, Konaté A, Mawili-Mboumba DP, Kassi FK, Tshibola-Mbuyi ML, Angora EK, 

et al. Genetic polymorphism of msp1 and msp2 in Plasmodium falciparumisolates from 

Côte d’Ivoire versus Gabon. J Parasitol Res. 2016;2016:3074803. 

337. Khouri RR, Bhattacharyya A, Pattnaik P, Malhotra P, Sharma A. Structural and 

functional dissection of the adhesive domains of  Plasmodium falciparum  

thrombospondin-related anonymous protein (TRAP). Biochem J. 2004;379:815-822. 

338. WHO Global Malaria Programme. Guidelines for the treatment of malaria. Geneva: 

World Health Organization, 2010. 

339. The WorldWide Antimalarial Resistance Network (WWARN) DP Study Group. The 

effect of dosing regimens on the antimalarial efficacy of dihydroartemisinin-piperaquine: 

a pooled analysis of individual patient data. PLoSMed. 2013;10:e1001564. 

340. White NJ, Olliaro PL. Strategies for the prevention of antimalarial drug resistance: 

rationale for combination chemotherapy for malaria. Parasitol Today. 1996;12:399‐401.  

341. White NJ, Nosten F, Looareesuwan S, Watkins WM, Marsh K, Snow RW, et al. Averting 

a malaria disaster. Lancet 1999;353:1965‐7.  

342. Ayalew MB. Therapeutic efficacy of artemether-lumefantrine in the treatment of 

uncomplicated Plasmodium falciparum malaria in Ethiopia: a systematic review and 

meta-analysis. Infect Dis Poverty. 2017;6:157. 

343. Gebreyohannes EA, Bhagavathula AS, Seid MA, Tegegn HG. Anti-malarial treatment 

outcomes in Ethiopia: a systematic review and meta-analysis. Malar J. 2017;16:269. 



92 
 

344. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred reporting items 

for systematic reviews and meta-analyses: the PRISMA 

Statement.BMJ. 2009;339:b2535.  

345. Abamecha A, Yilma A, Addisu W, Yewhalaw D, Abdissa A. Monitoring of efficacy and 

safety of artemether-lumefantrine for treatment of uncomplicated P. falciparum malaria 

in Ethiopia: a systematic review and meta-analysis of the evidence. PROSPERO 2020 

CRD42020201859.https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42

020201859 

346. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA (editors). 

Cochrane Handbook for Systematic Reviews of Interventions version 6.0 (updated July 

2019). Cochrane, 2019. Available from www.training.cochrane.org/handbook. 

347. The Cochrane Collaboration. (2011). Cochrane Handbook for Systematic Reviews of 

Interventions Version 5.1.0 (2011). Available at: http://handbook.cochrane.org/. 

348. Federal Ministry of Health of Ethiopia. Malaria Diagnosis and Treatment Guidelines for 

Health Workers. Addis Ababa: 2004. 

349. Lefebvre C, Manheimer E, Glanville J. Searching for studies In: Higgins JPT, Greene 

S, Cochrane handbook for systematic reviews of interventions, Version 5.0. eds, 2008. 

350. Wells GA, Shea B, O’Connell D, Peterson J, Welch V, Losos M, Tugwell P. The 

Newcastle-Ottawa Scale (NOS) for assessing the quality if nonrandomized studies in 

meta-analyses, 2012.http://wwwohrica/programs/clinical_epidemiology/oxfordasp 

351. Jadad AR, Moore RA, Carroll D, Jenkinson C, Reynolds DJ, Gavaghan DJ, et al. 

Assessing the quality of reports of randomized clinical trials: is blinding 

necessary?Control Clin Trials. 1996;17:1-12.  

352. Sterne JA, Hernán MA, Reeves BC, Savović J, Berkman ND, Viswanathan M, et al. 

ROBINS-I: a tool for assessing risk of bias in non-randomised studies of interventions. 

BMJ.2016;355:i4919 

353. Open-Meta-Analyst.http://www.cebm.brown.edu/openmeta/doc/openMA_help.html#self. 

354. Wallace BC, Schmid CH, Lau J, Trikalinos TA. Meta-Analyst: software for meta-

analysis of binary, continuous and diagnostic data. BMC Med Res Methodol. 2009;9:80. 

355. Ryan R. Cochrane Consumers and Communication Review Group. Heterogeneity and 

subgroup analyses in Cochrane Consumers and Communication Group reviews: planning 

the analysis at protocol stage. http://cccrg.cochrane.org. December 2016. 

356. Kontopantelis E, Springate DA, Reeves D. A re-analysis of the Cochrane Library Data: 

the dangers of unobserved heterogeneity in meta-analyses. PLoS One. 2013;8:e69930 

357. Higgins JPT, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. 

2002;21:1539–58. 

358. Teklemariam M, Assefa A, Kassa M, Mohammed H, Mamo H. Therapeutic efficacy of 

artemether-lumefantrine against uncomplicated Plasmodium falciparum malaria in a 

high-transmission area in northwest Ethiopia. PLoS One. 2017;12:e0176004. 

359. Wudneh F, Assefa A, Nega D, Mohammed H, Solomon H, Kebede T, et al. Open-label 

trial on efficacy of artemether/lumefantrine against the uncomplicated Plasmodium 

falciparum malaria in Metema district, Northwestern Ethiopia. Ther Clin Risk Manag. 

2016;12:1293-300.  

360. Mulu A, Geresu B, Beyene Y, Ademe M. Efficacy of artemether-lumefantrine for the 

treatment of uncomplicated Plasmodium falciparum malaria in Northeast Ethiopia. Int J 

Basic ClinPharmacol. 2015;4:492-6.  

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020201859
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020201859
http://www.training.cochrane.org/handbook
http://handbook.cochrane.org/
http://wwwohrica/programs/clinical_epidemiology/oxfordasp
http://www.cebm.brown.edu/openmeta/doc/


93 
 

361. Kinfu G, Gebre-selassie S, Fikrie N. Therapeutic efficacy of artemether-lumefantrine for 

the treatment of uncomplicated Plasmodium falciparum malaria in Northern 

Ethiopia. Malar Res Treat. 2012;2012:548710.  

362. Kefyalew T, Animut A, Tamene T, Jima D, Hailemariam A, Legesse M. Efficacy of six-

dose regimen of artemether-lumefantrine for the treatment of uncomplicated falciparum 

malaria, three years after its introduction into Ethiopia. Parasite. 2009;16:129–34.  

363. Adam I, Ibrahim Y, Gasim GI. Efficacy and safety of artemisinin-based combination 

therapy for uncomplicated Plasmodium falciparum malaria in Sudan: a systematic review 

and meta-analysis. Malar J. 2018;17:110 

364. Plucinski MM, Talundzic E, Morton L, Dimbu PR, Macaia AP, Fortes F, et al.Efficacy of 

artemether-lumefantrine and dihydroartemisinin-piperaquine for the treatment of 

uncomplicated malaria in children in Zaire and Uíge Provinces, Angola. Antimicrob 

Agents Chemother. 2015;59:437-43. 

