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Abstract 

The spread of antimalarial drug resistance threatens global, regional and national malaria 

elimination efforts. Despite being preventable and treatable, malaria still claims over half a 

million lives globally, with over 95% of malaria cases and deaths occurring in Africa. 

Antimalarial drug resistance threatens progress in malaria control and elimination, especially 

in less-resourced health systems in developing countries. Malaria control and elimination 

efforts are facing stagnation of funding and competing resources with other potential pandemic 

pathogens like COVID-19, HIV, tuberculosis and non-communicable diseases. Regrettably, 

the malaria programmes and policymakers who are at the forefront of confronting antimalarial 

drug resistance often lack timely monitoring tools for evidence-based decision-making. 

This thesis used an iterative, sequential, explanatory, mixed-methods design to strengthen 

evidence on Plasmodium falciparum antimalarial drug resistance in Asia and South Africa. 

Through four thesis chapters of peer-reviewed manuscripts, the thesis presents innovative 

approaches to developing impactful policymaker-friendly tools for detection, reporting and 

responding to antimalarial drug resistance. Through co-design techniques, the thesis 

addresses major data challenges and developed guidelines and tools to support near-real-

time antimalarial resistance monitoring. The thesis also highlights important processes and 

pinch points in rolling out an early warning system for antimalarial drug resistance in a pre-

elimination setting in South Africa. 

This research contributes to best practices in summarising evidence for antimalarial drug 

resistance for policymakers and decision-makers. Furthermore, this thesis provides insights 

on the process of establishing an early warning system in a pre-elimination malaria setting, a 

context reflective of where several Southern African countries and Island states are heading 

in this decade. 
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Summary of the Chapters 

In Chapter One, this thesis addresses the lack of up-to-date and policymaker-friendly 

antimalarial drug resistance maps in Asia. Thus, through an iterative, sequential, mixed-

methods design, literature was systematically reviewed, and evidence from published articles 

and genomic surveillance data on artemisinin resistance in Asia were collated. Applying a 

descriptive spatiotemporal design, the study summarised trends and geographic distributions 

of artemisinin resistance markers and conducted usability assessments to achieve optimal 

visualisations of antimalarial drug resistance for malaria programmes and policymakers. The 

study found that there was a steady increase in molecular markers of artemisinin resistance 

(over time and space). The study identified a lack of consistent data collection over extended 

periods in the same areas and delays in sharing of data to better inform policy decisions; the 

median time observed to evidence sharing on artemisinin resistance was 3.6 years. Moreover, 

data was reported in a heterogeneous way, leading to difficulties in pooling, comparisons and 

interpretation. Thus, guidelines were developed for minimal standards to be used by genomic 

surveillance teams to enhance the quality, consistency and completeness of data shared for 

tracking P. falciparum artemisinin resistance.  

In Chapter Two, to address the gap of the unknown prevalence of P. falciparum artemisinin 

and partner drugs resistance in in Mpumalanga Province, a pre-elimination malaria-endemic 

area of South Africa, we used routine surveillance data and applied the knowledge learnt from 

Asia for spatiotemporal mapping of the prevalence of molecular markers of antimalarial drug 

resistance (MMR)  to support Mpumalanga’s Malaria Elimination Programme. This study found 

no evidence of artemisinin MMR but showed increasing parasite tolerance to the artemisinin 

partner drug, lumefantrine. This could lead to increased drug pressure on the artemisinins, 

increasing the threat of artemisinin resistance. Hence, there was a need for an early warning 

system to track antimalarial drug resistance in near real-time. 

In Chapter Three, the thesis builds on the lessons learnt from Asia and Mpumalanga, 

highlighting the need to develop an early warning system on MMR to support prompt, effective 

malaria treatment policy decision-making. This study aimed to look at the feasibility of 

integrating MMR monitoring into the routine malaria surveillance system in the Nkomazi sub-

district, Mpumalanga, South Africa. Through a sequential, explanatory, iterative, mixed-

methods approach, we developed a workflow of surveillance and molecular resistance 

monitoring in near real-time. The study showed that it is feasible to roll out an antimalarial drug 

resistance monitoring system as an early warning system where molecular surveillance using 

samples collected during malaria diagnostic testing could be integrated within routine malaria 

notification information systems in a pre-elimination, sub-Saharan African context. Near-real-
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time mapping of MMR on a fine spatial scale provided a rapid and efficient early warning 

system for emerging resistance. However, data quality issues, a need for regular training, 

close supervision, and strong programmatic support were identified as key to the sustainability 

of such a strategy. This identified a need to understand the bottlenecks of rolling out such an 

early warning system. 

In Chapter Four, to address the question of barriers to and enablers of integrating an early 

warning system for tracking antimalarial drug resistance within routine malaria surveillance 

described in Chapter Three, an explanatory, iterative, mixed-methods study was conducted to 

explore factors affecting the roll-out of such an early warning system. Using a process-oriented 

logic model, this study investigated these factors as part of a complex health intervention. 

Malaria case detection and notification, dried blood spot sample collection, case investigation, 

analysis and reporting were identified as the five tangible processes required for successful 

implementation. While healthcare facilities and district and provincial-level healthcare staff 

were identified as the key stakeholders, and the malaria programme as the main beneficiary, 

workload, training, ease of use, supervision, leadership, and resources were recognised as 

cross-cutting influencers affecting the programme's performance. 

In Chapter 5, the discussion pulls together the new knowledge generated through the thesis 

and reflects on its strengths and limitations, as well as future research priorities. The thesis 

set out to identify key gaps and share knowledge gained through impactful visualisations and 

maps of changes in antimalarial resistance over space and time for malaria policymakers. It 

summarised an iterative framework that focuses on quality evidence, audience, co-design 

methodologies and iterative evaluation to achieve final products with a significant impact on 

the malaria elimination programmes. The thesis generated new evidence on the 

spatiotemporal distribution of antimalarial drug resistance while sharing knowledge on 

developing an up-to-date, early warning system for tracking antimalarial drug resistance in an 

elimination region (Asia) and pre-elimination sub-Saharan African setting (Nkomazi sub-

district, Mpumalanga), respectively. Additionally, the thesis developed and shared tools for 

best practices, such as guidelines to assess the essential information needed for optimal 

surveillance of artemisinin resistance markers, as well as training materials to ensure accurate 

capturing of Global Positioning System (GPS) coordinates for malaria case investigation and 

reporting. As a complex intervention, this thesis proposes using a process-oriented logic 

model as the best approach to monitor the integration of early antimalarial resistance warning 

interventions into existing surveillance systems. The thesis also emphasises the importance 

of data accuracy, investment in data curation, and piloting early warning systems. However, 

the gains of such an integration are highly dependent on the strength of the existing system. 
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Therefore, we recommend rigorous, supportive supervision and feedback loops whereby the 

existing system is further strengthened.   
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Introduction 

The emergence and spread of antimalarial drug resistance have been shown to pose a threat 

to global, regional and national efforts to eliminate malaria [1]. Despite being preventable and 

treatable, malaria still causes over half a million deaths globally annually [2]. Following a 30% 

decline in annual malaria case incidence rates between 2000 and 2019, 2020 showed a 3% 

increase with no further change for the past three years [2].  The emergence and spread of 

antimalarial drug resistance endangers further progress, especially in less-resourced health 

systems of developing countries. Progress towards elimination has been particularly strong in 

Southeast Asia [3, 4], but the threat of antimalarial resistance posed a major threat to these 

efforts, despite substantial investment to combat it [5]. However, in Africa, the threat of 

artemisinin resistance has already been realised in East Africa and the Horn of Africa and is 

compounded by the stagnation of funding and competing resources with pandemic potential 

pathogens like COVID-19, HIV, tuberculosis and non-communicable diseases [6]. 

Unfortunately, the malaria programs and policymakers in Africa and Asia, who are at the 

forefront of addressing antimalarial drug resistance, often lack the necessary, timely 

monitoring tools for making evidence-based decisions.  

Malaria is an infectious disease caused by a protozoal parasite of the genus Plasmodium (P.). 

Among the five species of malaria affecting humans (P. falciparum, ovale, vivax, malariae and 

knowlesi), P. falciparum is responsible for most cases and deaths  [6]. Considering the 

significant morbidity and mortality associated with malaria worldwide, there have been several 

global mobilisation efforts undertaken to eliminate the disease. Historical examples include 

mobilisation campaigns in the late 19th century and mid-20th centuries, as well as the ongoing 

elimination involving at least 35 countries aiming to achieve elimination by 2030 [7, 8]. The 

key to making progress towards malaria elimination lies in the effectiveness of the malaria 

interventions, including insecticide-treated bed nets, indoor residual spraying, rapid diagnostic 

tests and – the focus of this thesis - antimalarial drugs. Better use of these resources, 

supported by their evidence-based targeting, is crucial to advance the current World Health 

Organization phased strategy for elimination by 2030. However, the emergence and spread 

of resistance to key insecticides, rapid diagnostic tests and antimalarial drugs, threatens these 

efforts. 

Artemisinin and its derivatives are the cornerstones for the treatment of both uncomplicated 

and severe P. falciparum malaria. Artemisinin derivatives include dihydroartemisinin, 

artesunate, and artemether [9]. Artemisinin-based compounds are combined with a longer-

acting partner drug from a different class (with a different mechanism of action) to create 

artemisinin combination therapy (ACT). The World Health Organization (WHO) changed the 
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policy for the first-line treatment regimen in 2004 after the extensive spread of resistance to 

Chloroquine and Sulfadoxine-Pyrimethamine (SP) treatment, as well as the concern of 

resistance against artemisinin monotherapies [10]. The WHO-recommended partner drugs 

currently include amodiaquine, lumefantrine, mefloquine, sulfadoxine/pyrimethamine, 

piperaquine, and pyronaridine [11]. Antimalarial drug resistance can be assessed 1) in the 

laboratory through in vitro studies, 2) by identifying the genetic (molecular) markers associated 

with reduced drug susceptibility and 3) by assessing clinical and parasitological treatment 

response in drug efficacy studies [11]. 

The Global Technical Strategy for Malaria 2016 – 2030 sets goals and builds on the past 

malaria efforts. It aims to guide country and regional plans towards malaria elimination, with 

the third pillar being transforming malaria surveillance into a core intervention [8]. This includes 

advancing monitoring antimalarial drug efficacy and drug resistance using appropriate 

methods according to the malaria burden in different areas. Malaria burden can be classified 

by transmission intensity, using the annual parasite incidence per 1000 population (API) and 

malaria parasite prevalence. WHO classifies transmission as high when ≥ 450 API or P. 

falciparum malaria prevalence of ≥ 35%; moderate, 250–450 API or a P. falciparum / P. vivax 

prevalence of 10-35%; low, 100-250 API and P. falciparum / P. vivax prevalence of 1-10 % or 

very low < 100 API and P. falciparum / P. vivax prevalence of 0-1%. WHO recommends 

therapeutic efficacy studies (TES) as the gold standard for areas assessing drug efficacy. Due 

to their resource intensiveness, TES may not be feasible for areas of low and very low malaria 

transmission where any given health facility is only able to recruit a small sample size, hence 

the recommendation of integrated drug efficacy surveillance (iDES) in both low and very low 

transmission areas. Surveillance of MMR is also recommended for low and very-low-

transmission areas[11].  

The 2014 discovery of P. falciparum mutations in the propeller region on the Kelch13 (K13) 

gene associated with artemisinin resistance [12] characterised by the delayed parasite 

clearance phenotype has led to their widespread use in molecular surveillance and studies on 

antimalarial resistance [13, 14]. According to the WHO, artemisinin resistance is suspected in 

a population if more than 10% of patients are still carrying parasites three days after the start 

of ACT treatment and confirmed when there is also a validated K13 mutation present [11]. 

WHO maintains an established list of validated and candidate K13 mutations, which is 

regularly updated depending on the evidence available. According to WHO, a mutation is 

classified as a validated K13 mutation when it has demonstrated a significant link with over 5 

hours of half-life clearance or day three parasitemia across at least 20 clinical cases [11]. 

Additionally, the mutation must showcase parasite survival of over one percent using the ring 

stage assays in at least five separate isolates. If only one of these criteria is met, the mutation 
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is considered a candidate marker [11]. K13 mutations have become a useful tool for detecting 

and monitoring artemisinin antimalarial resistance and supporting policymakers in prioritising 

resources. However, molecular markers such as K13 required further research to understand 

their role and feasibility as part of routine surveillance, particularly in pre-elimination settings.  

Since the discovery of k13 gene mutations, there have been country, regional and global 

initiatives focused on mapping the geographical distribution and changing pattern of 

artemisinin (and partner) drug resistance over time [15, 16]. These, however, seldom 

incorporate the perspectives of policymakers as the users who are on the frontline of 

responding to antimalarial drug resistance. It remains unclear whether the preference for using 

thematic maps is due to their simplicity or if this stems from limited resources and personnel 

available to develop more precise or tailored maps that can support malaria program decision-

making more effectively. It is also unclear whether such preferences would pertain equally to 

malaria burden and antimalarial resistance.  

Thematic, spatial, temporal or modelled maps are frequently used to support the planning, 

implementing and monitoring of malaria interventions [17, 18]. Maps are all highly dependent 

on the data from which they are generated. Although seldom thoroughly appraised, the 

success of these analytical visualisations is deeply embedded in the data from which they are 

generated [19–22]. Previous work on evaluating how people interact with and interpret maps 

has shown that the audiences’ interpretation can be affected by the design of the maps, the 

message being presented, and user or context factors [23]. For instance, graphical data 

interpretation varies with a user's experience, role (e.g., policymaker or scientist), and the 

data's time frame. Language and colour vision also influence users’ interpretation [24, 25]. 

Therefore, the universality of maps can be questioned, and there is a need to explore which 

mapping techniques and formats are most suitable for different audiences in different 

geographical contexts, especially in the understanding of malaria transmission and the 

emergence and spread of antimalarial drug resistance. 

Malaria cases in the Greater Mekong Sub-region (GMS) have declined sharply, with a 77% 

reduction from 2012 to 2022, accounting for 94% and 48% reduction in P. falciparum and P. 

vivax respectively, with the latter overtaking and becoming the predominant parasite in the 

GMS[5]. By 2022, the WHO Southeast Asia Region contributed 2% of the malaria burden 

globally, with China and Sri Lanka certified malaria-free. India carries the majority of the 

burden, with over 65.7% of all malaria in the region, with Myanmar noting a resurgence of 

malaria cases[2]. However, the progress made remains threatened by antimalarial drug 

resistance. Artemisinin resistance was first reported in 2008 in Cambodia, only a few years 

after ACTs became the drug of choice for the treatment of P. falciparum malaria in 2004 [26]. 
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By the end of 2016, artemisinin resistance had been documented in Myanmar, Thailand, China 

(Yunnan Province), Cambodia, Vietnam and Lao Peoples’ Democratic Republic (Lao PDR), 

with reports of its spread to parts of Eastern India [27–29], followed by reports of concomitant 

resistance to the ACT partner drugs in many of these areas. 

Recognising the critical importance of controlling antimalarial drug resistance, the WHO called 

for coordinated efforts to combat artemisinin resistance in Southeast Asia. The Emergency 

Response to Artemisinin Resistance (ERAR) was launched in the GMS in 2013 [30]. This 

initiative emphasised the need for additional tools and resources to effectively address 

antimalarial resistance and stop its further spread throughout Asia, to Africa and beyond. 

As of 2018, reports of genetic markers of artemisinin resistance in Africa were sporadic [28]. 

Since then, there has been a growing list of African countries that have identified K13 

mutations associated with delayed parasite clearance, which, from genetic analysis, appear 

to have arisen independently [31–34]. This poses a significant threat to Africa, where the 

malaria burden is highest. The historical spread of chloroquine resistance from Asia to Africa 

and South America in the 1990s highlights the need for vigilant monitoring and a prompt and 

effective response to this threat [29]. This may be particularly crucial in; 1) low transmission 

areas where communities are non-immune, drug pressure is high and cross-border malaria 

transmission is frequent, 2) high transmission areas with  a characteristic transient low 

immunity  following cessation or interruption of massive insecticide spraying programmes, 

leaving these populations unprotected and at a higher risk of developing antimalarial 

resistance [35–37].  

While most of South Africa is considered malaria-free, approximately 5 million South Africans 

(10% of the country’s population) reside in the malaria-endemic areas in Mpumalanga, 

Limpopo, and KwaZulu-Natal provinces [38]. Almost all malaria infections in South Africa are 

caused by P. falciparum, with local transmission primarily occurring in low-altitude areas [39] 

near international borders shared with Mozambique and Zimbabwe [39]. Transmission of 

malaria in South Africa is seasonal, mainly during the summer rainy season (September to 

April)[40]. 

South Africa is one of the 2025-malaria-elimination (E-2025) countries and is on target to 

achieve a 75% reduction in incidence by 2025, as identified by the 2023 WHO Malaria Report 

[2].  South Africa was estimated to have 7,820 cases in 2022, with a reduction of indigenous 

transmission by 31.3% from 2012 to 2022 [2].  Most of the malaria transmission in South Africa 

is imported, with the government estimating this to be as high as 83% [41, 42]. In the past 

three decades, South Africa has experienced spikes in malaria, such as in 2000 and 2017, 

when over 60,000 and 30,000 malaria cases were notified, respectively [43, 44]. The former 
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change was attributed to SP resistance, increased migration along the borders and insecticide 

resistance. In contrast, the latter was attributed to migration and changes in climatic conditions 

favouring the multiplication of mosquitoes [45]. By 2023, only a few South African districts had 

achieved zero indigenous cases, and these still need to sustain this status for the three years 

required for sub-national certification.  

A new national strategic plan for malaria elimination is currently being drafted for 2024 – 2028 

(Personal communication, Barnes KI, co-chair South African Malaria Elimination Committee). 

A key aspect of this and the previous strategic plan is to sustain and strengthen the 

surveillance system, ensuring that all malaria cases are reported to the malaria information 

system within 24 hours by 2020 [46]. In alignment with the South African malaria treatment 

guidelines, malaria diagnosis is conducted using the P falciparum histidine-rich protein 2 

(Pfhrp2)-based rapid diagnostic test (mRDT) or confirmed by microscopy; to date, no 

infections have been detected in South Africa with dual Pfhrp2 and Pfhrp3 deletions that would 

result in false negative Pfhrp2-based rapid diagnostic tests (Personal communication J 

Raman, National Institute for Communicable Diseases). Individuals identified with 

asymptomatic or uncomplicated malaria through proactive, active or passive case detection 

are treated with the WHO-recommended weight-based 3-day Artemether-Lumefantrine (AL) 

regimen, the only ACT currently available in South Africa, with a single low dose of primaquine 

recommended in non-pregnant patients over 1 year of age to limit onward P. falciparum 

malaria transmission  [47]. Given the low to very low transmission intensity (defined as <5 and 

<1 malaria case per 1000 population, respectively) of malaria in South Africa and the potential 

emergence of antimalarial drug resistance, the South Africa Malaria Elimination Strategy also 

recommended continuously monitoring antimalarial drug efficacy through routine surveillance 

for MMR [46]. 

This thesis used iterative, sequential, explanatory, mixed-methods study designs to strengthen 

evidence on P. falciparum antimalarial drug resistance in Asia and South Africa. The thesis 

developed impactful policymaker-friendly tools to support best practices in detecting, reporting 

and responding to antimalarial drug resistance. It also highlighted important processes, 

barriers and enablers in rolling out an early warning system for antimalarial drug resistance in 

South Africa. 
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1.1 Abstract 

1.1.1 Background 

The increase in artemisinin resistance threatens malaria elimination in Asia by the target date 

of 2030 and could derail control efforts in other endemic regions. This study aimed to develop 

up-to-date spatial distribution visualisations of the kelch13 (K13) gene markers of artemisinin 

resistance in Plasmodium falciparum for policymakers. 

1.1.2 Methods 

In this systematic review and spatiotemporal analysis we used the WorldWide Antimalarial 

Resistance Network (WWARN) surveyor molecular markers of artemisinin resistance 

database. We updated the database by searching PubMed and SCOPUS for studies 

published between January 1, 1990, and March 31, 2021. Articles were included if they 

contained data on K13 markers of artemisinin resistance from patients' samples in Asia and 

articles already included in the WWARN database were excluded. Data were extracted from 

the published articles and authors were contacted when information was missing. We used 

the lowest administrative unit levels for the sampling locations of all the K13 data to describe 

the spatiotemporal distribution. The numbers of samples tested and those with each molecular 

marker in each administrative unit level were aggregated by year to calculate the marker 

prevalence over time. 

1.1.3 Findings 

Data were collated from 72 studies comprising K13 markers from 16,613 blood samples 

collected from 1991 to 2020 from 18 countries. Most samples were from Myanmar (3,842 

[23·1%]), Cambodia (3,804 [22·9%]), and Vietnam (2,663 [16·0%]). The median time between 

data collection and publication was 3·6 years (range 0·9–25·0, IQR 2·7 [2·5–5·2]). There was 

a steady increase in the prevalence of WHO-validated K13 markers, with the lowest of 4·3% 

in 2005 (n=47) and the highest of 62·9% in 2018 (n=264). Overall, the prevalence of 

Cys580Tyr mutation increased from 48·9% in 2002 to 84·9% in 2018. 

1.1.4 Interpretation 

From 2002 to 2018, there has been a steady increase in geographical locations and the 

proportion of infected people with validated artemisinin resistance markers. More consistent 

data collection, over more extended periods in the same areas with the rapid sharing of data 

are needed to map the spread and evolution of resistance to better inform policy decisions. 

Data in the literature are reported in a heterogeneous way leading to difficulties in pooling and 

interpretation. We propose here a tool with a set of minimum criteria for reporting future 

studies. 
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1.1.5 Funding 

This research was funded in part by the Wellcome Trust. 

1.2 Introduction 

Malaria has been declining globally with a 50% reduction of reported cases and an 84% 

reduction in deaths during the Millennium Development Goals era (2000–15); however, no 

significant progress in reducing the number of global malaria cases has been made since 

2015. Malaria case incidence declined by 27% between 2000 and 2015 and has been 

increasing since 2015[48]. Due to the remaining high morbidity and mortality caused by 

malaria worldwide, global mobilisation efforts have been made for its elimination. The WHO 

Global Technical Strategy for Malaria 2016–2030 emphasises the goal of eliminating malaria 

in 35 countries and reducing malaria cases by 90% in malaria-endemic countries compared 

with 2015 [4]. Effective interventions such as insecticide-treated bednets, indoor residual 

spraying, rapid diagnostic tests, and more effective artemisinin-based antimalarial treatments 

coupled with evidence-based targeting have been prioritised [49]. However, the emergence 

and spread of artemisinin and artemisinin-based combination therapy partner drug resistance 

in the Greater Mekong subregion (GMS) pose a substantial threat to these efforts with the 

potential to spread or emerge further afield, including into India, Africa, and Latin America [1, 

11, 50, 51]. 

Effectively managing artemisinin resistance requires tools to monitor its spread over time and 

space to guide interventions to control or ideally eliminate resistant parasites [52]. The 

identification of mutations in the propeller region of the kelch13 (K13) gene associated with 

artemisinin resistance (with the phenotype of slower parasite clearance) in 2014 has enabled 

monitoring for artemisinin resistance in research studies and increasingly in routine 

surveillance [53–58]. 

Some of the detected mutations are associated with a higher degree of resistance measured 

as a slower parasite clearance and have a wider geographical distribution than others; for 

instance, Cys580Tyr is predominant in much of the southeastern GMS [57]. According to 

WHO, artemisinin resistance should be suspected in a population if more than 10% of patients 

are still carrying parasites 3 days after the start of artemisinin or artemisinin-based 

combination treatment and is confirmed when there is a concurrent validated K13-propeller 

domain mutation present[58]. The former requires follow-up and retesting of patients; however, 

this cannot be done in many settings outside of therapeutic efficacy studies in sentinel sites 

or as part of research studies, all of which are resource- intensive. A practical alternative that 

is increasingly being used is to collect blood samples as part of routine surveillance to monitor 

the prevalence of validated K13 mutations over a large area. Such results can then be used 



Page 9 of 189 
 

to inform therapeutic efficacy study site selection or trigger a further investigation for studies 

to identify the resistant phenotype [55]. 

There is a range of current initiatives monitoring antimalarial resistance using this method, 

with the main output being maps of resistance marker prevalence [28, 59, 60]. These maps 

are intended for policymakers to convey information on the geographical distribution and 

temporal changes in resistance; however, the maps are usually produced separately from 

different projects with patchy information and varied formats designed by the scientists who 

generated the data. There is a risk of policymakers misinterpreting the data or not using the 

maps if the data presented are not clear, understandable, and relevant. Therefore, the maps 

produced must be comprehensive, reliable, timely, and user-friendly for their use as monitoring 

tools and for their impact on malaria strategy to be maximised [13, 61]. 

This study aimed to determine the spatial and temporal distribution of the genetic markers of 

artemisinin resistance in Asia using data from the published literature on K13 markers, then 

present this evidence of artemisinin-resistant Plasmodium falciparum malaria in a policy 

maker-friendly format to help guide the planning of malaria control and elimination strategies. 

1.3 Methods 

1.3.1 Study design 

This study used a sequential mixed-methods design; here, we present the quantitative part 

that includes a systematic review and descriptive cross-sectional spatiotemporal analysis. The 

following part used a qualitative end-user usability assessment that comprised interviews and 

feedback from national malaria programme staff to optimise map presentation for 

policymakers, which will be published separately. Therefore, this Article presents only the 

spatiotemporal analysis findings and maps with optimised formats. 

1.3.2 Search strategy and selection criteria 

The previously established database of the molecular markers of artemisinin resistance in the 

WorldWide Antimalarial Resistance Network (WWARN) surveyor (up to July 31, 2019) was 

combined with a systematic review of all published research papers in PubMed and Scopus 

using the search terms “artemisinin”, “kelch”, “kelch13”, and “k13” along with geographical 

terms as shown in Table S1 (p 99) from January 1, 1990, to March 31, 2021. 

Citations were downloaded and screened using Mendeley citation software (version 1.19.4). 

R software (version 3.6), stringr, and tidytext libraries were used to scan the article titles and 

abstracts to remove duplicates, non-malaria, non-artemisinin related articles, studies that were 

not using blood samples taken from patients, and citations that were already contained in the 

WWARN database [62]. FMK and RJM reviewed the full articles, scanned to assess the article 
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eligibility (article contained Asia-related K13 markers of artemisinin resistance from patients’ 

samples), and, if eligible, were included for data extraction into an updated K13 marker 

dataset. In case of conflicts a third reviewer (KIB) was invited to review and their decision 

would be final. 

1.3.3 Data analysis 

We examined the full texts of the obtained articles to identify the lowest administrative unit 

levels for the sampling locations. For the papers with this information missing (n=2) we 

contacted the authors by email to request these details. Where information was provided on 

imported cases, the probable location of transmission was used. This process made it possible 

to aggregate data from multiple studies at least at administrative level 1 (provinces or regions) 

for all countries. We took a consensus decision to aggregate data to a level that can achieve 

geographically comparable sizes of subnational administrative unit levels between countries. 

Therefore, studies in China, India, Pakistan, and Myanmar (with large administrative level 1 

units) had data aggregated at administrative level 2 (ie, districts in China, India, Pakistan, and 

townships in Myanmar). In each study and year of data collection, we identified and extracted 

all evaluated K13 MMR; this included whether K13 markers were present or absent and the 

total number of tested samples. The numbers of samples tested and those with each 

molecular marker in each subnational level were aggregated by year to calculate the marker 

prevalence over time. The month and year of sample collection were those reported as the 

end of sample collection for that administrative unit in the relevant paper where this was 

available (n=47). For those studies without this administrative unit’s information, we used the 

month of the end of the sample collection period (n=11). For those where only the year was 

provided, we assumed the month to be December (n=8) to give the most conservative 

(shortest) estimates of the time from sample collection to publication. Validity and risk of bias 

between studies and in overall data extracted were mitigated by adhering to the study methods 

(eligibility, data extraction, and analysis). 

The final dataset of aggregated molecular marker prevalence was imported for curation into 

the RStudio development environment (RStudio, Boston, MA, USA) and geocoded to match 

The Database of Global Administrative Areas (GADM version 3.6) [58, 63–65]. For location 

names that could not be matched to those in GADM, Google Maps was used as an additional 

source of geographical information. This spatial dataset was imported to ArcGIS version 10.6.1 

(ESRI, Redlands, CA, USA) to produce maps of the spatial and temporal distribution of K13 

markers. 

A descriptive spatiotemporal analysis was done to produce thematic maps of the distribution 

of drug resistance markers and their trends by year. Firstly, we grouped K13 mutations by their 



Page 11 of 189 
 

level of evidence for P falciparum artemisinin resistance using the WHO classification (2020), 

with the categories of WHO validated or confirmed, WHO associated or candidate, WWARN 

associated, not associated, and wild type (Table S2 p 100) [11]. WWARN-associated 

mutations are additional single nucleotide polymorphisms (SNPs) associated with prolonging 

parasite clearance identified in an individual patient data meta-analysis[64]. We added an 

unevaluated category to represent K13 SNPs reported in publications but not yet considered 

to be validated or associated mutations in the WHO or WWARN categories [64]. Secondly, we 

used line plots and Loess regression to evaluate trends at different levels for temporal 

analysis[65]. Trends explored included K13 SNPs and their various classification groups for 

all of Asia, for the GMS only, and for individual WHO validated markers. For the trend analysis, 

we only included study areas with more than one timepoint. Thirdly, for spatial analysis, we 

used aggregated prevalence by administrative unit levels by year to produce thematic maps 

of drug resistance markers. 

1.3.4 Role of the funding source 

The funder of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. 

