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Summary

Background—Molecular markers for antimalarial drug resistance can be used to rapidly monitor 

the emergence and spatial distribution of resistance to artemisinin-based combination therapies 

(ACTs). Little has been done to analyse molecular surveillance efforts or to assess surveillance 

coverage. This study aimed to develop an evidence map to characterise the spatial-temporal 

distribution and sampling methodologies of drug resistance surveillance in sub-Saharan Africa, 

specifically focusing on markers associated with ACT partner drugs.

Methods—By use of a systematic search, we identified studies that reported data on the 

following mutations associated with ACT partner drug resistance: pfmdr1 Asn86Tyr, Tyr184Phe, 

Asp1246Tyr, and copy number variation and pfcrt Lys76Thr, with sample collection occurring in 

sub-Saharan Africa between Jan 1, 2004, and Dec 31, 2018, corresponding to the uptake of ACTs. 

For each identified study, we extracted information on its sampling and laboratory methods, author 

and publication affiliations, years of sampling and of publication, geographic coordinates of the 

study sites, and prevalence of the partner drug resistance-associated markers. We used linear 

models to test whether urbanicity, population density, and endemicity were predictors of drug 

resistance survey sites and linear regressions to identify associations between the number of 

resistance surveys within a given country and the at-risk malaria population in 2010, the per-capita 

GDP in 2010, and the mean amount of funding directed to malaria and to determine trends in 

marker prevalence over time. For country case studies with three or more datapoints, we assessed 

global spatial autocorrelation using Moran’s I.

Findings—Our search yielded 254 studies encompassing 492 year-specific and location-specific 

surveys from 35 malaria-endemic countries, the most complete set of molecular partner drug 

surveillance data to date. We observed a median time lag of 3·1 years (95% CI 1·0–7·7) from final 
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sample acquisition to publication. 22 (49%) of the 44 countries in the study region conducted, on 

average, one or fewer studies every 3 years. The locations of surveillance sites were positively 

associated with urbanicity (p<0·0001), and the abundance of country-level data was associated 

with reported donor funding in 2004–18 (p=0·0011) and local government funding in 2004–09 

(p=0·014). Nearly all molecular markers displayed significant regional trends over time and global 

spatial autocorrelation in space. For selected countries with more widespread coverage of 

surveillance data, some markers also displayed spatial heterogeneity.

Interpretation—In most sub-Saharan countries, molecular data on antimalarial resistance might 

not be representative of the temporal and geographic heterogeneity of partner drug resistance, and 

likely do not represent the true spatially dependent distribution of partner drug resistance. Our 

results highlight several inefficiencies that can be improved upon to develop more accurate data 

landscapes, including the expansion of sentinel surveillance systems, syndemic usage of research 

samples, and increased participation in reporting published and unpublished data to centralised 

platforms.

Introduction

Antimalarial drug resistance is an enduring challenge in the global effort to control malaria. 

Defined as the ability of a Plasmodium parasite strain to survive or multiply despite the 

absorption of a drug at tolerable doses, antimalarial drug resistance has occurred with every 

antimalarial deployed to date.1 The emergence of parasites resistant to chloroquine and 

sulfadoxine-pyrimethamine occurred along similar pathways, spreading westward from 

southeast Asia through Africa.1 Malaria treatment relies primarily on the use of artemisinin-

based combination therapies (ACTs), which combine the rapid potent activity of an 

artemisinin derivative with a partner drug with a longer half-life. But resistance to 

artemisinin and its partner drugs have again spread through southeast Asia, and a few 

instances of artemisinin-resistant parasites have been reported in other regions.2–6 Because 

ACTs are now the only remaining universally effective treatment option available in Africa, 

well designed surveillance systems are needed to protect both artemisinin and the partner 

drug throughout the continent.7

Methods for tracking the emergence and spread of antimalarial drug resistance include 

treatment efficacy studies, in-vitro or ex-vivo drug studies, and assessment of molecular 

marker prevalence from infected human participants.8 Although only treatment efficacy 

studies provide direct information on clinical drug failure, molecular markers are 

increasingly used for real-time surveillance of resistance.2,8 Molecular markers are 

mutations or copy number variations in the parasite genome that provide information on its 

resistance status. Markers in the Plasmodium falciparum multidrug resistance 1 (pfmdr1) 

and P falciparum chloroquine resistance transporter (pfcrt) genes have been implicated in 