365. Okell LC, Cairns M, Griffin JT, Ferguson NM, Tarning J, Jagoe G, et al. Contrasting 

benefits of different artemisinin combination therapies as first-line malaria treatments 

using model-based cost-effectiveness analysis. Nat Commun. 2014;5:5606. 

366. WHO. Policy Brief on single-dose primaquine as a gametocytocide in Plasmodium 

falciparummalaria. Geneva: World Health Organization; 2015. 

367. WWARN Artemisinin based Combination Therapy (ACT) Africa Baseline Study Group, 

Dahal P, d’Alessandro U, Dorsey G, Guerin PJ, Nsanzabana C, et al. Clinical 

determinants of early parasitological response to ACTs in African patients with 

uncomplicated falciparum malaria: a literature review and meta-analysis of individual 

patient data. BMC Med. 2015;13:212.  

368. Shayo A, Buza J, Ishengoma DS. Monitoring of efficacy and safety of artemisinin-based 

anti-malarials for treatment of uncomplicated malaria: a review of evidence of 

implementation of anti-malarial therapeutic efficacy trials in Tanzania. Malar 

J. 2015;14:135. 

369. Escalante, A. A. (2020). HHS Public Access. 7(4), 1–26. 

https://doi.org/10.1128/microbiolspec.AME-0010-2019.MALARIA 

370. Soe TN, Wu Y, Tun MW, Xu X, Hu Y, Ruan Y, et al. Genetic Polymorphism of 

Plasmodium falciparum populations in southeast and western Myanmar. Parasit Vectors. 

2017 Jul 4;10(1):322. doi: 10.1186/s13071-017-2254-x. PMID: 28676097; PMCID: 

PMC5496439. 

371. Daniels R, Chang HH, Séne PD, Park DC, Neafsey DE, Schaffner SF, et al. Genetic 

surveillance detects both clonal and epidemic transmission of malaria following enhanced 

intervention in Senegal. PLoS One. 2013 Apr 4;8(4):e60780. doi: 

10.1371/journal.pone.0060780. PMID: 23593309; PMCID: PMC3617153. 

372. Kateera F, Nsobya SL, Tukwasibwe S, Mens PF, Hakizimana E, Grobusch MP, et al. 

Malaria case clinical profiles and Plasmodium falciparum parasite genetic 

Polymorphism: a cross sectional survey at two sites of different malaria transmission 

intensities in Rwanda. Malar J. 2016;15:237 

373. Niang M, Thiam LG, Loucoubar C, Sow A, Sadio BD, Diallo M, et al. Spatio-temporal 

analysis of the genetic Polymorphism and complexity of Plasmodium 

falciparum infections in Kédougou, Southeastern Senegal. Parasit Vectors. 2017;10:33. 

 

 

https://doi.org/10.1128/microbiolspec.AME-0010-2019.MALARIA


94 
 

ANNEXES 

Annex I.  Declaration  

Letter for declaration (Dissertation work) 

I, the under signed, declared that this Ph.D. dissertation entitled “Therapeutic efficacy of 

artemether-lumefantrine for treatment of uncomplicated falciparum malaria and genotyping of 

Plasmodium falciparum msp-1 and msp-2 genes in Ethiopia”  is my bona fide original work, has 

never been presented in this or any other university, and  that  all  the  resources  and materials  

used  for  the  thesis,  have  been  fully acknowledged. 

Name:   Abdulhakim Abamecha Abafogi  

Signature:  _________________________________________ 

Date:    ____________________________________________ 

Place:     Jimma, Ethiopia 

 

Main Promoter  

 

 



95 
 

Annex II. Curriculum Vitae of PhD Candidate 

 

PERSONAL INFORMATION 

Full Name: Abdulhakim Abamecha Abafogi 

Date of Birth: 14 September, 1987 

Place of Birth: Mendera Kochi Kebele, Jimma Zone, Oromia Region, Ethiopia 

Gender: Male 

Marital Status:  Married  

Tel: +251911 050437 

Email: abdulhakimabamecha@gmail.com 

 

EDUCATION 

PhD Candidate in Tropical and Infectious Diseases at School of Medical Laboratory Sciences, 

Institute of Health, Jimma University,  Jimma, Ethiopia(December 2015 to present) 

MSc in Medical Microbiology (Distinction), from School of Medical Laboratory Science, , 

Institute of Health, Jimma University, Jimma, Ethiopia,(2010/11- 2013). 

 

PROFESSIONAL EXPERIENCE 

Assistant Professor of Medical Microbiology: September 14, 2017 to present, College of Health 

Sciences, Mettu University, Mettu Ethiopia 

 

ADMINISTRATIVE EXPERIANCES 

 V/Dean, Health Science Faculty, Mettu University, Mettu, Ethiopia, for 1 year. 

 Head, Department of Biomedical, Mettu University University, Mettu, Ethiopia 2 years. 

 V/Chair, University Research and Publications Committee, Mettu University University, 

Mettu Ethiopia for 1 year. 

 Coordinator, Continuous Education Program, Mettu University Gambella Campus, 

Gambella, Ethiopia for 1 year. 

tel:+251911
mailto:abdulhakimabamecha@gmail.com


96 
 

 

International mobility and short-term trainings 

Duration Title of the training and type of award Place 

From August 

04,2019 to 31 

August 2019 

Enhancing Academic Qualifications in Teaching and 

Research in Public Health(Certificate) 

Heidelberg University, 

Germany 

October 01,2018  

to April 30, 2019 

Advanced Molecular Biology techniques(Certificate) Moulay Ismail 

University Morocco 

From  8
th
 to 12

th
 

May 2017 

Advanced Level of Molecular Diagnosis of Malaria Using 

qPCR   

Medical University of 

Vienna, Vienna, 

Austria 

15
th
 to 16

th
 May 

2017 

Certificate of Participation on “Good Clinical Practice” 

from FHI360 organized by Clinical Trial Research 

Collaboration between Medicine for Malaria Venture 

(MMV), Switzerland and Jimma University  

Jimma  University, 

Jimma, Ethiopia 

From  June 19-

30,2017 

Certificate of Completion on “Basic Bioinformatics, 

Techniques Molecular Biology, and LAMP” at Institute 

Ethiopian Biotechnology and Institutes of Biotechnology, 

Addis Ababa University; in Collaboration with University 

of Calgry, Canada  

 

Addis Ababa 

University, Addis 

Ababa, Ethiopia 

From  May 26-

27,2017 

Certificate of Training on “G6PD Analysis, Manual 

Reticulocyte and WBC Counting” at Jimma University; in 

Collaboration with Medical University of Vienna, Austria  

 

Jimma  University, 

Jimma, Ethiopia 

From 8
th

 to 12
th
 

May 2017 

Certificate of Training on “Microscopy Training” from 

Swiss Tropical and Public Health Institute organized by 

Clinical Trial Research Collaboration between Medicine 

for Malaria Venture (MMV), Switzerland and Jimma 

University  

 

Jimma  University, 

Jimma, Ethiopia 

From: Round I: 

February 22-28, 

2016 and Round 

II: from April 

11-18, 2016). 

