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Abstract

Artemisinin combination therapies (ACTs) are the WHO-recommended first-line therapies
for uncomplicated Plasmodium falciparum malaria. The emergence and spread of artemisi-
nin-resistant genotypes is a major global public health concern due to the increased rate of
treatment failures that result. This is particularly germane for WHO designated ‘high burden
to high impact’ (HBHI) countries, such as Burkina Faso, where there is increased emphasis
on improving guidance, strategy, and coordination of local malaria response in an effort to
reduce the prevalence of P. falciparum malaria. To explore how the increased adoption of
ACTs may affect the HBHI malaria setting of Burkina Faso, we added spatial structure to a
validated individual-based stochastic model of P. falciparum transmission and evaluated the
long-term effects of increased ACT use. We explored how de novo emergence of artemisi-
nin-resistant genotypes, such as pfkelch13580Y, may occur under scenarios in which pri-
vate-market drugs are eliminated or multiple first-line therapies (MFT) are deployed. We
found that elimination of private market drugs would result in lower treatment failures rates
(between 11.98% and 12.90%) when compared to the status quo (13.11%). However, sce-
narios incorporating MFT with equal deployment of artemether-lumefantrine (AL) and dihy-
droartemisinin-piperaquine (DHA-PPQ) may accelerate near-term drug resistance (580Y
frequency ranging between 0.62 to 0.84 in model year 2038) and treatment failure rates
(26.69% to 34.00% in 2038), due to early failure and substantially reduced treatment effi-
cacy resulting from piperaquine-resistant genotypes. A rebalanced MFT approach (90% AL,
10% DHA-PPQ) results in approximately equal long-term outcomes to using AL alone but
may be difficult to implement in practice.
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Introduction

Despite the United Nations’ Millennium Development Goals leading to substantial reductions
in the global burden of infectious disease, malaria remains a serious public health risk in many
parts of Africa, Asia, and South America. Plasmodium falciparum malaria remains holoen-
demic in at least eleven countries, mainly in western and central Africa, and these countries
have recently come under a WHO grouping called high burden to high impact (HBHI) which
recognizes that the most severely affected malaria-endemic countries will require additional
resources and greater policy imagination [1]. The two primary concerns in HBHI countries
are high and widespread vectorial capacity and insufficient access to high-efficacy antimalarial
therapies. Traditionally, drug-resistance concerns in holoendemic settings are of secondary
importance because of the historical relationship between low-transmission regions and drug-
resistance emergence and the relatively weak selection pressure imposed by lower levels of
antimalarial use.

Artemisinin-resistant phenotypes were first identified in 2007-2008 in western Cambodia
and have since been linked to a number of point mutations in the P. falciparum kelch13 gene
[2, 3]. Since the identification of these molecular markers, artemisinin resistance has been
found in in Bangladesh, Guyana, Laos, Myanmar, Papua-New Guinea, Thailand, Rwanda, and
Vietnam [1, 3-8]. Artemisinin-resistant parasites can either be imported from other regions
(e.g., spread across Southeast Asia), or they may emerge independently as in Guyana, Papua-
New Guinea, and Rwanda [3, 4, 7]. This raises the possibility that HBHI countries may be at
risk for artemisinin resistance appearing due to de novo emergence or the importation of a
resistant parasite.

Burkina Faso has been identified as an HBHI nation and malaria remains the leading cause
of hospitalization in the general population (45.8% of all hospitalizations) as well as for chil-
dren under five (48.2%) [1, 9]. Malaria transmission is endemic throughout the country and
seasonal transmission is aligned with the rainfall patterns of the three seasonal zones. The
northern Sahelian region has a short-peak transmission season of approximately three months,
increasing to four months in the central Sudano-Sahelian region, and reaching about five
months in the southwestern Sudanian region [10]. Artemisinin combination therapies have
been in use in Burkina Faso since their adoption in 2005, resulting in significant reductions in
malaria prevalence [1, 10, 11]. Alongside increasing access to ACTs, local public health officials
have also credited broader adoption of insecticide-treated mosquito nets (ITNs), higher levels
of indoor residual spraying (IRS), and new programs in intermittent preventive treatment of
pregnant women (IPTp) and seasonal malaria chemoprevention (SMC) [12]. The national
goal for SMC is that it be provided to all children aged 3-59 months by 2020 [12].