resistance to the ACT partner drugs, amodiaquine, lumefantrine, and mefloquine.9 

Systematic reviews9–11 have found that infection with P falciparum with the pfmdr1 
Asn86Tyr mutation is associated with 5·4 times the odds of amodiaquine treatment failure, 

compared with wild-type pfmdr1, and infection with parasites without the mutation is 

associated with 4·7 times the odds of artemether-lumefantrine treatment failure compared 

with those with the mutation.
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In endemic countries in sub-Saharan Africa, a single or dual first-line therapy for 

uncomplicated malaria is generally adopted, usually artemether-lumefantrine or artesunate-

amodiaquine. When the prevalence of clinical resistance exceeds 10%, WHO advises a 

change in first-line therapy. The prevalence of molecular markers can be a good indicator of 

clinical resistance or tolerance to drug regimens in a population and can be used to monitor 

changes in drug resistance landscapes.2,8 An increasing prevalence of alleles of markers can 

provide an early warning of developing resistance, and a decreasing prevalence might be an 

indication of returning sensitivity after a drug has been withdrawn.10,12 The prevalence of 

mutations associated with sulfadoxine-pyrimethamine resistance has been used as support 

for modification of national policies for intermittent preventive treatment in infants, although 

the treatment has not been widely adopted.13 Several validated molecular markers associated 

with partner drug resistance can also be used as cost-effective tools to rapidly inform 

national treatment and prevention policies.14,15

The Worldwide Antimalarial Resistance Network (WWARN), launched in 2010, is an 

international collaboration in the scientific community to provide reliable and timely 

information on drug treatment and resistance. Although WWARN has served as a repository 

for drug resistance data, the wider malaria community has yet to develop guidelines as to 

their implementation in surveillance (appendix 1 p 5).15,16 To optimise surveillance and 

resource distribution, the practices that are in place first need to be determined. We aimed to 

assess the spatial, temporal and genetic coverage by examining the available literature on 

ACT partner drug-related molecular monitoring in sub-Saharan Africa. Our goal was to 

provide an overview of survey coverage and elucidate the potential implications of the gaps 

in spatial and temporal surveillance.

Methods

Search strategy and selection criteria

We did an evidence mapping exercise to identify available literature assessing molecular 

partner drug resistance in sub-Saharan Africa. Evidence maps are a type of evidence 

synthesis tool that can systematically aggregate and assess data to identify research gaps and 

facilitate evidence-informed decision making.17 The search protocol is outlined in appendix 

1 (p 2). In brief, we identified published literature in PubMed and Embase using a search 

strategy that included two elements: a reference to any African context and a reference to 

either pfcrt or pfmdr1 specifically or to resistance to antimalarial drugs. Each element was 

operationalised with multiple keywords to account for alternate words and orthographic 

variations.

Studies were included if they collected samples from at least one country in sub-Saharan 

Africa and Sudan (hereafter, sub-Saharan Africa) between Jan 1, 2004, and Dec 31, 2018, 

corresponding to the period of introduction and widespread uptake of ACTs. Included 

studies assessed at least one clinical isolate or specimen for pfmdr1 (gene ID 813045) 

Asn86Tyr, Tyr184Phe, or Asp1246Tyr, pfmdr1 copy number variation, pfcrt (gene ID 

2655199) Lys76Thr, or pfcrt 72–76 haplotype analysis. These markers are commonly 

assessed in partner antimalarial resistance studies, and although pfmdr1 Asn86Tyr, pfmdr1 
copy number variation, and pfcrt Lys76Thr and the CVIET haplotype are strongly associated 
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with susceptibility to multiple antimalarials, less conclusive data exist regarding pfmdr1 
Tyr184Phe and Asp1246Tyr.9–11 Studies were also required to report original data on 

baseline or pretreatment infection in English, French, or Spanish. Studies were excluded if 

they were conference abstracts or case reports, they could not be linked to publicly available 

information, or they did not specify years of sampling.

The ACT Partner Drug Molecular Surveyor (PDMS), an online application provided by 

WWARN, also summarises data from published and unpublished studies on molecular 

markers associated with resistance to four of the most common ACT partner drugs: 

amodiaquine, lumefantrine, mefloquine, and piperaquine. The literature search process used 

to identify data for the PDMS is largely similar to this study.14 We assessed the 

completeness of the PDMS database by comparing our included literature to that available in 

the PDMS during the same time period. Our most recent searches of PubMed, Embase, and 

the PDMS were done on Dec 10, 2019.