Certificate of Training on “Evaluation Research capacity 

building (Part I & II)” from centre for International Health 

Monitoring and Evaluation, Jimma University in 

Collaboration with TDR/WHO  

Jimma  University, 

Jimma, Ethiopia 

From January 1, 

017 to February 

30, 2017 

Certificate of Training on “GIS for Health Researcher” 

from University of Washington by Online Distance 

Learning for two Months 

Distance learning 



97 
 

 

AWARDS 

 DAAD PhD In-Country/In-Region Scholarship 2017, Government of Germany. 

 DAAD Summer School Award 2019, Government of Germany. 

 MOUNAF Credit seeking PhD mobility, 2018, Moulay Ismail University, Mekness, 

Morocco 

 TWAS  Fellowship for Postgraduate research Scholarship 2019, The World Academy 

of Sciences _Declined 

 HAWK Short term research visit Scholarship, Govornment of Germany_ Declined 

 

 

PUBLICATIONS 

1. Abamecha A, Yilma D, Addisu W, El-Abid H, Ibenthal A, Noedl H, Yewhalaw D, Moumni M, 

Abdissa A. Therapeutic efficacy of artemether-lumefantrine in the treatment of uncomplicated 

Plasmodium falciparum malaria in Chewaka District, Ethiopia. Malar J. 2020 Jul 10;19(1):240. doi: 

10.1186/s12936-020-03307-4. PMID: 32650784; PMCID: PMC7350688.  

2. Abamecha A, El-Abid H, Yilma D, Addisu W, Ibenthal A, Bayih AG, Noedl H, Yewhalaw D, 

Moumni M, Abdissa A. Genetic Polymorphism and genotype multiplicity of Plasmodium falciparum 

infection in patients with uncomplicated malaria in Chewaka district, Ethiopia. Malar J. 2020 Jun 

8;19(1):203. doi: 10.1186/s12936-020-03278-6. PMID: 32513191; PMCID: PMC7281928.  

3. Abamecha A, Yilma D, Adissu W, Yewhalaw D, Abdissa A. Efficacy and safety of artemether-

lumefantrine for treatment of uncomplicated Plasmodium falciparum malaria in Ethiopia: a 

systematic review and meta-analysis. Malar J. 2021 May 6;20(1):213. doi: 10.1186/s12936-021-

03745-8. PMID: 33957925; PMCID: PMC8101141.  

4. Yeshanew S, Tadege M, Abamecha A. Prevalence and Associated Factors of Intestinal Parasitic 

Infections among Food Handlers in Mettu Town, Southwest Ethiopia. J Trop Med. 2021 Feb 

18;2021:6669734. doi: 10.1155/2021/6669734. PMID: 33679993; PMCID: PMC7910069. 

5. Abdulhakim Abamecha, Beyene Wondafrash and Alemseged Abdissa. Antimicrobial Resistance of 

Enterococci Isolated from intestinal tracts of hospitalized patients admitted at Jimma University 

Specialized Hospital, Southwest Ethiopia. BMC Res Notes, vol 8, no.213, 2015. DOI 10.1186/s 

13104-05-1200-2 



98 
 

6. Abdulhakim Abamecha, Getahun Assebe, Belay Tafa, Beyene Wondafrash. Prevalence of 

Thermophilic Campylobacter and their Antimicrobial Resistance Profile in Food Animals in Lare 

District, Nuer Zone, Gambella, Ethiopia. J. Drug Res Dev 1(2) (2015) 

7. Abdulhakim Abamecha, Alemayehu. Shiferaw, Ashenafi Kassaye. Assessment of Post Abortion 

Contraceptive Intention and Associated Factors Among Abortion Clients In Gambella Health 

Facilities, Gambella Town, South West Ethiopia.  International Journal of Medical Science and 

Clinical Invention 3 (8) (2016). https://valleyinternational.net/index.php/ijmsci/article/view/539.  

8. Adamu Kenea, Dereje Oljira, Bikila Tesfa, and Abdulhakim Abamecha: Assessment of Protection 

at Birth of Tetanus Toxoid Immunization and Associated Risk Factors in Ilu Aba Bora Zone 

Southwest, Ethiopia. Int J Vaccine Immunizat 2016, 2(3).

 

REFERENCE 

Main Promoter: 

Dr. Alemseged Abdissa (Ph.D.) 

Deputy director of Armauer Hansen Research Institute & 

Associate Professor, Jimma University, Ethiopia 

Phone (Office): +251 472 11 51 37 

E-mail:   alemseged.abdissa@gmail.com   , alemseged.abdissa@ahri.gov.et  

Armauer Hansen Research Institute, Addis Ababa, Ethiopia. 

 

Co-promoters: 

Dr. Daniel Yilma (MD. Ph. D.) 

Associate Professor of Internal Medicine, Jimma University, Ethiopia 

Mobile: +251-911-92-35-53 

E-mail: daniel.yilma@ju.edu.et  , danielyilmab@gmail.com  

P.O.Box: 889, Jimma University,Jimma, Ethiopia 

 

Prof. Delenasaw Yewhalaw (PhD) 

Professor of Medical Entomology 

Head, Tropical and Infectious Diseases Research Center (TIDRC) 

Jimma University  

Phone: +251917804352, Fax: 251-047- 111 14 50 or +251 047 111 20 40 

E-mail:   delenasawye@yahoo.com 

mailto:alemseged.abdissa@gmail.com
mailto:alemseged.abdissa@ahri.gov.et
mailto:daniel.yilma@ju.edu.et
mailto:danielyilmab@gmail.com
tel:%2B251917804352
mailto:delenasawye@yahoo.com


99 
 

Annex III.  Definition of severe falciparum malaria
1
 

Severe manifestation of P.falciparum malaria in adults and children 

Clinical manifestations 

 prostration; 

 impaired consciousness; 

 respiratory distress (metabolic acidosis); 

 multiple convulsions; 

 circulatory collapse; 

 pulmonary oedema (radiological); 

 abnormal bleeding; 

 jaundice; 

 haemoglobinurea. 

 

Laboratory findings 

 severe anaemia (haemoglobin < 5 g/dl, haematocrit < 15%); 

 hypoglycaemia (blood glucose < 2.2 mmol/l or 40 mg/dl); 

 acidosis (plasma bicarbonate < 15 mmol/l); 

 hyperlactataemia(venous lactic acid > 5 mmol/l); 

 hyperparasitaemia (> 4% in non-immune patients); 

 renal impairment (serum creatinine above normal range for age). 