1.4 Results 

We obtained 11,132 published papers from the PubMed and Scopus search. 8,640 articles 

were excluded because they were duplicates of articles in the WWARN database, had titles 

that did not include either malaria-related or P falciparum-related information, or did not use 

blood samples taken from patients. The titles and abstracts of the remaining 2,492 articles 

were screened and 2,380 were excluded because they did not mention artemisinin 

antimalarials, did not have identifying K13 markers, included samples from asymptomatic 

patients, and samples collected outside of Asia. Thus, we identified 112 manuscripts for full 

article review; of these, 92 were excluded (45 re-analysed previously reported data, 23 

reported data from returning travellers from outside of Asia, 18 were reviews or opinion 

articles, and six were non-clinical studies) and 20 were eligible for analysis along with 52 

articles in the WWARN database (Figure 1). These 72 articles contained data obtained from 

the analysis of blood samples collected between 1991 and 2020 from both prospective and 

retrospective (using stored samples) studies. Most of these studies were published between 

2015 and 2019, with a mean of 6.2 publications per year (Table S3 p 101). Over 53% of 

samples were collected from 2012 to 2015 (9.8% from 2012, 14.4% from 2013, 16.6% from 

2014, and 9.2% from 2015). 54 (82.3%) studies were in a single country and 12 were in 

multiple countries. All studies evaluated molecular markers of artemisinin resistance with 
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some also quantifying therapeutic efficacy using clinical treatment failure rates (n=28), 

parasite clearance times or rates (n=13), or in vitro phenotype (n=12). 

A total of 16,613 samples were collected in 18 different countries in Asia (Figure 2). Five 

studies also evaluated samples from patients who had visited other malaria-endemic countries 

and were classed as imported cases (n=251). Most of the samples came from the GMS 

(13,440 [80.9%]), with most from Myanmar (3,842 [23.1%]), Cambodia (3,804 [22.9%]), 

Vietnam (2,663 [16.0%]), and Thailand (2,124 [12.8%]). 

The highest numbers of samples analysed by year were in 2014 (2,750 [16.6%]) and 2013 

(2,384 [14.4%]), and few samples were included from before 2009 (Figure S1 p 100). The 

samples originated from a total of 125 different administrative units (level 2 for China, India, 

Pakistan, and Myanmar, and level 1 for all other countries). Of these, 60 (48%) administrative 

units were in the GMS. 

The median number of samples collected per administrative unit for all years combined was 

42 (range 1–2,052), with 40 (32%) administrative units having less than 20 samples and 33 

administrative units (26.4%) having more than 100 samples. 
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Figure 1: Study selection 

K13=kelch13. WWARN=WorldWide Antimalarial Resistance Network. 

The median time from sample collection to publication by the administrative unit was 3.6 years 

(range 0.9 – 25.0; IQR 2.7 [2.5–5.2]; Figure S2 and S3 p 102). Two studies retrospectively 

evaluated samples collected in 1991 (n=38) and 1997 (n=36) and were published in 2016. We 

divided the samples into two groups depending on whether samples were collected before or 

after the discovery of the K13 marker in 2014 [66]. For samples collected before the discovery, 
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there was a median lag of 4.5 years (range 1.0–25.0; IQR 3.8 [3.5–7.2]). For samples collected 

after the discovery, this lag was 2.6 years (range 0.9–5.7, IQR 1.0 [2.4–3.4]). 

In Asia there were 173 unique K13 mutations reported (Table S5 p 111). We categorised these 

mutations using 2020 WHO criteria: ten solitary SNPs were classified as validated, 13 isolated 

and two polyclonal SNPs were classified as associated, and one SNP (Ala578Ser) was 

classified as not associated and wild type [11]. The other 91 SNPs were considered as 

unevaluated because they have not yet been classified by WHO or included in the WWARN’s 

list. 

Most of the WHO-validated markers of artemisinin resistance were confined to the GMS with 

the highest prevalence in Cambodia, northeast Thailand, southern Laos, and central Vietnam. 

These mutations were also identified in three districts in eastern India, one region in Papua 

New Guinea, and one province in Saudi Arabia. The WHO-associated K13 markers were 

found in Cambodia, China, Myanmar, Thailand, and Vietnam. Only wild-type K13 markers 

were found in the other locations studied (Figure 3 and S4 p 103). 

The two most prevalent validated molecular markers were Cys580Tyr and Phe446Ile (Figure 

S5 p 104). Most of the cases with Cys580Tyr mutations were found in the southeastern GMS, 

including Cambodia, Laos, Thailand, and Vietnam. The Phe446Ile mutation was found in the 

northern GMS, especially at the borders between China and Myanmar, and Thailand and 

Myanmar. Phe44GIle has been dominant throughout Myanmar except along the border 

between Myanmar and Thailand, whereby Cys580Tyr was dominant until 2015, following 

which Phe446Ile predominated. Cys580Tyr was also reported in 2014 and 2017 in Papua New 

Guinea. 

Our study found that samples from the GMS were collected in more years than outside the 

GMS (Figure S1 p 100). The GMS had the most samples by location with most malaria-

endemic areas being covered (Figure S6 p 105). Validated K13 markers were widely 

distributed across all the GMS countries with the highest proportions (81–100%) in northeast 

Thailand, western Cambodia, and central Vietnam. Only associated markers were found in 

western Myanmar. 

Of the 60 administrative units with data in the GMS, 41 (68%) had data from multiple years 

(Table S5 p 111). The prevalence of validated markers increased in these 41 locations from 

48% to 65% overall from 2002 to 2018. Eight (19.5%) of 41 of these locations included more 

recent data (from 2015, 2016, 2017, or 2018). 
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Disaggregated data by country showed Cambodia, Laos, Thailand, and Vietnam to have a 

clear trend of increased validated markers over time (Figure S6 p 105; video). These trends 

in China and Myanmar were less clear. 

Most bordering regions shared similar proportions of molecular markers. We observed the 

highest prevalence of molecular markers of artemisinin resistance in the eastern parts of the 

GMS (Figure S7 p 106). The administrative units along international borders had more data 

and showed varied levels of increase in the prevalence of validated markers over time. This 

trend was most evident in western Cambodia, eastern Thailand, and southern Myanmar 

(Figure S7 p 106). 

There was a sparse distribution of artemisinin resistance data in India, Afghanistan, 

Bangladesh, Nepal, and Pakistan (Figure S9 p 108). Although sample locations in India were 

widely distributed geographically and temporally, with collection years from 2010 to 2019, the 

number of samples in each district per year was generally lower than in the GMS. Validated 

K13 molecular markers were only detected in 2012 and 2015 in India. These markers were 

found in the districts of Bankura (Arg539Thr; 2015; 8.3% prevalence), Changlang (Arg561His 

or Arg561Cys; 2012; 4.2% prevalence), and Kolkata (Phe446Ile and Arg539Thr; 2015; 3.6% 

prevalence). In 2016 and 2019, only K13 wild-type parasites were reported from 16 districts 

in India, and in Afghanistan, Bangladesh, and Nepal. 

Overall, we found an increase in the prevalence of WHO-validated and WHO-associated 

markers from a mean of 18.6% for samples collected before 2011 (the minimum of 6.7% in 

2003 and maximum of 30.9% in 2010; n=3,324) to a mean of 52.9% for 2011–18 (minimum  

of  34.5%  in  2013  and  maximum of 87.4% in 2016; n=12,577; Figure 4). The increase in the 

prevalence of WWARN-associated markers had a mean of 20% before 2011 and 52.5% 

between 2011 and 2018 for the same samples. The prevalence of the validated markers 

increased consistently throughout the study period, with the lowest of 4.3% in 2005 (n=47) 

and the highest of 62.9% in 2018 (n=264). Only two studies had samples for 2019 (India and 

Pakistan) and one for 2020 (Saudi Arabia). All the 2019 samples had wild-type parasites 

(n=202), and 2020 samples had one WHO-validated mutation (Met476Ile), unevaluated 

markers, and wild-type parasites. All of the 2020 samples were reported in Jizan Province in 

Saudi Arabia (n=80). None of the GMS administrative units had samples after 2018. 
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Figure 2: Distribution of samples by country 

All samples (n=16,613) obtained from the published K13 studies (n=72) and their distribution, with 
13,440 samples from within the Greater Mekong subregion and 3,173 samples from outside the 
Greater Mekong subregion. 

K13=kelch13 

In the GMS, proportions of cases with validated K13 mutations increased from 2002 to 2018 

and followed a similar pattern over time (Figure S8 p 107). For associated and unevaluated 

markers, 34 (57%) of the 60 administrative units collected samples in only 1 year. The median 

of the number of years with samples from the same administrative unit was 1∙0 year (range 

1∙0–14∙0; Table S4 p 103). Only 52 (41.6%) of  all  administrative  units  in  Asia  (including 13 

157 [79.2%] of all samples collected and 41 [68.3%] of 60 administrative units with data in the 

GMS) had samples from more than 1 year so could be included in trend analyses. 
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Overall, the prevalence of WHO-validated molecular markers has increased in the GMS. This 

increase in prevalence was slow before 2008, levelled off from 2011 to 2014, and then 

accelerated from 2015 onwards (Figure S8 p 107). The amount of data varied over time, with 

fewer geographical locations covered before 2010 and in 2018. The changes over time in the 

WHO-validated K13 marker category was similar to the WWARN- associated markers 

presented in the WWARN individual patient data meta-analysis; there was also a slight 

increase of WHO-associated and unevaluated markers from 2010 to 2015 (Figure S8 p 107) 

[64]. 
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Figure 3: Spatial distribution of K13 markers in Asia  

Distribution of the prevalence of K13 markers and the year of the most recent sample collection for 
each administrative unit. All molecular markers in that year were aggregated in each administrative 
unit level 1 (Afghanistan, Bangladesh, Cambodia, Indonesia, Laos, Iran, Malaysia, Nepal, 
Thailand, Vietnam, and Yemen) and administrative level 2 (China, India, Pakistan, and Myanmar). 
Validated and associated markers were only found in India and the Greater Mekong subregion. 
K13= kelch13 



Page 18 of 189 
 

 

 

Relatively fewer samples were published for 2019 and 2020 than for other years, no validated 

mutations were reported in 2019, and only one sample had the Met476Ile marker (n=80). 

Before 2019, the Cys580Tyr marker was detected every year, except in 2003 and 2005 (Figure 

5). Some with Cys580Tyr were listed as Cys580Tyr/Cys, which indicates parasites with both 

Cys580Tyr and wild type (ie, polyclonal infection). There was an increase in samples with 

Cys580Tyr over time, accounting for most samples in all years except for 2003 and 2005. 

Figure 4: Prevalence of K13 markers by year 

All K13 molecular markers were grouped by category and year independently using two 

classifications (WHO and WWARN) across all countries. The overall prevalence of each 

category of molecular markers by year was evaluated. Except for 2019 and 2020, there was a 

consistent increase of WHO-validated, WHO-associated, and WWARN-associated markers 

over time. Samples for 2019 (from India and Pakistan) showed wild type parasites, and 2020 

samples (from Saudi Arabia) had one WHO-validated mutation (Met476Ile), unevaluated 

markers, and wild type parasites. WWARN=WorldWide Antimalarial Resistance Network. 

K13= kelch13 
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There was an increase in the overall proportion of samples with Cys580Tyr or Cys580Tyr/Cys, 

or both, from an mean of 42.4% between 2002–06 to 71.8% of samples between 2014–18. 

The prevalence of Cys580Tyr mutation increased from 48.9% in 2002 to 84.9% in 2018. 
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1.5 Discussion 

We have presented a description of all currently available information on changes in the 

geographical distribution of genetic markers of P falciparum artemisinin resistance markers 

Figure 5: Temporal trends of individual WHO-validated markers 

All samples with single nucleotide polymorphisms categorised as WHO validated 

pooled together by year and their overall proportions. The 2019 and 2020 samples all 

came from outside the Greater Mekong subregion, with the result for 2020 being from 

one (1%) of 80 blood samples from Saudi Arabia. Excluding 2019 and 2020, the 

Cys580Tyr mutation was the most common WHO-validated mutation in almost every 

year except for 2003 and 2005. *No validated markers reported. 
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(K13 mutations) over time in Asia, including the most recent published data and a subset of 

unpublished data (up to July, 2020). To do this analysis, we searched citations from the 

PubMed database and Scopus to update the WWARN K13 dataset. We added additional 

spatial and temporal details to produce a dataset of K13 markers containing 72 citations. The 

P falciparum K13 propeller mutations were used to approximate the spatiotemporal distribution 

of artemisinin resistance, with an increase in resistance markers by type and geographical 

extent shown in a range of thematic maps. Over time, we observed a consistent reporting of 

an increase in the prevalence of artemisinin resistance validated and associated markers in 

Asia. These mutations were first identified along the border between Cambodia and Thailand 

in the Battambang and Pailin provinces[26, 67]. By 2009, validated and associated mutations 

had only been identified in three countries, Cambodia, Myanmar, and Thailand. By 2018, this 

number had increased to include six additional countries (China, India, Laos, Papua New 

Guinea, Saudi Arabia, and Vietnam). Thus, increases in the prevalence and extent of WHO-

validated or WHO-associated markers over time were seen in Myanmar, Thailand, Cambodia, 

Vietnam, Laos and, to a lesser extent, in China. Except for India and Papua New Guinea, most 

of the locations with marker data were along international borders, particularly in the GMS. 

These border areas are generally where P falciparum malaria is most prevalent in these 

countries[68]. 

In the present study, we found that although the Cys580Tyr mutation occurs in all the GMS 

countries, the most frequent validated mutations in the eastern GMS (Cambodia, Laos, east 

Thailand, and Vietnam) were Cys580Tyr, Arg539Thr, Tyr493His, and Ile543Thr. In western 

GMS (China, Myanmar, and west Thailand), the most prevalent validated mutations were 

Phe446Ile, Asn458Tyr, Pro574Leu, and Arg561His. This distribution is consistent with 

previously published studies, showing localisation of mutations in specific geographical areas, 

such as Asn458Tyr and Arg561His in the eastern and northern GMS, Arg539Thr in southern 

and east GMS, and Ile543Thr and Tyr493His in east GMS[28]. Such distribution supports the 

theory of independent emergence of artemisinin resistance in several locations, with 

Cys580Tyr sweeping through the region[69, 70]. On the border between Thailand and 

Myanmar, Cys580Tyr predominated until 2016, when Phe446Ile became more prevalent. This 

change coincided with an intense effort to eliminate P falciparum, which resulted in a 

significant decrease in cases[71]. Treatment regimens might need to be adjusted for locations 

with a high prevalence of the subset of K13 markers that are known to be associated with 

markedly slower parasite clearance and of markers of resistance to artemisinin and 

artemisinin-based combination therapy partner drugs[72]. 

Our analysis found a long lag time between sample collection and publication (median 3.6 

years). Part of this lag was due to many studies retrospectively analysed samples that had 
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already been collected before the discovery of the K13 marker in 2014. For studies only 

analysing samples collected after the discovery of K13, the lag was still substantial at 2.6 

years, despite using conservative assumptions for studies in which detailed time information 

was not available. This lag limits the usefulness and relevance of this marker data for guiding 

policy decisions. The relative lack of published studies reporting the prevalence of K13 

markers in samples collected in 2019 and 2020 is likely to be due to this lag between sample 

collection and publication. The absence of validated or associated K13 markers in those years 

is therefore a consequence of the published data being from only a few sites in Pakistan, India, 

and Saudi Arabia. Large scale sample collections have been ongoing in the GMS during these 

years, which will contribute more K13 distribution data in the near future[73]. 

This study has several limitations. Samples were pooled from different studies with different 

study designs, durations, and sample sizes. Our analysis was limited to published studies and 

a subset of unpublished data shared and displayed on the WWARN Artemisinin Molecular 

Surveyor. There were inevitable differences in the level of detail reported and available for 

each study, particularly concerning which K13 mutations were investigated (and which were 

not) and when and where the samples were collected. This disparity required us to either make 

assumptions or constrain the possible spatial and temporal resolution of the analysis. Because 

of these limitations, we propose a set of reporting criteria for studies that collect K13 molecular 

marker data, and we have developed a tool that can be used to collate data from published 

studies and generate a score for these minimal criteria (Tool S1 p 109). 

The high disparity of data across the region over time and across geographical locations 

limited our ability to describe the spatial and temporal trends fully. Only 41.6% of the 125 

administrative units included had samples from at least two different timepoints. Thus, it was 

not possible to assess the trend in resistance marker prevalence for more than half of the 

administrative units and seven entire countries (Afghanistan, Iran, Malaysia, Nepal, Pakistan, 

Philippines, and Yemen) with data. Although the P falciparum malaria-endemic areas of the 

GMS were relatively well represented, with 84.6% of samples collected in administrative units, 

with repeated sampling, the data from other countries were sparser both in space and time. 

The lack of published K13 markers from some areas might have been due to fewer studies 

being done in those areas, delayed reporting, or no reporting. We also noted that the K13 

markers from the GMS area were only present until 2018 as there was no published study 

with samples collected after that year. 

Prompt reporting of routine surveillance or research activities with a consistent, repeated 

collection of molecular markers in the exact location (sentinel sites) would allow for more 

accurate and informative spatial and temporal analysis. The present study’s findings can help 
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identify those areas that would be most suitable for such surveillance activities. However, 

unless sentinel sites have broad coverage, detecting the emergence of resistance might also 

be delayed. This study used the K13 propeller mutations to describe artemisinin resistance; 

however, a 2017 study suggests other K13 mutations apart from propeller mutations (eg, 

Glu252Gln, Asp281Val, and Arg239Gln) might also be associated with artemisinin 

resistance[35]. Because the evidence for these markers is absent or scarce due to them rarely 

being tested for, K13 propeller mutations remain the preferred marker for surveillance of P 

falciparum artemisinin resistance. Our study found a considerable number of unevaluated 

SNPs that have not yet been classified or graded by WHO or included in the WWARN 

individual patient data meta-analysis. Such markers could potentially influence the artemisinin 

efficacy in the geographical areas analysed in this study. Delays in evaluating the association 

of molecular markers with delayed parasite clearance contribute to the increase of 

unevaluated SNPs; to date there has been a 3-year gap between WHO evaluations (2014, 

2017, and 2020) and only a single evaluation by WWARN in 2017. 

This study combined data from all available published sources to define the increase in 

prevalence and geographical extent of artemisinin resistance markers in Asia. More consistent 

data collection is needed from the exact locations, from a wider geographical area and over 

more extended periods to map the spread and evolution of resistance as it continues to unfold. 

This study also highlights the need for more rapid dissemination of molecular marker data so 

it is available in time to guide policy decisions. 
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2.1 Abstract 

2.1.1 Background 

The ability of Plasmodium falciparum parasites to develop resistance to widely used 

antimalarials threatens malaria control and elimination efforts. Regular drug efficacy 

monitoring is essential for ensuring effective treatment policies. In low transmission settings 

where therapeutic efficacy studies are often not feasible, routine surveillance for molecular 

markers associated with antimalarial resistance provides an alternative for the early detection 

of emerging resistance. Such a longitudinal survey of changes in the prevalence of selected 

molecular markers of resistance was conducted in the malaria-endemic regions of 

Mpumalanga Province, South Africa, where malaria elimination at a district level is being 

pursued. 

2.1.2 Methods 

Molecular analyses to determine the prevalence of alleles associated with resistance to 

lumefantrine (mdr86N, crt76K and mdr1 copy number variation) and sulfadoxine–

pyrimethamine (dhfr triple, dhps double, SP quintuple) were conducted between 2001 and 

2018, while artemisinin resistance markers (kelch13 mutations) were assessed only in 2018. 

2.1.3 Results 

Parasite DNA was successfully amplified from 1667/2393 (70%) of malaria-positive rapid 

diagnostic tests routinely collected at primary health care facilities. No artemisinin resistance-

associated kelch13 mutations nor amplification of the mdr1 gene copy number associated with 

lumefantrine resistance were observed. However, prevalence of both the mdr86N and crt76K 

alleles increased markedly over the study period, with all isolates collected in 2018 carrying 

these markers. SP quintuple mutation prevalence increased steadily from 14% in 2001 to 96% 

in 2018. Mixed alleles at any of the codons assessed were rare by 2018. 

2.1.4 Conclusion 

No kelch13 mutations confirmed or suspected to be associated with artemisinin resistance 

were identified in 2018. Although parasites carrying the mdr86N and crt76K alleles associated 

with reduced lumefantrine susceptibility were strongly selected for over the study period, 

nearing fixation by 2018, the marker for lumefantrine resistance, namely increased mdr1 copy 

number, was not observed in this study. The increase in mdr86N and crt76K allele prevalence 

together with intense regional artemether–lumefantrine drug pressure, raises concern 

regarding the sustained artemether-lumefantrine efficacy. Regular, rigorous antimalarial 

resistance marker surveillance across all three South African malaria-endemic provinces to 

inform case management is recommended. 
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2.2 Background 

Although the global malaria burden has declined markedly since 2000,  the disease remains 

a major cause of morbidity and mortality in Africa. In 2017, Africa accounted for 92% of the 

estimated 219 million malaria cases and 93% of all malaria deaths [74]. One of the major 

obstacles to effective malaria control and elimination remains the emergence and spread of 

antimalarial drug resistance [75]. To increase antimalarial efficacy and delay resistance, the 

World Health Organization (WHO) recommended artemisinin-based combination therapy 

(ACT) as the first-line treatment for uncomplicated malaria [76]. South Africa was the first 

African country to deploy an ACT as first line in 2001 [77]. Artemether–lumefantrine replaced 

the failing sulfadoxine-pyrimethamine combination (SP) in KwaZulu-Natal (Figure 6), one of 

South Africa’s three malaria-endemic provinces, in 2001 [77], with ACT introduced in the 

remaining two malaria-endemic provinces, Mpumalanga and Limpopo (Figure 6) in 2003 and 

2004, respectively [78].  

 

Figure 6: Map of South Africa showing the endemic provinces. 

This map shows the endemic provinces and three municipal districts in Mpumalanga Province.  
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By 2010, all sub-Saharan malaria-endemic African countries had adopted ACT [75]. Studies 

have since shown that ACT does not prevent the selection of molecular markers associated 

with resistance to the partner drugs, particularly if resistance to a partner drug had previously 

been described in the region [79, 80]. Even more concerning has been the confirmation of 

artemisinin-resistant parasites along the Thai-Cambodia border [81], the historic epicentre of 

antimalarial drug resistance. Despite containment efforts, artemisinin-resistant parasites have 

spread rapidly across at least six countries in the Greater Mekong sub-region [36, 58, 82], with 

artemisinin resistance most recently also reported in eastern India [83]. While there have been 

isolated reports of artemisinin-resistant parasites from sub-Saharan Africa [84–86], 

artemisinin-resistant parasites have not yet become established on the continent [87], where 

their emergence and spread would severely threaten Africa’s malaria control efforts. Following 

over a decade of impressive gains in controlling malaria and advancing malaria elimination 

across southern Africa, the region has experienced malaria outbreaks during the last three 

malaria-transmission seasons [88]. This raised concerns that antimalarial resistance may be 

contributing to the sharp increases in malaria case numbers, as had been observed previously 

with both chloroquine (CQ) and SP resistance [89]. 

To ensure efficacious ACT is in place, it is imperative that regular, rigorous antimalarial drug 

efficacy/resistance monitoring occurs. The gold standard for assessing drug efficacy, in vivo 

therapeutic efficacy studies, are resource-intensive, and require a minimum of 50 patients [76]. 

This is often not feasible in low-transmission settings where few malaria cases are seen at 

each health facility, and most malaria occurs in highly mobile, migrant populations in whom 

follow-up for the required 28 to 42 days is challenging [90]. A more feasible, cost-effective 

method is assessing the prevalence of molecular markers associated with antimalarial drug 

resistance and treatment failure [91]. Molecular markers associated with therapeutic efficacy 

of artemisinin, lumefantrine, SP, CQ, and amodiaquine (AQ) have been identified and 

validated [66, 92–94]. 

Sustained implementation of effective interventions targeting both the malaria vector and 

parasite, following the 1999/2000 malaria epidemic, substantially reduced South Africa’s 

malaria burden, allowing the country to transition from malaria control (> 5 malaria cases/1000 

population at risk) towards malaria elimination (< 1 malaria case/1000 population at risk) in 

2012 [95]. As this low transmission intensity meant that adequately powered in vivo therapeutic 

efficacy studies were not feasible, the prevalence of molecular markers of antimalarial 

resistance was used as a proxy for monitoring antimalarial efficacy. This routine surveillance 

aimed to determine the prevalence and temporal changes of molecular markers associated 

with artemisinin, lumefantrine and SP resistance in Plasmodium falciparum isolates extracted 

from malaria-positive rapid diagnostic tests (RDTs) obtained from primary health care (PHC) 
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facilities in Mpumalanga Province (Figure 6), South Africa (2001–2018), with a goal of ensuring 

that effective antimalarial treatment policies are in place. 

2.3 Methods 

2.3.1 Country setting 

Malaria in South Africa is currently restricted to the low-altitude border regions of three 

provinces:  Limpopo, Mpumalanga and KwaZulu-Natal [40]  (Figure  6), with approximately 

10% (4.9 million) of the country’s total population residing in malaria-risk areas [41]. The 

predominant malaria vector in South Africa is Anopheles arabiensis [96], with P. falciparum 

parasites as the causative agent in most confirmed infections [96]. In line with South Africa’s 

guidelines for the treatment of malaria [47], all fever cases presenting at PHC facilities within 

a malaria-endemic district must be tested for malaria using a P. falciparum-specific RDT. 

Patients who are RDT malaria-positive are treated in accordance with the guidelines [47]. 

2.3.2 Study setting 

Mpumalanga Province encompasses an area of 76,500 sq km with an approximate population 

of 4,040,000 [38]. The province comprises three districts (Figure 6), with Ehlanzeni District 

(that shares a border with Mozambique and Eswatini) most affected by malaria [97]. Malaria 

transmission is seasonal but unstable, occurring during the rainy summer months from  

September to May, generally peaking in January and April, coinciding with the peaks in people 

moving across the country’s border with  Mozambique  [98].  Despite sharp declines in locally 

acquired malaria cases, imported malaria case numbers continue to increase, accounting for 

87% of the province’s reported cases by 2012 [98]. However, recent region-wide malaria 

epidemics reversed these gains, resulting in an increase in total case numbers and locally 

acquired infections [88], with the proportion of imported cases decreasing to 68% during the 

2017/18 malaria season (Figure 7). 

SP replaced CQ as the drug of choice in Mpumalanga in 1997 [99], following a marked 

increase in CQ treatment failures [100]. This was followed relatively soon by a sharp increase 

in markers associated with SP treatment failures, which was associated with increased 

gametocyte carriage, prompting the Mpumalanga Provincial Department of Health to 

implement an ACT policy in 2003, initially using artesunate plus SP, given cure rates above 

90% with SP monotherapy [101]. However, the continued selection for SP resistance markers 

following artesunate plus SP deployment in Mpumalanga [101, 102]and neighbouring 

southern Mozambique [80] supported the policy change to artemether-lumefantrine in 2006. 



Page 30 of 189 
 

 

Figure 7: Number of local and imported cases reported in Mpumalanga Province. 

The arrows indicate the first-line antimalarial treatments deployed over the reporting period (2000–
2018). (Source: South African National Department of Health) 

 

2.3.3 Study design and data collection 

The Malaria Molecular Laboratory of the South African Medical Research Council (SAMRC) 

partnered with the Mpumalanga Provincial Malaria Control  Programme to conduct the 

antimalarial resistance marker analysis using malaria-positive RDTs from PHC facilities, until 

the closure of the Malaria Laboratory in 2013 as part of the SAMRC restructuring. The 

surveillance programme was revived by the Laboratory for Antimalarial Resistance Monitoring  

and  Malaria  Operational  Research of the National Institute for Communicable Diseases 

(NICD) and the Mpumalanga Provincial Malaria Elimination Programme during the 2017/2018 

malaria season. This cross-sectional, antimalarial resistance marker prevalence study was 

conducted between 2001 and 2018 using malaria-positive RDTs collected from various PHC 

facilities within the malaria-endemic districts of Mpumalanga Province. The collected malaria-

positive RDTs were transported to the SAMRC on an ad hoc basis but were couriered weekly 

to the NICD. 

2.3.4 Molecular analysis 

In the laboratory, parasite DNA was extracted from the positive RDTs (ICT™, Global 

Diagnostics, Cape Town, South Africa; SD Bioline, SD, Korea; First Response, Premier 

Technologies, India) using a modified Chelex method [103] from 2001 until 2011 and the 

Qiagen DNA mini extraction kit (Qiagen, Germany) in 2018. Once confirmed as P. falciparum 
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positive by either qPCR [104] or multiplex PCR [105], polymorphism analysis of dhfr, dhps, 

crt, and mdr1 genes was conducted. Molecular markers associated with SP resistance were 

assessed in all study years using all available DNA isolates. Budget constraints limited the 

analysis of lumefantrine tolerance/resistance markers in the mdr1 (mdrN86Y and mdr1 copy 

number variations) and crt (crtK76T) genes, to 2001, 2011 and 2018, with an additional 

assessment of the mdr1 markers conducted in 2009 (Table 1). As the kelch13 markers 

associated with artemisinin resistance were identified in 2014, these were only assayed in the 

samples collected in 2018. 

Primers, PCR amplification conditions and restriction endonucleases used to detect 

polymorphisms in the dhfr (codons 51, 59, 108, 164), dhps (codons 436, 437, 540 and 581), 

mdr1 (codon 86), and crt (codon 76) genes have been described previously [79, 106, 107]. 

Digestion  products were separated on a 2% agarose gel using electrophoresis, then 

visualised and photographed using either a MiniBIS™ (BioSystematica, UK) or Omega 

Fluor™ (Gel Company, USA) documentation system. Codons were classified as either wild-

type, mutant or mixed (both mutant and wild-type genotypes present in an individual sample). 

Genotyping assays were run in duplicate, with a third assay performed on any discordant 

results. When calculating the overall prevalence of infections with mutant genotypes, codons 

with mixed genotypes were grouped with pure mutant codons.  

Copy number of the  mdr1  gene was assessed using the qPCR method, primers, probes, and 

qPCR cycling conditions previously described by Price et al.  [108]. Every qPCR run contained 

three reference  DNA  samples from D10 and Fac8 clones, having an mdr1 copy number of 

one and three, respectively, as well as a no-template control. Assays were repeated if the 

threshold cycle values were greater than 35. The propeller domain of the kelch13 gene was 

amplified using the protocol of Talundzic et al. [109]. The amplified products were sent to  

Inqaba Biotechnologists (Pretoria, South Africa) for Sanger sequencing. Sequences were then 

aligned against a reference P. falciparum kelch13 gene (XM_001350122.1) using a BLAST 

search and BioEdit Software to detect poly-morphisms after codon 400 of the kelch13 gene, 

the genetic region containing the mutations associated with delayed parasite clearance in 

Southeast  Asia  [64, 66]. 
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2.3.5 Spatial data exploration and curation 

A dataset of molecular markers with clinic names was imported for cleaning and analysis into 

R Studio version 3.5.2. Coordinates and location information was secondarily added by linking 

the molecular dataset with a facility and localities location dataset maintained at the NICD that 

contained facility coordinates. 