Presently, there are no signs of artemisinin resistance in Burkina Faso, as no molecular
markers have been observed. However, recent studies conducted as part of WHO recom-
mended periodic efficacy surveillance efforts, along with other clinical drug trials, suggest that
first-line ACT therapies may have reduced efficacy in children aged 6-59 months [13], and
detectable parasitemia 72 hours after treatment with artemether-lumefantrine (AL) has been
observed [14]. While not as pressing a concern as clear genomic markers for drug resistance,
these findings do suggest that alterations to the present drug policy may be needed, as noted
by Gansané et al. [13].

The widespread adoption of ACTs has led to reductions in malaria prevalence in the past
10 years, but the widespread use of ACTs within Burkina Faso also places selective pressure on
the parasite to evolve resistance. The impact that artemisinin-resistant P. falciparum would
have in Burkina Faso is currently unknown; however, ensuring the continued efficacy of ACT's
is a top priority for all national malaria control programs in Africa. Accordingly, the
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development of spatial, individual-based stochastic models allows for projections to be made
as to when and where artemisinin resistant parasites may appear and how drug policies may
affect the evolution of drug resistance in the parasite. In this study we have calibrated a spatial
individual-based model for Burkina Faso. This model has been used to explore two broad con-
cerns: the possible emergence or importation of artemisinin resistance under the current
health care regime and the impact that various drug policy interventions may have on artemi-
sinin resistance.

Methods
Model design

This study builds upon the individual-based stochastic model of malaria transmission previ-
ously developed by Nguyen et al. [15] to incorporate space and geography. The model was
parametrized to fit the annual mean Malaria Atlas Project PfPR,_ 1o projections for Burkina
Faso in 2017 on a 5km-by-5km cell (or pixel) basis with a total of 10,936 pixels modeled
(approximately 273,400 sq.km) [11]. Individual movement was fit to available travel survey
data for both the destination and frequency of travel (Fig 1D) [16-18]. In the individual-based
model, individuals have attributes relevant to the spread and individual response to a P. falcip-
arum infection, such as age, attractiveness to mosquitos, number of parasite infections, geno-
types of infecting parasites, level of parasitemia, level of immunity, and current drug
concentrations during and after treatment. In addition to the new of spatial components, the
individual infection model was revised to incorporate a more realistic sporozoite challenge (S1
File §5.1). The spatial component of the model allows for variables such as climate, heteroge-
neous access to treatment, and individual movement to be incorporated into the simulation.

In order to calibrate the model for Burkina Faso, we started by first preparing multiple geo-
graphic information system (GIS) raster files for Burkina Faso with a scale of 5km pixels, or
adjusted rasters through aggregation to conform to the 5km scale when necessary. These ras-
ters in turn contain such information as the treatment coverage, climate zone, and the popula-
tion size. Upon model initialization, there is a population of approximately 3.6 million
individuals or about 25% of the 2007 population of Burkina Faso, who are distributed based
upon the population density of the country [20]. This population is allowed to grow and move
throughout the simulated landscape, carrying any P. falciparum populations that they may be
infected with. Data are collected from the model starting in the simulated year 2018 which
approximates the most recent Malaria Indicator Survey for Burkina Faso used for model cali-
bration [21]. Simulation runs using 100% versus 25% of the population size are not found to
be qualitatively different, based upon observed genotype frequencies under the various popula-
tion sizes during model validation.