Classification of severe malaria in children 

Group 1: children at increased risk for death 

 prostration; 

 Respiratory distress. 

Group 2: children at risk for clinical deterioration 

 haemoglobin < 5 g/dl, haematocrit < 15%; 

 two or more convulsions within 24 h. 

Group 3: children with persistent vomiting

                                                             
1World Health Organization.Severe falciparum malaria.Transactions of the Royal Society of Tropical Medicine and Hygiene, 2000, 94(Suppl. 1):1–

90. 
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Annex IV.  Medications (with antimalarial activity) that should not be used during the 

study period in addition to the study drug(s) 

 chloroquine, amodiaquine; 

 quinine, quinidine; 

 mefloquine, halofantrine, lumefantrine; 

 artemisinin and its derivatives (artemether, arteether, artesunate, dihydroartemisinin); 

 proguanil, chlorproguanil, pyrimethamine; 

 sulfadoxine, sulfalene, sulfamethoxazole, dapsone; 

 primaquine (for P. vivax) 

 atovaquone; 

 antibiotics: tetracycline*, doxycycline, erythromycin, azythromycin, clindamycin, rifampicin, 

trimethoprim; 

 Pentamidine. 

* Tetracycline eye ointments can be used. 

Major side-effects of Artemether-lumefantrine 

Abdominal pain, asthenia, cough, diarrhoea, dizziness, fever, headache, joint and muscle pain, 

loss of appetite, rush, nausea, vomiting. 
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Annex V. Dosing chart of artemether-lumefantrine (coartem; novartis) tablets  

 
Weight 

(kg) 

Age Day 1 Day 2 Day 3 

Morning Evening Morning Evening Morning Evening 

5–14 3mo–2yrs 1 1 1 1 1 1 

15–24 3–7 yrs 2 2 2 2 2 2 

25–34 8–10 yrs 3 3 3 3 3 3 

> 35 10+ yrs 4 4 4 4 4 4 
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Annex VI. Classification of treatment outcomes  

Early treatment failure 

 danger signs or severe malaria on day 1, 2 or 3 in the presence of parasitaemia; 

 parasitaemia on day 2 higher than on day 0, irrespective of axillary temperature; 

 parasitaemia on day 3 with axillary temperature ≥ 37.5 ºC; 

 parasitaemia on day 3 ≥ 25% of count on day 0. 

Late treatment failure 

Late clinical failure 

 danger signs or severe malaria in the presence of parasitaemia on any day between day 4 

and day 28 in patients who did not previously meet any of the criteria of early treatment 

failure; 

 presence of parasitaemia on any day between day 4 and day 28 with axillary temperature  

≥ 37.5 ºC or history of fever in patients who did not previously meet any of the criteria of 

early treatment failure. 

Late parasitological failure 

 presence of parasitaemia on any day between day 7 and day 28 with axillary temperature  

< 37.5 ºC in patients who did not previously meet any of the criteria of early treatment 

failure or late clinical failure. 

Adequate clinical and parasitological response 

 Absence of parasitaemia on day 28, irrespective of axillary temperature, in patients who 

did not previously meet any of the criteria of early treatment failure, late clinical failure or 

late parasitological failure. 
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Annex VII. Schedule of follow up activities 

 

Day 

0 1 2 3 7 14 21 28 35 42 
Any 

other  

Procedure            

Clinical assessment X X X X X X X X (X) (X) (X) 

Temperature X X X X X X X X (X) (X) (X) 

Blood slide for parasite count X (X) X X X X X X (X) (X) (X) 

Urine sample (X)           

Blood for: 

genotyping 

haemoglobin or 

haematocrit  

molecular markers 

in vitro test 

antimalarial blood 

concentration 

 

X 

(X) 

(X) 

(X) 

(X) 

   

 

X 

 

(X) 

 

(X) 

 

X 

(X) 

(X) 

 

 

 

X 

 

(X) 

 

 

 

X 

(X) 

(X) 

 

(X) 

 

(X) 

 

(X) 

 

 

 

(X) 

(X) 

(X) 

 

(X) 

 

X 

(X) 

(X) 

 

(X) 

Treatment            

Medicine to be tested X (X) (X)         

Rescue treatment  (X) (X) (X) (X) (X) (X) (X) (X) (X) (X) 

Parentheses denote conditional or optional activities. For example, treatment would be given on days 1 

and 2 only for 3-day dosing. On day 1, the patient should be examined for parasitaemia if he or she has 

any danger signs or if parasite clearance needs to be calculated. Rescue treatment could be given on any 

day, provided that the patient meets the criteria for treatment failure. Extra days are any days other than 

regularly scheduled follow-up days when the patient returns to the facility because of recurrence of 

symptoms. On extra days, blood slides may be taken routinely or at the request of the clinical staff.  
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Day 0 

Screening 

 clinical assessment, including measurement of weight and height; referral in cases of severe 
malaria or danger signs; 

 measurement of temperature; 

 parasitological assessment; 
 pregnancy test (if necessary); 

 informed consentand assent. 

Enrolment 

 treatment, first dose; 

 blood sampling for genotyping. 

Optional 

 urinary test to detect antimalarial drugs; 

 haemoglobin/haematocrit; 
 molecular markers of drug resistance; 

 in vitro test; 

 antimalarial drug blood concentration. 

Day 1 

 clinical assessment; referral in cases of severe malaria or danger signs; 

 measurement of temperature; 

 parasitological assessment in cases of severe malaria or danger signs or if parasite clearance 
needs to be calculated; 

 treatment, second dose or alternative treatment in case of severe malaria. 

Day 2 

 clinical assessment; referral in cases of severe malaria or danger signs; 
 measurement of axillary temperature; 

 parasitological assessment; 

 treatment, third dose or alternative treatment in case of early treatment failure. 

Day 3, day 7, day 14, day 21, day 28, or any other day  

 clinical assessment; referral in cases of severe malaria or danger signs; 

 measurement of axillary temperature; 

 parasitological assessment; 

 alternative treatment in cases of treatment failure; 
 pregnancy test at the end of follow-up (if necessary); 

 blood sampling for genotyping to distinguish between recrudescence and reinfection in cases of 

treatment failure after day 7. 

Optional (on or after day 7) 

 haemoglobin/haematocrit; 
 blood sampling for antimalarial blood concentration andmolecular markers for drug resistance. 
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Anne XIII. Case report forms 

 

Case report form:follow-up day 0 

Health centre name:       Study number:       

Locality:       Patient study number:       

District:       Date of visit: dd/mmm/yyyy 

Province:        

Demographic data 

Date of birth: dd/mmm/yyyy or estimated age:       in: ☐ months or ☐ years 

Height (cm):       Weight (kg):       Height (cm):       

If female, is the patient pregnant? ☐ Yes ☐ No ☐ Not sure(If yes, patient is not eligible) 

Provide the date of the last menstrual period: dd/mmm/yyyy 

Pre-treatment temperature 

History of fever in previous 24 h? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears forP.falciparum  : quantitative parasite counts and qualitative gametocyte 

counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No (If yes, patient is not eligible) 

If yes which species☐P. vivax☐P. ovale☐P. malariae 

Has blood sample for PCR been collected? ☐ Yes ☐ No 

Urinary test for antimalarial drugs 

Test used:      Test result: ☐Positive ☐Negative 

Test used:      Test result: ☐ Positive ☐ Negative 

Prior medication 

All prior medication, including natural remedies and homeopathic medicines, taken within the 

previous 14 days should be reported in this section. 