Provincial malaria control programme information officers assisted with the identification of 

health facilities/localities data that did not match in the NICD facility database and provision of 

missing coordinates information. A few facility/locality observations (9%) lacked adequate 

information to allow for proper identification. 

For verification of the coordinates, all the matched locations were further explored using 

Google Maps. Two locations that fell outside the study area were removed, resulting in a final 

Year Number of 

mRDTs 

collected 

DNA 

successfull

y extracted 

(%) 

Number of parasite isolates analysed 

SP 

resistance 

markersa(%) 

Lumefantrine tolerance/resistance 

markers 

Artemisinin 

resistance 

markerse (%) mdrN86Yb 

(%) 

mdr1 

copy 

numberc 

(%) 

crtK76Td 

2001 195 93 (48) 93 (100) 14 (15) 12 (13) 22 (24) – 

2008 190 57 (30) 57 (100) – – – – 

2009 190 81 (42) 81 (100) 81 (100) 73 (90) – – 

2010 95 58 (61) 58 (100) – – – – 

2011 663 596 (90) 596 (100) 558 (94) 390 (65) 333 (56) – 

2012 97 97 (100) 97 (100) – – – – 

2018 963 686 (71) 655 (96) 514 (75) 482 (70) 452 (66) 532 (78) 

Total 2393 1667 (70) 1637 (98) 1167 (70) 957 (57) 807 (48) 532 (32) 

Table 1: Number of parasite isolates analysed by year and mutation marker in Mpumalanga Province, 
South Africa (2001–2018) 

RDTs rapid diagnostic tests, DNA deoxyribose nucleic acid, SP sulfadoxine–pyrimethamine 
a Mutations at codons dhfr51, dhfr59, dhfr108, dhfr164 of the dihydrofolate reductase (dhfr) gene and 

dhps436, dhps437, dhps540 and dhps581 of the dihydropteroate synthetase (dhps) genes were 

assessed 
b Mutations at codon mdr86 of the multidrug resistance 1 (mdr1) gene were assessed 
c Variations in the mdr1 gene copy number were assessed 
d Mutations at codon crt76 of the chloroquine resistance transporter (crt) gene were assessed 
e Mutations at 25 codons in the propeller domain of the kelch13 gene were assessed 
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dataset comprising 90 locations and 1658 (73%) observations from the molecular marker 

dataset. 

2.3.6 Spatial analysis 

Using ArcMap 10.6.1, the molecular markers dataset was linked to the curated location 

coordinates to produce the spatial dataset. All country and sub-level shapefiles were obtained 

from an open-source platform of the latest Database of Global Administrative Areas (GADM 

version 3.6 released on 6 May 2018) [110]. All coordinates were assumed to have been based 

on the WGS 1984 coordinate system, and the Esri Display XY dialogue was used to integrate 

longitudes and latitudes of the localities on the maps. 

Four important themes in defining molecular markers dictated the choices of colours and 

legend, namely tolerant, mixed, sensitive or being absent. Colour-friendly choices were picked 

from the colour brewer’s toolkit [111]. Graduated symbols of equal proportions were also used 

throughout the maps for denoting the sample size of the markers involved for each locality to 

enhance interpret- ability [112]. 

2.3.7 Ethics approval 

Approval for this study was obtained from the Mpumalanga Provincial Department of Health 

(MP_2015RP53_229), and the University of Witwa tersrand Human Research Ethics 

Committee: Medical (M160229). It also met the criteria for studies of routinely collected data 

of the Ethics Review Board of Médecins Sans Frontières. 

2.4 Results 

2.4.1 Plasmodium DNA isolates 

The number of malaria-positive RDTs submitted for analysis increased over the study period, 

from under 200 per year between 2001 and 2010, to 663 in 2011 and 963 in 2018 (Table 1). 

Overall, parasite DNA was successfully extracted and amplified from 70% (1667/2393) of the 

malaria-positive RDTs received for analysis. Between 2001 and 2009, DNA was successfully 

extracted from 40% of the RDTs received, increasing to 61% in 2010 and consistently over 

70% between 2011 and 2018. Method of DNA extraction did not appear to influence the 

success of DNA extraction. 

2.4.2 Artemisinin resistance marker prevalence 

Presence of the kelch13 artemisinin resistance markers could be determined in 78% (532/686) 

of the samples from which parasite DNA was extracted in 2018. Not one of the 25 

polymorphisms confirmed or suspected to be associated with delayed parasite clearance in 

Southeast Asia was detected in these samples (Figure 8j). 
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2.4.3 Lumefantrine tolerance marker prevalence 

Prevalence of the pure mdr86N wild-type allele (associated with lumefantrine tolerance but 

CQ and AQ sensitivity) increased significantly over the study period (p < 0.0001), from 57% 

(8/14) in 2001 to 59% (48/81) in 2009 and 91% in 2011, reaching fixation (100%, 514/514) by 

2018 (Figures. 8a–c and 9a). Although the prevalence of the pure mdr86N wild-type allele was 

similar in 2001 and 2009, there was a sharp increase in mixed mdrN86Y alleles from 7% (1/14) 

to 39.5% (31/81) over this period (Figure 9b). Thereafter the prevalence of the mixed mdrN86Y 

alleles decreased markedly, with no mixed alleles detected in the 2018 samples (Figures 8c 

and 9b). No variation in mdr1 gene copy number was observed in any sample analysed over 

the study period. 

At baseline (2001), only 18% (4/22) of the samples analysed carried the crt76K wildtype allele 

(Figures 8d and 9a) associated with lumefantrine tolerance. However, prevalence of this allele 

increased significantly to 75.7% (252/333) in 2011 (Figures 8e and 9a) and reached fixation, 

being present on all 452 samples analysed in 2018 (p < 0.001; Figures 8f and 9a). Mixed crt76 

alleles were rare, only detected in 2011 (Figures 5e, f and 9c). Over the study period isolates 

carrying the crt76K wild-type allele were over 10 times more likely to carry the mdr86N allele 

(OR: 10.67; 95% CI 5.5–20.7; p < 0.0001), with all 452 samples assayed for the crt76 mutation 

in 2018 carrying the wildtype mdr86 allele. 

2.4.4 SP resistance marker prevalence 

The dhfr triple haplotype (codons dhfr51I, dhfr59R and dhfr108N) associated with 

pyrimethamine resistance increased significantly (p < 0.0001) over the study period, from 80% 

(74/92) in 2001 to 99% (653/658) by 2018 (Figure 10a). This paved the way for parasites 

carrying the dhps double mutation to increase more steeply during the study (p < 0.001) from 

14% (13/93) in 2001 to 97% (635/655) in 2018, which was mirrored by the SP quintuple 

mutation increasing from 14% (13/93) in 2001 to 96% (630/655) in 2018 (Figures 8g–i, 10a); 

p-values < 0.001 for both. Mixed dhps437 and dhps540 alleles were seldom detected at the 

start of the study, with most isolates carrying the dhps437A and dhps540K wild-type alleles 

(Figure 10b, c). Over the study period the prevalence of both the mixed, as well as mutant 

dhps437 and dhps540, alleles increased (Figures 10b, c). Mixed dhps437 alleles peaked at 

41% in 2011 but declined to 30% by 2012 (Figure 10b). In contrast, mixed dhps540 alleles 

continued to increase over the study period, constituting 38% of all dhps540 alleles analysed 

in 2012 (Figure 10c). However, by 2018 mixed alleles were extremely rare with over 97% of 

the samples analysed carrying pure mutant dhps437 and dhps540 alleles (Figure 10b, c). 

Mutations at codons dhfr164 and dhps581 were not detected in any of the samples tested. 
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a  a 

Figure 8: Spatial and temporal changes in the prevalence. 

a–c mdr86ASN lumefantrine tolerance marker, d–f crt76LYS lumefantrine tolerance marker, g–i the 
quintuple SP resistance marker and k the kelch13 markers in Ehlanzeni District, Mpumalanga 
Province, South Africa. 
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Figure 9: Prevalence of mdr86Y, mdr86N, 
mdrN86Y, crt76T, crt76K and crtK76T 
 
 a: Prevalence of the mdr86Y and crt76T mutations 
in Plasmodium falciparum isolates from Ehlanzeni 
District, Mpumalanga Province, South Africa, by 
year (2001–2018). Mutations at both codons were 
assessed in 2001, 2011 and 2018, with mutations 
in the mdr1 gene also assessed in 2009, b changes 
in the prevalence of pure wild-type mdr86N, pure 
mutant mdr86Y and mixed mdrN86Y alleles 
(2001–2018) and c prevalence of pure wild-type 
crt76K, pure mutant crt76T and mixed crtK76T 
alleles (2001–2018). 

 

 

Figure 10: Prevalence of dhfr triple, dhps double and 
SP quintuple mutations  
 
a. Prevalence of dhfr triple, dhps double and SP 
quintuple mutations in Plasmodium falciparum 
isolates from Mpumalanga Province, South Africa, by 
year (2001–2018), b changes in the prevalence of 
pure wild dhps437A, mutant dhps437G and mixed 
dhpsA437G alleles (2001–2018) and c pure wild 
dhps540K, mutant dhps540E and mixed dhpsK540E 
alleles (2001–2018).                                                                                        
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2.5 Discussion 

The rapid selection of malaria parasites resistant to first-line antimalarials is of great concern 

to the affected communities, clinicians, malaria researchers, and malaria control specialists. 

Regular drug efficacy monitoring using therapeutic efficacy studies or molecular resistance 

marking has been recommended by the WHO to enable early detection of emerging resistance 

and facilitate prompt policy changes before therapeutic efficacy falls below 90% [75]. Data 

presented here describe the first long-term study in Mpumalanga Province, South Africa, 

assessing temporal trends in antimalarial resistance marker prevalence. 

Over the 18-year study period, parasites carrying the mdr86N and crt76K wild-type alleles 

associated with lumefantrine tolerance were strongly selected for,  with all parasites analysed 

in 2018 carrying these wildtypes alleles. Similar selection for lumefantrine tolerance has been 

observed across Africa, particularly where artemether–lumefantrine is first-line treatment 

[113]. Parasites with the mdr86N wild-type allele have been shown to be more likely to 

recrudesce after artemether-lumefantrine treatment compared to parasites with the mdr86Y 

mutant allele [114] and are more able to survive exposure to considerably higher lumefantrine 

concentrations if they also carry the mdr184F and mdr1246D alleles [115]. Despite the 

increased wild-type mdr86N allele prevalence, amplification of mdr1 gene copy number, linked 

to artemether–lumefantrine treatment failures in Southeast Asia [108], was not observed in 

this study and is rare in Africa [113], suggesting an alternative mechanism may be associated 

with lumefantrine resistance in Africa. It is possible that the strong selection for mdr86N and 

crt76K wildtype alleles was driven by a reduction in CQ drug-pressure, as previously seen in 

Malawi [116]. However, as CQ has not been used in Mpumalanga since 1997 [99] and the 

significant increases in mdr86N and crt76K wildtype haplotypes were only observed after 

artemether–lumefantrine had been deployed in the province, the selection for these alleles in 

Mpumalanga is most likely driven by lumefantrine drug pressure. 

In spite of the increased pressure on the artemisinin component, given reduced lumefantrine 

susceptibility and artemisinin-resistant parasites now being reported from India [83] as well as 

six other countries in Greater Mekong sub-region [36], artemisinin resistance has not yet been 

established in Africa. However, there have been reports of decreased artemether-lumefantrine 

efficacy from certain African countries [117, 118], raising concerns over the therapeutic 

longevity of artemether-lumefantrine, the most widely recommended ACT in Africa and first-

line antimalarial treatment in all southern African countries [74]. Artemether-lumefantrine 

therapeutic efficacy data from a multi-year, multi-centre study assessing the safety of single 

low-dose primaquine in Mpumalanga Province reported a 100% PCR-corrected adequate 

clinical and parasitological response [119]. However, the majority of the study participants 
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were adult Mozambicans, who most likely had acquired some immunity to malaria due to the 

higher transmission intensity in that country. It is plausible that this acquired immunity 

contributed in part to the high cure rate, highlighting the need for regular drug efficacy 

monitoring in South Africa and other low transmission countries, where acquired immunity in 

locally transmitted cases is unlikely. 

Concurrently with selection for lumefantrine tolerance, was a strong selection for parasites 

carrying the SP quintuple mutation associated with SP treatment failure. Molecular resistance 

studies from South Africa [120], Mozambique [80, 91] and Malawi [121] have confirmed that 

ACT (artesunate plus SP and artemether-lumefantrine) deployment has not halted the 

selection of molecular markers associated with SP treatment failures. In Gaza Province, 

Mozambique, which borders Mpumalanga Province, SP quintuple mutation prevalence neared 

80% in 2010 despite the ACT, artemether-lumefantrine, being first-line treatment in that 

country since 2008 [91]. A similar pattern was observed in Malawi, where almost all parasites 

analysed carried the SP quintuple mutation 5 years after SP had been replaced by an ACT as 

the antimalarial of choice [120]. Possible reasons for the continued selection of SP resistance 

markers include sustained regional drug pressure due to the continued use of SP for 

intermittent preventive treatment (IPT) primarily in pregnancy in many southern African 

countries with higher intensity malaria transmission [74], and/or cross-resistance resulting 

from the widespread use of cotrimoxazole, an antifolate-sulfonamide drug combination similar 

to SP, as prophylaxis against opportunistic infections in people living with HIV/AIDS [122]. 

Strengthening of the malaria surveillance system in Mpumalanga Province since 2010 has 

positively impacted the quantity and, more importantly, quality of the RDTs received for 

analysis. Regular refresher training on administration and interpretation of RDTs results, 

together with the implementation of guidelines for the packaging (packaged in zip-lock packets 

with desiccant) and transportation (routine scheduled sub-mission) of used RDTs as part of 

this system strengthening has resulted in a significant increase in parasite DNA successfully 

extracted from the RDTs. Although other researchers in Africa have previously used RDTs as 

source of parasite DNA for antimalarial resistance detection [123–125], this is one of the first 

studies to use RDTs from a programmatic and operational level for routine antimalarial 

resistance marker surveillance. This study, therefore, re-enforces the usefulness of RDTs as 

a source of parasite DNA in resource-limited rural settings where collection and appropriate 

storage of blood samples may not be feasible. 

Unfortunately, as the archived RDTs used in this study contained no patient identifiers it was 

not possible to link haplotype to a clinical outcome and/or patient characteristics, limiting the 

immediate clinical impact of the resistance marker data generated. This shortcoming is being 
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addressed with the roll-out of the smart surveillance for malaria elimination initiative in 

Mpumalanga, where resistance data will be linked to anonymised patient data in almost real-

time. In line with the revised WHO surveillance guidelines [126], the provincial malaria control 

teams attempt to follow up all notified malaria cases to ensure cure and drug compliance. 

However, the majority of malaria cases occur in the large mobile and migrant populations on 

the border with Mozambique. This, together with well over 1000 cases annually, precludes the 

integrated therapeutic efficacy studies recommended by the WHO [126] for use in low-

transmission, pre-elimination settings. 

Maps displaying the prevalence and spatial–temporal distribution for resistance markers will 

be regularly generated to help inform policy in the province. More importantly, containment 

efforts can be rapidly targeted at the individual and appropriate community level (based on 

residential and source location) should the first case of artemisinin resistance be identified in 

this part of southern Africa. To ensure South Africa is able to respond rapidly to any emerging 

antimalarial resistance parasites, routine surveillance using RDTs should be expanded to the 

other two malaria-endemic provinces as a matter of urgency. 

2.6 Conclusion 

This study highlights the feasibility and suitability of using RDTs as a source of parasite DNA 

for routine antimalarial resistance surveillance particularly in rural, low-prevalence, resource-

strained settings with malaria occurring mostly in mobile and migrant populations. The 

regionwide sustained deployment of artemether-lumefantrine has conferred a strong selective 

advantage to lumefantrine-tolerant parasites (carrying the wild-type mdr86N and crt76K 

alleles), enabling them to become the dominant parasite-type circulating within the southern 

African region. This rise in lumefantrine tolerance has increased the burden on the artemisinin 

component to clear the parasite load, which has the potential to increase the risk of artemisinin 

resistance and threaten the sustained efficacy of artemether-lumefantrine. Sustained, rigorous 

surveillance for molecular markers of antimalarial resistance is recommended to allow for the 

early detection of resistance, informing treatment policy and facilitating prompt containment 

efforts should any case of artemisinin resistance be identified. This is essential, given the 

devastating impact both CQ and SP resistance have had historically in southern Africa, and 

the malaria epidemiological similarities between this region and the areas in the Greater 

Mekong sub-region where resistance to widely used antimalarials, including artemisinins, first 

emerged. 
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86 of the P. falciparum multi-drug resistance gene 1; NICD: National Institute for 

Communicable Diseases; PCR: polymerase chain reaction; PHC: primary health care 
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mutation: presence of both the dhfr triple and dhps double mutations. 
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3.1 Abstract 

3.1.1 Background 

Independent emergence and spread of artemisinin-resistant Plasmodium falciparum malaria 

have recently been confirmed in Africa, with molecular markers associated with artemisinin 

resistance increasingly detected. Surveillance to promptly detect and effectively respond to 

anti-malarial resistance is generally suboptimal in Africa, especially in low transmission 

settings where therapeutic efficacy studies are often not feasible due to recruitment 

challenges. However, these communities may be at higher risk of anti-malarial resistance. 

3.1.2 Methods 

From March 2018 to February 2020, a sequential mixed-methods study was conducted to 

evaluate the feasibility of the near-real-time linkage of individual patient anti-malarial 

resistance profiles with their case notifications and treatment response reports, and map these 

to fine scales in Nkomazi sub-district, Mpumalanga, a pre-elimination area in South Africa. 

3.1.3 Results 

Plasmodium falciparum molecular marker resistance profiles were linked to 55.1% 

(2636/4787) of notified malaria cases, 85% (2240/2636) of which were mapped to healthcare 

facility, ward and locality levels. Over time, linkage of individual malaria case demographic and 

molecular data increased to 75.1%. No artemisinin resistance validated/associated kelch13 

mutations were detected in the 2385 PCR positive samples. Almost all 2812 samples 

assessed for lumefantrine susceptibility carried the wildtype mdr86ASN and crt76LYS alleles, 

potentially associated with decreased lumefantrine susceptibility. 

3.1.4 Conclusion 

Routine near-real-time mapping of molecular markers associated with anti-malarial drug 

resistance on a fine spatial scale provides a rapid and efficient early warning system for 

emerging resistance. The lessons learnt here could inform scale-up to provincial, national and 

regional malaria elimination programmes, and may be relevant for other antimicrobial 

resistance surveillance. 

Keywords:  Artemisinin resistance, kelch-13, lumefantrine, Plasmodium falciparum, Africa, 

spatiotemporal model, malaria 

 

3.2 Background 

Malaria has been declining globally, with a 50% reduction in malaria cases and an 84% 

reduction in malaria deaths from 2000 to 2015 [127]. Unfortunately, there has been no 
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significant progress in reducing the global malaria burden since 2015 [128]. The emergence 

of SARS-CoV-2 threatens to reverse any such progress. The World Health Organization 

(WHO) estimates an additional 47,000 deaths in 2020 linked to pandemic-related disruptions, 

with the WHO African region accounting for the majority of these additional cases [129]. The 

emergence and spread of anti-malarial drug resistance threaten malaria control and 

elimination efforts, especially in Southeast Asia (SEA), where parasites resistant to 

artemisinin-based combination therapy (ACT) have been confirmed in at least five countries 

[130, 131], with resistance markers also reported in China-Myanmar border [132] and eastern 

India [133].  The majority of SEA countries have low to very low malaria transmission 

intensities (and thus populations are non-immune), with infections occurring primarily in highly 

mobile populations along international borders. Several malaria-endemic southern African 

countries now have similar epidemiological profiles, placing them at increased risk for the 

emergence of artemisinin (and partner drug) resistance [134, 135]. In sub-Saharan Africa, 

mutations in the Plasmodium falciparum kelch 13 gene (k13) associated with artemisinin 

resistance have been identified in Central (Democratic Republic of Congo) [136], Eastern 

(Kenya, Rwanda and Tanzania) [136–139] and Western Africa (Ghana, Mali and Nigeria) [139, 

140], with phenotypic evidence of artemisinin resistance (delayed parasite clearance) recently 

confirmed in Rwanda [141] and Uganda [142]. Moreover, Cabo Verde, Eritrea and Ghana were 

identified as having more than 5% K13 mutations. More importantly, the K13 561HIS mutation 

in Rwanda [141] and the 469TYR and 675VAL mutations in Uganda have been documented 

in up to 20% of infected individuals [143]. These three mutations have been associated with 

reduced efficacy to artemisinin both in-vitro and in-vivo [138, 142, 144]. Recent studies have 

demonstrated the independent emergence of artemisinin resistance molecular markers in 

Guyana [145], and the presence of novel K13 mutations in Brazil [146] and Colombia [147]. In 

their 2021 systematic review of K13 markers frequencies in Africa, Ndwiga et al. highlighted 

the fact that while many African countries were able to identify the K13 resistance markers 

using genomic analyses [148], this genomic surveillance was rarely linked to a public health 

surveillance system.  

Robust drug resistance monitoring is a significant challenge, especially in low to moderate 

malaria transmission settings. While therapeutic efficacy studies (TES) are more feasible in 

moderate-to-high transmission areas where the required sample sizes can readily be 

achieved, low and very low transmission settings face recruitment challenges due to fewer 

malaria cases leading to prolonged study duration, multiple study sites and increased study 

costs. In such settings, the WHO recommends integrated drug efficacy surveillance (iDES), 

integrating surveillance of anti-malarial drug efficacy within malaria case-based surveillance 

[149]. However, resource constraints limit follow up of all malaria cases. This is seldom 
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feasible for mobile and migrant populations, so many low transmission countries fail to monitor 

anti-malarial efficacy adequately. As of April, 2022, only China [150] and Thailand [151] had 

published iDES results since its recommendation in 2018 [152]. As countries move towards 

malaria elimination, many of those with low to very low case numbers need alternative anti-

malarial drug resistance surveillance methods. Surveillance of molecular markers associated 

with drug resistance collected in different clinical trials and observational research has proved 

useful. However, these studies are generally short-term and are conducted in a few sites 

where they are not repeated regularly enough to track resistance trends over longer time 

periods [153]. Integrating sample collection for monitoring molecular resistance markers into 

routine malaria case surveillance by national malaria programmes has been suggested as a 

suitable alternative to provide early warning of emerging resistance [154–156]. Such 

molecular marker surveillance using routine data could then trigger and target transmission-

blocking interventions, such as single low dose (SLD) primaquine and foci clearing, and 

confirmatory therapeutic efficacy studies needed to inform the effective anti-malarial treatment 

policies essential for achieving elimination. In a case of imported malaria, the malaria 

programme at the source of the infection can also be informed to trigger and target similar 

interventions in the source community. 

Health information systems used in malaria, such as “District Health Information System 2” 

(DHIS2), have functionalities that display maps at the ward, district, province, or national 

malaria programme levels. Whether thematic or modelled, the accuracy of a map depends on 

the accuracy and reliability of the source data [19–21]. While the need for maps showing the 

distribution of parasites (malaria cases), vectors and vector breeding sites and prevalence of 

insecticide and anti-malarial resistance was realized more than two decades ago, data 

verification, quality assessment and consideration of malaria programme needs to make these 

malaria maps user-friendly have rarely been included [157]. 'Human-centred design' is a part 

of design thinking that incorporates users in the design process [35,36].  The co-designing 

pathway allows a flow of knowledge to both designers and users from development to 

deployment [159]. Analysing trends in routine data and reviewing results together with the end-

users can help improve the data by informing the co-development of tools and resources 

needed to appraise and enhance data quality, and "Make Data Map-worthy".  

In South Africa, all suspected malaria cases should have a definitive diagnosis confirmed by 

malaria rapid diagnostic test (RDT) or microscopy before treatment is administered [160]. In 

pre-elimination settings, the Malaria Elimination Programme (MEP) implements both proactive 

case detection (screening populations at highest risk, such as migrant and mobile 

populations), as well as reactive case detection (in households surrounding of an index cases’ 

residence), in addition to passive case detection of patients presenting to health care facilities 
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[161]. The Mpumalanga MEP has stratified Nkomazi sub-district as being in the pre-elimination 

phase, and has piloted two interventions to enhance monitoring of anti-malarial efficacy and 

advance malaria elimination. The first was Smart Surveillance for Malaria Elimination 

(SS4ME), which started in February 2018, and comprised the collection of RDTs (and, 

wherever possible capillary blood filter paper samples) for tracking molecular markers of anti-

malarial resistance. The second was the programmatic roll-out of single low dose primaquine 

recommended by the WHO for malaria transmission blocking [161], in addition to routine 

treatment of uncomplicated malaria with the artemisinin-based combination therapy, 

artemether-lumefantrine (AL) [160]; this included WHO recommended follow up of treatment 

adherence and response during malaria case investigations (from January 2019).  

The present study aimed: 1) to map linked patient demographic, clinical and drug resistance 

profiles in order to identify areas where additional surveillance or containment efforts are 

needed; 2) to evaluate and quantify the feasibility of this approach, which led to the 

development of data improvement tools and activities to better meet the needs of the MEP; 

and 3) to optimise spatial and temporal maps for use by policymakers in local, provincial and 

national malaria programmes in South(ern) Africa.   

3.3 Methods 

3.3.1 Design 

A sequential explanatory mixed-methods approach, with iterative quantitative and qualitative 

methods, was used from March 2018 to February 2020 to optimise maps that linked patient 

demographic, clinical and drug resistance profiles in order to identify areas where additional 

surveillance and / or containment efforts are needed. The quantitative component was 

grounded in the post-positivist theory, where a descriptive and exploratory spatiotemporal 

analysis was conducted, using trend and time-series decomposition analyses [162] to define 

spatial and temporal patterns for data linkage and mapping [163]. The qualitative component 

used a pragmatist approach with co-design techniques to innovate and implement tools to 

bridge gaps identified from the ongoing spatiotemporal activities and analysis. The MEP and 

study team worked together iteratively to improve the information system, data architecture 

and maps produced.  

The quantitative component included data aggregations, curation, and analyses to generate 

data visualisations. These visualisations and summaries of the analyses were shared monthly 

with the MEP. The study team then worked with the MEP to design activities, tools and training 

to enhance data quality and improve surveillance metrics, including coverage, accuracy and 

linkage (Figure 11). Data were grouped monthly and quarterly to estimate trends. Monthly 
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evaluations focused on measuring changes in data from the health information system over 

time. Quarterly evaluations were used to compare the flow of data and accuracy of GPS 

coordinate data over time.  

Spatiotemporal information in the malaria routine case data was used to produce draft maps 

of malaria incidence and prevalence of molecular markers of resistance. These maps were 

then presented to the provincial malaria team to evaluate their ‘understandability’, using semi-

structured interviews and feedback meetings. These understandability assessments fed back 

iteratively into the analysis and co-design process until the final maps were agreed upon 

between researchers and the MEP. This optimisation process involved repeatedly deploying 

and updating the tools and maps produced to enhance routine data and optimise the maps 

generated. 

 

Figure 11: Making data map-worthy study design. 

Chart showing different iterations of data curation and map optimisation. Orange and blue colours 
show quantitative and qualitative methods, respectively. Solid lines indicate analysis and 
optimisation pathways, while dashed lines show the iteration pathway. NMC notifiable medical 
condition, HIS health information system, RDT malaria rapid diagnostic test, PCR polymerase 
chain reaction, MMR molecular markers of resistance. 

 

3.3.2 Study setting 

While most of South Africa is considered malaria-free, approximately 5 million South Africans 

(10% of the country's population) reside in the malaria-endemic areas of Mpumalanga, 

Limpopo, and KwaZulu-Natal provinces [164]. Most malaria cases in South Africa are 

imported, with some local transmission occurring in the low-altitude [165] international border 
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regions shared with Botswana, Eswatini, Mozambique and Zimbabwe. Malaria transmission 

in South Africa is seasonal, occurring mainly during the summer rainy season (September to 

April) [166].  

This study was conducted in Nkomazi Sub-District, a pre-elimination area in Mpumalanga 

province, South Africa. All individuals identified using either proactive, active or passive case 

detection were tested for malaria using a falciparum-specific, histidine-rich protein 2 (HRP2)-

based RDT, and positive cases were included whether or not they were symptomatic [160]. 

As per the national treatment guidelines, those with asymptomatic or uncomplicated malaria 

are treated with the WHO recommended weight-based 3-day artemether-lumefantrine (AL) 

(Coartem®) regimen [160]. AL has been used in the study area since 2007 [153, 160, 165]. 

Additionally, all consenting malaria-positive patients, excluding pregnant women, 

breastfeeding mothers and children under 10kg or one year of age, are given a single low 

dose of primaquine (0.25 mg base/kg (15 mg base adult maximal dose) [167–169]. An 

additional dried blood spot (DBS) on filter paper (Whatman Paper No 1) was collected from 

RDT malaria positive patients by dabbing the remaining blood at the RDT finger prick site, 

then labelled, barcoded and sent to the National Institute for Communicable Diseases (NICD) 

in Johannesburg, South Africa, together with its respective positive RDT cassette, for anti-

malarial resistance marking [170]. An additional 10% of the negative RDTs were collected and 

sent to the NICD for quality assurance. 

As malaria is a notifiable condition in South Africa, demographic and malaria case information 

collected at the malaria diagnosis and treatment initiation phase are reported on the Notifiable 

Medical Condition (NMC) form or mobile application. If reporting is paper-based, forms are 

collected by a MEP case investigator assigned to that healthcare facility, ideally within 24 hours 

of diagnosis and delivered to the sub-district malaria office for data quality verification and data 

capture. Within 24-72 hours of case notification, case investigators should visit the malaria 

patient's household for in-depth case investigation to assess for the presence of malaria risk 

factors (e.g., last indoor residual insecticide spraying of that household or nearby mosquito 

vector breeding sites) and to conduct contact tracing and testing. During these case 

investigations, the household's GPS location coordinates are recorded, and the case 

investigation form completed. The malaria treatment adherence and response information 

(including any side effects) is captured as part of the case investigation using supplementary 

Guide S1 (p 146). Once completed these forms are submitted to the sub-district malaria office 

for quality checking and electronic capture into the DHIS2.  
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3.3.3 Data 

3.3.4 Malaria case data 

Malaria case data consisted of NMC, case investigation and treatment adherence and 

response forms as individual case records captured on paper or electronically, and 

downloaded from the DHIS2.  