When individuals in the model are infected, the asexual parasite density is modeled and the
levels of parasitemia and immune response are used to determine symptoms occurrence and
treatment seeking behavior. Depending upon the individual and their immune response, they
may progress towards clinical symptoms or an asymptomatic infection. When presenting with
symptoms, individuals in the model seek treatment at different rates based on their age group:
under-5 treatment rates were based upon the Malaria Indicator Survey rates [21], while the
over-5 treatment rates were adjusted to be 55% lower (relative scale) than the under-5 treat-
ment rate to account for lower rates of treatment seeking among adults [22]. Both treatment
rates are increased by 3% each model year to account for the expected increase in access to
treatment over time [23]. Therapies given to individuals use a simplified single-compartment
pharmacokinetic/pharmacodynamic (PK/PD) model with PK/PD parameters calibrated to
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Fig 1. Model calibration and validation. (a) The first point of validation for the model is the comparison of the
simulated PfPR; 1, values versus the reference PfPR; , values from the Malaria Atlas Project (Weiss et al. 2019). Each
light gray dot corresponds to one province of Burkina Faso. The annual mean of the simulated PfPR;_;, values (light
gray dots) are plotted along the y-axis while the reference PfPR; ¢, 10 is plotted along the x-axis. The upper and lower
dark gray dots indicate the annual peak and minimum of the seasonal PfPR, 1, for the given province. (b) Clinical (i.e.,
symptomatic) cases of malaria plotted against the PfPR, ,, for every province. Black dots correspond to every clinical
case in the simulation, while gray dots are the clinical cases that would be reported (according to drug coverage
numbers). (c) The treatment seeking rate used to inform the model is dependent upon the region of Burkina Faso that
an individual is in, with the under-5 treatment rate ranging from a low of 52.1% to a high of 87.0%. Note that the over-
5 treatment seeking rate is adjusted to be 45% of the under-5 treatment seeking rate to account for the lower treatment
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seeking rate in older demographic groups. (d) A second point of validation for the model is ensuring that movement is
consistent with expected patterns. The heatmap shows the number of trips to the destination cell over the course of a
single month in the model. Note that the distribution indicates that while there is always a low chance that an
individual may visit any cell, individuals are primarily attracted to major population centers. Subfigure (c) reproduced
from Zupko et al. [18], Burkina Faso administrative boundaries from the World Bank Group [19].

https://doi.org/10.1371/journal.pgph.0000111.g001

reflect the expected efficacies of specific antimalarial compounds on particular P. falciparum
genotypes [24], and parasitemia levels after 28 days are used to determine treatment failure.

The primary measure for artemisinin resistance in the model is the frequency of the 580Y
mutation in pfkelch13. Upon model initialization the frequency of 580Y is zero and upon
reaching the model calibration time point, the locus is allowed to mutate (with a previously
calibrated probability [25]) once per day in the presence of drugs (Fig 2). The simulation
focuses on mutations in the presence of drugs due to the fitness penalty that is associated with
most drug resistance markers [26-28], effectively resulting in drug-resistant genotypes being
selected against in the absence of drug pressure. The de novo emergence rate of 580Y alleles—
an unknown value in general contexts—was set using a previous model alignment exercise in
an environment with 10% PfPR, ;0 and 40% drug coverage with DHA-PPQ only [25]; under
this alignment 580Y alleles progress from 0.00 to 0.01 allele frequency in seven years. Accord-
ingly, the progression from 0.00 to 0.01 allele frequency in the presence of the drug mixture in
Burkina Faso may be faster (or slower). Other genetic makers associated with drug resistance
(plasmepsin-2,3 double copy, pfmdrl double copy, pfcrt-K76, pfmdr1-N86, pfmdr1-184F) are
included in the model and operate in a similar fashion to 580Y with the model initialized with
the sensitive genotype. For each scenario, a total of 50 replicates are performed to ensure suffi-
cient coverage of outlier simulation results.