Has the patient taken any prior antimalarial medication? ☐ Yes ☐ No. If yes, please specify below. 

Either the date of stopping or the ‘ongoing’ box should be checked. 
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Medicine name 
(generic name) 

Dates 
Ongoing 

(Yes = ☒) 

Total daily 
dose and 

unit 

Route of 
administration 

Indication for use 

      
Start: dd/mmm/yyyy 

☐                   
Stop: dd/mmm/yyyy 

      
Start: dd/mmm/yyyy 

☐                   
Stop: dd/mmm/yyyy 

 

 

 

 

 

Case report form:follow-up day 0 (page 2) 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 
Number of 

tablets 
Did the patient 

vomit? 

Time of 
vomiting 

(hh:min) 

                  ☐ Yes ☐No       

                  ☐Yes ☐No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form: follow-up day 1 

Study number:       

Patient study number:       

Date of visit : dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐Yes☐No 

If yes, perform thick blood smear 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ No 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 

Number of 

tablets 

Did the patient 

vomit? 

Time of 
vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form:follow-up day 2 

Study number:       

Patient study number:       

Date of visit : dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ No No 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 

Number of 

tablets 

Did the patient 

vomit? 

Time of 

vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form:follow-up day 3 

Study number:       

Patient study number:       

Date of visit : dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation ofP.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ No No 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 

Number of 

tablets 

Did the patient 

vomit? 

Time of 

vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form: follow-up day 7 

Study number:       

Patient study number:       

Date of visit : dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

History of fever within previous 24 h? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Has a blood sample for PCR been collected? ☐ Yes ☐ No 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ NoNo 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions. 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 

Number of 

tablets 

Did the patient 

vomit? 

Time of 
vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form: follow-up day 14 

Study number:       

Patient study number:       

Date of visit : dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

History of fever within previous 24 h? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Has a blood sample for PCR been collected? ☐ Yes ☐ No 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ NoNo 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions. 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 

Number of 

tablets 

Did the patient 

vomit? 

Time of 
vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form: follow-up day 21 

Study number:       

Patient study number:       

Date of visit: dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

History of fever within previous 24 h? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Has a blood sample for PCR been collected? ☐ Yes ☐ No 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ NoNo 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions. 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 

Number of 

tablets 

Did the patient 

vomit? 

Time of 
vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       
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Case report form: final day of follow-up (28) 

Study number:       

Patient study number:       

Date of visit: dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

History of fever within previous 24 h? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum   parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Has a blood sample for PCR been collected? ☐ Yes ☐ No 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ NoNo 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions. 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 
Number of 

tablets 
Did the patient 

vomit? 
Time of vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Urinary analysis (pregnancy test for female patients) 

Patients with a positive pregnancy test must be followed up for 6–8 weeks after delivery 

Result of pregnancy test: ☐Positive ☐Negative  Date of test: dd/mmm/yyyy 
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If the patient is pregnant, follow-up of the pregnancy is required, including: clinical examination of the 

infant at birth and 6-8 weeks after birth. Please provide comments below. If needed fill in the serious 

adverse event report form: 

 

Case report form: final day of follow-up (28) (page 2) 

Overall assessment 

Outcome:  

☐ adequate clinical and parasitological response 

☐early treatment failure 

☐late clinical failure 

☐late parasitological failure 

☐ lost to follow-up 

☐ withdrawn (complete section below: Reason for withdrawal) 

Outcome occurred on follow-up day:      (e.g. 1, 2, 3, 7, 14, …) 

PCR:  

☐P.falciparum  recrudescence 

☐P.falciparum  reinfection 

☐other species 

☐ mixed with P.falciparum  recrudescence 

☐ mixed with P.falciparum  reinfection 

☐ unknown 

 

PCR corrected results:  

☐ adequate clinical and parasitological response 

☐ early treatment failure 

☐ late clinical failure 

☐ late parasitological failure 
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☐ lost to follow-up 

☐ withdrawn 

Reason for withdrawal:       

      

      

      

      

      

Other comments: 
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Case report form: day (any other day that is not part of regular follow-up) 

Study number:       

Patient study number:       

Date of visit : dd/mmm/yyyy 

Clinical status 

Presence of danger signs or signs of severe or complicated malaria? ☐ Yes ☐ No 

History of fever within previous 24 h? ☐ Yes ☐ No 

Temperature:       ºC ☐ Axillary ☐ Tympanic ☐ Rectal ☐ Oral 

Thick blood smears for estimation of P.falciparum  parasite counts 

Average number of asexual P.falciparum   parasites/l:      

Presence of P.falciparum  gametocytes? ☐ Yes ☐ No 

Were species other than P.falciparum   present? ☐ Yes ☐ No 

If yes which species☐P. vivax☐ P. ovale☐ P. malariae 

Has a blood sample for PCR been collected? ☐ Yes ☐ No 

Adverse events 

Presence of an adverse event? ☐ Yes ☐ NoNo 

If yes, name the adverse event:      

Is it a serious adverse event? ☐ Yes ☐ No. If yes, inform the sponsor and other relevant institutions. 

Medication administration 

Name(s) of antimalarial drug(s) 
Time of dose 

(hh:min) 
Number of 

tablets 
Did the patient 

vomit? 

Time of 
vomiting 

(hh:min) 

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

Name(s) of other medicine(s)  

                  ☐ Yes ☐ No       

                  ☐ Yes ☐ No       

 



117 
 

Annex IX.  Serious adverse event report form 

Serious adverse event report form 

Health centre name:       Study number:       

Locality:       Patient study number:       

District:       Date of visit: dd/mmm/yyyy 

Province:       Follow-up day:       

Demographic data 

Date of birth: dd/mmm/yyyy or estimated age:       in: ☐ months or ☐ years 

Height (cm):       Weight (kg):       Height (cm):       

If female, is the patient pregnant? ☐ Yes ☐ No ☐ Not sure 

Provide the date of the last menstrual period: dd/mmm/yyyy 

Serious adverse event  

Type of event: Severity Relationship to the study drug 

☐Death  ☐ Mild ☐ None 

☐ Life-threatening ☐ Moderate ☐ Possible 

☐Hospitalization or 

prolongation of hospitalization 

☐ Severe ☐ Probable 

☐Permanent disability  ☐ Life-threatening ☐ Definite  

☐Congenital anomaly or birth 

defect 

  