Geospatial data 

The geospatial data consisted of four types. Firstly, each patient’s residential address and 

GPS coordinates were sourced from both MEP android tablets/handheld GPS devices and as 

recorded in DHIS2. Secondly, population settlement shapefile data were obtained from a) the 

Ehlanzeni District Municipality, and b) the open-source Global Administrative Areas website 

for South Africa [48]. Thirdly, a list of locality addresses of malaria cases were obtained from 

the Mpumalanga MEP office, curated and validated using Google Maps. Lastly, the modelled 

Facebook population of South Africa density raster was downloaded from The Humanitarian 

Data Exchange (HDX v1.52.1) [49].  

Laboratory data 

Parasite DNA was extracted from the RDTs and DBS using the Qiagen DNA mini extraction 

kit (Qiagen, Germany), according to the manufacturer’s instructions. When both the RDT and 

accompanying DBS were available, DNA was extracted from both sources in a single reaction. 

The extracted DNA was subjected to multiplex PCR to confirm Plasmodium species[50]. To 

assess possible decreases in lumefantrine susceptibility, samples containing only P. 

falciparum parasites were subjected to conventional PCR and endonuclease cleavage [172] 

to detect polymorphisms at codons 72-76 of the chloroquine resistance transporter (crt) [173] 

and codon 86 of multi-drug resistance 1 (mdr1) genes [174]. Codons were classified as pure 

sensitive, pure mutant or mixed (both mutant and sensitive genotypes present in an individual 

patient’s sample). Genotyping assays were run in duplicate, with a third assay performed on 

any discordant results. When calculating overall prevalence of infections with mutant 

genotypes, codons with mixed genotypes were grouped with pure mutant codons. The copy 

number of the mdr1 gene was assessed using quantitative PCR (qPCR), with primers, probes 

and qPCR cycling conditions previously described [174]. Every qPCR run contained three 

reference DNA samples from D10 and Fac8 clones, having an mdr1 copy number of one and 

three respectively, as well as a no-template control. Assays were repeated if the threshold 

cycle values were greater than 35. For the assessment of artemisinin resistance, the propeller 

domain of the K13 gene was amplified as previously described [53]. The amplified products 

were sent to Inqaba Biotechnologies (South Africa) for Sanger sequencing. Sequences were 
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then aligned against a reference K13 gene (XM_001350122.1) using a BLAST search and 

BioEdit Software [54] to detect polymorphisms in 27 codons associated with delayed parasite 

clearance in South East Asia [177]. Molecular data were compiled monthly and shared with 

study investigators for further curation and analysis. Results were presented to the 

Mpumalanga MEP monthly and quarterly for them to take timely action with investigation and 

response in the event of any significant resistant mutations. 

3.3.5 Definition of metrics 

 Coverage 

Four measures of coverage were used: 1) percentages of malaria cases with blood samples 

taken (RDT/DBS), 2) percentages of cases assigned a correct barcode (necessary for linkage 

of laboratory results to NMC data), 3) percentage of cases investigated and 4) percentages of 

investigated cases with GPS coordinates relative to all reported malaria notifications captured 

in the DHIS2. 

Accuracy 

Two measures of accuracy used were: 1) percentage of investigated cases with GPS 

coordinates falling within the study’s residential areas, and 2) percentages of notified cases 

with correctly formatted barcodes, calculated monthly and quarterly.  

Linkage 

This was measured using the percentage of cases with accurate barcodes linked to the NMC 

data, the molecular markers results data and accurate GPS coordinates at health facility, ward, 

locality, and household levels.  

3.3.6 Study procedures 

The accuracy, coverage and ability to link the malaria notifications to the case investigation, 

laboratory data and drug report data was evaluated using monthly timelines. Data from DHIS2 

was downloaded monthly from the malaria programme and shared with the project team for 

curation and analysis. A checklist was used to record the settings of each MEP GPS device, 

and their data was downloaded for further analysis. All data were securely downloaded, 

encrypted and transferred to the password-protected study computer for further compilation 

and analysis.  

3.4 Analysis 

All data analyses were conducted using R programming language (versions 3.6 and 4.0) and 

Esri ArcGIS ArcMap (version 10.8). The analysis focused on data linkage, spatiotemporal 
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trends in molecular marker and usability assessments. Coverage, accuracy and linkage 

metrics were used as units of analysis for temporal trends in the numbers of malaria cases 

reported, malaria cases investigated, the laboratory received samples, and post-treatment 

case investigation reports.  

3.4.1 Trend analysis  

Monthly percentages were calculated using the monthly reported malaria case totals as the 

denominator. Time-series decomposition was used to evaluate for the non-stationarity of data 

and account for trend (t), seasonality (s) and random noise (r) [56]. Loess regression was used 

to obtain the optimum distribution and the 95% confidence margins of the trend (Figures 

S10(a) p 131, S11(a) p 132 and S12(a) p 133). This time series was further decomposed to 

evaluate trend, seasonality and random errors using Sen's slope and Mann-Kendall test 

[39,57]. Seasonality was further explored using box plots. 

3.4.2 Molecular markers analysis 

The classification of the 27 K13 mutations after codon 400 assessed in this study was guided 

by the WHO [58,59] and the Worldwide Antimalarial Resistance Network (WWARN) [177]. The 

2020 WHO categories of 'validated', 'associated/candidate', 'not associated' or 'wild type' were 

used [59]. The 'wild type' parasite was renamed to 'sensitive' for further clarity. Mutations at 

codon 86 of the mdr1 gene and codon 76 of the crt gene together with increases in mdr1 gene 

copy number were assessed to determine susceptibility to lumefantrine. Parasites with the 

mdr86ASN and crt76LYS alleles but no increase in mdr1 copy number were categorised as 

less susceptible (or tolerant) to lumefantrine, while those with an increased mdr1 copy number 

considered lumefantrine resistant.  

3.4.3 Spatial and usability analysis 

All shapefile data and residential coordinates from malaria cases were converted to the 

HartebeestHoek94 Datum coordinate system and projected to the Universal Transverse 

Mercator zone 32 [60]. Two draft maps were then drawn to display 1) thematic maps for the 

distribution of malaria cases by ward and 2) density maps of cases distributed by settlement 

within their ward boundaries. Twenty-four case investigators, with between 1 and 24 years’ 

experience working in Nkomazi sub-district, reviewed both maps to identify and label the 

Nkomazi wards (administrative level four). Feedback obtained from malaria case investigators 

was used to develop malaria case distribution maps and evaluate the shapefiles. 

Thematic maps of the distribution of malaria cases by ward were produced using a spatial join 

tool linking GPS coordinates to the sub-district polygon. All cases falling in the same ward 

were summed, and an equal-interval scale and continuous colour ramp were used for 
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displaying the distribution of cases by ward. Density maps of malaria cases per 1000 

population were produced using kernel density estimation at 1 x 1 km and 0.5 x 0.5 km grids 

with a buffer around the sub-district polygon of 1 km and 0.5 km, respectively. The two grids 

were purposely selected for comparison. The Kernel density estimation used Quartic 

implementation as per the formula below:  

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
1
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where: 

• i = 1,…,n are the input points. The sum of points was used if they were within the radius 

distance of the (x,y) location. 

• popi is the population value of point i. 

• disti is the distance between point i and the (x,y) location [163].  

Feedback was obtained from the case investigators using semi-structured interviews to 

assess if the maps were well understood and whether the distribution of malaria cases 

corresponded with their local knowledge. A case-based orientation was used to optimize the 

maps to arrive at the most correct and easily understood versions.  

 

Descriptive exploratory proximity analysis was further conducted on residential coordinates to 

ascertain the probability of these locations falling in the actual residential area (within 0.5 x 0.5 

km) at a given time (t). Two types of analyses were used. Firstly, for identifying the progress 

of the accuracy and distribution of the malaria case residential coordinates over time, a time-

series line using Loess regression was plotted, as were maps to assess the distribution of the 

coordinates. Secondly, the quadrats of the observed malaria cases at 0.5 km radius compared 

to expected cases were analysed by a Poisson process using the known malaria incidence 

and population settlement data to obtain likelihood ratios and Chi-square test. To assess the 

sparsity of malaria case residential data, average nearest neighbour analysis was used to 

explore for precision in the GPS coordinate dataset. 

3.5 Results 

3.5.1 Malaria notification, case investigation, drug adherence and response 

reports 

From 1 March 2018 to 28 February 2020, 4787 malaria cases were notified in Nkomazi sub-

district. All cases were definitively diagnosed using RDTs, with 98% (n=4673) treated as 

outpatients. The probable source of infection for 73% (n=3486) of the cases could be 

identified, with 96% of these classified as imported cases (i.e. source of infection outside South 
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Africa). Of the 2531 cases with a reported date of diagnosis, the majority (80%) presented at 

health facilities within two days of symptom onset. Altogether, 78.5% (n=3758) of cases were 

investigated and GPS coordinates captured (Figure 10). Treatment adherence and response 

reports were introduced from January 2019 (Figure S10 p 131), whereafter, of 2464 cases 

investigated, 61% (n=1510) had the treatment adherence and response report completed. 

Overall, 72% (1793/2507) of cases were investigated within 24 hours (and 75%, 81%, 87%, 

and 92% within 3, 7, 14 and 30 days, respectively).    

Data linkage was performed at three levels, the first two at household level and the third at 

locality level. The first group linked case investigation data with accurate household GPS 

coordinates (n=1053) and RDT barcodes (n=2527), allowing 89% (n=2002) of investigated 

cases to be linked to their molecular markers of resistance results. The second group included 

treatment adherence and response reports (Guide S1 p 146), where only 50% (n=1413, Figure 

S10 p 131) of case investigations since its introduction in January 2019 could be linked to 

molecular markers of resistance results. The third group used GPS coordinates of locality 

addresses (n=2255) as an anonymised proxy for residential coordinates, where 85% (n=2240) 

of cases investigated could be linked to their individual molecular markers of resistance results 

(Figure 12).  
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Figure 12: Making Data Map-worthy data flow chart.  

A chart showing data flow from the DHIS2 (consisting of malaria notification data captured on the 
notifiable medical condition (NMC) forms and case investigation data captured on case 
investigation forms), and molecular laboratory data on molecular markers of resistance from filter 
paper dried blood spots of RDT positive malaria patients. MMR molecular markers of resistance 
results, RDT malaria rapid diagnostic test, Pf Plasmodium falciparum). 

 

Of the 6054 RDTs received by the national laboratory, 61.6% (n=3748) were reported as P. 

falciparum positive by the Mpumalanga MEP; the remainder were negative RDTs sent for 

quality control purposes. Parasite DNA was extracted, and PCR amplified from these positive 

RDTs and their corresponding filter paper dried blood spots (DBS), with 3340 (88%) found to 

be P. falciparum positive by PCR. Only samples with P. falciparum mono-infections [98% 

(n=3262)] were assessed for molecular markers of drug resistance, of which 80.8% (n=2636) 

had barcodes for linkage. 
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Figure 13: GPS coordinate coverage and accuracy. 

The coverage and accuracy of the GPS coordinates were assessed over the two-year study period 

(March 2018–February 2020). The grey bars indicate when training was conducted 

 

Figure 14: Barcode coverage, accuracy and linkage. 

The coverage, accuracy and linkage of the barcodes were assessed over the two-year study period 
(March 2018–February 2020). The grey bars show when training was conducted 
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Linkage of the molecular markers of resistance results and case notification data increased to 

72% (95%CI: 60 - 82%) at the end of the second quarter of 2019 before dropping to 47% (95% 

CI: 38-60%) in quarter one of 2020 (Figure S15 p 136). Molecular marker results could be 

linked to 99% (n=1989) of the notified cases with accurate barcodes and residential 

coordinates, and 2240 cases with accurate locality addresses and barcodes (Figures 13 and 

14).  

3.5.2 Temporal trends of the selected surveillance metrics  

As shown in Figure 12 (overall) and Figure 15 (longitudinal analysis by semester), linkage data 

increased from 12% at baseline to 54% in the final quarter. Barcoded case notification forms 

increased from 38% to 97% overall, while of RDT samples received at the NICD laboratory, 

those barcoded increased from 19% to 85% (Figure 14). The household GPS coordinate 

accuracy increased from 48% to 76% over the study period (Figure 13).  

 GPS coordinate coverage and accuracy 

Although the proportion of households with GPS coordinates (“coverage”) remained high 

throughout the study, spikes in coverage that corresponded with the months after on-site 

training were noted except following the third training. However, the accuracy of these 

coordinates increased from 48% at baseline to 89% in November 2019, with high levels of 

accuracy sustained until February 2020 (Figures 13 and S11 p 132). 

Barcode coverage and accuracy 

Over the course of the study, there was a steady increase in the percentage of accurately 

barcoded samples. Coverage and accuracy increased from an average of 5% in the first 

quarter to 80% in the last quarter, again with peaks in the months after on-site visits and 

training, except for the third training (Figures 14 and S12 p 133). Over the two study years, 

there was a steady increase in barcode recording accuracy, reaching 75% (95% CI: 64 - 85%) 

by the last quarter of 2019; however, this dropped to 64% (95% CI: 59 - 85%) in the first 

quarter of 2020 (Figure S13 p 134). 
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Figure 15: The longitudinal flow of data over the study period (March 2018–February 2020).  

Making Data Map-worthy (MDM) data flow over time from malaria case notification and laboratory 
data. The coloured bars show the totals, while the flows in grey illustrate the proportions of data that 
corresponded to the destination bar for the period. Over time, coverage, accuracy and linkage 
increased, illustrated by increased sizes of the corresponding bars for (a) March–August 2018, (b) 
September 2018–June 2019 and (c) July 2019–February 2020. (Acc. coord.: accurate residential 
coordinates, Inacc. Coord.: inaccurate residential coordinates, NMCI notifiable medical condition 
notification and case investigation data linkable / unlinkable, Mol molecular marker of resistance data 
linkable/unlinkable, Pf Plasmodium falciparum, Pm Plasmodium malariae 
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3.5.3 Spatial analysis and semi-structured evaluation of the spatial data 

Widely dispersed household coordinates were obtained in the first three-quarters of the study, 

including positive and negative coordinates (hence some coordinates in the northern 

hemisphere or ocean), as illustrated in Figure 16. Twenty-eight GPS collection devices used 

by Mpumalanga MEP case investigators were assessed. All 19 Android device GPS capturing 

applications had degrees and decimal minutes (DDD° MM.MM'), while 5/9 handheld Garmin 

eTrex-10 devices had decimal degrees and decimal minutes (DDD.DDDDo) and the remaining 

four in the format of degrees, minutes and seconds (DDD° MM' SS.S"). Standard operating 

procedures (Tool S2 p 138) were developed, which included how to set devices to decimal 

degrees, and four workshops were conducted (November 2018, January, March and July 

2019) to train case investigators on best practices for the collection of GPS data.  

 

Figure 16: GPS coordinates of the malaria case residential locations collected during case 
investigation by quarter (2018–2020). 

Distribution of GPS coordinates in the six quarters evaluated. The top three maps show some 
highly dispersed coordinates far away from the study area compared to the subsequent period 
shown in the bottom three maps. Training using SOPs in Additional file 1: Tool S2 were conducted 
in October 2018, January, March and August 2019. 

 

Overall, improvement in the accuracy and precision of coordinates was observed over the 

study period. The average nearest neighbour distance decreased from 330 km in the second 

https://malariajournal.biomedcentral.com/articles/10.1186/s12936-022-04224-4#MOESM1
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quarter to 35 km by the fifth quarter. The proportion of residential coordinates of a given 

malaria case falling within the 0.5km x 0.5km area rose from 15% (95% CI: 4 – 48%) in the 

first quarter to 88% (95% CI: 72 – 96%) by the 5th quarter. 

Of the maps generated (Figure S16a p 137), the density map of the distribution of cases by 

0.5 x 0.5 km grid was preferred by the 24 MEP staff interviewed. Problems identified in the 

thematic map (Figure S16b p 137) included colouring of the whole ward polygon while malaria 

cases are clustered only in certain areas within the wards (other areas are largely unoccupied 

farmlands or nature reserves), and not residing equally throughout the ward as shown in the 

choropleth ward map. In addition, non-familiarity with the ward demarcations was 

demonstrated by case investigators failing to label the respective wards (5/38), with duplicate 

labelling (7/38) and misplaced labels with no consensus (12/38) reported.  

3.5.4 Molecular markers of drug resistance 

Of the 3748 malaria-positive RDTs, 13% (n=477) were malaria negative by PCR, five were 

pure Plasmodium malariae and four were mixed infections (P. malariae and P. falciparum). Of 

the 2297 RDTs reported as negative by the Mpumalanga MEP, 2% (53) were found to be false 

negatives by PCR. Of the false-negative RDTs analysed, 96% (51/53) were found to be pure 

P. falciparum infections, with the remaining 4% (2/53) pure P. malariae infections by PCR.  

 Artemisinin Lumefantrine 

Marker name K13 Pf mdr186 Pf crtK76T 

Samples assayed (n) 2385 2812 2122 

Wild type 2385 (100%) 2803 (99.7%) 2121 (99.9%) 

Mutant 0(0%) 9 (0.3%) 0 (0%)    

Mixed 0(0%) 0 (0%) 1 (0.1%)     

Table 2: Prevalence of k13, mdr186 and crt76 mutations in individual patients with P. falciparum 
infections, Nkomazi Sub-District, Mpumalanga (March 2018–Feb 2020).  

Markers showing sensitive parasites include the wild type-k13, mutant-mdr186, and 
mutant/mixed crtK76T and potentially reduced susceptibility (or tolerant) markers with wild type-
mdr186 and crtK76T. 

The propeller domain of the k13 gene was successfully amplified and sequenced from 73% 

(2385/3262) of the PCR positive falciparum samples (Table 2). All sequenced samples were 

wildtype at the 27 k13 single nucleotide polymorphisms (SNPs) known to be associated with 

artemisinin resistance (delayed parasite clearance).  

Almost all the samples in which the mdr186 and crt76 SNPs could be assessed carried wild 

type mdr186ASN (99.7%, 2803/2812) and crt76LYS (99.9%, 2121/2122) alleles, respectively 

(Table 2). No increase in copy number was observed in the 1503 isolates assessed for mdr1 
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copy number. Thus, these samples were classified as potentially having reduced susceptibility 

(or tolerance) to lumefantrine, but not resistance, as shown in Figure 17.  

 

Figure 17: Distribution of confirmed malaria cases and molecular markers of artemisinin and 
lumefantrine drug “resistance” in Nkomazi sub-district, Mpumalanga (March 2018–February 2020). 
Distribution of P. falciparum malaria cases by 5 × 5 km grid, cases aggregated by facilities (pie charts), 
artemisinin Plasmodium falciparum k13 (left) and lumefantrine (right) mdr186ASN/crt76LYS 
molecular markers of “resistance”, denoted by their susceptibility. 

 

 

 

 

 

3.6 Discussion 

Over the course of this study, data was curated from 4787 notified malaria cases and 55.1% 

of these cases were linked to their individual anti-malarial drug resistance profiles and 

residential localities in Nkomazi sub-District, a pre-elimination area in Mpumalanga, South 

Africa. This pilot evaluation used an iterative framework, termed ‘Making Data Map-worthy’. 
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This is the first study utilising routine malaria surveillance data individually linked to molecular 

surveillance data to create near-real-time maps of anti-malarial drug resistance. The evidence 

generated by this pilot exemplifies the WHO recommendation to transform surveillance into a 

core intervention[149]. While most evaluations of molecular markers of artemisinin and partner 

drug resistance are from clinical trials, routine surveillance has the potential to facilitate the 

early detection of anti-malarial drug resistance in areas in which clinical trials are not feasible, 

such as low transmission intensity areas and areas where most malaria occurs in highly mobile 

and migrant populations [22, 61]. Although the WHO recommends iDES for low malaria 

transmission settings, there is little evidence of its feasibility in resource-constrained malaria 

programmes with thousands of malaria cases, particularly if most infections are among mobile 

and migrant populations. The findings from this study present a possible solution by allowing 

malaria programmes in such settings to target where and when resource-intensive 

confirmatory investigations and additional transmission-blocking interventions are needed 

[61].  

Routine malaria surveillance data were collected and assessed over two years to map any 

spatiotemporal changes in anti-malarial drug resistance molecular markers. A user-centred 

feedback approach helped to assess data quality and incorporate improvement activities into 

data collection, analysis and map creation. Understanding malaria programmatic needs to 

support public health decision-making using an integrative approach, such as user-feedback 

and co-creation, has previously been shown to assist in the take-up and sustainability of new 

interventions, especially those that involve new technology adoption [158]. The greatest 

improvements in the surveillance metrics studied were generally observed following on-site 

supervision, and were sustained at a moderately high level for seven months after the last on-

site supervision visit. Since there are no proposed analysis frameworks for evaluating routine 

location data from cohorts of infectious diseases patients, metrics were adapted from the latest 

systematic review and the WHO's Data Quality Review (DQR) framework, an expert proposed 

framework designed only for the assessment of facility-based data [62, 63]. Malaria 

surveillance data include off-facility activities such as case investigation home visits to assess 

treatment adherence and response, while seeking any mosquito vector risk factors.  

A 0.5 x 0.5 km malaria density map provided the most user-friendly representation of the 

distribution of malaria. This finding challenges the most prevalent malaria map designs, 

namely ward level thematic maps of case distribution, which show that geographical or political 

boundaries demarcate cases. Density and other modelled maps can show disease distribution 

beyond uninterrupted land borders, which relates better to how infectious diseases, such as 

malaria spread. Another advantage of the density maps in this area was the avoidance of large 

areas used for plantations and a national game reserve that lacked human settlements for 
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malaria transmission. Density maps displaying cases in a continuous land surface require 

modelling of the incidence and other key covariates that determine the distribution of cases. 

This study used the latest available human settlement data and feedback from 24 local malaria 

case investigators to validate the correct malaria case distribution in their areas.  

While only 55.1% of all reported malaria cases could be linked, overall, the iterative analysis, 

training and feedback improved the precision of collected GPS data from 15% to 88% within 

0.5 x 0.5 km grid squares. With 89% (n=2002) of investigated cases having accurate GPS 

location linked to their individual molecular marker of resistance results, it would be possible 

to target the correct geolocation of a given case for further investigation and prompt response 

within that community, should any molecular marker/s of concern be identified.  

Almost 45% of individual malaria cases and molecular data could not be linked in this study. 

To achieve optimum linkage and data curation might only be possible with the iterative analysis 

of data, identification of gaps and implementation of collaborative surveillance strengthening 

activities, in order to improve the data collection, capture, analysis and reporting cycle. 

Although this may be perceived as resource-intensive and challenging to implement in a low 

resource setting, such an investment is essential for all malaria surveillance objectives to be 

achieved, not just for promptly detecting, locating and responding to any emerging anti-

malarial drug resistance. To avoid straining the already stretched health system, further 

development of assay methods is needed to obtain an adequate yield from RDTs alone, as 

filter paper DBS requirements could potentially limit the scalability of this approach. Several 

studies have proposed the use of RDTs for parasite DNA extraction as a useful alternative to 

the current methods; however, its applicability at field level is yet to be established [65–68]. 

Even for next generation sequencing, using DBS is recommended as the DNA obtained from 

RDTs is generally insufficient and of poor quality [69]. Pooling individual patient DBS samples 

before performing a genomic analysis has been proven useful for low and high malaria 

transmission settings [70]; however, no such pooling of samples has been reported yet for 

RDTs. Morris et al. 2013 noted that when RDTs were used alone, the DNA yield was much 

lower, allowing for only a “one-shot operation” with no possibility of DNA re-extraction [66]. 

Thus, each case’s RDT and blood spot were used together in a single reaction to increase the 

parasite density, if both were present.  The DNA yield for RDT vs DBS was not quantified or 

compared in this study. 

Although numerous human and system errors were identified and corrected, especially in the 

first and second quarters, a significant proportion of the cases could not be linked to their 

resistance profile or locality. The inability to follow-up patients, particularly those among the 

highly mobile migrant populations, played a significant role in the low number of household 
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coordinates collected. Although many of the migrant cases presented at local healthcare 

clinics, most could not be followed up to geolocate their residential addresses/ward or assess 

treatment adherence and response. Undocumented migrants may be particularly likely to 

provide inaccurate contact details for the notification form, and many transit rapidly through 

endemic areas to reach major cities in non-endemic areas.  

Although the proportion of filter paper DBS samples submitted with positive RDTs increased 

over the study period to 92% in the final quarter, the quality of the DBS collected remained 

suboptimal. Only 61% of the collected DBS passed the internal quality control screening, in 

terms of sufficient blood volume and storage conditions to be entered into the laboratory 

workflow. Despite numerous training rounds, the health facility staff persisted in collecting very 

low blood volume (less than 10µl) DBS. These low blood volumes decreased the efficiency of 

both the DNA extraction and downstream PCR analyses, particularly in infections with low 

parasite densities. It has been shown that DBS with at least 50µl of blood are essential for 

molecular assays that include next-generation sequencing [72]. More intensive in-person 

training would be required to improve and sustain progress.  

A small proportion (2.2%) of negative RDTs were malaria positive by PCR. This finding could 

be due to patients with infections that have parasites loads below the detection limit of the 

RDT (200 parasites per µl blood), but within the detection limit of the more sensitive PCR 

assay (20 parasites per µl blood). Other possible explanations include inadequate storage 

conditions of the RDT and/or DBS or the incorrect use of the RDT (addition of too little blood 

or too much Lysis buffer or reading before the recommended time). Preliminary investigations 

suggest these false negatives were not due to histidine-rich protein 2 (hrp2) deletions; 

available evidence suggests hrp2 mutations are currently rare in southern Africa [73]. 

However, ongoing systematic testing is required to exclude hrp2 deletions in this region.  

Fortunately, neither 'validated' or 'associated/candidate' K13 mutations associated with 

artemisinin resistance were found in this study [55,58,59]. tool In Asia, clinical failure rates 

have been linked to the increase in mdr1 copy number as compared to the mdr86ASN alleles 

[199]. The increase in mdr1 copy number has rarely been reported in Africa [52, 80], and this 

study did not observe any such increase.  

This study highlights the need for continued rigorous surveillance, particularly in light of 

multiple reports of the independent emergence of K13 resistance markers in Central [136], 

Eastern [136–139], and Western African countries [139, 140]. Despite the absence of validated 

K13 artemisinin resistance mutations in southern Africa, the decline of ACT clinical efficacy 

below the WHO threshold of 90% observed in nearby Angola in 2013 and 2015 (Zaire 

Province) and 2019 (Lunda Sul Province) [81] is of some concern [202], although consecutive 
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studies in 2017 and 2019 showed adequate parasite clearance rates [201, 203]. The extreme 

AL drug pressure in sub-Saharan Africa, delayed parasite clearance following AL treatment in 

Rwanda, and the emergence of clinical artemisinin resistance in Uganda calls for 

strengthening resistance surveillance across Africa. Such activities will inform efficient 

targeting of transmission blocking activities (including SLD primaquine and foci clearing) and 

further investigation of parasite clearance rates and ACT therapeutic efficacy, with prompt 

changes to treatment policy [143] should treatment failure rates exceed acceptable limits 

(currently 10%) [181]. 

Some of the challenges and limitations often seen with the use of routine surveillance data 

were also encountered in this study, including limited data availability, multiple 

information/reporting systems and relatively high staff turnover rates. During the course of the 

study, DHIS2 was being rolled out and updated, while malaria cases notified before the generic 

notifiable medical condition (NMC) system was introduced in January 2019 were entered in a 

provincial MS Access-based Malaria Health Information System. The transition between these 

overlapping systems might have affected the data capturing cycle and impaired harmonization 

of the two datasets, potentially impacting on data quality. During this transition period, malaria 

cases could be notified using paper notification forms (later captured into the DHIS2) or on 

one of two mobile-phone-based systems, a malaria case short messaging service and NMC 

mobile applications[84]. Ideally, these two systems should feed into the DHIS2 system and 

remove duplication; however, these two mobile-phone-based databases could not be 

accessed for confirmation. Insufficient staff and resources may also hamper data quality. 

During the two years of this study, some of the staff from a collaborative non-governmental 

organization (who comprise more than half of the malaria case investigators) had to stop 

working for a few months whilst waiting for the renewal of funding, and this interrupted their 

surveillance activities. Other studies have also documented similar challenges leading to 

inconsistencies and inaccuracies in health information systems [85–87]. Such challenges limit 

the usage of routine data in decision-support systems, especially in low-resource settings. 

Consequently, countries rely on population-level health surveys, which remain costly, outdated 

and irregular; for instance, the WHO World Malaria Report still relies on modelling data due to 

incompleteness and inconsistencies in the malaria routine reporting system [1,3,88–90]. Other 

factors such as climate, altitude, vectors, or the existing malaria interventions that have been 

shown to affect the distribution of malaria cases in previous studies were not explored [33, 

91], given the focus of this study.  

Routine near-real-time mapping of molecular markers of anti-malarial drug resistance data to 

the healthcare facility, locality and patient household levels offers malaria programmes rapid 

and efficient monitoring of spatiotemporal changes in anti-malarial drug resistance profiles. By 
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improving the facility and population-based routine surveillance systems as shown in this 

study, malaria programmes can identify areas of concern requiring further investigation and 

conduct targeted therapeutic efficacy trials and transmission limiting activities, hence 

allocating their resources strategically. This might however be too costly for high transmission 

settings. Here, molecular markers from a representative sample of malaria cases from a range 

of health care facilities with optimal geographic and epidemiological coverage could be used 

to strengthen resistance surveillance and inform programmes of areas where further 

investigation should be conducted. Such sentinel sites could be linked to a centralized national 

or regional laboratory, reducing investments and running costs. Low and moderate 

transmission settings have started implementing centralized genomic surveillance. For 

instance, Haiti [92], Honduras [213] and South Africa [154] provide examples of national 

molecular surveillance, while the GenRe-Mekong study provides a model for regional 

surveillance [94]. However, a feasibility study and cost-effectiveness analysis may be needed 

to inform the relevance of such a system in high malaria transmission settings. Pragmatic and 

innovative approaches such as co-design can enable precision mapping, contextualization of 

analyses and meeting of malaria MEP needs.  