We reviewed each study that met our selection criteria and extracted information regarding 

its sampling and laboratory methods, geographic and temporal characteristics, and author 

and publication affiliations (appendix 1 p 2). For temporal information, we extracted the 

start and end year of sampling and year of publication; in calculating time lags, we did not 

exclude surveys whose samples had been previously collected for other purposes. For spatial 

information, we extracted the geographic coordinates of the study site. Surveys were 

excluded from spatial analyses if samples were taken from a geographic area larger 100 m2 

and could not be separated by site (appendix 1 p 2). Traveller studies were included only in 

the study method summaries and prevalence time series owing to limited spatial granularity. 

We also determined the number of unique surveys per study, designated as the assessment of 

markers at a specific location and year.

We extracted the prevalence of partner drug resistance-associated markers for each survey by 

calculating the proportion of samples that had the pfmdr1 Asn86Tyr, Tyr184Phe, 

Asp1246Tyr, copy number variation, or pfcrt Lys76Thr mutations or that were mixed (wild-

type and mutant) by any assay. Each survey was associated with a specific year or midpoint 

year of sampling and its geographic location, if applicable.

Statistical analysis

To assess the hypothesis that molecular resistance survey sites were concentrated in urban 

regions, we compared covariates of drug resistance survey sites with malaria prevalence 

surveys extracted from the Malaria Atlas Project, done in the same period.18 Although an 

imperfect control, we believed Malaria Atlas Project sites were superior to the use of 

randomly selected points in malaria endemic regions; Malaria Atlas Project survey locations 

represent feasible sites for P falciparum sample acquisition and thus locations where 

surveillance of molecular markers of resistance could be theoretically done. We fit a series 

of binomial generalised linear models with the binary response variable of survey 

classification and the following singular explanatory variables extracted at survey sites: log-

transformed population density in 2010, P falciparum parasite rate in children aged 2–10 

years (PfParasite Rate2–10) in the respective survey year, and rural or urban site 

classification.18–20
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We used linear regressions to identify associations between the number of resistance surveys 

within a given country and the at-risk malaria population in 2010, the per-capita GDP in 

2010, and the mean amount of funding directed to malaria by donors (as reported by donors) 

and by the National Malaria Program (as reported by countries) in 2004–09 and 2010–17; 

the split time segments accounted for substantial increases in malaria investments around the 

middle of the study period.3,21 We also fit linear regressions to determine significant trends 

in marker prevalence over time, weighting the surveys by the standard error of the 

prevalence estimates. We also explored nonlinear trends in the data (appendix 1 pp 2–3). For 

the study region and for country case studies with three or more datapoints, we assessed 

global spatial autocorrelation using Moran’s I.22 The thresholds for significance for all 

analyses were p values of less than 0·05. All statistical tests were done in R version 3.5.1.

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. The corresponding author had full access to all the 

data in the study and had final responsibility for the decision to submit for publication.

Results

Our search yielded 254 studies reporting molecular data on selected pfmdr1 or pfcrt markers 

between Jan 1, 2004, and Dec 31, 2018, representing 492 location-specific and year-specific 

surveys from 35 malaria endemic countries (figure 1). We captured an additional 50 studies 

not included in the WWARN PDMS database that are described in more detail in appendix 1 

(p 5) and appendix 2. The PDMS included four publications not identified in our search that 

were added to our analysis and five data summaries that were excluded because they could 

not be linked to publicly available information. Summaries of study design and publication 

affiliations can be found in appendix 1 (pp 4).

We observed a median time lag of 3·1 years (95% CI 1·0–7·7) between the last year of 

sample collection and the year of online publication, also visualised by the time lag between 

survey points (figure 2A) and publications (figure 2B). 35 countries conducted at least one 

partner drug-associated molecular survey in 2004–18 but published less frequently (figures 

2, 3). We were unable to identify any published data that met our search criteria from nine 

malaria-endemic countries: Burundi, Cape Verde, Chad, Guinea, Namibia, Sierra Leone, 

South Sudan (or the equivalent geographic region of Sudan before 2011), Togo, and 

Zimbabwe. In contrast, six countries conducted surveys and published, on average, at least 

once annually: Ghana, Kenya, Nigeria, Senegal, Tanzania, and Uganda (figure 2). Eight 

additional countries conducted a survey, on average, at least once every other year: Angola, 

Burkina Faso, Cameroon, Ethiopia, Gabon, The Gambia, Guinea, and Mozambique (figure 

2A). When dividing the study period into 3-year increments, of the countries reporting any 

data, 15 (43%) of 35 conducted at least one survey within all of the 3-year segments. Benin, 

Central African Republic, eSwatini, Madagascar, São Tomé and Príncipe, and South Africa 

did not publish any survey data in the most recent 3-year segment (2016–18).