Date of occurrence: dd/mmm/yyyy 

Describe the serious adverse event (include all relevant laboratory results): 

      

Describe how the reaction was treated: 
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Serious adverse event report form (page 2) 

Comments (e.g. relevant medical history, drug allergies, previous exposure to similar drugs, other 

laboratory data, whether reaction abated after stopping the drug, whether reaction reappeared after 

reintroduction): 

      

      

      

Outcome 

☐ Recovered completely  

☐ Not yet recovered  

☐Recovered with long-term consequences 

If patient recovered, provide date of recovery: dd/mmm/yyyy 

Medicines (list the medicine suspected of causing the serious adverse event as well as all concomitant 

medicines) 

Brand name, batch 

number, 

manufacturer name 

(list suspected 

medicine first) 

Daily 

dose 
Route Start date End date Indications for use 

                  dd/mmm/yyyy dd/mmm/yyyy       

                  dd/mmm/yyyy dd/mmm/yyyy       

                  dd/mmm/yyyy dd/mmm/yyyy       

                  dd/mmm/yyyy dd/mmm/yyyy       

                  dd/mmm/yyyy dd/mmm/yyyy       

Reporting officer 

Name:       

Qualification:       

Address:       

Phone:        

Fax:       

Email:       

Signature: Date: dd/mmm/yyyy 
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Anne X.  Analysis methods 

End-point for day X 

(X = 28 or 42) 

PCR-uncorrected results 

Cumulative success or 

failure rate (Kaplan-

Meier analysis) 

Proportion 

(per-protocol analysis) 

Adequate clinical and 

parasitological response on day X 

Success Success 

Early treatment failure Failure Failure 

Late clinical failure before day 7 Failure Failure 

Late clinical failure or late 

parasitological failure on or after 

day 7 

Failure Failure 

Other species infection Censored day of infection Excluded from analysis 

Lost to follow-up Censored last day of follow-

up according to timetable 

Excluded from analysis 

Withdrawal and protocol 

violation 

Censored last day of follow-

up according to timetable 

before withdrawal or 

protocol violation 

Excluded from analysis 
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End-point for day X 

(X = 28 or 42) 

PCR-corrected results 

Cumulative success or 

failure rate (Kaplan-

Meier analysis) 

Proportion 

(per-protocol analysis) 

Adequate clinical and 

parasitological response at day X 

Success Success 

Early treatment failure Failure Failure 

Late clinical failure before day 7 Failure Failure 

Late clinical failure or late 

parasitological failure on or after 

day 7 

  

 falciparum recrudescence* Failure Failure 

 falciparum reinfection* Censored day of reinfection Excluded from analysis 

 other species mixed with 

falciparum recrudescence 

Failure Failure 

 other species mixed with 

falciparum reinfection 

Censored day of reinfection Excluded from analysis 

 other species infection Censored day of infection Excluded from analysis 

 undetermined or missing 

PCR 

Excluded from analysis Excluded from analysis 

Lost to follow-up Censored last day of follow-

up according to timetable 

Excluded from analysis 

Withdrawal and protocol 

violation 

Censored last day of follow-

up according to timetable 

before protocol violation or 

withdrawal 

Excluded from analysis 

* WHO. Methods and techniques for clinical trials on antimalarial drug efficacy: genotyping to identify parasite populations.  

Geneva, World Health Organization, 2008 (http://www.who.int/malaria/areas/drug_resistance/en/).  
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Anne XI.  Information Sheet   

1. Study title 

Therapeutic efficacy of artemether-lumefantrine for the treatment of uncomplicated falciparum 

malaria and genotyping of Plasmodium falciparum msp-1 and msp-2 genes in Ethiopia 

2. Invitation paragraph: 

I’m PhD student of Tropical and Infectious diseases at Jimma University. I’m doing my PhD 

research on malaria, which is common in Ethiopia. I’m going to give you information and invite 

you to be part of this research. Before you decide, you can talk to anyone you feel comfortable 

with about the research. 

If there is anything that you do not understand, please ask me to stop as we go through the 

information and I will take time to explain. If you have questions latter, you can ask me, or 

another member of the research team. 

3. What is the purpose of the study? 

In this study we intend to assess how well Coartem® works to cure malaria and to characterize 

the genetic polymorphisms of msp-1 and msp-2 genes in P.falciparum parasites in Ethiopia.  The 

information from this study should help national malaria control program managers to determine 

whether there is evidence of Coartem® treatment failure and whether we may need to find other  

medications to substitute for Coartem®.  

4. Why I have been chosen? 

We are inviting all malaria patients aged 6 months and over living in this area to take part in this 

study. If you agree, you will be treated with six doses of Coartem® given twice daily for 3 days. 

(This is the same treatment that you would receive if you decide not to volunteer for this study.) 

The morning dose will be given at the clinic supervised by study nurse/Public Health Officer and 

the night dose will be given to you by health extension workers. 
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5. Do I have to take part? 

Your participation in this study is completely voluntary and you can refuse to participate or are 

free to withdraw from the study at any time. Refusal to participate will not result in loss of 

medical care provided or all the services you receive at this clinic will continue as usual. Even if 

you agree now but decide to change your mind and withdraw later, the services you receive at the 

clinic will continue.  

6. What will be happen to me if I take part? 

The study will take place over 28 days. During that time, you will be asked to come to the health 

facility on scheduled days 1, 2, 3, 7, 14, 21 and 28. You will also be asked to come to the clinic at 

any other time if you become sicker, develop new symptoms, or if you fail to get better. 

Transportation fees will be provided to you during each scheduled study follow-up visit. During 

each follow-up visit, we would like to obtain a finger prick blood samples from you by a 

qualified technician that would be used only for malaria diagnosis, to detect the presence of 

markers for malaria drug resistance, and to see the outcome of treatment. There is no serious risk 

in participating, but you may experience a small pain during finger pricking. The pain should 

disappear within 1 day.  

7. What side effect of taking part? 

The Coartem medicine can have some unwanted side-effects or some effects that we are not 

currently aware of; however, we will follow you closely and ensure proper medical treatment. If 

you take Coartem as directed, the course of your illness and possible side effects from Coartem 

should not be any different whether you volunteer for this study or not. The Coartem medicine 

may have some unexpected effects; however, we will follow you closely and keep track of these 

effects, if they arise. Patients showing deterioration in their clinical status will be immediately 

admitted to the clinic free of charge for appropriate treatment according to the national policy till 

they recover. A health care worker will be responsible for every study related medical decision of 

the patient throughout the study period.  
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8. What are the possible risks and benefits of taking part? 

The risk of being participating in this study is very minimal, but only taking few minutes from 

your time. There would not be any direct payment for participating in this study. But the findings 

from this research may reveal important information for the local heath planners.  

9. Will my taking part in this study be kept confidential? 

If you decide to participate in this study, the information in your records is strictly confidential 

and your name will not be used in any report and any illnesses related to malaria or to the malaria 

treatment will be treated at no charge to you. There will be no information that will identify you 

in particular. Do you understand what has been said to you? If you have any questions you have 

the right to get proper explanation. 