Although linking individual patient information and the molecular markers might not directly 

benefit the patient, the molecular results may be of value in case the patient returns to a 

healthcare facility with recurrent malaria, as the linked molecular marker data will help 

differentiate anti-malarial resistance from other causes of treatment failure and thus inform re-

treatment strategy.  While enhancing the quality of routine data can be a daunting task, 

identifying, monitoring and improving important surveillance metrics and indicators by MEPs 

is considered critical to both evaluating progress and achieving malaria elimination targets. 

This is consistent with the WHO recommendation that surveillance is a core intervention to 

achieve elimination. Countries that have eliminated malaria have established strong 

information systems and maintained them to prevent the re-establishment of the disease [149]. 

Sustainability can be facilitated by researchers and MEPs working collaboratively to develop 

tools and resources for efficient training and regular supervision that can be cascaded to reach 

all relevant MEP staff.  

3.7 Conclusion 

In low malaria transmission settings in sub-Saharan Africa, near-real-time fine-scale mapping 

of molecular markers of anti-malarial drug resistance can assist in rapidly and efficiently 

monitoring anti-malarial drug resistance and identifying areas requiring further investigations 

and interventions. However, the sustainability of such a strategy requires regular training, 

close supervision and strong programmatic support. More innovation and research are 
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needed to explore more cost-effective strategies for anti-malarial resistance surveillance 

systems given current resource constraints, such as sampling at representative sentinel health 

facilities strategies versus comprehensive sampling, linkage at individual versus health facility 

levels, particularly in moderate and high transmission settings. The methods piloted, and 

lessons learnt in this study could inform scale-up to provincial, national and regional malaria 

control/elimination programme levels in low- and middle-income countries and may be 

relevant for other antimicrobial resistance surveillance.  
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4.1 Abstract 

To address the current threat of antimalarial resistance, countries need innovative solutions 

for timely and informed decision-making. Integrating molecular resistance marker surveillance 

into routine malaria surveillance in pre-elimination contexts offers a potential early warning 

mechanism to identify resistance signals and target areas for further investigation, including 

therapeutic efficacy studies. However, there is limited evidence on what influences the 

performance of such a system in resource-limited settings. 

From March 2018 to February 2020, a sequential mixed-methods study was conducted in 

primary healthcare facilities in a South African pre-elimination setting to explore factors 

influencing the flow, quality and linkage of malaria case notification and antimalarial molecular 

resistance marker data. Using a process-oriented framework, we undertook monthly and 

quarterly data linkage and consistency analysis at different levels of the health system, as well 
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as a survey, focus group discussions and interviews to identify potential barriers to, and 

enhancers of, the roll-out and uptake of this integrated information system. 

Over two years, 4,787 confirmed malaria cases were notified from 42 primary healthcare 

facilities in the Nkomazi sub-district, Mpumalanga, South Africa. Of the notified cases, 78.5% 

(n=3,758) were investigated, and 55.1% (n=2,636) were successfully linked to their 

Plasmodium falciparum molecular resistance marker profiles. Five tangible processes—

malaria case detection and notification, sample collection, case investigation, analysis and 

reporting—were identified within the process-oriented logic model. Workload, training, ease of 

use, supervision, leadership, and resources were recognized as cross-cutting influencers 

affecting the program's performance.  

Approaching malaria elimination, linking molecular markers of antimalarial resistance to 

routine malaria surveillance is feasible. However, cross-cutting barriers inherent in the 

healthcare system can influence its success in a resource-limited setting. 

 

 

 

 

4.2 Introduction 

Sub-Saharan Africa bears the largest burden of malaria, with 94% and 95% of the global cases 

and deaths, respectively [2].  Malaria-endemic countries in Sub-Saharan Africa are now also 

facing the looming threat of antimalarial drug resistance. Malaria parasites with reduced 

susceptibility to artemisinin-derivatives are emerging and rapidly spreading, threatening the 

continent’s control and elimination goals, heightening the need for novel tools and strategies 

to effectively tackle this threat [33, 34, 215–219]. Such innovations need to be timely, relevant 

and tailored to existing health systems, particularly in resource-limited settings.  

In its strategy to respond to antimalarial drug resistance in Africa, the World Health 

Organization (WHO) emphasised the need for robust and agile surveillance systems capable 

of promptly detecting and responding to antimalarial drug resistance and recommends that 

this surveillance be integrated into routine malaria surveillance systems [220, 221]. This 

integration is particularly important in pre-elimination areas, where the risk of drug-resistant 

parasites emerging may be heightened by higher drug pressure and lack of partial immunity 

[222]. In these settings, the WHO also recommends monitoring the prevalence of molecular 

markers of antimalarial drug resistance (MMR), as an early warning system to identify 
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resistance signals and areas requiring further investigation, including therapeutic efficacy 

studies (TES). Despite TES being the cornerstone of antimalarial drug efficacy monitoring, 

they are not conducted regularly and do not provide a timely spatial representation of the 

distribution of antimalarial resistance. Previous evidence has shown that integrating MMR 

using a routine malaria notification system is feasible in sub-Saharan African settings [223]. 

However, little is known about the barriers and enhancers to integrating MMR within the routine 

malaria surveillance system. Understanding such factors is needed by countries adopting or 

expanding molecular surveillance, for which recent laboratory investments have been 

extensive [224, 225]. 

In 2018, the South African National Malaria Programme (NMP) piloted a novel technology to 

consolidate and enhance malaria surveillance activities and treatment approaches 

fundamental to achieving malaria elimination. Through the Smart Surveillance for Malaria 

Elimination (SS4ME) initiative, MMR data were linked to malaria case notifications near real-

time in Nkomazi, Mpumalanga, a pre-elimination setting in near real-time [226]. SS4ME 

included the collection of malaria rapid diagnostic tests (mRDTs) and, wherever possible, dried 

blood spots (DBS) on filter papers for assaying MMR that can be linked by unique barcodes 

to individual case notifications.  

Developing and evaluating the integration of MMR into routine malaria surveillance required 

an assessment of the surveillance system’s performance, both independently and together 

with other routine notification components, making for a complex intervention [227]. As per 

national malaria treatment guidelines, all suspected malaria cases presenting to health 

facilities should be confirmed by a mRDT or microscopy (passive case detection) before 

treatment is administered [47].  Additionally, in pre-elimination areas of South Africa, the NMP 

screens high-risk groups, such as migrant and mobile populations (proactive case detection), 

and households surrounding the residence of index cases (reactive case detection)[33, 218]. 

Therefore, integration of MMR into routine malaria surveillance system involved adopting 

several technologies, activities, and processes into the existing malaria notification system, 

with regular monitoring and adaptations. For SS4ME, a conceptual framework was developed 

to explore and guide how the roll-out, adoption and utilisation of new and existing technologies 

would inform malaria elimination goals. This laid a foundation for benchmarking how SS4ME 

was received and understood by potential key stakeholders. As with other such conceptual 

theories, this framework lacked a mechanism to explore the interaction between the different 

determinants of success and how these interact with the users or beneficiaries. Therefore, this 

approach needed to be revised and expanded to identify internal, external and interactive 

factors that could affect the implementation and impact of the intervention. Through the step-

by-step depiction of how a program operates and how it leads to the desired outcomes, 
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process-oriented logic models have been used in programme planning and evaluation to 

understand its key elements [228]. 

‘Making Data Mapworthy’ was a quantitative sub-study linked to the SS4ME pilot that 

evaluated the feasibility of integrating MMR into the routine malaria surveillance system using 

coverage, accuracy and linkage of malaria cases in near real-time [223].  However, these 

metrics alone could not fully examine the flow of data, or users’ practices and perceptions. 

Here, factors influencing the flow, quality and linkage of malaria notification data and 

associated MMR from different reporting levels are investigated to inform the enhancement 

and sustainability of this integrated early warning system for antimalarial resistance.  

4.3 Materials and Methods 

This SS4ME sub-study used an iterative sequential mixed-methods design and included 1) 

monthly and quarterly quantitative descriptive analyses, 2) a healthcare facility staff survey, 

and 3) focus group discussions (FGDs) and in-depth interviews (IDIs) with healthcare facility 

staff involved in malaria case management and NMP staff in Nkomazi sub-district, a pre-

elimination area in Mpumalanga province, South Africa.  

Individuals identified through proactive, reactive, or passive case detection were screened for 

malaria using a falciparum-specific histidine-rich protein 2 (HRP2)-based mRDT (First 

Response™ Malaria Ag P. falciparum HRP2 Detection Rapid Card Test, Premier Medical 

Corporation Ltd, India) according to the Mpumalanga Malaria Programme tender process. An 

additional 10% of the negative mRDTs were collected and sent to the National Institute for 

Communicable Diseases (NICD) for quality assurance. Both symptomatic and asymptomatic 

positive cases were treated following national treatment guidelines with the WHO-

recommended 3-day artemether-lumefantrine regimen, used in the area since 2007. For MMR 

surveillance, DBS filter papers were collected from all patients with positive mRDTs. 

Demographic and case data were collected through the Notifiable Medical Condition form or 

app, and verified for quality within 24 hours at the sub-district NMP office. Case investigators 

conducted household visits within 24-72 hours of notification, recording Global Positioning 

System (GPS) coordinates and assessing malaria risk factors. All notifications were quality-

checked and electronically captured into the routine District Health Information System II 

(DHIS2) at the sub-district NMP office [47].    

Three levels of notification data were examined: healthcare facilities, the sub-district NMP 

office serving as a data collection / capturing centre and provincially through DHIS2 

submissions. All SS4ME-participating healthcare facilities were enrolled for malaria case data 

analysis at monthly and quarterly intervals, to gauge coverage and consistency as 
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performance metrics. The facilities were then categorised as low- or high-performing on the 

overall data linkage, and two from each level were purposively selected for enhanced data 

quality assessment.  

A paper-based survey (Tool S1) was administered to primary healthcare facility staff treating 

malaria patients to evaluate their practice, perception, and experience of the integration of 

MMR into routine malaria surveillance system activities. For FGDs and IDIs, various cadres of 

staff involved in malaria case management at healthcare facilities and in the NMP were invited 

to participate by email or phone call. At least one staff member performing any malaria-related 

activities was invited per healthcare facility. After obtaining verbal consent, interviews were 

conducted in English using pre-prepared interview guides (Guides S2 and S3, page 148 and 

151) to maintain consistency and quality. The audio recordings were securely stored on the 

password-controlled study computer and later transcribed. Two study investigators listened to 

audio recordings with reference to the transcribed scripts and resolved any interpretation 

conflicts or transcription errors by consensus.  

This study was approved by the Human Research Ethics Committee of the Faculty of Health 

Sciences at the University of Cape Town (HREC REF Number: 698/2019), including for data 

obtained in the SS4ME study (HREC REF Number: 519/2017). SS4ME was also endorsed by 

the South African Department of Health, the NICD and the Mpumalanga Malaria Programme. 

All partners were notified, and their staff were informed of the study, including NMP staff, 

information officers, clinicians and data clerks. 

The descriptive analysis focused on staff survey data and monthly and quarterly DHIS2 data 

evaluations. The latter summarised notified and investigated cases, mRDT / DBS samples 

analysed, their linkage, as well as spatiotemporal trends in MMR and usability assessments. 

All quantitative data analyses were conducted using R programming language (versions 3.6 

and 4.0). Further quantitative methods used have been explained elsewhere [223]. For 

consistency, quarterly aggregates of notified cases and investigated cases from each 

healthcare facility sampled were compared at three levels (healthcare facility, sub-district data 

capture centre and provincial DHIS2 records) and the median difference was computed. 

Consistency was defined as an equal number of cases being reported at different levels, with 

a difference of +/- 5 cases allowed to account for delayed reporting.  Since a consistency 

benchmark for integrating MMR data into malaria case data had not been described before, 

this was established by adapting the internal consistency benchmark proposed by the WHO 

Data Quality Assurance guideline [229]. Data were then explored quantitatively and 

qualitatively to identify possible causes of inconsistency.  
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For the qualitative data, each audio recording was transcribed and imported to NVivo 12 

before being coded deductively, based on the conceptual framework and interview guides and 

inductively from other observations. The first coding cycle assigned labels to text excerpts in 

the transcripts as lowest level ‘nodes’. These were then explored for repeated ideas and 

patterns, which were grouped, organised and categorised as higher-level themes, based on 

the interview guide sections and new concepts emerging. The prevailing themes and their 

theories were extracted and further analysed through the framework matrix, and the analytical 

outputs were evaluated across the range of participants and stakeholder groups. 

As a complex intervention, the study used a process-oriented logic model to link the overall 

qualitative and quantitative data to determine the enablers and barriers that would explain the 

changing trends. To do so, results were further categorised into processes and logically 

analysed to identify inputs and activities, intended and unintended outputs, and outcomes. A 

matrix was constructed to explore the level of influence and performance for each key feature 

identified from the process logic model. 

4.4 Results 

4.4.1 Overall results 

A total of 4,787 malaria cases were notified in Nkomazi, Mpumalanga with 78.5% (n=3,758) 

investigated by the NMP (Figure 18) from March 2018 to February 2020. Of the notified cases, 

55.1% (n=2,636) were linked to their Plasmodium falciparum MMR profiles, with 85% 

(n=2,240) of the linked cases mapped to healthcare facility, ward and locality levels. Further 

quantitative results are reported elsewhere [223].  
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Figure 18: Summary of cases notified, investigated, and linked to MMR and locality from March 2018 
to February 2020 in Nkomazi sub-district, Mpumalanga. 

 

A total of 46 healthcare workers participated in five separate FGDs, with group sizes ranging 

from 8 – 12 participants. Of the participants, 32 were nurses (including professional nurses, 

occupational nurses and assistant nurses), and 14 were environmental health officers who 

worked as health promoters or malaria case investigators, data clerks, data capturers and 

surveillance officers. The majority of the participants were women (n=31).  Four IDIs were 

conducted with staff at the supervisory and decision-making levels performing infection control 

coordination, district and provincial NMP management, primary healthcare management and 

malaria surveillance supervision.  

The 50 participants involved in the FGDs and IDIs had between 1 and 31 years of experience 

working with the NMP and were involved in the surveillance data reporting chain. Their 

responsibilities included field and clinical diagnostics, care of patients, case notification, case 

investigation, data capture, sample collection, labelling and transport, supervisory, and 

reporting roles and decision-making. Several themes emerged from discussions on the 

integration of MMR into the routine malaria surveillance system, which included malaria case 

notification, sample collection, packaging and transportation, case investigation, data capture 

and reporting.  

A total of 64 nurses from 21 of the 42 healthcare facilities participated in the survey. 

Respondents were registered / professional nurses (67.1%), enrolled nurses (22%), and 

occupational nurses (6%). Two respondents did not mention their job titles. Five quarterly 

assessments were conducted for three healthcare facilities to evaluate consistency. Due to 

logistical challenges, the team did not manage to enroll the fourth health facility. 
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In Figure 19 below, prevalent themes in the FGDs and IDIs included ease of use, perceived 

usefulness of surveillance, staff members’ reluctance to adopt new activities, contradictions in 

best practice definitions, workload, and system support. These themes converged into sub-

themes: work commitment, agency and ownership, challenging processes, compromise, 

staffing needs, training, leadership, and supervision.  

Five key processes (Tool S3 A and B, p 157) emerged: malaria case detection and notification, 

sample collection, case investigation, data capture, analysis and reporting. These themes are 

described below using the process-oriented logic model outlined in Tool S3 B, linking them to 

processes, inputs, outputs, and outcomes. 

4.4.2 Process I: Malaria case detection and notification 

The change introduced during the integration of MMR into the routine malaria surveillance 

system was the inclusion of barcode stickers on the case notification forms during passive, 

proactive and reactive case detection. The study also developed activities to enhance the 

collection of all required malaria case details in the reporting notification form (e.g. contact 

information and household address / directions). This was to support the linkage of 

demographic and location data to the MMR. This also resulted in additional workload, which 

was aggravated by the multiple notification reporting systems. As shown in Figure S17 (p 147), 

the NMP introduced two new malaria notification systems, leading to three malaria notification 

systems running concurrently during the study period, namely a) the Notifiable Medical 

Condition (NMC) book / forms, b) the Malaria Connect mobile application and c) NMC mobile 

application.  

The surveillance team supervisors mentioned that healthcare workers routinely used the 

Malaria Notification Book for notification only, and notified cases using other systems as an 

additional option. This was corroborated by healthcare workers themselves who reported 

using the notification book first and other notification methods depending on the workload, as 

quoted below:  

‘We do the paper first, the notification book first, the remaining depends on their time 

or workload’. [Nurse, IDI06]. 
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Figure 19: The illustration of factors discovered during focus group discussions and in-depth 
interviews influencing the implementation of MMR into the routine malaria surveillance system in 
the Nkomazi sub-district.  

Several themes and sub-themes surfaced from these discussions. Initially, participants voiced 
reluctance and contradictions, leading to a confusion over roles. This uncertainty spawned a 
challenging start and negatively impinged on the work. More intensive training, committed 
leadership, and consistent supervision were recommended to counter these issues. In instances 
where confusion persisted, a supportive system was seen as beneficial to harmonise tasks and 
provide necessary training and quality control. This tactic successfully alleviated immediate 
challenges. Lastly, even though the integration process demanded an increased workload, 
healthcare staff who were willing to learn and perceived the benefits of this integration displayed a 
heightened commitment to their work. This level of dedication indicates a need for increased 
staffing or a reorganised work system to provide adequate support. 

 

However, in responding to the survey question on which systems are used frequently for 

notification, 61/64 participants reported using these interchangeably: Malaria Connect (36, 

59%), NMC Notification Book (15, 25%) and NMC Mobile Phone Application (3, 5%). Of those 

who reported using more than one system, only one (2%) reported using all three, while five 

(8%) used Malaria Connect and NMC Notification Book only, and one (2%) used both Malaria 

Connect and NMC Phone App (Figure 3). 
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Figure 20: Malaria notification systems used by 61 staff working in 21/42 healthcare facilities in 
Nkomazi, Mpumalanga, South Africa.  

NMC: Notifiable Medical Condition. 

  

Participants reported that the parallel reporting systems introduced an additional burden to 

their daily work, particularly in the community health centres (CHC), operating 24-hours per 

day, 7 days a week, where a high number of patients present. For example, one of the nurses 

from a CHC in the FGDs said:  

‘But the volume you can look at the CHCs [Community Health Centres] and eight-hour 

[clinics], there are more people coming in because day and night we are working.’ 

[Nurse FGD03]. 

4.4.3 Process II: Sample collection 

The project introduced the collection of DBS filter papers, with related SOPs at all participating 

healthcare facilities. Participants expressed reluctance about collecting DBS and capturing 

patient information on mRDTs. This called for increased programmatic support and training, 

and with time, the study observed improvement of barcoded mRDT samples received at the 

NICD laboratory from 19% in the first quarter to 85% in the final quarter, reflecting gradual to 

acceptance and adaptability. [223] 
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‘Basically, at first it was quite a daunting task because now [I] remember we had 

facilities that recently introduced the new NMC form and also Malaria Connect and all 

of that. So when we went to train the health facilities [about notification and DBS 

sample collection] they were resistant because they feel that it is extra work on their 

behalf...’ [Environmental Health Officer, FGD01]. 

Not all healthcare workers grasped the procedure for blood collection immediately. Due to 

difficulty in obtaining enough blood from the initial finger prick, they occasionally had to prick 

the patient’s finger a second time. This caused some resistance among patients, according to 

the staff:  

‘Yes, there is not enough [blood from one finger prick]. There is a little, but it is not 

enough. So, most of the time they [nurses] have to prick maybe twice, or three times 

sometimes.’ [Case investigator, FGD01]. 

However, this also encouraged the healthcare workers to understand the rationale behind filter 

paper sample collection, to be able to explain this to the patients who were hesitant: 

‘These activities have helped us to know what we are doing and to help the patients; if 

they ask me now why we are taking another blood sample, it is for monitoring drug 

resistance and making sure you are cured. So, it’s a very good thing’ [Nurse, FGD04]. 

After DBS sample collection, healthcare workers were asked to label and package samples, 

ready to be collected and transported each week by the NMP to the national laboratory. The 

intended output was to obtain accurately barcoded filter papers for molecular analysis and 

linkage to individual case notifications. However, this again meant an additional workload for 

the healthcare staff, which might have a negative impact on their other activities. In the first 

quarter, poor sample collection, packaging and recording of the required patient details,  large 

numbers of samples / notification forms without barcodes and a low number of quality samples 

shipped to the central lab for molecular analysis were observed. This necessitated frequent 

refresher training, quality checks and supportive supervision. Despite the slow start, the overall 

outcomes of the number and quality of samples for molecular marking increased, for instance, 

the overall linkage of the MMR and case notification rose from 51% in the first quarter to the 

highest of 75.1% in the third quarter, with participants noting how the activities strengthened 

the routine antimalarial resistance surveillance [223]. 

‘… remember we went with the supervisor to a couple of clinics when we identified that 

problem (positive mRDT sample with insufficient or missing DBS) and then we went 

back and told them that now we no longer just take the RDT. We also need to take the 

dry blood spots, so we need enough blood for the dry blood because sometimes we 
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find that the dry blood is just a tiny bit of the blood and it really cannot be used. So we 

had to make sure that we go back to them and tell and train them that when you prick, 

make sure you prick enough just in case it is a positive you can also get more blood. 

They are currently a lot better’ [Nurse, FGD03]. 

As shown in Table 1, among the 64 survey participants who performed these tasks, the 

majority reported that overall, it is easy for them to collect, label, package and ship DBS 

samples (55.1%). However, 29.5% found it difficult sometimes, and 9.4% found it always 

difficult. 

4.4.4 Process III: Case investigation 

Malaria case investigators aim to trace all confirmed malaria cases, obtain their residential 

GPS coordinates, identify malaria risk factors and actively screen nearby contacts for malaria 

(reactive case detection). The additional intended output for the integration of MMR into the 

routine malaria surveillance system was to enhance residential GPS coordinate data quality 

using eTrex-10 GPS devices or Samsung tablets, with training and related SOPs.[230] Overall, 

78.5% of malaria cases were successfully investigated (Fig. 1), with the accuracy of GPS 

coordinates increasing from 48% in the first quarter to 89% in the last quarter [223]. The poor 

accuracy in the first two quarters was associated with device-related (non-uniform settings, 

device malfunctioning, lack of enough battery) and human-related (transcription errors, 

incomplete patient addresses) and system and resource-related factors (lack of enough 

battery or backup devices, increased workload, formatting during file transfers). 

While discussing the issue of missing contact details, participants in FGDs mentioned that 

many of their patients are immigrants who lack phone numbers, travel far to seek healthcare 

or do not know how to clearly describe the locations of their recently acquired residences. 

 

Not part of 

my work 

(%) 

Easy for 

me (%) 

Sometimes 

difficult (%) 

Always 

difficult (%) 

Labelling individual mRDTs 7.8 43.8 39.1 9.4 

Collecting and labelling individual filter paper samples (blood spots) 4.7 51.6 34.4 9.4 

Packaging positive and negative mRDTs for shipping 4.7 65.6 17.2 12.5 

Packaging and shipping DBS samples? 6.3 60.9 26.6 6.3 

Overall, how did you feel about the activities?  5.9 55.1 29.5 9.4 

Table 3: Experience in collecting, labelling, packaging and shipping dried blood spots (DBS) as 
reported by 64 staff working in healthcare facilities in Nkomazi, Mpumalanga, South Africa. 



Page 80 of 189 
 

Additionally, due to their foreign and, at times, undocumented migrant status, many patients 

are often hesitant to share their contact details. These missing details lead to case 

investigation failure, resulting in more missing data. 

The case investigators occasionally reach out to the notifying healthcare staff when faced with 

a case lacking contact information, aiming to gather additional details about the patient. This 

additional follow-up was received both positively and negatively. Positively, this would reduce 

the cost of case investigation since they travel substantial distances for case investigation, 

and a few more details can assist in finding the index case’s location more directly.  

‘We drive almost 40 km or more to find a case, then the phone number is wrong and 

there is only one line for the address. Just looking for one case, you take the whole 

day while other notifications are waiting.’ [Case investigator, FGD01].  

However, the practice of case investigators contacting clinic staff on their mobile phones was 

met negatively by some clinic staff, who perceived it as an invasion to their privacy, potentially 

threatening their working relationship. During a FGD a nurse stated:  

‘Yes, they do so [call] because in the notification book we also write our phone numbers 

when we notify a patient; if there is something missing they can call. Even if we are not 

on duty, yah, threatening our working relationship.’ [Nurse, FGD03] 

On the other hand, some clinic staff and case investigators reported that calling each other is 

not a problem, even after-hours calls, mentioning that it’s useful and gives them a sense of 

duty. They have developed trust, and without phone calls investigators would be travelling long 

distances to look for cases. One participant in an FGD with the nurses said: 

 ‘…it is fine because they want information, and they want to know if we have referred 

the patient [to hospital] or if the patient is going home.’ [Nurse, FGD03] 

Another challenge raised by the NMP staff was administrative inefficiencies resulting in 

multiple notification books at health facilities. These contribute to some tension. For instance, 

case investigators reported having collected the notification papers from the wrong notification 

book (outdated book / not currently in use) at some larger facilities, where several notification 

books may be used simultaneously. Others failed to access the notification book during the 

facility visit due to it being misplaced. This is usually resolved by removing the outdated books 

and leaving the facility with only one notification book and informing the supervisors.  

To help address these gaps, the study identified the need for regular refresher training on 

malaria surveillance with guidance on malaria notification and capturing of case information at 

the facility level supported with new SOPs and facility guidebooks. The additional hours spent 
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on refresher training and learning the new SOPs were rewarded when the interviews revealed 

that these activities resulted not only in an increase in the accuracy of coordinates as stated 

above, but also in an overall improvement of the NMP’s surveillance system functioning. An 

information officer in a FGD said: 

‘The ownership thing you know when you understand exactly what it is you are 

capturing and how important it is, then it makes all the difference in terms of making 

sure it is on file, because how these things usually get presented … it is always just 

another study that we do not know how it is going to end up, who it is going to benefit. 

So, I think also that approach of you [the study team] is excellent as we know what this 

is … and what this is for. This is how important it is, it is ours only. [Information officer, 

FG02] 

4.4.5 Process IV: Data capture 

Malaria-related data are captured at the sub-district data capture centre daily. Malaria case 

investigators submit case report forms from both the healthcare facilities and their case 

investigation visits. The additional data input for the integration of MMR into the routine malaria 

surveillance system was the capturing of the barcode number into the DHIS2 system. A 

barcode scanner was introduced to reduce workload and avoid transcription errors. Even after 

being trained, data clerks experienced challenges using the scanners, leading to 

inconsistencies in barcode capturing with both manual capturing and scanner use. The 

barcode scanning was also affected by internet connectivity, as any drop in WiFi signal 

disconnected the DHIS2 system. Overall, the process increased the workload and affected 

the perceived usefulness of the scanner, quoting a data clerk interviewed: 

‘Typing is easier than using a barcode scanner’. [Data clerk, FGD01]. 

Furthemore, delays in data capturing could last a few days to weeks. Delay were caused by 

interruption in network connectivity, increased caseloads and staff turnover:  

‘When it is the rainy days and the cases increase, sometimes it’s only two of us 

capturing data. Therefore, we would be late to capture… Late for a few days to one or 

two weeks.’ [Data clerk, FGD01]. 

In the first two quarters, there were significant missing details on the notification forms. For 

instance, not all forms had barcodes, coordinates or patients' addresses. Data clerks identified 

patterns of missing barcodes and help identify whether facilities were underperforming or ran 

out of barcodes. This was be communicated to the case investigation supervisors who 

provided supportive supervision to the healthcare workers notifying malaria. Supervisory staff 

reported that it remained common to find paper notification forms, mRDTs or DBS without 
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barcode stickers due to forgetfulness, increased workload or reluctance from the clinic staff. 

Unidentifiable sample forms without barcodes were discarded as no information was provided 

for identification or linkage. Quoting one of the participants in an FGD:  

‘Yes, that are missing, maybe the facility code or anything like that, then maybe three 

or four times we have experience that the RDT [referring to mRDT] came alone like 

just the RDT without the filter paper, without a barcode. So, most of the time we just 

discard because there is nothing we can do or go back and find this person and do the 

thing again’ [Surveillance supervisor, FGD02] 

This resulted in low linkability of samples because of inadequately barcoded samples, 

transcription errors and slow data-capturing processes. However, in the longer term, due to 

supportive supervision and re-training, cases linked at the household level increased with an 

increase in willingness and uptake of the programme [223]. 

4.4.6 Process V: Analysis and reporting 

The NMP collates and analyses malaria data at the provincial level on a monthly basis and 

shares the reports with the healthcare facility, district, provincial and national teams. For the 

integration of MMR into the routine malaria surveillance system, the additional analyses 

included malaria case distribution and linkage of individual notifications to their MMR. The 

NMP information officers and molecular laboratory team downloaded data from the DHIS2 

each month and shared it with the research team for further analysis and reporting 1) maps of 

the distribution of malaria cases; 2) linkage of residential locality and health facilities with MMR 

and 3) data quality. If any gaps were identified, activities were formulated for further enhancing 

resistance surveillance. 

A total of 4,787 malaria cases were notified, and 78.5% (n = 3,758) of cases were investigated 

in the study period. However, data did not always match, and since these data came from 

separate files within the DHIS2 system, they needed to be merged outside the DHIS2 

environment, leading to extra workload for information officers with a risk of non-matching, 

duplication, or deletions of some cases, variables or values. Commenting on the workload and 

how the DHIS2 framework could lead to non-matching of data and hence linkage failure, an 

NMP officer said: 

‘…I need to merge the NMC form together with the case investigation form and to take 

it outside the computer and merge; even if it is Excel, it is prone to changing formats 

and that could introduce issues that could lead to non-matching within the DHIS2 

framework.’ [Information officer, KII03]. 
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Figures S18(a) and (b) (p 162)  compare data from DHIS2 and the two lower levels (health 

facility and sub-district data capture centre); the notified case counts were only consistent in 

40% (6/15) of the notifications and 20% (3/15) for cases investigated.  Most of the matching 

evaluations occurred in the final two study quarters.  Looking at the discrepancies, the two 

secondary levels (reports at the data collection centre vs data in the DHIS2) had less data 

variability compared to their primary source (health facility). Although the study’s quantitative 

analysis identified substantial duplication, the malaria team did data cleaning before sharing 

the datasets, as explained by one of the interviewees: 

‘Once notifications were submitted and paper forms were captured in the DHIS2 

system, ideally, all cases were merged and duplicates removed. In our analysis and 

feedback, some cases had duplicates that required further cleaning.’ [Information 

officer, KII03]. 