The annual number of publications slightly increased over the study period, with an 

additional 1·4 total publications per year in 2005–18 (R2=0·67, p=0·0004), with no 
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significant change in the annual number of surveys done. On average, 2·6 surveys were done 

per publication. One study, in the Democratic Republic of the Congo, used samples 

collected from 26 Demographic and Health Surveys (DHS) in 2013–14 (figure 3).23

Aggregated across sub-Saharan Africa, the prevalence of pfmdr1 Asn86Tyr, Asp1246Tyr, 

and pfcrt Lys76Thr alleles all decreased significantly by a rate of 0·032, 0·028, and 0·014 per 

year (p<0·0001), suggesting an increase in the proportion of parasites with reduced 

lumefantrine sensitivity and a re-emergence of parasites with increased chloroquine 

sensitivity (figure 4). The prevalence of pfmdr1 copy numbers of more than one increased by 

a rate of 0·022 per year (p=0·024). In subdividing the region, the same significant trends 

were almost always observed in all four subregions, except for pfcrt Lys76Thr in southern 

Africa and pfmdr1 Asp1246Tyr in southern and west Africa. pfmdr1 Tyr184Phe increased in 

east Africa and decreased in central Africa, and pfmdr1 copy number variation increased in 

east Africa only (appendix 1 p 6).

For all four markers, prevalence estimates exhibited global spatial autocorrelation in the 

study region (pfcrt Lys76Thr Moran’s I 0·31, pfmdr1 Asn86Tyr 0·32, Tyr184Phe 0·30, and 

Asp1246Tyr 0·55; p<0·0001), suggesting significant spatial trends across sub-Saharan 

Africa. To explore the potential within-country heterogeneity in drug resistance, we selected 

three countries with high frequency of surveys and high coverage for all markers: Ghana, 

Nigeria, and Uganda. These countries adopted new first-line treatments for falciparum 

malaria after 2004: artemether-lumefantrine or artesunate-amodiaquine in Ghana and 

Nigeria, and artemether-lumefantrine in Uganda. In Ghana, the degree of spatial 

heterogeneity for pfcrt Lys76Thr decreased over time, whereas it increased in Nigeria and 

Uganda (figure 5). In Uganda, the pfcrt Lys76Thr mutant appeared as saturated and fixed in 

the population from 2004–09 but decreased in frequency in some regions between 2010 and 

2018. Spatial autocorrelation was significant in Ghana, with Moran’s I of 0·39 (p=0·022) for 

2004–09 and 0·32 (p<0·0001) for 2010–18. Spatial autocorrelation was negligible in Nigeria 

and Uganda: Moran’s I was −0·025 (p=0·58) and −0·080 (p=0·60) for the two periods in 

Nigeria and −0·094 (p=0·79) and −0·022 (p=0·54) in Uganda.

304 (61·0%) of 492 surveys included in this study were done in urban regions, with 104 

(21·1%) occurring within 50 km of a nation’s capital city. By contrast, 537 (11·0%) of 4900 

cross-sectional malaria prevalence surveys in the Malaria Atlas Project database were 

located in urban regions. We compared spatial attributes of drug resistance and prevalence 

survey sites, designated as comparison sites in which malaria research could feasibly occur. 