To evaluate the impact that various drug policies have on treatment, the simulation tracks
the number of clinical cases (i.e., individuals with clinical symptoms), the reported number of

Mefloquine

single o double 3 ?
s plasmepsin-2,3 g ) Piperaquine

single drl double C580Y =— Artemisinin

copy pfmdr copy
N86Y.

Lumefantrine Y184F Amodiaquine Chloroquine

K76T

Fig 2. Diagram showing pleiotropy of loci affecting drug-resistance phenotypes. An arrow pulling on an allele or
genotype indicates that that drug selects for that allele or copy-number variant. For example, amodiaquine selects for
alleles 86Y and Y184 in the pfmdrl gene and allele 76T in the pfcrt gene. Thicker arrows indicate stronger selective
pressure according to the drug-by-genotype interactions developed by Nguyen et al. [24].

https://doi.org/10.1371/journal.pgph.0000111.g002
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cases (i.e., individuals with clinical symptoms receiving medical care), treatment failures (i.e.,
individuals with clinical symptoms for whom the prescribed treatment was not effective
through day 28), and the number of individuals with clinical symptoms who did not seek treat-
ment. Additionally, the genotype of the parasite, or parasites in the case of a multiclonal infec-
tion, is tracked across all individuals in the model.

Model validation

The spatial model of Burkina Faso has pixels with a population of at least one individual per
pixel at model initialization, allowing for comparisons to the annual mean PfPR, ;, estimates
for year 2017, using the first data set released by the Malaria Atlas Project [11]. Each pixel is
assigned a transmission parameter S which corresponds, approximately, to the local force of
infection or vectorial capacity at that location. Individual pixel PfPRs were calibrated by find-
ing a f that results in the appropriate annual mean PfPR, ;, given a cell’s population size, treat-
ment coverage, seasonal transmission pattern, and reference PfPR,_j,. The predicted
population-weighted annual mean PfPR, ;, values for each cell were then aggregated to the
province level for comparison to the Malaria Atlas Project values (Fig 1A). Individual move-
ment was added into the model by using a modified gravity model [18] that was re-fit from
data presented in Marshall et al. [16, 17]. Pixel-level and province-level PfPR, ;, values were
evaluated to ensure that movement did not have too large of an overall effect on PfPR; ;
trends. All individual movement presumes an eventual return to the original cell of the indi-
vidual (i.e., round trips only), although the length of the trip is variable and may involve multi-
ple stops. Province-level simulated PfPR, , values, with the full model (including movement),
are compared to reference PfPR, ;o data in Fig 1. All mosquito bites in the simulation are pre-
sumed to be infectious, and a bitten individual is infected with the parasite if they are unable to
withstand the initial exposure to the sporozoite (S1 File §5.1).

Scenarios comparisons

All studies evaluated use a baseline business-as-usual configuration for Burkina Faso, in which
the model is parameterized to match the Malaria Atlas Project prevalence in 2017 [11]. Drug
coverage (i.e., the percentage of malaria-positive febrile individuals who are able to obtain
drug treatment and choose to do so) for 2017 is set to be province-specific, based on data from
a 2018 malaria indicator survey [21]. For symptomatic individuals that receive antimalarial
treatment, the distribution of drugs used/prescribed is taken from this malaria indicator sur-
vey; however, since distribution is known only at a national level it is applied to the province-
level drug coverage to get a final table of province-level treatment distributions. At a national
level, the recommended first-line therapies are AL or dihydroartemisinin-piperaquine
(DHA-PPQ), and artesunate (AS) or quinine for severe malaria. These co-exist with private-
market treatments artesunate-mefloquine (ASMQ), amodiaquine (AQ), chloroquine (CQ),
and sulfadoxine-pyrimethamine (SP) [21]. At a national level, 16.8% of individuals use antima-
larials purchased in the private market and 83.2% receive an artemisinin combination therapy
in the public-sector (91.6% AL, 6.6% ASAQ, 1.8% DHA-PPQ) for uncomplicated malaria in
non-pregnant individuals. To account for the phase-out of ASAQ in 2018 as a former first-line
therapy [12], the 6.6% usage was proportionally redistributed for the final business-as-usual
public-sector treatment mix (93.3% AL, 6.7% DHA-PPQ). Access to treatment is assumed to
go up every year in each province by about 3% starting with model year 2019 as the first year
of improved access.