10. What will happen to the results of the research study? 

The findings of the study will be general for the study community and will not reflect anything 

particular of individual persons or housing. The questionnaire will be coded to exclude showing 

names. No reference will be made in oral or written reports that could link participants to the 

research.  The knowledge that we get from doing this research will be shared with others by 

publishing the results. Confidential information will not be shared. Do you understand what has 

been said to you? If you have any questions you have the right to get proper explanation. 

11. Who is organizing and funding the research? 

The research study is being organized and funded by Tropical and Infectious diseases Center, 

Jimma University Ethiopia. 

12. Who has reviewed the study? 

The proposal has been reviewed and approved by Jimma University Ethical Review Board, 

which are committees whose task it is to make sure that research participants are protected from 

harm. 
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13. Contact for further information 

In any case if you need any information. You can contact in the following address. 

Full Name Mobile Phone Adress 

Abdulhakim Abamecha +251 911 05 04 37 Jimma University 

Dr. Alemseged Abdissa +251 911 40 90 74 Jimma University 

Dr. Daniel Yilma +251 911 923553 Jimma University 

Professor Delenesaw Yewahalaw +251 917 80 43 52 Jimma University 
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Anne XII.  Written Informed Consent   

Please tick box and sign below if you agree with the following: 

1. I confirm that I have read (or have had read to me) and understand the information sheet. I 

have had time to review this information, have had an opportunity to ask questions and had 

answers in terms I understand. 

2. I understand that taking part is completely voluntary and that I am free to stop at any time 

even without providing any reason and without my normal medical care being affected. 

3. I understand that sections of any of my medical notes may be looked at by representatives of 

Independent Ethics Committee/Institutional Review Board or from regulatory authorities. 

The purpose of this is to check that the research is being carried out correctly. I am willing to 

allow access to my medical notes and understand that strict confidentiality will be 

maintained. 

4.  I agree to the extra stored sample for malaria parasite genetic research in Overseas. 

5.  I agree to take part in this research project. 

_________________        ____________          ______________________________ 

Name of Participant     Signature Date and time (dd/mmm/yy; hr min) 

If illiterate: 

I have witnessed the accurate reading of the consent form to the potential participant, and the individual has had the 

opportunity to ask questions. I confirm that the individual has given consent freely. 

_________________        ____________          ______________________________ 

Name of Witness Signature Date and time (dd/mmm/yy; hrmin) 

Statement by the researcher/person taking consent: 

I have accurately read out the information sheet to the potential participant, and to the best of my ability made sure 

that the participant understands the research obligations. I confirm that the participant was given an opportunity to 

ask questions about the study, and all the questions asked by the participant have been answered correctly and to 

the best of my ability. I confirm that the individual has not been coerced into giving consent, and the consent has 

been given freely and voluntarily. A copy of this form has been provided to the participant. 

 

   _________________                ____________          ______________________________ 

Name of person taking consent       Signature Date and time (dd/mmm/yy; hrmin) 

1 copy for subject, 1 for Investigator, 1 for records of health facility File
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Anne XIII. Written informed consent  

I have been invited to have my child participate in a study of a medicine used to treat malaria. 

I have read the above information, or it has been read to me. I have had the opportunity to ask questions, 

and any questions that I have asked have been answered to my satisfaction. I consent voluntarily to my 

child’s participation in this study.  

Print name of participant:  

Print name of parent or guardian:   

Signature of parent or guardian:  

Date:  

 dd/mmm/yyyy 

Witness’ signature: A witness’ signature and the thumbprint of the participant’s parent or guardian are 

required only if the parent or guardian is illiterate. In this case, a literate witness must sign. If possible, this 
person should be selected by the participant’s parent or guardian and should have no connection with the 

study team. 

 

I have witnessed the accurate reading of the consent form to the potential participant’s parent or guardian, 
who has had the opportunity to ask questions. I confirm that the participant’s parent or guardian has given 

consent freely.  

Print name of 
witness: 

   and thumbprint of parent or guardian: 

Signature of witness:     

Date:     

 
 dd/mmm/yyyy   

Investigator’s signature: 

I have accurately read or witnessed the accurate reading of the consent form to the potential participant’s 

parent or guardian, who has had the opportunity to ask questions. I confirm that the participant’s parent or 

guardian has given consent freely.  

Print name of 

investigator: 

 
 

Signature of investigator: 
  

Date: 
  

 
 dd/mmm/yyyy 

 

1 copy for subject, 1 for Investigator, 1 for records of health facility File
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Anne XIV.  Written informed assent   

I have been invited to participate in a study of the efficacy of an antimalarial medicine.I have 

read this information (or had the information read to me), and I understand it. I have had my 

questions answered and know that I can ask questions later if I have them.I agree to take part in 

the study. _____ (initials) or I do not wish to take part in the study and I have not signed the 

assent below. _____ (initials) 

Child’s signature (only if the child assents): 

Print name of child: 
  

Signature of child: 
  

Date: 
  

 
 dd/mmm/yyyy 

Witness’ signature:A witness’ signature and the child’s thumbprint are required only if the child 

is illiterate. In this case, a literate witness must sign. If possible, this person should be selected by 

the participant and should have no connection with the study team. 

I have witnessed the accurate reading of the assent form to the potential participant, who has had 

the opportunity to ask questions. I confirm that the participant has given consent freely.  

Print name of witness:    
and thumbprint of the child or 

minor: 

Signature of witness:     

Date:     

  dd/mmm/yyyy   

Investigator’s signature: 

I have accurately read or witnessed the accurate reading of the assent form to the potential 

participant, who has had the opportunity to ask questions. I confirm that the participant has given 

consent freely.  

Print name of investigator:  

Signature of investigator:  

Date:  

 dd/mmm/yyyy 

 

1 copy for subject, 1 for Investigator, 1 for records of health facility File 
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Anne XV.  Consent statement for a pregnancy test   

I have been invited to participate in a study on the medicine used to treat malaria. I have been 

asked to supply a specimen of urine at the first visit and at day 28 or on the day of withdrawal 

from the study, all of which will be used for pregnancy testing. I understand that the results of the 

tests will be kept fully confidential and anonymous. I understand that I must avoid becoming 

pregnant during the study because the medicine I will be taking would be dangerous for my child. 

I have discussed the different methods of birth control with my doctor, and I have been 

recommended use contraceptive method.I understand that if the test is positive, I will not be 

eligible to participate in this study. 

Participant’s signature: 

I accept to be tested. _____ (participant’sinitials) or 

I do not want to be tested, and I have notsigned the consent form below. _____ (participant’s 

initials) 

Print name of participant:   

Signature of participant:   

Date:   

  dd/mmm/yyyy 

Witness’ signature: A witness’ signature and the thumbprint of the participant are required only 

if the participant is illiterate. In this case, a literate witness must sign. If possible, this person 

should be selected by the participantand should have no connection with the study team. 