Analysis and reporting activities were part of routine practice before the integration of MMR 

into the routine malaria surveillance system. However, due to the expansion of reported 

variables and the monthly downloads, merging and reporting required, this process became 

more complex and increased workload, especially in the first quarter. However, these extra 

activities were perceived as useful to the programme. The research team and the programme 

co-developed a training programme and data curation tools engaging all involved in identifying 

gaps and improvements that further simplified the data analysis and reporting and improved 

the overall notification system [230]. This improvement reflected beyond the study and 

supported improvement for the programme reporting, quoting an IDI participant: 

‘I think another thing that is good, our case investigation has also improved because I 

remember, when we started our baseline was 35% [for] 48 hours [time between case 

notification and investigation] and [for] 72 hours it was around 48%. So now on third 

quarter we reported above 65 (%) which was even above the target we set for this 

financial year. I think with them making the follow ups, having to go to the facilities to 

check on the stocks and everything has made them also be involved in going there 

and investigating the cases because the thing was XXXX and XXXX [SS4ME pilot 

programme staff names] would be analysing and supporting with feedback’ 

[Supervisory staff, KII02] 

4.5 Discussion 

This study identified factors affecting data quality, linkage, and consistency for integrating 

antimalarial resistance monitoring into routine malaria notification in a pre-elimination malaria 

setting in sub-Saharan Africa. Healthcare facilities, district and provincial level healthcare staff 
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in Nkomazi sub-district, Mpumalanga, South Africa were key beneficiaries, and their 

perspectives spearheaded this integration. Applying a process-oriented logic model, an 

iterative process for comprehensively analysing various factors that either facilitate or hinder 

successful integration was established, with end-to-end data flow and interaction with various 

users, beneficiaries, the existing systems and newly adopted technology. The programme’s 

overall performance was influenced by cross-cutting factors such as workload, training, 

perception, supervision, leadership and resources – acting as enablers or barriers based on 

their availability, adequacy and perception.  

As reported previously [11], 45% of malaria cases could not be linked to their molecular profiles 

or localities. Many of these individuals were migrants who could not be followed up due to the 

absence of an accurate local addresses or their undocumented status, which limited the 

information they could provide (Figure S19 p 163). Additional factors contributing to this non-

linkage included errors in capturing location data, whether due to human mistakes or technical 

issues with devices, further complicating the reporting process. 

Increased workload was identified as a cross-cutting factor for all processes. Adequately 

trained staff who perceived the activity as useful maintained high-performance levels, 

delivering better-quality outcomes even during months with a high malaria caseload, reduced 

staff and multiple reporting systems. In contrast, if staff did not perceive the activity as useful, 

data quality remained low, irrespective of resources and training provided. Previous studies 

have shown that a negative perception affects overall performance as well as the adoption 

and implementation of new technologies [231, 232]. Low morale could lead to reluctance and 

the other activities being prioritised contributing to poor data quality. 

The impact of devices (GPS devices, tablets, barcode scanners) introduced or updated for the 

integration of MMR into the routine malaria surveillance system depended on the healthcare 

workers’ skills and perception of the devices’ usefulness and ease of use.  Optimal functionality 

of devices coupled with adequate training enhanced performance, leading to observable 

improvements in data quality, especially during and immediately post-training and supervision 

periods [223]. Conversely, malfunctions in devices, such as internet disruptions, barcode 

scanner failure to connect to the DHIS2, depleted GPS device batteries, or clinic-level 

shortages of barcode stickers, significantly impacted team performance, morale, and data 

quality.  Other studies exploring technological adoption in the health sector highlight the crucial 

need to fully understand end-users' needs and potential useful functionalities to facilitate 

usage and enhance quality. These studies stress the importance of user-friendly functionalities 

and overall device performance [232, 233]. 
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This study found sustained supportive supervision and quality assurance tools and resources 

improved performance. These include adequate financing, such as having long-term 

appointments without interruptions of contracts, a manageable workload and good 

collaboration among and between both government and non-governmental organisation staff. 

On the other hand, multiple parallel reporting systems, communication challenges, inadequate 

supervision, lack of quality control tools, unmanageable workload, and poor collaboration 

negatively impacted intervention implementation.  

The study highlighted challenges at different operational levels, specifically in the malaria 

notification and case investigation processes. Although the NMC Notification Book served as 

the gold standard for reporting malaria cases, the survey results revealed parallel and 

occasionally interchangeable use of reporting systems. A 2019 review assessing the strengths 

and challenges of implementing DHIS2 across 11 Low- and Middle-Income Countries (LMICs) 

highlighted pervasive data quality issues, notably demonstrated in a Nigerian study where 

reported data in DHIS2 remained incomplete at least 40% of the time [234, 235]. Despite 

encountering such data quality challenges in this study, more than half of the cases could be 

linked to MMR data, with clear improvements in data quality observed over the study period 

[223]. 

Contrasting responses were observed regarding follow-up phone calls for additional 

information —some healthcare workers felt it assisted with case investigations while others 

felt it strained the working relationships, negatively impacting staff morale and performance. 

This challenge relied primarily on staff perceptions and relationships. However, effective 

leadership, including the establishment of conducive communication channels, procedural 

guides, and efficient documentation systems, has successfully addressed similar challenges 

in comparable contexts [233]. This demonstrated the pivotal role of leadership and 

management in optimising communication and operations. Previous studies in similar settings 

have shown similar factors impacting the general adoption and implementation of information 

systems in health care [231, 236–239]. A high level of perceived workload, data tools not being 

used as intended, and data quality issues were previously identified as challenges facing DHIS 

roll-out in Uganda and South Africa [240, 241]. 

Our study acknowledges several limitations in diagnostic methods, evaluation processes, 

participant selection, and the analytical approach used for combining qualitative and 

quantitative data. As this study was embedded in the routine malaria notification system, 

diagnostics relied on the hrp2-based mRDT, which is P. falciparum specific. This may have led 

to non-P. falciparum malaria being missed. However, regular sample testing and species 

detection studies have shown P. falciparum to dominate in this area, where other species are 
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rare [12]. Moreover, quality control measures, such as collecting 10% of negative mRDTs for 

further monitoring, including surveillance for hrp2/3 deletions, were implemented [12].  

No single framework was comprehensive enough for the evaluation of the integration of MMR 

into a routine malaria notification system. Incorporating diverse technologies such as barcode 

stickers, filter papers, GPS protocols, and scanners introduced complexity to the evaluation 

process. The 2021 United Kingdom Medical Research Council framework for developing and 

evaluating complex interventions offers a comprehensive evaluation spanning a study's 

lifecycle, from conception to implementation. However, it lacks detailed guidance on assessing 

individual components independently and primarily serves as a guiding framework without 

providing specific granularity for evaluation [242]. For the integration of MMR into the routine 

malaria surveillance system, immediate end users are the healthcare staff and malaria case 

investigators. However, most determinant frameworks do not include end-users, and research 

has been scarce for improving the evaluation of how various end-users influence 

implementation effectiveness. Thus, our study employed an iterative process-oriented logic 

model.  

Our results may be biased as only 42 staff members from the participating healthcare facilities 

consented to participate in the FGDs and IDIs, while 64 participated in the survey. The study 

results might not fully reflect the view of all staff in Nkomazi sub-district. However, the study 

team ensured diversity during participant recruitment to allow for different views and 

experiences. Most healthcare staff have multiple commitments, and their time is very limited. 

Hence, the generalisability of this study may be limited. Nonetheless, saturation was achieved 

with the diversity of perspectives, the depth of information provided, and the quality of 

dialogue. The latter, underpinned by a strong theoretical background, contributed to achieving 

high information power in the study. More studies might be needed to establish the extent to 

which the results from this setting may be applicable in other pre-elimination contexts.  

.  

4.6 Conclusion and Recommendation 

Overall, the factors influencing the integration of MMR into the routine malaria surveillance 

system in this sub-Saharan pre-elimination setting were rooted in challenges inherent to the 

surveillance system itself, and were not specific to the integration of MMR. This study 

underscores the intricate interplay of factors influencing malaria notification data quality and 

the integration of drug resistance markers within the routine surveillance system. It 

emphasizes the pivotal role of aligned perceptions, adequate resources, and supportive 

supervision in bolstering data quality, while also revealing the vulnerabilities stemming from 



Page 87 of 189 
 

device malfunctions, conflicting guidance, and disparate reporting systems. The evaluation 

frameworks used highlighted the need for more comprehensive models that consider the 

holistic healthcare environment, user perceptions, and nuanced interactions, particularly for 

complex interventions such as this. To enhance the implementation of such multifaceted 

interventions, future evaluations should include multiple countries to capture various 

healthcare settings, individual perceptions, and contextual nuances, enabling a more 

generalisable assessment and refinement of these interventions within routine healthcare 

systems. 
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5 Chapter 5 

Discussion 

This thesis offers critical insights into the near real-time monitoring of MMR in two distinct 

settings: the Asian region advancing towards malaria elimination and a sub-Saharan African 

pre-elimination area (Nkomazi sub-district, Mpumalanga, South Africa). Utilising both 
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published and routine surveillance data, this research provides new evidence on the 

spatiotemporal patterns of MMR, providing actionable insights for regional, national and local 

malaria elimination programmes.  

Despite the introduction of two effective malaria vaccines by the WHO Malaria Programme by 

October 2023 [2], there is still a gap on interventions and tools to accelerate malaria 

elimination effectively. The stagnation and decline in funding for malaria control and 

elimination and its research, also pose a significant risk, particularly to less-resourced 

programmes in sub-Saharan Africa. Coupled with the emergence and spread of antimalarial 

resistance, these undermine global efforts to reduce the burden and eventually eliminate 

malaria. Our findings respond to the WHO Global Technical Strategy for Malaria 2016 – 

2030[8], which underscores the urgency of integrating advanced tools, such as an early 

warning system, into routine malaria surveillance to combat drug resistance. 

Our comprehensive analysis of 16,613 samples across 18 Asian countries from 2002 to 2018 

indicates a persistent rise in artemisinin resistance markers, initially identified in 2002 in the 

Greater Mekong Subregion. By 2018, these markers had spread to several other countries, 

highlighting the critical need for enhanced surveillance and international cooperation with 

prompt evidence-sharing to track MMR and mitigate its impact on antimalarial efficacy. The 

median delay of 3.6 years from sample collection to publication reinforces the necessity of 

real-time surveillance methods to provide timely support for local, national and regional 

response initiatives. 

In Africa, where malaria exerts the heaviest toll with over 95% of cases and deaths, our study 

accentuates the strategic importance of MMR surveillance in supporting NMPs, especially 

those in pre-elimination and elimination areas. The situation in South Africa, which has made 

significant strides in transitioning from control to elimination since 2012, exemplifies the need 

for such ongoing surveillance to mitigate the sporadic surges in malaria cases and assess the 

efficacy of current antimalarial treatments, the focus of this thesis, as well as insecticides and 

diagnostics. The three endemic provinces of South Africa share borders with five countries, of 

which Mozambique experiences the fourth highest burden in Africa [2], putting neighbouring 

countries at a substantial risk of cross-border transmission. South Africa has recognised the 

need to determine the prevalence and temporal changes of molecular markers associated 

with the resistance, towards identifying target areas where TES studies and resistance 

containment interventions are most needed. Furthermore, this would help inform the new 

South African National Strategic Plan (2024 – 2028) being drafted to achieve zero malaria 

transmission [46]. 
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Notably, in Mpumalanga, we observed an 18-year trend of a steady increase in parasites 

carrying mdr86ASN and crt76LYS wildtype alleles that are modestly associated with 

lumefantrine tolerance or reduced susceptibility or reduced susceptibility [45, 46]. Parasites 

carrying these markers became the dominant parasites by 2018 and remained so from March 

2018 to February 2020. Studies have shown variable results regarding the extent to which 

crt76 and  mdr86ASN are associated with tolerance to AL. A review published in 2017 reported 

that mdr86ASN is associated with 4 to 5-fold increased risk of recrudescence [243].  A study 

in Uganda also found a substantial PCR-adjusted increase in relative risk of treatment failure 

[244]. However, an individual patient data meta-analysis of 31 studies from Africa and Asia 

only found a slight increase in recrudescence and reinfection for parasites carrying crt76 

and mdr86ASN alleles following AL treatment [114]. In northern Uganda, ex vivo growth 

inhibition assays show decreased susceptibility to lumefantrine, and artemether-lumefantrine 

efficacy fell below the WHO threshold of 90% in two of three study sites [245]. The increase 

in mdr1 copy numbers has been more closely linked to increased failure rates than mdr86ASN 

in Asia [114]. Our study did not observe any such increase, and overall, an increase in mdr1 

copy numbers is rarely reported in Africa. Nevertheless, this growing lumefantrine tolerance is 

expected to exert greater drug pressure on the artemisinin component in ACTs, calls for the 

diversification of the ACTs used in the region and highlights the necessity for continued 

vigilance and molecular surveillance for antimalarial resistance.  

While our study, fortunately, did not detect K13 artemisinin resistance markers in South Africa, 

the identification of wild-type alleles linked to lumefantrine tolerance aligns with the broader 

trends of antimalarial drug resistance observed in Africa, where artemether-lumefantrine PCR 

corrected efficacy at day 28 has dropped below the WHO’s 90% threshold at study sites in at 

least five countries (Angola, Burkina Faso, Democratic Republic of Congo, Kenya and Uganda 

[2]. While the recent PCR-corrected efficacy rates of ACTs in Africa have generally been over 

90% [246], an increasing frequency of K13 markers associated with artemisinin resistance is 

of concern, especially in Central Africa (Democratic Republic of Congo) [247], East Africa 

(Rwanda, South Sudan, Tanzania, and Uganda) and the Horn of Africa (Eritrea, Ethiopia) 

[246–251]. This underscores the need for African nations to enhance their surveillance 

capabilities to identify and respond promptly and effectively to emerging antimalarial drug 

resistance. 

More studies in recent years have shown the independent emergence and spread of K13-

validated mutations in the East and the Horn of Africa. For example, R561H has increased 

from 1% in 2014 – 2015 samples in Rwanda to a prevalence of at least 20% in Rwanda and 

bordering regions of Tanzania and Uganda [250]. The hypothesis surrounding the independent 

emergence of these markers in Africa points to a variety of transmission dynamics and 



Page 90 of 189 
 

treatment practices as key drivers. In areas with low malaria transmission, such as the Horn 

of Africa, Rwanda, and southern Uganda, the emergence points to low immunity of the 

population due to low malaria transmission. Conversely, in regions with high malaria 

transmission, the misuse of artemisinin monotherapies, are hypothesised to complicate the 

situation further. Practices such as using injectable or rectal artesunate without the necessary 

addition of ACTs or employing injectable artesunate for uncomplicated malaria are notable 

examples [37, 252]. Additionally, the resurgence of malaria in populations with lowered 

immunity—following the cessation of comprehensive indoor residual spraying programmes — 

may also contribute to the development and spread of drug-resistant malaria strains [37]. 

These factors combined suggest a complex interplay of biological, environmental, and human 

behaviour factors influencing the evolution of drug resistance in malaria across different parts 

of Africa. This independent emergence and the speed of spread of the resistant strains (e.g., 

R561H mutations in East Africa) bear a close similarity to the sweeping spread of C580Y and 

its dominance in the GMS [55], hence a dire need of enhanced surveillance.  

Moreover, non-K13 MMR have been detected in Africa, with in-vitro evidence of conferring 

resistance to artemisinin. For example, a 2018 in vitro study utilising samples from Senegal 

identified Pfcoronin mutations in parasites exhibiting prolonged survival to dihydroartemisinin 

during the ring-stage survival assay [253]. Furthermore, a study conducted in Israel on 

returning travellers from Africa detected Pfcoronin mutations in patients who received AL 

treatment in the absence of K13 mutations associated with artemisinin resistance [254]. In an 

analysis of 336 samples collected from patients returning to Israel between 2009 and 2020, 

15 exhibited treatment failure with AL therapy, and 28.6% of those samples harboured 

Pfcoronin without K13 mutations. Moreover, these treatment failure rates had been increasing 

compared to previous years, suggesting the potential for parasite evolution (0% in 2009-2012, 

9.1% in 2013-2016, and 17.4% in 2017-2020). While this Israeli study remains as the major in 

vivo study proposing Pfcoronin as an artemisinin MMR, subsequent studies from Senegal did 

not find Pfcoronin mutants[57,58]. Therefore, it remains imperative to strengthen and expand 

surveillance for molecular markers to identify the spread of K13 markers and identify and 

confirm the presence of other non-K13 antimalarial resistance markers, integrating them within 

the early warning system. Although our study exclusively focused on K13 markers, future 

studies could consider incorporating other potential markers of artemisinin resistance, such 

as Pfcoronin, for a more comprehensive assessment.  

From March 2018 to February 2020, this thesis demonstrated the feasibility of integrating real-

time surveillance for antimalarial resistance markers with routine malaria notifications in 

Mpumalanga's Nkomazi sub-district in South Africa. This approach, successfully linking over 

half of reported malaria cases to their individual MMR and specific health facilities and 
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locations, proves particularly valuable in areas where implementing traditional therapeutic 

efficacy studies are challenging. The WHO recommends Integrated Drug Efficacy Surveillance 

(iDES) in pre-elimination settings, which involves following up on all malaria cases. The latter 

can be challenging where mobile and migrant populations carry most malaria and require 

significant resources, so it is only feasible when malaria cases are few. This thesis’ findings 

could prove valuable for enhancing surveillance by incorporating molecular surveillance within 

routine case notification and investigation, and help identify locations that need further 

investigation or interventions to limit the impact of antimalarial resistance. Given the increasing 

reports of antimalarial drug resistance in several African countries [246, 250, 256], it is 

essential for South Africa to sustain MMR surveillance to promptly detect and respond to 

antimalarial resistance. 

To enhance the fight against malaria, novel antimalarials and approaches are currently in 

development. However, the earliest any of these will become available would be in 2027 / 

2028 and those both rely on sustained efficacy of lumefantrine [257, 258]. There remains 

insufficient evidence regarding the effectiveness of interventions such as multiple first line 

treatments other than in mathematical models [259] and single low dose primaquine in 

mitigating the spread of antimalarial drug resistance in moderate-to-high transmission areas 

Africa [221]. In 2019, WHO included artesunate-pyronaridine in its recommended ACTs [260–

262], with Cameroon, the Democratic Republic of Congo, and Nigeria incorporating it into their 

national malaria treatment guidelines [2]. Additionally, two vaccines have been recently 

recommended: the RTS,S vaccine in 2021 and the R21/Matrix-M vaccine in 2023, aimed at 

preventing malaria morbidity in areas with moderate-to-high transmission rates [263]. 

These interventions offer hope in the fight against malaria, yet their full potential in real-world 

settings remains unrealised as they have only recently started to be introduced [264]. 

Furthermore, neither the vaccines nor the new antimalarial drugs have been piloted in regions 

with low transmission rates. Despite the recommendation of RTS,S in 2021 and the conclusion 

of pilot implementations in 2023 (limited to Ghana, Kenya, and Malawi), demand exceeds 

supply [263] . Implementing these interventions may be delayed despite WHO and GAVI, the 

Vaccine Alliance, aiming to roll out the R21/Matrix-M vaccine by mid-2024. Questions 

regarding the slow rollout, lack of evidence in moderate transmission settings at large scale of 

sub-Saharan Africa, and feasibility analyses are crucial in understanding the real-world impact 

of these interventions. Consequently, while these practical innovations hold promise in the 

fight against malaria, and eventually decrease demain for artemisinin-based treatment, they 

may struggle to keep pace with the spread of artemisinin resistance. Therefore, maintaining 

vigilance and expanding MMR surveillance is vital for informing and enhancing these 

programmes. 
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This thesis emphasises the critical role of robust programmatic support and collaboration 

between researchers and the malaria programmes. Valuable tools and methodologies were 

co-designed that have proven beneficial for local malaria programme efforts and have impact 

not just on antimalarial drug resistance surveillance. This is exemplified by the on-site staff 

training and supervision for more effective use of GPS devices for spatiotemporal maps 

essential for targeting all malaria interventions appropriately. Acknowledging user needs and 

contexts is crucial for selecting suitable visualisations to aid analytics and inform public health 

decision-making [231, 265]. In Nkomazi, the preference for density maps over thematic maps 

emphasises the importance of user-driven visualisations in enhancing the effectiveness of 

antimalarial drug resistance monitoring. For instance, the addition of health facilities to the P. 

falciparum density map in Nkomazi (Figure S 16 p 137), along with the inclusion of K13 

artemisinin resistance and mdr186ASN / crt76LYS molecular markers of lumefantrine 

tolerance (Figure 17), enabled the study team to identify areas where samples and/or results 

were missing, or performance was below expectations. This information assisted the malaria 

programme to identify areas requiring additional interventions, e.g. malaria transmission hot 

spots, and health facilities with under-reporting or missing results despite having a relatively 

higher malaria caseloads.  

The use of density maps in this area brought significant benefits, one of which was the ability 

to bypass extensive regions used for plantations and national game reserves. These regions 

were devoid of human settlements, making them inaccurate for reflecting malaria incidence, 

as had been done previously. Density maps also offer a visualisation of malaria cases across 

a continuous landscape, necessitating the incorporation of models that account for incidence 

rates and other crucial variables influencing case distribution. To add more local relevance, 

our research utilised the most up-to-date data on human settlements and incorporated insights 

from 24 local malaria case investigators. These investigators provided valuable feedback, 

ensuring the accurate representation of malaria case distribution in their respective areas. 

Given the focus and time limitations, this study did not incorporate other factors such as 

climate, altitude, vectors, or the existing malaria interventions that have been shown to affect 

the distribution of malaria cases in previous studies to further explain the malaria burden in 

this area[266, 267]. Future studies could explore how such additional data can improve these 

maps and their understandability to the malaria programmes. 

This approach illuminates not only the adoption of molecular resistance surveillance as part 

of an early warning system and the nurturing of programmatic support and collaboration, but 

also the employment of user-centric visualisations to identify and respond to antimalarial drug 

resistance. It highlights the significance of workload, training, supervision, leadership, and 

resources in integrating MMR surveillance into routine malaria surveillance. This evidence 
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bears relevance for African countries nearing malaria elimination and / or contending with 

antimalarial drug resistance, advocating for using molecular resistance surveillance as an 

early warning method to identify potential areas for further TES investigation and to intensify 

efforts to reduce transmission. As noted by Assefa et al. 2024, in response to the increasing 

artemisinin resistance in East Africa and the Horn of Africa, “there is no need to panic, but it is 

vital to remain vigilant”; thus, these countries must adopt an early warning system such as the 

use of molecular surveillance for antimalarial resistance [268].  

In this study, GPS devices / tablets, barcode scanners and procedures like DBS samples on 

filter papers were introduced to enhance MMR surveillance. Their effectiveness depended on 

a number of factors. Firstly, the effectiveness of these devices and procedures relied on the 

skills and perceptions of the malaria staff regarding their usefulness and ease of use. 

Secondly, optimal device and system functionality significantly enhanced data quality and 

improved overall system performance. This also included availability of the devices at all times 

of work, availability of all the applications (e.g. DHIS2 platform which is internet-dependent) or 

availability of supplies such as filter paper and mRDT reagents whenever needed. 

Interruptions in electricity or internet connectivity hinder performance of tasks and impact staff 

performance and the overall perceptions of the usability of the device. Lastly, ensuring the 

provision of adequate training and supportive supervision was crucial for achieving optimal 

performance. By evaluating and addressing training needs iteratively, we enhanced staff 

confidence in using the new devices and procedures. This, in turn, fostered a positive 

perception of their overall effectiveness in performing their tasks. Our findings align with 

previous studies on technology adoption in the health sector, which emphasise the 

significance of meeting the needs of end-users and recognising the value of functionalities to 

improve overall performance [232, 233].  

This thesis presents new evidence and best practices in the integration of molecular 

surveillance for markers for antimalarial resistance into pre-elimination and elimination 

settings, employing an iterative framework focusing on high-quality evidence, target 

audiences, co-design methodologies, and iterative evaluation to significantly impact malaria 

programmes (Tool S4 p 164). This methodological synergy, increasingly recognised in 

healthcare technology adoption, fosters user-centred designs and ensures the inclusion of 

nuances potentially overlooked without audience involvement in project design and 

implementation phases [269, 270]. As maps have become common-place tools for the 

visualisation of trends of diseases and intervention coverage, the significant challenge 

remaining has been ensuring that they remain up-to-date and readily understandable. Many 

such maps contain technical information that is too detailed for policymakers to understand 

and use in malaria programmes [23]. The framework generated from this study can guide the 
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evaluation of user-specific features included in the mapping process, as well as their final 

products. This is important to guide future research and implementation projects, facilitating 

the integration of early warning systems into routine malaria surveillance systems. 

Additionally, the study introduces tools to bridge identified gaps in current literature and 

practices, including a mechanism for the standardised reporting of MMR to facilitate data 

harmonisation and trend analysis (Tool S2 p 138). Moreover, with the implementation of FAIR 

(Findable, Accessible, Interoperable, and Reusable) data standards, authors have become 

more willing to share their pre-published data with regional and global repositories such as the 

WWARN Molecular Surveyors, which call for optimised data reporting tools to avoid inclusion 

of incomplete data [59]. This study proposed a tool for assessing the minimum essential 

information required to report MMR for current and future studies (Tool S1 p 109). Through 

the proposed naming of the geographical administrative units, this tool can help with the proper 

documentation of study sites and sample sources, thus avoiding unstructured genomic and 

spatial data. Thus, this tool aims to ensure data harmonisation to facilitate its secondary use 

and enable the evaluation of spatial and temporal trends. Recently, various efforts have been 

made to develop genomic surveillance networks to support quick sharing and harmonisation 

of genomic data, tools, and processes at global and regional scales [271, 272]. However, these 

initiatives still face significant challenges in building sustainable networks, infrastructure, and 

workforce, especially in Africa [273, 274]. These molecular data are seldom linked with 

outcomes of more direct relevance to policymakers, such as increased risk of treatment 

failures and malaria transmission [274, 275]. Thus, this study encourages further research to 

explore how outputs and tools from this research can strengthen the utility of genomics in 

resistance surveillance in Africa. 

In addition, specialised tools and guidelines were developed to improve location data accuracy 

in malaria investigations, utilising both eTrex 10 GPS devices and Android devices. This suite 

of tools included a GPS training toolkit for malaria case investigators (Tool S2 p 138), a 

comprehensive training manual for trainers (Tool S2 a p 138) and a detailed standard 

operating procedure for eTrex 10 devices (Tool S2 b 138), informed by the Health Geolab 

Collaborative 2018 standard (Tool S2 c p 138) [230]. These guidelines and training materials 

were shown to ensure the precise collection of GPS coordinates, thereby enhancing the 

efficiency and accuracy of malaria case investigation and reporting.  

This research has developed a comprehensive, process-oriented logic model to effectively 

oversee the integration of early warning systems into existing surveillance frameworks (Tool 

S4). This model, informed by an exhaustive literature review [242, 276, 277], serves as a 

blueprint for monitoring and evaluating new surveillance components, bridging the gap left by 
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the absence of formal guidelines. It details the mapping of stakeholders, the delineation of 

inputs, outputs, and outcomes, and identifies potential barriers and facilitators to successful 

implementation. This provides a robust foundation for the successful integration and 

optimisation of early warning systems to detect and respond to antimalarial resistance within 

routine surveillance operations. 

Additionally, the framework helps identify and address barriers and enhancers that may affect 

the integration process. It considers potential obstacles and challenges that may hinder 

successful implementation, as well as factors that can enhance the effectiveness and 

efficiency of integrating early warning interventions into existing surveillance systems. Overall, 

this process-oriented logic model serves as a comprehensive and practical approach to 

monitor and evaluate the integration of new components within routine surveillance systems. 

Its iterative nature and evidence-based foundation make it a valuable resource for ensuring 

successful integration and enhancing the overall effectiveness of both early warning 

interventions and routine surveillance. 

The study on artemisinin resistance markers in Asia encountered data, methodological and 

logistical challenges, and interrupted timelines, including due to the COVID-19 pandemic. In 

Asia, the lack of consistent and extensive data collection across similar areas over an 

extended period restricted my spatial and temporal analysis of antimalarial drug resistance. 

About 60% of the GMS administrative units had samples from only one timepoint between 

2000 and 2018. Thus, the representativeness of the distribution of MMR results observed in 

Asia may have been limited by the type of data used, as sites likely to detect MMR may have 

been more likely to be conducting MMR studies, while the absence of MMR of significance 

may have also discouraged longitudinal studies. Additionally, the heterogeneity and patchy 

data reporting on artemisinin resistance markers made it difficult to aggregate and assess 

trends effectively. The long delay between completing sample collection and publishing 

results, with a median of 3.6 years, made it impossible for malaria programmes to respond 

timeously. The study was, however, comprehensive in that it included all the available data 

and contacted study investigators for further data contribution to address information gaps. 

Moreover, the study identified minimal essential information for reporting MMR to support 

future research [278].  

Similarly, in South Africa, multiple malaria notification and reporting systems imposed burdens 

on healthcare workers, resulting in fatigue, increased duplication, and missing data, which 

ultimately compromised the overall quality of data collected. Slow data-capturing processes 

and data-capturing errors resulted in being unable to link 45% of individual malaria cases to 

their molecular data. The study addressed these challenges by supportive supervision, 
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training, and development of tools to support data collection and avoid field and data-capturing 

errors. Thus, this study highlights the critical importance of investing in ongoing supportive 

supervision and data curation efforts when piloting early warning systems at regional and local 

levels. Simultaneously, we emphasise the importance of implementing health information 

systems optimally to avoid significant disruptions to the performance of surveillance 

programmes. 

This study navigates the complexities of integrating qualitative and quantitative data within the 

evaluation framework for the surveillance of MMR, acknowledging the need for future research 

to explore alternative models and theories that can accommodate the multifaceted nature of 

program implementation, such as the incorporation of diverse technologies – for example, 

barcode stickers, filter papers, GPS protocols, and scanners – and assess their impact. This 

exploration is crucial for deepening our understanding of the dynamics at play in integrating 

MMR surveillance into routine malaria notification systems.  