The distribution of treatments used in Burkina Faso suggests two possible drug policy inter-
ventions impacting the use of private market drugs and the deployment of nationally
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recommended first-line therapies. First, private-market drugs account for about 16.8% of
treatments for febrile illness, with AQ monotherapy accounting for 73.8% of private-market
treatments (12.4% of national treatments) [21]. Reduction or elimination of private-market
purchases would ensure that individuals are more likely to receive a recommended first-line
therapy (always an ACT) that has higher efficacy. Second, it may be possible to shift from AL
as the primary single first-line therapy to the use of multiple first-line therapies (MFT) in
which AL and DHA-PPQ are prescribed, distributed, and used in approximately equal
amounts. The use of MFT may delay the emergence and spread of drug resistance and improve
long-run clinical outcomes [29]. To examine these two drug policy interventions, the baseline
parametrization of current treatment distribution was modified to include private-market
elimination, MFT, or both. We investigated scenarios where immediate or gradual (phased in
over ten years) implementation of MFT and private market elimination occurred (S1 Table).
A gradual phase-in of a policy is done via ten equal annual reductions in private-market drug
use until all private market drugs are eliminated, or annual equal reductions in AL (with a cor-
responding increase of DHA-PPQ usage) over a ten-year period until AL and DHA-PPQ are
used equally in the population (S1 Table).

The permutations of private market elimination, MFT, and implementation timelines
resulted in nine drug policy scenarios examined; five additional MFT scenarios with uneven
(non-uniform) drug distribution were included (S1 Table). These five remaining drug policy
scenarios were designed to evaluate the impact of various MFT mixes of AL and DHA-PPQ,
ranging from 100% AL to 50% AL by 10% reductions in AL usage. Since the intent of these sce-
narios is to evaluate the impact of the MFT drug mixture on the emergence of resistance, rapid
private market elimination was used for all of them.

Results
Baseline configuration (de novo emergence)

Under the baseline business-as-usual parameterization, we found that by model year 2038 the
national median frequency of 580Y would be 0.142 (IQR 0.135-0.152), with a treatment failure
rate of 13.11% (IQR 13.03% - 13.18%), although on a local basis (i.e., province or cellular) the
values may be higher or lower, the results depending strongly on the stochasticity of initial
emergence (Fig 3). On a provincial basis, Ganzourgou Province had the highest 580Y fre-
quency in 2038 with a median frequency of 0.156 (IQR 0.148-0.165) with PfPR, ;o ranging
from 18.97% to 39.05% (mean of 30.91%) and an under-5 treatment rate of 87%. In general,
provinces that have moderate to high PfPR, 1o and high ACT usage appear to be at higher risk
of accelerated mutation fixation. In order to assess the sensitivity of the model to the mutation
rate, the mutation rate was varied to be 5x or 10x faster than the calibrated baseline mutation
rate, which resulted in accelerated fixation of drug resistance markers (Fig 4). Likewise, reduc-
ing the mutation rate to be 5x or 10x slower resulted in a lower overall frequency of drug-resis-
tant genotypes, consistent with the reduced rate of mutation (S1 File §8).