I have witnessed the accurate reading of the consent form to the potential participant, who has 

had the opportunity to ask questions. I confirm that the participant has given consent freely.  

Print name of 

witness: 

 
 

 
and thumbprint of the participant: 

Signature of 

witness: 

 
 

  

Date:     

  dd/mmm/yyyy   

Investigator’s signature: 

I have accurately read or witnessed the accurate reading of the consent form to the potential 

participant, who has had the opportunity to ask questions. I confirm that the participant has given 

consent freely.  

Print name of investigator:   

Signature of investigator:   

Date:   

  dd/mmm/yyyy 

1 copy for subject, 1 for Investigator, 1 for records of health facility File
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Annex XVI.  Supplimentary file 1: Table S1: Primer sequence used for msp-1  

 

Table 13:Primer sequence used for PCRs to screen and genotype samples collected in study of 

genotyping Polymorphism of P. falciparum parasites in Chewaka district, Ethiopia 

 

 

                                                             
2WHO primers are taken from (World Health Organization, 2007). 

PCR Locus Allele 
Primer Sequence 

 (primer differences are shown in bold, underlined 
font) 

Referen
ce Forward Reverse 

pPCR 

msp1 

N/A 
  CTAGAAGCTTTAGAAGATGCAGTATTG 2 

  
CTTAAATAGTATTCTAATTCAAGTGGATCA 

nPCR 

K1 
  AAATGAAGAAGAAATTACTACAAAAGGTGC 

  
GCTTGCATCAGCTGGAGGGCTTGCACCAGA 

MAD20 
  AAATGAAGGAACAAGTGGAACAGCTGTTAC 

  ATCTGAAGGATTTGTACGTCTTGAATTACC 

RO33 

  TAAAGGATGGAGCAAATACTCAAGTTGTTG 

  
CAAGTAATTTTGAACTCTATGTTTTAAATCA

GCGTA 

CATCTGAAGGATTTGCAGCACCTGGAGATC 
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Annex XVII.  Supplimentary file 2: Table S2: Primer sequence used for msp-2 

 

 

Table S2:Primer sequence used for PCRs to screen and genotype samples collected in study of 

genotyping Polymorphism of P. falciparum parasites in Chewaka district, Ethiopia 

PCR Locus Allele 
Primer Sequence 

 (primer differences are shown in bold, 
underlined font) 

Reference 
Forward Reverse 

pPCR 

msp2 

N/A 

  ATGAAGGTAATTAAAACATTGTCTATTATA  
3 

  

CTTTGTTACCATCGGTACATTCTT 

ATATGGCAAAAGATAAAACAAGTGTTGCTG 

nPCR 

FC27 

  

GCTTATAATATGAGTATAAGGAGAA 

AATACTAAGAGTGTAGGTGCARATGCTCCA 

GCAAATGAAGGTTCTAATACTAATAG 

 

 

 

 

 
4 

  

TTTTATTTGGTGCATTGCCAGAACTTGAAC 

GCTTTGGGTCCTTCTTCAGTTGATTC 

3D7/IC 

  

GCTTATAATATGAGTATAAGGAGAA 

AGAAGTATGGCAGAAAGTAAKCCTYCTACT 

GCAGAAAGTAAGCCTTCTACTGGTGCT 

  

CTGAAGAGGTACTGGTAG 

GATTGTAATTCGGGGGATTCAGTTTGTTCG 

GATTTGTTTCGGCATTATTATGA 

 

 

 

 

 

 

 

 

 

 

                                                             
3World Health Organization, 2007 
4Falk, Maire, Sama, Owusu-Agyei, Smith, & Beck, 2006) and (Zwetyenga, Rogier, Tall, Fontenille, Snounou, & Trape, 
1998) 
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Annex XVIII.   PRISMA Check list 

 

Section/topic  # Checklist item  
Reported 
on page # 

TITLE   

Title  1 Identify the report as a systematic review, meta-analysis, or both.  1 

ABSTRACT   

Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study 
eligibility criteria, participants, and interventions; study appraisal and synthesis methods; results; 
limitations; conclusions and implications of key findings; systematic review registration number.  

Abstract, 
Paragraph 

1-4 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of what is already known.  Introduction, 
paragraph 

5-6 

Objectives  4 Provide an explicit statement of questions being addressed with reference to participants, 
interventions, comparisons, outcomes, and study design (PICOS).  

Introduction, 
paragraph 6 
& Table 1 

METHODS   

Protocol and 
registration  

5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if 
available, provide registration information including registration number.  

Methods, 
paragraph 1 

Eligibility criteria  6 Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years 
considered, language, publication status) used as criteria for eligibility, giving rationale.  

Methods, 
Paragraph 

4-5; & Table 
1 

Information sources  7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors 
to identify additional studies) in the search and date last searched.  

Methods, 
Paragraph 2  

Search  8 Present full electronic search strategy for at least one database, including any limits used, such that 
it could be repeated.  

Additional 
file 2: Table 

S2 
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Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, 
if applicable, included in the meta-analysis).  

Methods, 
Paragraph 
4-6 & Table 

1 

Data collection process  10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and 
any processes for obtaining and confirming data from investigators.  

Methods, 
Paragraph 

6-7 

Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any 
assumptions and simplifications made.  

Methods, 
Paragraph 

6-7  

Risk of bias in individual 
studies  

12 Describe methods used for assessing risk of bias of individual studies (including specification of 
whether this was done at the study or outcome level), and how this information is to be used in any 
data synthesis.  

Methods, 
Paragraph 8 

Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  Methods, 
Paragraph 8  

Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including measures 
of consistency (e.g., I

2
) for each meta-analysis.  

Methods, 
Paragraph 8  
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Annex XIX.   Detailed search strategy for the different electronic databases 

No. Databases 

(Total 3) 

Search Terms Search results 

Total  = 1041 

Date of 

search 

1 PubMed (((((((Efficacy[MeSH Terms]) OR 

(Therapeutic efficacy[MeSH Terms])) 
AND (Artemether-lumefantrine[MeSH 

Terms])) OR (Coartem[MeSH Terms])) 

AND (Plasmodium falciparum 

malaria[MeSH Terms])) OR (falciparum 
malaria[MeSH Terms])) AND 

(Antimalarial drug[MeSH Terms])) AND 

(Ethiopia) 

44 15/09/2020 

2 Google 

Scholar 

1. With all of the words: ("Therapeutic 

efficacy" AND "Artemether-

lumefantrine" AND  "Ethiopia")  

2. With at least one of the words: 
“"Plasmodium falciparum"  AND  

“falciparum malaria” 

545 + 451 = 996 15/09/2020 

3 Clinical 

Trial.gov 

Condition or disease: Plasmodium 

falciparum, Ethiopia 

Other terms:  artemether-lumefantrine 

1 15/09/2020 
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