We similarly found that population density, but not endemicity, was a positive predictor of 

drug resistance survey sites (log odds 0·25; p<0·0001) after controlling for country-level 

effects. The number of surveys per country were significantly associated with the mean 

amount of financial donor support provided towards malaria in 2004–09 (p=0·0041) and 

2010–18 (p<0·0001) and with the amount of funding provided by local or national 

programme support in 2004–09 only (p=0·014). GDP per capita and the size of the 

population at risk for malaria were not significant predictors of survey abundance.
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Discussion

The malaria research community has strongly advocated for the scale up of molecular 

surveillance for antimalarial resistance.2,24,25 In particular, the need to monitor partner drug 

resistance remains pressing, because partner drug failure might result in greater increases in 

morbidity than would be observed from artemisinin resistance alone.7 The purpose of this 

study was to characterise the spatial and temporal trends and sampling designs and 

laboratory assays in molecular studies of partner drug resistance prevalence done in sub-

Saharan Africa in 2004–18. We used evidence mapping to identify the extent and 

distribution of data to identify strengths and gaps in surveillance, including summarising the 

number of publications and surveys per country per year and analysing factors associated 

with survey location and abundance. To our knowledge, this is the largest and most 

comprehensive compilation of literature on molecular partner drug resistance in sub-Saharan 

Africa, specifically regarding the resistance markers, pfmdr1 Asn86Tyr, Tyr184Phe, 

Asp1246Tyr, pfmdr1 copy number variation, and pfcrt Lys76Thr. 50 (20%) of the 254 

studies analysed were not included in the PDMS of WWARN at the time of our search.14

Despite improved technology for the detection of molecular markers, our results suggest that 

molecular surveillance studies are geographically clustered in sub-Saharan Africa, with only 

a minority of countries conducting high coverage surveillance. Additionally, there was a 

time lag of more than 3 years between final sample acquisition and publishing. This time lag 

might not be applicable to countries that rely on surveillance data that are not publicly 

available, such as those with internal reporting systems. However, even in such settings, 

delays in publicly available data might hinder responses to the emergence and spread of drug 

resistance at a more regional level.

We observed clear patterns in the spatial distribution of drug resistance surveys; sampling 

occurred predominantly in and adjacent to urban regions, especially in countries with small 

numbers of surveys (appendix 1 p 5). Historically, resistance has been hypothesised to 

emerge in low transmission regions, which can include cities; therefore, administering early 

warning surveillance in such regions is necessary to detect novel resistant phenotypes.1,26,27 

But surveillance efforts in these settings alone are insufficient, because our study and 

others28,29 have shown that drug resistance can exhibit spatial heterogeneity (eg, Ghana). 

Sampling in varied locations will provide comprehensive information on the population-

level prevalence of resistance phenotypes to ensure that appropriate treatment regimens are 

used.

A minority of the studies (38 [15%] of 254) included in this analysis were done at 

designated sentinel sites for the explicit purpose of sentinel surveillance, rather than 

research. Additionally, we found that the number of surveys within a given country was 

positively associated with the amount of funding that country received during the study 

period but not with local financial contributions from the governing health department in 

2010–18, and that more than half of the last authors on publications were affiliated with US 

or European research institutions, similar to trends in authorship for other infectious disease 

research done in Africa (appendix 1 p 4).30 Hence, molecular surveillance might rely on 
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external resources, both in terms of financial support and research institutions, suggesting a 

lack of sustainability in longitudinal molecular and treatment efficacy surveillance efforts.

This study has limitations regarding the completeness of our data. We could not consider 

data from internal reporting systems that some nations use for antimalarial resistance 

surveillance. Additionally, we did not capture literature published in journals that are not 

indexed in PubMed or Embase. We excluded traveller studies and other spatially aggregated 

surveys from spatial analyses owing to a lack of granularity (appendix 2). We only reviewed 

select molecular markers associated with partner drug resistance, and thereby left out 

markers of sulfadoxine-pyrimethamine resistance and more recently discovered markers 

associated with artemisinin or partner drug piperaquine resistance, such as pfkelch13 
Cys580Tyr or pfpm2–3 copy number. Notably, policy makers and researchers might be 

missing a substantial amount of data, some of which we were able to include here.

Our findings support multiple recommendations. We encourage the improvement of sentinel 

surveillance systems to increase the frequency and distribution of molecular monitoring 

efforts and to improve the sustainability of associated research.31 Additionally, we 

recommend the development and scale-up of alternative surveillance approaches, such as the 

analysis of blood samples from rapid diagnostic tests used in health facilities or dried blood 

spots from DHS and malariometric surveys, because they can provide a large amount of 

additional information at low cost.23,32 We also strongly urge local health departments to 

provide public access to their key findings on drug resistance, to improve coordination of 

regional monitoring and data sharing efforts generally. The availability of such data to the 

wider regional or international community, particularly if reported through a central 

platform, such as WWARN, could enhance the effect that surveillance can have at stemming 

and reacting to emerging trends. By lowering the barriers to reporting of relevant data or by 

expanding participation in alternative publishing channels, molecular monitoring studies can 

be more widely accessible and rapidly available for spatial or temporal mapping and for 

policy making.