In conclusion, my thesis affirms the critical need to strengthen antimalarial resistance 

surveillance by confronting data-related challenges, championing robust data management 

practices, piloting innovative early warning systems, sustaining regular supportive supervision 

and conducting thorough evaluations to inform policy and practice. Further research can 

prioritise comprehensive and consistent data collection across similar regions over an 

extended duration, incorporating additional factors affecting malaria transmission, such as 

mosquito vector populations, malaria control / elimination interventions, and population 

movement. This approach will enable a more thorough examination of the spatial and temporal 

trends in antimalarial drug resistance and provide policymakers with a clearer understanding 

of these trends and their implications. By spotlighting the necessity of such systems for 

monitoring artemisinin and partner drug resistance markers, and acknowledging the current 

methodological limitations, my thesis calls for further research to develop more inclusive and 

comprehensive frameworks for evaluating complex health program implementations, thereby 

contributing to the global effort to combat antimalarial drug resistance with evidence-based 

strategies. Furthermore, my study calls for more caution and further evidence on optimal 

methods to roll out new health information systems on top of the existing ones to avoid 

disrupting the current activities.  
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6 Supplementary Documents 

Chapter 1 

Table S 1: Search strategy 

#1 artemisinin OR kelch OR kelch13 OR k13 

#2 Asia OR Greater Mekong OR Bangladesh OR Cambodia OR China OR 
Indonesia OR Malaysia OR Myanmar OR Lao OR Afghanistan OR Viet Nam 
OR India OR Iran OR Nepal OR Philippines OR Thailand OR Bhutan OR 
Oman OR Lebanon OR  Jordan OR  United Arab Emirates OR  Yemen OR  
Syria OR  Kyrgyzstan OR  Mongolia OR Iraq OR  Saudi Arabia OR Taiwan OR 
Uzbekistan OR Turkmenistan OR  Tajikistan OR  Kazakhstan OR   Azerbaijan 
OR Russia OR Armenia 

#3 #1 AND #2 
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Table S 2: Classification of K13 mutations 

Categories SNPs Meaning 

WHO validated/ 
confirmed 

C580Y, F446I, I543T, 
M476I, N458Y, P553L, 
P574L, R539T, R561H, 
Y493H 

A SNP with evidence of 
correlation with artemisinin 
efficacy decline in clinical 
studies and in vitro studies 
and included in the list of 
WHO validated mutations. 

WHO associated A481V, A675V, C469F, 
C469Y/F, E252Q, F673I, 
G449A, G449A/D, G538V, 
N537I, P441L, P527H, 
P574L, R515K, V568G 

A SNP with evidence of 
correlation with a 
therapeutic decline in 
clinical studies but without 
evidence of being tested in 
in vitro studies and included 
in the WHO 
candidate/associated 
mutations.[279]  

WWARN associated *P553L, +P441L, *F446I, 
+N537I, *P574L, *R561H, 
*C580Y, *Y493H, V568G, 
*I543T, *R539T, R539R/T, 
C580C/Y, +N525D, *N458Y, 
*M476I, +G538V, F614L, 
E252Q, +A675V, +A481V, 
H719N, +G449A/D, 
R561H/C, D584V 

A SNP with evidence of 
correlation with slow 
parasite clearance using 
the WWARN in vivo 
parasite clearance half-life 
estimator.[177] 

Unevaluated Any reported K13 SNPs to 
be determined in the review 

A reported K13 SNP but 
not yet included as a 
validated/associated 
mutation by WHO or 
WWARN.  

Not associated  A578S A SNP not associated with 
a therapeutic decline in 
either clinical or in vitro 
studies. 

Wild type Wild type SNPs A non-mutated allele that 
has full sensitivity to 
artemisinins. 

Grouped Single Nucleotide Polymorphisms (SNPs) based on their association with P. falciparum 
clearance rate. The grouping is as per the WHO classification and the published WWARN 
Individual Patient Data (IPD) meta-analysis (Bolded K13 SNPs show where they mirror the 
*WHO validated and +WHO associated groups). Unevaluated markers will include all new and 
old SNPs that have not yet been evaluated to be included in the WHO or WWARN lists. 
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Table S 3: Included K13 studies by publication year 

Year Total Cum. Total 

2020 8 72 

2019 13 64 

2018 5 51 

2017 14 46 

2016 14 32 

2015 12 18 

2014 5 6 

2010 1 1 
 

Table displaying the number of manuscripts included in the review by year of publication. 
The majority of these studies were published between 2015 and 2019, with an average of 
6∙2 publications per year overall. 
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Figure S 1: Distribution of samples by year 

 

All samples (n=16,613) were categorised by year of sample collection and indicating 
those from the Greater Mekong Subregion (GMS) (n=13,440) and outside the GMS 
(n=31,73). Of all years, 2014 had the highest number of samples. 
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Table S 4: Years of sample collection by administrative units 

 All GMS Outside GMS 

Number 
of  

years 

Admin 
units 

% Cum. 
% 

Admin 
units 

% Cum. 
% 

Admin 
units 

% Cum. 
% 

1 73 58∙4 58∙4 19 31∙7 31∙7 54 83∙1 83∙1 

2 21 16∙8 75∙2 15 25   56∙7 6 9∙2 92∙3 

3 9 7∙2 82∙4 5 8∙3 65   4 6∙2 98∙5 

4 5 4   86∙4 5 8∙3 73∙3 0 0   0   

5 8 6∙4 92∙8 7 11∙7 85   1 1∙5 100   

6 2 1∙6 94∙4 2 3∙3 88∙3 0 0   0   

8 1 0∙8 95∙2 1 1∙7 90   0 0   0   

9 3 2∙4 97∙6 3 5   95   0 0   0   

10 1 0∙8 98∙4 1 1∙7 96∙7 0 0   0   

11 1 0∙8 99∙2 1 1∙7 98∙4 0 0   0   

14 1 0∙8 100   1 1∙7 100   0 0   0   
 

Number of years with samples by administrative unit overall, in the GMS and outside the 
GMS (Admin=administrative, Cum=cumulative). Around 60% of the administrative units 
had data only for one year. Over 68∙3% (n=44) of administrative units had samples from 
more than two years coming from GMS. 
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K13 markers publication lag 

Figure S 2: Interval between sample collection and publication 

 

The duration between sample collection and publication calculated as the difference between the 
two respective dates for each sample. The median (range) time between sample collection and 
publication was 3∙6 (range of 1 to 25 and IQR of 2∙7 with the 25th and 75th percentiles of 2∙7 and 5∙2 
respectively) years. Samples collected after the discovery of K13 had shorter interval compared to 
the rest of the samples.  

 

Figure S 3: Difference between sample collection and publication time 

 

Collection and publication dates, median and interquartile ranges for pooled K13 sample 
collection and publication dates. The median time between sample collection and 
publication was 3∙6 (range of 1 to 25 and QR of 2∙7 with the 25th and 75th percentiles of 
2∙7 and 5∙2 respectively) years. 
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Figure S 4: Temporal trends of K13 markers per country 

 
The overall prevalence of validated molecular markers by administrative unit per country over 
time from published K13 studies in the GMS. All countries show an increase in the ‘validated’ 
K13 markers.  
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Figure S 5: WHO-validated markers in the GMS 

 
Distribution of the eight different validated SNPs and their prevalence. C580Y had wider distribution 
throughout the GMS particularly in the east. (Data was aggregated by administrative unit level one 
(Cambodia, Lao PDR, Thailand and Viet Nam and administrative level two for China, India and 
Myanmar) 
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Distribution of K13 markers in the GMS 

Figure S 6: Trend of WHO-Validated markers in selected locations in the GMS 

 
Prevalence of WHO-Validated markers over time for selected administrative subunits in the GMS 
with a minimum of 3 years of data (highlighted by black borders on the map and numbered in blue 
circles on the plots) 
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This graphic interchange file displays the 
change of the overall prevalence of validated 
molecular markers by administrative unit over 
time from published K13 studies in the GMS. All 
countries show an increase in the ‘validated’ 
K13 markers. 

https://www.youtube.com/watch?v=_d0dneGA1Hg&ab_channel=TheLancet 

 

 
 

 

 

 

 

 

 

 

Figure S 7: Temporal and spatial trends of K13 markers in the GMS. 
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Figure S 8:Temporal trends of K13 marker prevalence in the GMS 

 

Annual prevalence of all K13 markers grouped by category. The lines represent the mean value 
and bands the 95% confidence intervals. The WHO validated, WHO and WWARN associated 
markers increased over time from 2002 to 2018 with a decrease in wild type parasites. However, 
there were wide confidence margins at both ends due to smaller sample sizes. 
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Figure S 9: Distribution of K13 markers in South Asia 

 

K13 markers in Afghanistan, Bangladesh, India, Nepal and Pakistan. Except for India which had 

WHO-validated K13 markers (F446I, R539T, R561H/C), other locations had only wild type 

parasites. 
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Table S 5: K13 mutations by category. 

Categories SNPs 

WHO 
validated/confirmed 

C580Y, F446I, I543T, M476I, N458Y, P553L, P574L, R539T, R561H, 
Y493H 

WHO associated A481V, A675V, C469F, C469Y/F, E252Q, F673I, G449A, G449A/D, 
G538V, N537I, P441L, P527H, P574L, R515K, V568G 

WWARN associated A481V, A675V, C580Y, C580C/Y, E252Q, F446I, G449A, G449A/D, 
G538V, I543T, M476I, N458Y, N537I, P441L, P527H, P553L, P574L, 
P667T, R515K, R539T, R539R/T, R561H, R561H/C, V568G, Y493H 

Unevaluated A481T, A486V, A504T, A676D, C447Y, C469F, C469Y, C469Y/F, 
C580F, D281V, D452E, D464E, D512N, D516Y, D584V, E252K, 
E455K, E556D, E567D, E605G, E605K, E643K, F451I, F483S, F495L, 
F614L, F673I, G497V, G533A, G533S, G548S, G553A, H366L, 
H719N, I250T, I437T, I590T, I646L, K189T, K438N, K479I, K503N, 
L488M, L492S, L618L, M476I , M476V, M562I, M579T, M608K, 
M608V, N490T, N525D, N554S, N609S, N632D, N657H, N664S, 
N672R, P443Q, P443S, P553S, P667Q, P667R, P701R, R239Q, 
R513H, R528G, R528G/T, R529K, R575K, R575K/L, S459L, S485N, 
S549Y, S621F, S623C, S700L, T474I, T508N, T535A, T535M, T573A, 
V445G, V454I, V494I, V510G, V510M, V520I, V603E, V637A, V692L, 
Y493C, Y500C, Y511H, Y541H, Y604H 

Not associated A578S 

Wild type Wild type 

A table showing various Single Nucleotide Polymorphisms (SNPs) and their categories as reported in 
the study.  

 

Tool S 1: The Proposed K13 marker study reporting criteria 

To pool data, evaluate trends spatially and temporally, we hereby propose a tool 
that combines minimal essential information to be included when reporting K13 
molecular markers.                                                                                                                                              
This tool consists of four excel sheets which include more information about the 
tool on sheet (P1-About), the tool to be completed (P2-Tool) horizontally for each 
sample, variables covered and their meaning (P3-Variables) and their further 
instructions (P4-Instructions). This tool can also be accessed on the WWARN 
Malaria Clinical Trials Toolkit (https://www.wwarn.org/tools-resources/kelch-
markers-toolkit) 

 

. 

 

 

https://www.wwarn.org/tools-resources/malaria-clinical-trials-toolkit
https://www.wwarn.org/tools-resources/malaria-clinical-trials-toolkit
https://www.wwarn.org/tools-resources/malaria-clinical-trials-toolkit
https://www.wwarn.org/tools-resources/kelch-markers-toolkit
https://www.wwarn.org/tools-resources/kelch-markers-toolkit
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Table S 6: K13 markers publications. 

S.N
o 

PMID Title Authors Eligible/reaso
n for not-
eligible 

1 28161569 The spread of artemisinin-
resistant Plasmodium falciparum 
in the Greater Mekong subregion: 
a molecular epidemiology 
observational study. Lancet Infect 
Dis. 2017;17(5):491–7. 

Imwong M, 
Suwannasin K, 
Kunasol C, Sutawong 
K, Mayxay M, Rekol 
H, et al. 

eligible 

2 27332904 A Worldwide Map of Plasmodium 
falciparum K13-Propeller 
Polymorphisms. N Engl J Med. 
2016 Jun;374(25):2453–64 

Ménard D, Khim N, 
Beghain J, Adegnika 
AA, Shafiul-Alam M, 
Amodu O, et al. 

eligible 

3 28137815 13 Propeller Mutations in 
Plasmodium falciparum 
Populations in Regions of Malaria 
Endemicity in Vietnam from 2009 
to 2016. Antimicrob Agents 
Chemother. 2017 Apr;61(4). 

Thuy-Nhien N, Tuyen 
NK, Tong NT, Vy NT, 
Thanh NV, Van HT, et 
al. 

eligible 

4 25180241 Independent Emergence of 
Artemisinin Resistance Mutations 
Among Plasmodium falciparum in 
Southeast Asia. J Infect Dis. 2015 
Mar 1;211(5):670–9. 

Takala-Harrison S, 
Jacob CG, Arze C, 
Cummings MP, Silva 
JC, Dondorp AM, et 
al. 

eligible 

5 25075834 Spread of artemisinin resistance 
in Plasmodium falciparum malaria. 
N Engl J Med. 2014 
Jul;371(5):411–23. 

Ashley EA, Dhorda M, 
Fairhurst RM, 
Amaratunga C, Lim P, 
Suon S, et al. 

eligible 

6 25224002 Delayed parasite clearance after 
treatment with dihydroartemisinin-
piperaquine in Plasmodium 
falciparum malaria patients in 
central Vietnam. Antimicrob 
Agents Chemother. 2014 
Dec;58(12):7049–55. 

Thriemer K, Hong N 
Van, Rosanas-Urgell 
A, Phuc BQ, Ha DM, 
Pockele E, et al. 

eligible 

7 26616851 An outbreak of artemisinin 
resistant falciparum malaria in 
Eastern Thailand. Sci Rep. 2015 
Nov 30;5:17412. 

Imwong M, Jindakhad 
T, Kunasol C, 
Sutawong K, 
Vejakama P, Dondorp 
AM. 

eligible 

8 25836766 Selection and Spread of 
Artemisinin-Resistant Alleles in 
Thailand Prior to the Global 
Artemisinin Resistance 
Containment Campaign. PLoS 
Pathog. 2015 
Apr;11(4):e1004789. 

Talundzic E, Okoth 
SA, Congpuong K, 
Plucinski MM, Morton 
L, Goldman IF, et al. 

eligible 

9 27313266 Declining Efficacy of Artemisinin 
Combination Therapy Against P. 
Falciparum Malaria on the Thai-
Myanmar Border (2003-2013): 
The Role of Parasite Genetic 
Factors. Clin Infect Dis an Off 
Publ Infect Dis Soc Am. 2016 
Sep;63(6):784–91 

Phyo AP, Ashley EA, 
Anderson TJC, 
Bozdech Z, Carrara 
VI, Sriprawat K, et al. 

eligible 



Page 111 of 189 
 

10 20689583 An open-label, randomised study 
of dihydroartemisinin-piperaquine 
versus artesunate-mefloquine for 
falciparum malaria in Asia. PLoS 
One. 2010 Jul;5(7):e11880. 

Valecha N, Phyo AP, 
Mayxay M, Newton 
PN, Krudsood S, 
Keomany S, et al. 

eligible 

11 25704894 Spread of artemisinin-resistant 
Plasmodium falciparum in 
Myanmar: a cross-sectional 
survey of the K13 molecular 
marker. Lancet Infect Dis. 2015 
Apr;15(4):415–21. 

Tun KM, Imwong M, 
Lwin KM, Win AA, 
Hlaing TM, Hlaing T, 
et al. 

eligible 

12 27109419 Investigation and control of a 
Plasmodium falciparum malaria 
outbreak in Shan Special Region 
II of Myanmar along the China-
Myanmar Border from June to 
December 2014. Infect Dis 
poverty. 2016 Apr;5:32. 

Liu H, Xu J-W, Yang 
H-L, Li M, Sun C-D, 
Yin Y-J, et al. 

eligible 

13 25927592 Prevalence of K13-propeller 
polymorphisms in Plasmodium 
falciparum from China-Myanmar 
border in 2007-2012. Malar J. 
2015 Apr;14:168. 

Wang Z, Shrestha S, 
Li X, Miao J, Yuan L, 
Cabrera M, et al. 

eligible 

14 25537878 Molecular assessment of 
artemisinin resistance markers, 
polymorphisms in the k13 
propeller, and a multidrug-
resistance gene in the eastern 
and western border areas of 
Myanmar. Clin Infect Dis an Off 
Publ Infect Dis Soc Am. 2015 
Apr;60(8):1208–15. 

Nyunt MH, Hlaing T, 
Oo HW, Tin-Oo L-LK, 
Phway HP, Wang B, 
et al. 

eligible 

15 27788228 Prevalence of Plasmodium 
falciparum Molecular Markers of 
Antimalarial Drug Resistance in a 
Residual Malaria Focus Area in 
Sabah, Malaysia. PLoS One. 
2016;11(10):e0165515. 

Norahmad NA, Mohd 
Abd Razak MR, 
Abdullah NR, Sastu 
UR, Imwong M, 
Muniandy PK, et al. 

eligible 

16 26688755 No Polymorphism in Plasmodium 
falciparum K13 Propeller Gene in 
Clinical Isolates from Kolkata, 
India. J Pathog. 
2015;2015:374354. 

Chatterjee M, 
Ganguly S, Saha P, 
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Chapter 3 

Figure S 10: Data flow and linkage for notified malaria cases and case investigation 
reports on drug adherence and response. 

 

A chart showing data flow from the DHIS2 (including clinical data of malaria notifications and tested 

samples captured by NMC and case investigation data captured on case investigation forms) and 

molecular laboratory data. Case investigation reports on drug adherence and response were only 

available from January 2019 when home follow-up for adherence and response was initiated. 

(MMR=Molecular markers of resistance results, mRDT=malaria rapid diagnostic test and P.f = 

Plasmodium falciparum) 
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Figure S 11: GPS coordinates’ coverage trend over the two-year study period (2018-
2020) 

a) b) 

a) a plot of mean coverage of coordinates, with 95% confidence intervals b) A decomposed time 

series of cases. The series was investigated with residential coordinates recorded over the two-

year study period and accounted for the effect of random errors. The coverage had stationarity at 

88% from 2018 until the second quarter of 2019, when it dropped to 85%.  
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Figure S 12: Accuracy trend of malaria case residential coordinates collected over the 
two-year study period (2018-2020) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

a) Chart showing the trend for coordinate accuracy, with 95% confidence intervals, and b)a  

decomposed time series over the two-year study period. Accuracy ranged 48% (95%CI: 39 - 56%) 

at baseline to 89% (95% CI: 80 - 98%) by the first quarter of 2020 (Fig. S3. After accounting for the 

effect of random errors, there was a 1.4% (95% CI: 0.9 – 1.9 %) average increment in accuracy 

every month for two years (p≤ 0.001) 
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Figure S 13: Percentage of mRDTs barcoded over the two-year study period (2018-
2020) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

a) Chart showing the trend of barcode coverage and its 95% confidence interval, and b) a 

decomposed time series for two years. After accounting for the effect of random errors in the 

exploratory analysis, the coverage increased steadily throughout the two years of the study, with an 

average increment of 4.6% (95% CI: 2.2 – 4. 7%, p < 0.0001) per month. 
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Figure S 14: Barcode accuracy trend over the two-year study period (2018-2020) 

  

Figures showing a) the trend of barcode accuracy and its 95% confidence interval for two years, 

and b) its decomposed time series. After accounting for the effect of random errors, the accuracy 

increased steadily throughout with a 4.3% (2.1– 4.5 %) average increment per month (p < 0.0001). 
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Figure S 15: Linkage of the patients’ and antimalarial resistance data over the two-

year study period (2018-2020) 

In an exploratory analysis, after accounting for the effect of random errors, the linkage ability 

increased with a 3.1% (1.2– 4.1 %) average increment in linkage per month (p<0.0001) over 

the two-year study period until the 1st quarter of 2019 but plateaued after that (Fig. S6).  

 

 

Figures showing a) the trend of data linkage, and its 95% confidence interval for two years, and 

b) its decomposition time series. after accounting for the effect of random errors, the linkage ability 

increased with a 3.1% (1.2– 4.1 %) average increment in linkage per month (p<0.0001) over the 

two-year study period until the 1st quarter of 2019 but plateaued after that (Fig. S6) 
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 Figure S 16: Two different types of shapefiles evaluated for the study area 

a)  b)  

Malaria case distribution maps evaluated for the study area; a) a thematic map of distribution of 

malaria cases by ward b) a 0.5 X 0.5 density map of cases. The latter was selected as suitable for 

further mapping malarial cases and drug resistance as a background shapefile. 
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Tool S 2: GPS tools for training malaria case investigators  

1. Tool S2 a: A training guide for trainers 

Section 1: Introduction 

Strengthening surveillance activities towards accurate and comprehensive data and 

reporting is central in achieving malaria elimination. Apart from enhancing monitoring 

and planning activities, improving the quality of malaria surveillance immensely helps in 

prioritisation of resources. The 2016 – 2030 WHO strategy recommends surveillance to 

be adopted in the health system as a core intervention. Programmes need to focus 

resources in training their surveillance teams to be able to keep up with current 

requirements and the use of new technologies such as tablets and GPS machines. 

Coupled with the knowledge of the work flow of data through different health information 

systems such as DHIS2 (District Health Information Systems II) surveillance personnel 

with supervisory roles are gate-keepers and provide a major link between field data 

collection and programme management. 

 

This training is therefore aiming at empowering surveillance case investigators in good 

and well-informed practice to perform case investigation using GPS devices. 

 

This training should be carried out in three parts. A theoretical part should be completed 

in class first, with the aim of achieving the learning goals below and the second part 

should be a supervised field practical. The third part is for visualisation of the 

coordinates collected during the field practical, discussion and feedback sharing. This 

last part should also address the transcription and copying errors. 

Tasks for the trainers/supervisors 

This training manual assumes the environment health officers and information officers 

to be fluent with case investigation, data flow and reporting, therefore be able to train 

the case investigators regularly to ensure high quality of data. 

Learning goals 

1. Each case investigator to understand the basic concepts in describing location 

and direction. 

2. Each case investigator to understand the minimum requirements of 

case/household identifiers to be able to find a case’s household. 

3. Each case investigator to be fully knowledgeable in understanding how to 

calibrate a GPS device, obtain coordinates and troubleshoot frequent location 

queries. 

4. Each case investigator to be fluent in the information required, and be able to 

complete location information, in the case investigation form and the rationale of 

each input. 

5. Each case investigator to be able to independently capture and copy down 

location correctly and understand how coordinates are visualised. 
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Materials 

Functioning and powered GPS devices and/or tablets, scratch book, pens and papers. 

Standard Operating Procedures for GPS and/or tablets. 

Flip card or PowerPoint (PPT) presentation (attached) can be used to summarise the 

important information. 

Procedure 

Part 1 – Basic concepts in telling and capturing location using GPS devices or 

tablets (15 – 20 mins) 

Identify the level of knowledge: 

You can assess the knowledge gap by asking the team to respond to a prepared survey 

to understand how to customise your training. However, if that is time consuming you 

can use a consensus approach as below. 

 

Begin by allowing case investigators to explain to you their role and field activities. Ask 

one or two to fully describe the procedure and ask if there any other alternatives to 

performing case investigation. Building on their view and addressing the gaps, use the 

PPT to guide you through the process.  

Allow time for a discussion by asking few questions or responding to questions after 

every 2-3 slides. 

 

Go through the PPT and discuss on the basics of describing location and direction. Use 

relevant examples to probe participants to describe and give directions of arriving at a 

place e.g. the training venue, nearby hospital or any famous structure or farm. 

The next part will be going through the SOPs, spending between 20 – 30 mins for 

Garmin eTrex SOP reading, operating the device and discussion. Use the icons listed in 

each instruction to help guide the participants to arrive at the right setting. In groups of 2 

-3 participants, allow 5 – 10 minutes for each group to individually go through the 

process again and discuss any challenges. 

Use similar time for the chosen android application (e.g. ‘GPS Essentials’) and follow 

the same procedure as above. 

Part 2A - Writing coordinates (10 mins discussion) 

By using the case investigation fields, discuss with case investigators on how the 

coordinates, direction and address information should be completed. 

Part 2B - Field data collection (30 mins exercise) 

Ask case investigators to go to the nearby well-known structures and record the 

addresses and coordinates on a paper.  
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Part 3 – Coordinates’ recording and visualisation (30 mins) 

Ask case investigators to  swap their copied locations  

Create an excel sheet and list the places as below.  

 

Use Google Maps to visualise these coordinates; 

- Open Google Maps on your computer 

- Select ‘your locations’ 

- Select ‘maps’ 

- Select ‘create maps’ 

- Select ‘add layer’ 

- Select ‘upload file’ (here you will upload your excel sheet) and your coordinates 

will appear on the Google Maps 

- Zoom in to show the participants and probe if their locations have been captured 

correctly 

Assessment method 

You can send a post training survey (paper- or online based tool) to assess the previous 

identified knowledge gap and see if the learning goals have been achieved. You can 

also ask the participants the degree of satisfaction with the training and obtain their 

feedback for future use. 

Alternatively, you can use the consensus approach for a general feedback to see if they 

have understood. Project the learning objectives slide and see how much they agree by 

show of hands to each learning goal. 

Other supportive information 
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2. Tool S1B: Standard operating procedures for eTrex 10 GPS device (adapted from Health 

Geolab Collaborative, 2018) [280].  

A. Plan your day: 

Turn your GPS machine on and off to 

make sure there is enough battery for the 

day. 

B. At your facility, identify the cases you 

will be investigating for the day and 

plan your site visits 

C. When you arrive at the site for 

obtaining the GPS coordinates, first, 

identify and write down the name or 

address (stand/street 

number/ward/subdistrict), then, follow 

through the procedures below; 

3. Find an open space and turn the 

GPS device on.  

4. Click twice on the menu button on 

the left of the device to get to the 

menu page.  

5. Scroll down the menu page using the 

thumbstick, until the "Setup" icon is 

highlighted. 

Next, press the 

thumbstick to access 

the Setup sub-menu.  

6. Scroll down the menu page using the 

thumbstick, until the "System" icon is 

highlighted. Next, press the 

thumbstick to access the System 

sub-menu.  

 

8. Press the back button on the right of the 

device to return to the Setup sub-menu.  

9. Use the thumbstick again to arrive at the 

"Units" icon is highlighted. Next, press 

the thumbstick to 

access the Units submenu  

 

10. Set both the "Distance and Speed" as 

well as "Elevation" items to the metric 

system as shown here:  

 

11. Click on the back button on the right of 

the device to return to the Setup sub-

menu.  

12. Use the thumbstick again until the 

"Position Format" icon is highlighted. 

Next, press the thumbstick to access the 

Units sub- menu.  

 

13.  Set the "Position Format," "Map 

Datum," and "Map Spheroid" as 

presented here:  

 

14. Click on the back button twice to return 

to the menu page 

15. Hold the GPS device horizontally in front 

of you, use the thumbstick to scroll 

down the menu page until the "Satellite" 

icon is highlighted: 
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7. Under "Satellite System" highlight the 

"GPS+GLONASS" option and press 

the thumbstick to save the selection.  

This will allow you to use both the GPS 

and       GLONASS constellations of 

satellites as shown here  

 

 

 

 

 

14. Next, press the thumbstick to 

access the "Satellite page" which 

looks as follows: 

 

17. Once the accuracy value is below 15 

metres with at least 4 satellite signals, 

temporarily write down the number 

of satellite signals and the accuracy 

measure on a piece of paper.  

18. Mark the waypoint by pressing and 

holding the thumbstick. This will take 

you to the “Mark Waypoint” page as 

seen here: 

 

19. If this is not the case, this means that 

the coordinates fall outside the ranges.  

Recheck the units and position format 

of the device (see steps 7 to 11 

above). 

20. Note the final number of satellite 

signals and accuracy to make sure 

there is a minimum of 4 satellites and 

the accuracy is within 15m. 

21. Record the coordinates with 5 

decimals in the case investigation 

form. 

e.g.  Latitude (decimal degrees)               

Longitude (decimal degrees) 
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15. Wait for the accuracy value to 

become less than 15 metres with 

at least 4 satellite signals 

received (number of grey bars at 

the bottom of the page). Stay for 

at least one minute at the same 

spot to allow for the best reading 

possible.  

In the example shown here, the 

accuracy is 10 m with 6 satellite signals 

received (the transparent bar is not 

counted).  

 

16. If there is no fixing of the satellite 

signal, make sure you are under 

open sky and take a few (2 or 3) 

steps and repeat step 15 

 

- 2 5 . 4 7 9 0 8 
 

0 3 0 . 9 7 2 9 4 

 

22. Check. Go back through the form and 

complete any missing fields.  

23. Move to the next household and start 

again from step A.  IMPORTANT: Turn 

off the GPS device by holding down 

the ‘on/off’ button until you are at the 

next point to be collected.  
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Tool S2 c: Standard operating procedures for GPS-Essentials android application 

Instructions for downloading, obtaining & recording coordinates using the ‘GPS 

Essentials’ App on an Android Mobile Phone or Tablet 

Shortened version: 

i. Download ‘GPS Essentials’ App from ‘Google Play Store’ 

ii. Customise the settings to; “Units” – meters (SI), “Position Datum” – World Geodetic 

System 1984, “Position format” – Decimal 

iii. Open “Satellites”, the App will display coordinates, satellites and accuracy. 

iv. Select “Dashboard” and add items you want to be displayed every time you are 

collecting coordinates. 

 

Extended version: 

1. To download this App you will need; 

a. An internet connection through WIFI or using data via your mobile subscriber. 

b. A ‘Play Store account’, you can proceed with steps below if you already have an 

account. If you do not have it, open ‘Google Play Store’ and follow instructions on 

registering an account or proceed with the instructions below if you already have 

an account to download applications. 

2. In the Play Store, click on the search window 

and type ‘GPS Essentials’  

 

3. Select the App and choose ‘INSTALL’ for it to be installed in your advice. 

4. If you get a warning “Cannot download App from unknown sources”, go to 

settings>>allow downloads from unknown resources>>select to it to allow (on). 