This study attempted to identify limitations in molecular monitoring of antimalarial drug 

resistance in sub-Saharan Africa, especially by noting inefficiencies that can be improved 

upon to reduce cost and improve coverage. By acting on these limitations, specifically by 

implementing faster research dissemination and enhancing communication channels, the 

scientific malaria community can learn from the failure to contain widespread chloroquine 

resistance and contend with artemisinin and future antimalarial resistance. The need to 

improve the molecular surveillance of drug resistance across sub-Saharan Africa is crucial to 

maintaining the therapeutic efficacy of ACTs and will lead to advances in laboratory 

capacity, regional or inter-continental research networks, and early warning systems for 

future public health challenges.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

To our knowledge, two previous meta-analyses have considered the distribution of 

evidence on molecular markers: one article reviewed the abundance of evidence available 

globally for partner drug resistance, and another analysed temporal trends in molecular 

markers associated with national drug policy changes in sub-Saharan Africa.

Added value of this study

This study provides an evidence map to systematically aggregate and assess research on 

molecular partner drug resistance in sub-Saharan Africa with the explicit purpose of 

identifying surveillance gaps. For our study region and period, we compiled an evidence 

base of 254 studies that was 20% larger (50 additional publications) than that of the 

largest publicly available database, the Worldwide Antimalarial Resistance Network. We 

reviewed the study designs of these articles, to encourage the development of gold 

standards for molecular research, and considered factors regarding the frequency, 

abundance, and location of drug resistance surveys. We found that a majority of studies 

were done in urban regions, often relying on external donor and institutional support, and 

with large delays in publishing times. We assessed trends over time and space across the 

continent and discovered micro-scale and macro-scale spatial heterogeneities in 

molecular markers. This study goes beyond previous work to provide a comprehensive 

overview of the coverage of partner drug molecular surveillance in sub-Saharan Africa.

Implications of all the available evidence

Given the urgency of surveillance efforts to preserve the efficacy of artemisinin 

combination therapies in sub-Saharan Africa, the consensus that molecular surveillance 

should be scaled up across the malaria scientific community, and the ad-hoc method with 

which such research is done across the region, our study aimed to identify several 

inefficiencies that can be addressed to develop more accurate and timely data landscapes. 

We believe that current surveillance efforts on partner drug resistance do not achieve 

sufficient coverage of the parasite landscape and remain largely unsustainable. Our 

results could be deployed to encourage standardisation of protocols, enhancement of 

sampling in rural regions, and the development of faster and more accessible reporting 

channels.
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Figure 1: 
Study profile

Ehrlich et al. Page 12

Lancet Microbe. Author manuscript; available in PMC 2020 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Molecular surveys and publications reporting any data
(A) Number of molecular surveys per year by country. (B) Number of publications per year 

by country. Using our search method, we were unable to identify any applicable published 

data during the study period from nine malaria-endemic countries in sub-Saharan Africa: 

Burundi, Cabo Verde, Chad, Guinea, Namibia, Sierra Leone, South Sudan (or the equivalent 

geographic region of Sudan before 2011), Togo, and Zimbabwe.
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Figure 3: Location of molecular marker surveys with sampling from 2004–18
Survey locations are represented by black points. The colour scale corresponds to the 

number of publications for the respective country. One study20 in the Democratic Republic 

of the Congo included samples from 26 Demographic and Health Surveys; these are shown 

only in the inset map of the country in blue.
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Figure 4: Trends in molecular markers
Shown is the proportion of mutant or mixed genotypes, where applicable, of the total 

number of samples for each survey (blue points) and best-fit lines (dark red) with standard 

error bounds (grey). Nonlinear trends are shown in appendix 1 (pp 3, 6).
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Figure 5: Prevalence of pfcrt Lys76Thre markers
Shown is the prevalence in Ghana, Nigeria, and Uganda for 2004–09 and 2010–18. Circle 

size is proportional to sample size and the colour corresponds to the prevalence of mixed or 

mutant genotypes. Circles are jittered for visualisation to account for overlapping survey 

sites. The median sample size for Ghana was 49 (IQR 38–56), Nigeria 81 (70–104), and 

Uganda 104 (78–216).
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