5. Wait for a few minutes, the App will download 

and install automatically. After the installation 

select ‘OPEN’ to have the app displayed in your 

tablet/phone. It will show the App menu as 

below. 
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6. Select “Satellites” and coordinates, precision 

and number of satellites will be displayed as 

below in two lines 

 

7. Select the 3 lines on the left side corner to open 

the sliding submenu and scroll down to 

“Settings”. 

 

8. In settings, scroll down to “Presentation” and select; 

a. Units and set this to Meters (SI) 

b. Position Datum and set it to World Geodetic System 1984 

c. Position format and set it to Decimal 

9. Click the back arrow to get back to the main Menu and select “Dashboard”. Here we 

will add a dashboard to display our readings as follows: select the plus ‘+’ item on the 

right upper side of the screen to open the dashboard submenu with the items to select.  

a. Accuracy 

b. Date 

c. Latitude 

d. Longitude 

e. Number of Satellites 

Note on the left side the colour highlights on the left side when an item gets selected. Then 

choose ‘close’ to end the submenu window 

10. Your dashboard will be ready with the five items 

to display always when collecting coordinates.  

11. When you arrive at the point for collecting 

coordinates. Open the ‘GPS Essentials’ and 

select dashboard to get the reading. Record the 

coordinates on your paper forms. 
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Guide S 1: Treatment adherence and response form 
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Chapter 4 

 

 

An illustration showing the different malaria notification systems involved during the study on 
integrating molecular markers of resistance into routine malaria notification system. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S 17: Malaria Notification Systems 
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Data collection tools 

Data Collection Instrument 1: SS4ME project survey:  
This is a survey tool to collect primary healthcare staff’s experience on additional activities introduced 
during SS4ME on integrating molecular markers of resistance into the routine malaria notification 
system. 

Guide S 2: Health workers’ survey (SS4ME Project) 

 

SS4ME project survey 
 

Clinic name  Clinic ID (if 
known) 

 
 

Your job title  Today’s date  __/______/___ 
Dd/month/year 

 
WE APPRECIATE YOUR HELP WITH THIS SURVEY ABOUT THE SS4ME PROJECT 

 
THE QUESTIONS SHOULD TAKE ABOUT 30 MINUTES OF YOUR TIME 

 
THERE ARE NO WRONG ANSWERS! 

 

Please read this background to the survey first 
 
There are parts of the world where malaria parasites have developed resistance to all malaria 
treatments.  
 
So far, the treatments recommended here work well, but we need to improve our systems to 
make sure we are able to detect and contain any resistance that occurs.  
 
For the SS4ME project we collected positive and negative malaria RDTs from your clinic/hospital 
and sent them to a laboratory in Johannesburg (NICD). We also asked staff to collect and send a 
filter paper sample from any left-over blood instead of wiping it away with a webcol/cotton wool. 
 
The lab is now testing the RDTs and blood spots to see if there was any resistance to Co-
Artem® 
 

1 How was your 
experience of labelling 
individual RDTs? 

Mark ONE of the following 4 answers: 
 

This is not part of my work 
 
It is easy for me to do 
 
It is sometimes difficult for me to do 
 
It is difficult for me to do 
 

 
 
 
 
 
 
 

Please briefly explain your answer to question 1 here if you would like: 
 

2 How was your 
experience of labelling 
individual filter paper 
samples (blood 
spots)? 

Mark ONE of the following 4 answers: 
 

  This is not part of my work 
 
It is easy for me to do 
 
It is sometimes difficult for me to do 

 
 
 
 
 
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It is difficult for me to do 
 

 
 

Please briefly explain your answer to question 2 here if you would like: 
 

3 How was your 
experience of putting 
positive RDTs into 
individual packets for 
collection by the 
malaria programme 
and negatives RDTs in 
a different bag? 

Mark ONE of the following 4 answers: 
 

This is not part of my work 
 
It is easy for me to do 
 
It is sometimes difficult for me to do 
 
It is difficult for me to do 
 

 
 
 
 
 
 
 

Please briefly explain your answer to question 3 here if you would like: 
 
 

4 How was your 
experience of putting 
filter paper blood 
spots into packets for 
collection by the 
malaria programme? 

Mark ONE of the following 4 answers: 
 

This is not part of my work 
 
It is easy for me to do 
 
It is sometimes difficult for me to do 
 
It is difficult for me to do 
 

 
 
 
 
 
 
 

Please briefly explain your answer to question 4 here if you would like: 
 
 

5 Which tools for 
malaria case 
notification have you 
used in the last 6 
months? 

Check all that apply: 
 

Malaria  
 
Malaria Connect 
 
NMC Phone app 
 
Other (please name): 
______________________________ 
 

 
 
 
 
 
 
 
 

6 How was your 
experience of using 
the paper NMC form to 
notify malaria cases? 

Mark ONE of the following 4 answers: 
 

This is not part of my work 
 
It is easy for me to use 
 
It is sometimes difficult for me to use 
 
It is difficult for me to use 
 

 
 
 
 
 
 
 

Please briefly explain your answer to question 5 here if you would like: 
 
 

7 What was the effect of 
SS4ME on your work? 

Mark ONE of the following 3 answers: 
 

It had no effect 
 

 
 
 
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It affected my work in a negative way (i.e. caused 
me problems with my work) 
 
It affected my work in a positive way 
 

 
 

Please briefly explain your answer to question 7 here if you would like: 
 
 

8 Do you think the 
SS4ME project is 
useful?  

Mark ONE of the following 3 answers: 
 

Yes 
 
No 
 
Don’t know 
 

 
 
 
 
 

Please briefly explain your answer to question 8 here if you would like: 
 
 

9 What should we do 
differently if we wanted 
to ask a new clinic to 
start SS4ME?  
 

Mark ONE of the following 2 answers: 
 

Keep things as they are 
 
Change things 
 

 
 
 

Please briefly explain your answer to question 9 here if you would like: 
 
 

10 The department of 
health introduced a 
single low dose of 
primaquine to clinics 
in the last year.  
Please let us know 
how this has affected 
your work 

Mark ONE of the following 3 answers: 
 

It had no effect 
 
It affected my work in a negative way (i.e. caused 
me problems with my work) 
 
It affected my work in a positive way 

 
 
 
 
 

Please briefly explain your answer to question 10 here if you would like: 
 
 

Finally Please write any other 
comments or 
suggestions that you 
can think of for 
improving malaria 
notifications in this 
area if you would like 

 
 
 
 
 
 
 

THANK YOU FOR YOUR HELP 

 
 
 
 
 
 
 
 
  



Page 151 of 189 
 

Data Collection Instrument 2:  
 

Guide S 3: A focus group discussion guide (SS4ME Project)  

This is a semi-structured interview guide for the focus group discussions to collect 

experience on integrating molecular markers of resistance into routine malaria notification 

system. 

FGD IDNO |__|__|__|__|           Facilitator Initials |__|__|__|                     Note-taker Initials 
|__|__|__| 
Audio file: |__|__|__|       Date   |__|__/__|__/__|__|     
Introduction 
I am ______________________________ from ______________________ (facilitator) 
I am ______________________________ from ______________________ (note-taker) 
 

✓ Ask group to introduce themselves using first names 

✓ Capture demographic details – using first name for discussion 

✓ Explain general purpose of the FGDs: 

To understand the experiences of participants with malaria diagnosis, treatment and 
notification and their ideas about a new system 

✓ Aims of the discussion and expected duration (1 hour) 

✓ Who is involved in the process (other participants) 

✓ Why the participants’ cooperation is important 

✓ What will happen with the collected information and how the participant/target group will 

benefit 

✓ Ask group to define their own ground rules, for example: 

• Only one person talks at a time. 

• It is important for us to hear everyone’s ideas and opinions. There are no right or 

wrong answers to questions – just ideas, experiences and opinions, which are all 

valuable. 

• It is important for us to hear all sides of an issue – the positive and the negative. 

• Confidentiality is assured. “What is shared in the room stays in the room.” 

✓ Any questions? 

✓ Check position and functioning of tape recorder 

✓ Check for everyone’s consent to participate and be recorded 

✓ Refreshments will be served after the discussion 

Domain Topic and probes 

Roles As a reminder, briefly, what does your job involve? Why is this important? 

Adding resistance 
data to 
notifications  

 

There are parts of the world where malaria parasites have developed 
resistance to all treatments available. So far the treatments 
recommended here still seem to work very well, but we need to improve 
our surveillance systems to make sure we detect and contain any drug 
resistance that may occur here.  
 
The SS4ME project involved linking malaria notifications with molecular 
markers of antimalarial drug resistance obtained from RDT samples and 
blood spots sent to the NICD. We then can put the results on maps with 
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GIS coordinates of where the RDTs were taken, where people live and 
sometimes where people had travelled from (if different). In time this will 
allow us to predict areas of drug resistant parasites which may guide 
where more work is needed to contain resistance and, for instance, 
change treatment policy.  
 
Let’s talk about your experience of this project. (Probe: were you aware 
of the project? What role did you play?) 
 
We would first like your advice on whether we need to refine the 
practical processes 

• For instance, we asked [you][clinic staff] to label used RDTs and 

blood spots on filter paper to dab blood remaining after finger 

prick. These were collected and stored at clinics for despatch to 

the NICD 

- What was your experience with this, if at all? Probe: labelling, 
bagging, labelling bags, logs, transfer to NICD (what will happen 
if the project coordinator is not available to help with some 
aspects of this, e.g. logs?) 

• We then linked the malaria notifications for each patient with his 

or her positive RDT resistance data results from the NICD by 

using the Notifiable Medical Conditioner Identifier (NMC ID) 

- What do you think of this? Probe: are there other identifiers 
that could be used instead or as well? 

• What other systems have been in place for malaria notifications 

in the past 6 months in your facility/area? Probe: 

MalariaConnect®, NMC App. How was your work affected by 

these systems? Duplication, missing data? 

During the project in the same area (Nkomazi sub-district), the 
department of health introduced a single low dose of a new 
(unregistered) drug called primaquine to reduce the transmission of 
malaria within the community and therefore increase the chance of 
malaria elimination. Clinics were asked to dose patients with 
uncomplicated malaria (with a few restrictions) with PQ and add a record 
of this dosing to the notification forms [and for case investigations an 
additional page 3 to assess treatment response] 

• How did this impact you in your work? Probe: malaria 

notifications/ case investigations 

Maps (MEP staff 
only – show 
maps) 

Parasite resistance to malaria treatment has spread in eight countries in 
Asia and in the past resistance has previously transferred from Asia to 
Africa.  

• Do you think we should be concerned? Why? Probe: if no, what 

level of resistance would give rise to concern? 

As part of monitoring and early warning systems, maps of antimalarial 
resistance are being used to monitor spread.  

• How useful are maps for monitoring drug resistance? 

• What type of maps, and information in them, would you prefer? 

Probe use of different colours for cases, resistance etc. 

Here is a set of drug resistance maps produced from the Nkomazi linked 
data; 

• Which of the formats do you find easier to understand? Why?  

• Would you like any changes on this format to improve it? Probe: 

change of colours, symbols, titles, captions, or administrative 

units/localities 
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Here is another set of maps produced from another area in the world 

• If this was South Africa, what is your impression of the data? 

Probe: what steps might be needed on seeing these data? 

Overall utility and 
impact 

• What do you think are the benefits of SS4ME? And the 

challenges? 

• What do you think are the benefits of introducing SLD PQ? And 

the challenges? 

• Is this project of linking notifications and drug resistance data 

worthwhile to your work? Probe: can you see any value for your 

patients? [MEP programme - value for identifying foci for 

investigation] 

• How best can this model be scaled up? Probe: if we were to 

introduce this to Bushbuckridge or Mbombela, what would you 

advise? 

• MEP staff only: do you think the SS4ME project is the right one to 

generate information that will help you and others to do your role? 

Closing 
We are now approaching the end of our discussion. Is there anything else anyone would like to 
add?  

✓ Summarise 

✓ Thank participants 

Collect participant demographic details 
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Guide S 4: An in-depth interview guide for key informants (SS4ME Project)  

A semi-structured guide for the key informant interviews to collect experience on integrating 
molecular markers of resistance into routine malaria notification system. 

IDI IDNO |__|__|__|__|           Facilitator Initials |__|__|__|                     Note-taker Initials 
|__|__|__| 
Audio file: |__|__|__|       Date   |__|__/__|__/__|__|     
 
Introduction 
I am ______________________________ from ______________________ 

✓ General purpose of the study 

✓ Aims of the interview and expected duration 

✓ Who is involved in the process (other participants) 

✓ Why the participant’s cooperation is important 

✓ What will happen with the collected information and how the participant/target group will 

benefit 

✓ Any questions? 

✓ Consent 

Warm up [demographic & work history] 
Can I ask some details about you and your job? 
Job title ____________________________  
Years worked in this role |__|__|yrs|__|__|mths          
Highest educational grade attained ___ __   Year of graduation____________ 
Are you originally from this area?     □ Yes  □ No 

Domain Topic and probes 

Role As a reminder, briefly, what does your job involve? Why is this important? 

Linking resistance 
data to 
notifications  
 

There are parts of the world where malaria parasites have developed 
resistance to all treatments currently available. So far treatments 
recommended here still seem to work very well, but we need to improve 
our surveillance systems to make sure we can promptly detect and 
contain any drug resistance that may occur here.  
 
The SS4ME project involved linking data from malaria notifications with 
molecular markers of antimalarial drug resistance from RDT samples and 
blood spots by the NICD. Data were then mapped according to GIS 
coordinates of sampling, residence (and suspected location of infection, if 
different). This feeds into a geo-statistical model, yielding a predictive 
map of estimated prevalence of drug resistant parasites showing levels 
of uncertainty, to inform drug resistance containment efforts and – if 
needed – changes in malaria treatment policy.  
 
Let’s talk about your experience of this project. (Probe: were you aware 
of the project? What role did you play?) 
 
We would first like your advice on whether we need to refine the practical 
processes 

• For instance, we asked clinic staff to label RDTs and blood spots 

on filter paper to dab blood remaining after finger prick which were 

collected and stored at clinics for despatch to the NICD 

- What was your experience with this, if at all? Probe: labelling, 
bagging, labelling bags, logs, transfer to NICD (what will happen 
if the project coordinator is not available to help with some 
aspects of this, such as the logs?) 
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• We then linked the notification data for each patient with his or her 

positive RDT using the Notifiable Medical Conditioner Identifier 

(NMC ID) 

- What do you think of this? Probe: are there other identifiers that 
could be used instead or as well? 

• What other systems are in place for malaria notifications? Probe: 

MalariaConnect®, NMC App. How was the project affected by 

these systems and vice versa? Duplication, missing data? 

• During the project in the same area (Nkomazi sub-district), the 

department of health introduced a single low dose of a new 

(unregistered) drug called primaquine to reduce the transmission 

of malaria within the community and therefore increase the chance 

of malaria elimination. This involved reporting details of patients 

treated with PQ (notification forms) and for case investigations an 

additional page 3 to assess treatment response.  

- How do you think this impacted the project and the routine 
malaria case management/case investigation system?  Probes: 
how did introducing PQ affect notifications? How did introducing 
PQ affect case investigations? 

Maps – show maps 
Resistance to artemisinins has spread in eight countries in Asia. Drug 
resistance has previously transferred from Asia to Africa, and malaria 
partner drugs (like lumefantrine) have already started showing tolerance 
in Africa.  

• Do you think we should be concerned? Why? Probe: if no, what 

level of resistance would give rise to concern? 

As part of monitoring and early warning systems, maps of antimalarial 
resistance showing the distribution of drug resistance are being used to 
monitor geographical spread of artemisinin and lumefantrine resistance.  

• How useful are maps for monitoring drug resistance? 

• What type of maps, and information in them, would you prefer?  

• [general discussion on colours for cases, resistance etc.] 

Here is a set of drug resistance maps produced from the Nkomazi linked 
data; 

• Which of the formats do you find easier to understand? Why?  

• Would you like any changes on this format to improve it? Probe: 

change of colours, symbols, titles, captions, or administrative 

units/localities 

Here is another set of maps produced from another area in the world 

• If this was South Africa, what is your impression of the data? 

Probe: what steps might be needed on seeing these data?  

Overall utility and 
impact 

Overall, do you think the SS4ME project is fit-for-purpose to generate 
information that will help you and others to do your role? 

• What were the benefits of SS4ME? And the challenges? 

• What were the benefits of introducing SLD PQ? And the 

challenges? 

• Are the outputs worthwhile? Probe: opportunity costs, for 

identifying foci for investigation 

• How sustainable is this project? Probe: how best can this model 

be scaled up 

• Overall, what is the utility of this model for supporting changes to 

malaria treatment policy 

Closing 
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We are now approaching the end of our discussion. Is there anything else you would like to add?  

✓ Summarise 

✓ Thank participant 
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Tool S 3: A Process-oriented logic model for assessing the integration of early 

warning interventions in existing surveillance system 

Below are table structured summaries displaying the process-oriented logic framework, including 
processes, inputs, outputs, and outcomes for evaluating the integration of molecular markers of 
resistance into a routine malaria notification system. 

 
Tool S3 A: Illustration of the process-oriented logic framework without data. 
 

  
Logic 

 

  
Inputs/Activities Outputs Outcomes 

 

   
Intended Unintended Unintended Short-

term 
Long-term Quotes/example 

P
ro

c
e
s
s
e
s
 

Process 
I, II, III 
… 

Activity 1, 2, 3 …            Quote 1, 2, 3 

Process 
I, II, III 
… 

Activity 1, 2, 3 …            Quote 1, 2, 3 

Process 
I, II, III 
… 

Activity 1, 2, 3 …            Quote 1, 2, 3 

 
Tool S3 B: The process-oriented logic framework with processes, inputs, outputs and selected 
quotes. 
  

Processes 

Detection, 
notification and 
reporting 

Sample 
collection 
and 
reporting 

Case 
investigat
ion 

Data 
capturing 

Analysis and 
reporting 

Others 

Inputs/Activities Filling forms 
(additional 
contact 
information and 
address details) 

Sample 
collection 
(dried blood 
spot 
collection 
and 
labelling) 
Assigning 
barcodes 
stickers 

New 
location 
(GPS) 
collection 
SoPs 

 
Barcode 
scanner 
Barcode 
scanning 

Monthly 
downloads of 
data and 
analysis 
Monthly data 
reporting 

Training 
 
Usage of devices 
Sample collection 
Meaning of MMR & 
surveillance in 
general 

Outpu
ts 

Intende
d 

completed 
demographics 
and patient 
tracking 
information 

barcoded 
filter papers 
of blood 
samples for 
molecular 
marking 

Increased 
GPS 
accuracy 

 
Automatic 
capture of 
barcodes 
avoidance 
of 
transcripti
on errors 

Data quality 
assessment 

trained staff on 
GPS devices, DBS 
sample collection 
and filling the 
notification forms 
 
informed staff on 
the meaning and 
importance of MMR 
and surveillance 
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Uninte
nded 

Daunting start 
 
Increased 
workload  
 
Multiple reporting 
systems 

increased 
workload 
poor 
packaging 
and filing of 
the sample 
details 
Lack of 
barcode 
assignment 

Extra 
training 
sessions 
 
Sense of 
ownership 
of the 
project 
that 
triggered 
the 
agency 
 
Threatene
d working 
relationshi
ps 
 
Requirem
ent for 
airtime 

Inconsiste
nt barcode 
assignmen
t  
Manual 
input of 
barcodes 
Increased 
workload 

increased 
workload due to 
the merging of 
the different 
three forms 

Increased 
awareness of 
resistance 
 
Added confidence 
to staff 
 
Positive perception 
of the added tasks 

Outco
mes 

Short-
term 

Resistance leads 
to a slow start 
 
Incomplete 
tracking 
information 

Inadequate 
quality 
samples and 
data 
shipped to 
the central 
lab for 
molecular 
analysis 

Increased 
accuracy 
of patients' 
location 
 
Motivated 
teams 

Non-
barcoded-
samples 
Transcripti
on errors 
Slow data-
capturing 
process 

quarterly reports 
of cases' 
notification, 
investigation and 
linkage 
 
Feedback of 
areas of 
improvement 
and activities for 
areas of 
improvement 

Increased 
dedication to 
working with 
correct processes 
 
Contradictions 
(knowing vs not 
knowing staff,  
willing vs not-willing 
staff) 

Long-
term 

Acceptance and 
adapting 
 
Increased 
programmatic 
support and 
monitoring 

 
Failure to 
track all 
patients 

Increased 
linked 
cases at 
the 
household 
level 
Overall 
increase in 
willingness 
and 
uptake of 
the 
programm
e 

Improvement of 
data quality, 
timeliness in 
reporting and 
willingness to 
carry out MMR-
RMSS 
 
Increased 
linkage 

Raised knowledge 
about malaria and 
drug resistance 
 
Raised quality of 
data and samples. 
  
Increased linkability 
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Quotes ‘We do the paper 
first, the 
notification book 
first, the 
remaining 
depends with 
their time or 
workload’. [Nurse, 
IDI06]. 
 
‘But the volume 
you can look at 
the CHCs 
[Community 
Health Centres] 
and eight hour, 
there are more 
people coming in 
because day and 
night we are 
working.’ [Nurse 
FGD03]. 
 
‘Basically at first it 
was quite a 
daunting task 
because now [I] 
remember we 
had facilities that 
recently 
introduced the 
new NMC form 
and also Malaria 
Connect and all 
of that. So when 
we went to train 
the health 
facilities they 
were resistant 
because they feel 
that it is extra 
work on their 
behalf. … Then 
even though they 
complied, we 
were getting a 
hint that they 
were not 
completely filling 
incorrectly the 
samples that we 
needed them to.’ 
[Environmental 
Health Officer, 
FGD01]. 

‘Yes, there 
is not 
enough 
(blood from 
one prick). 
There is a 
little but it is 
not enough. 
So most of 
the time 
they have to 
prick maybe 
twice or 
three times 
sometimes.’ 
And added 
by another 
staff 
member ‘I 
think the 
experience 
has taught 
us that 
mostly when 
the people 
are working 
in the farms 
to draw 
blood, 
sometimes 
they prick 
harder. So it 
is either they 
have to prick 
maybe two 
times or 
three times.’ 
[Case 
investigator, 
FGD01]. 
 
‘These 
activities 
have helped 
us to know 
what we are 
doing and 
 
 to help the 
patients, if 
they ask me 
now why we 
are taking 
another 
blood 
sample, it is 
for 
monitoring 
drug 
resistance 
and make 
sure you are 
cured. So 
it’s a very 
good thing’ 
[Nurse, 
FGD04]. 
 
‘remember 
we went 
with the 
supervisor 
to a couple 
of clinics 
when we 

‘We drive 
almost 40 
kms or 
more to 
find a 
case, then 
the 
number is 
wrong and 
there is 
only one 
line for 
address. 
Just 
looking for 
one case 
you take 
the whole 
day while 
other 
notification
s are 
waiting.’ 
[Case 
investigato
r, FGD01] 
 
‘Sometime
s I call a 
clinic 
before 
leaving 
home to 
know if 
there are 
cases 
near 
where I 
leave. 
And..travel
ling to 
Clinic easy 
closer to 
where I 
leave than 
the office, 
so I don’t 
spend too 
much time 
on the 
road going 
back and 
forth’ 
[Case 
investigati
on officer, 
FGD05]. 
 
‘Sometime
s I call a 
clinic 
before 
leaving 
home to 
know if 
there are 
cases 
near 
where I 
leave. 
And..travel
ling to 
Clinic easy 
closer to 
where I 

 
‘When it is 
the rainy 
days and 
the cases 
increase, 
sometimes 
it’s only 
two of us 
capturing 
data. 
Therefore, 
we would 
be late to 
capture… 
Late for a 
few days 
to one or 
two 
weeks.’ 
[Data 
clerk, 
FGD01]. 
 
‘Typing is 
easier 
than using 
a barcode 
scanner’. 
[Data 
clerk, 
FGD01]. 
 
‘Yes, that 
are 
missing, 
maybe the 
facility 
code or 
anything 
like that 
then 
maybe 
three or 
four times 
we have 
experienc
e that the 
RDT came 
alone like 
just the 
RDT 
without the 
filter 
paper, 
without a 
barcode. 
So most of 
the times 
we just 
discard 
because 
there is 
nothing we 
can do or 
go back 
and find 
this 
person 
and do the 
thing 
again’ 
[Surveillan
ce 

‘…what I do is 
to, I need to 
merge the NMC 
form together 
with the page 
three case 
investigation 
form and to take 
it outside the 
computer and 
merge even if it 
is excel it is 
prone to 
changing 
formats and that 
could introduce 
issues that could 
lead to un-
matching within 
the DHIS2 
framework.’ 
[Information 
officer, KII03]. 
 
‘Once 
notifications 
were submitted 
and paper forms 
were captured in 
the HMIS 
system, ideally, 
all cases were 
merged and 
duplicates 
removed. In our 
analysis and 
feedback some 
cases had 
duplicates that 
required further 
cleaning.’ 
[Information 
officer, KII03]. 
 
‘Ja I think 
another thing 
that is good our 
case 
investigation has 
also improved 
because I 
remember when 
we started our 
base line was 
thirty five 
percent. For 
forty eight hours  
and seventy two 
hours[time 
between case 
reporting and 
investigation] it 
was around forty 
eight percent. 
So now on third 
quarter we 
reported above 
sixty five which 
was even above 
the target we set 
for this financial 
year. I think with 
them making the 
follow ups, 
having to go to 

‘The ownership 
thing you know 
when you 
understand exactly 
what it is you are 
capturing and how 
important it is then 
it makes all the 
difference in terms 
of making sure it is 
on file because, 
how these things 
usually get 
presented it is a 
study and there is a 
lot of studies that 
we come across 
and it is always just 
another study that 
we do not know 
how it is going to 
end up, who it is 
going to benefit. So 
I think also that 
approach of you 
[referring to the 
study team] is 
excellent as we 
know what this is.. 
and what this is for. 
This is how 
important it is, it is 
ours only. 
[Information officer, 
FG02] 
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identified 
that problem 
(sample 
lacking 
respective 
DBS or with 
insufficient 
DBS) and 
then we 
went back 
and told 
them that 
now we no 
longer just 
take the 
RDT. We 
also need to 
take the dry 
blood spots, 
so we need 
enough 
blood for the 
dry blood 
because 
sometimes 
we find that 
the dry 
blood is just 
a tiny bit of 
the blood 
and it really 
cannot be 
used. So we 
had to make 
sure that we 
go back to 
them and 
tell and train 
them that 
when you 
prick make 
sure you 
prick 
enough just 
in case it is 
a positive 
you can also 
get more 
blood. They 
are currently 
a lot better’ 
[Nurse, 
FGD03]. 

leave than 
the office, 
so I don’t 
spend too 
much time 
on the 
road going 
back and 
forth’ 
[Case 
investigati
on officer, 
FGD05]. 
 
‘Yes, they 
do so 
(call) 
because in 
the 
notification 
book we 
also write 
our phone 
numbers 
when we 
notify a 
patient, if 
there is 
something 
missing 
they can 
call. Even 
if we are 
not on 
duty, yah, 
threatenin
g our 
working 
relationshi
p.’ [Nurse, 
FGD03] 
 
‘The 
ownership 
thing you 
know 
when you 
understan
d exactly 
what it is 
you are 
capturing 
and how 
important 
it is then it 
makes all 
the 
difference 
in terms of 
making 
sure it is 
on file 
because, 
how these 
things 
usually get 
presented 
it is a 
study and 
there is a 
lot of 
studies 
that we 
come 
across 

supervisor
, FGD02] 

the facilities to 
check on the 
stocks and 
everything has 
made them to 
also be involved 
in going there 
and investigating 
the cases 
because the 
thing was XXXX 
and XXXX 
[mentioning 
MMR-RMSS 
project staff] 
would be 
analysing and 
supporting with 
feedback e.g., 
saying no but 
the Primaquine 
the facility is this 
much and then 
we are not 
having the cases 
recorded. So ja I 
think our system 
improved with 
the Primaquine 
and the smart 
surveillance it 
has pushed 
them to go and 
investigate the 
cases within the 
required time.’ 
[Supervisory 
staff, KII02] 
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and it is 
always 
just 
another 
study that 
we do not 
know how 
it is going 
to end up, 
who it is 
going to 
benefit. So 
I think also 
that 
approach 
of you 
[referring 
to the 
study 
team] is 
excellent 
as we 
know what 
this is.. 
and what 
this is for. 
This is 
how 
important 
it is, it is 
ours only. 
[Informatio
n officer, 
FG02] 
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Figure S 18: Comparison of data from source (Health Care Facilities – HCF), 
Data Collection Centre and DHIS2 

(a) NMC1 cases notified 

 

 

This figures shows data from three HCFs. 

The case notification report counts matched 

in 40% (6/15) of the evaluations.  Four of 

these six matching evaluations occurred in 

the latest two quarters (July and November 

2019), which correlated with a period of 

training and supportive supervisory visits. 

At no quarter all three levels had similar 

counts. The two secondary levels had less 

data variability than their primary source 

health facility. 

(b) Cases investigated 

 

Case investigation report counts matched 

across two levels in three evaluations 

(n=15) in September – November 2018 & 

2019 and April – July 2019. The data 

between the DCC and DHIS2 differed in 

most evaluations (86.7%; 13/16), with the 

third level (HIMS) having more data than 

the second level in the remaining 3 

evaluations. 
 

The comparison of data from source (Health Care Facilities – HCF), DCC and DHIS2 using three 
HCFs as the primary source.  Malaria notifications were aggregated and compared in the different 
levels for every first month of the five quarters in Nkomazi, Mpumalanga South Africa. 
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Figure S 19: Flow chart of the notified malaria cases and laboratory data 
linkage from March 2018 to February 2020. 

 

Malaria cases detected and laboratory data linkage data flow from March 2018 to February 2020 in 

Nkomazi sub-district, Mpumalanga. The notifiable medical condition (NMC) forms captured the data 

on malaria cases and later fed into the District Health Information System II (DHIS2). Laboratory 

samples included malaria rapid diagnostic tests (mRDTs) with their respective filter paper-dried 

blood spots, which were further analysed using PCR for confirmation and species detection. 
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Chapter 5 

Tool S 4: A framework for developing audience-specific maps and associated 
visualisations 

a) Overall tool 

 
b) Optimised tool for antimalarial drug resistance maps and associated visualisations 
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