The spatial distribution of 580Y in the model simulations confirms that (i) emergence is
stochastic but with relatively low variance, (ii) “hot spots” of elevated drug resistance are likely
during establishment of drug restraint genotypes, and (iii) under high prevalence conditions,
high treatment coverage contributes to the acceleration of local selection for the 580Y muta-
tion (or another kelch13 mutation with similar effect on artemisinin efficacy). Accordingly, the
highest frequencies of 580Y under the baseline parametrization occur in the south-western
Sudanian climate range (i.e., longer peak transmission season and high treatment coverage),
central region (i.e., lower prevalence and high treatment coverage), and northern regions (i.e.,
high prevalence and high treatment coverage) of Burkina Faso.
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Fig 3. De novo emergence of artemisinin resistance under the baseline, status quo scenario. In the baseline scenario, C580 is allowed to mutate to 580Y using a
mutation rate that has been set to a previously calibrated pattern of artemisinin resistance in the presence of widespread ACT usage. The appearance of artemisinin
resistance in model year 2021 appears to be stochastic with only minimal evidence of elevated frequency of the mutation and some cells with no occurrences. However,
by model year 2036 the highest frequencies of artemisinin resistance correspond to areas with elevated to high transmission and high access to treatment. Burkina Faso
administrative boundaries from the World Bank Group [19].

https://doi.org/10.1371/journal.pgph.0000111.g003

Drug policy interventions

As expected, a focus solely upon the elimination of the private market results in an increase in
the frequency of 580Y due to the resulting increase in ACT usage (Fig 5). Under the rapid
elimination scenario, the national median frequency of 580Y rises to 0.323 (IQR 0.311-0.339)
by model year 2038, while under a ten-year elimination strategy the median 580Y frequency in
2038 is 0.266 (IQR 0.254-0.279). Elimination of the private market has a favorable outcome on
treatment failures due to their reduction in relation to the baseline scenario, with a rapid elimi-
nation resulting in a failure rate of 12.90% (IQR 12.75% - 13.09%) in model year 2038 and a
ten-year phase out resulting in a slightly lower rate of 11.98% (IQR 11.81% - 12.15%). This
reduction in treatment failures in comparison to the baseline configuration, despite the higher
580Y frequency, highlights the value in ensuring that individuals use highly efficacious
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Fig 4. Effects of changes to the mutation rate on 580Y frequency. As expected, the frequency of 580Y is higher when the mutation rate
increases to be 5x and 10x faster than the baseline (left two columns) and is lower than the baseline calibrated rate (center column) as the

mutation rate decreases to be 5x and 10x slower than the baseline (right two columns).

https://doi.org/10.1371/journal.pgph.0000111.g004
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Fig 5. Comparison of 580Y allele frequency (mean and range) under two primary drug policy scenarios. AL/DHA-PPQ MFT refers to a
policy of multiple first-line therapies where AL and DHA-PPQ are deployed equally in the population. Evaluations of MFT and private market
elimination are shown for rapid (i.e., immediate) implementation and gradual implementation over a 10-year period. Increased use of ACT's
due to private market elimination results in a small increase in the frequency of 580Y. Implementation of MFT results in higher long-term 580Y
frequencies due to more rapid 580Y evolution enabled by PPQ-resistant parasites.

https://doi.org/10.1371/journal.pgph.0000111.9005
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treatments when presenting with malaria. Note that the model predicts that the intermediate
option (i.e., 10-year phase-out) is the best long-term approach for reducing treatment failures,
highlighting the combined effects of artemisinin-resistance evolution and high-efficacy treat-
ment access that need to be considered in long-term drug-resistance planning.

In contrast to the elimination of the private market, the model suggests that the introduc-
tion of MFT with an equal distribution of AL and DHA-PPQ would have a negative effect on
treatment failure rates due to a more rapid acceleration in 580Y frequency (Fig 6), driven pri-
marily by DHA-PPQ. When an MFT strategy with AL and DHA-PPQ is implemented without
elimination of the private market, treatment failures increase to a national median of 29.28%
(IQR 28.95% - 29.50%) by model year 2038 under immediate implementation conditions, and
26.69% (IQR 26.34% - 26.93%) when MFT is phased in over ten years. While the frequency of
580Y is high under both scenarios, reaching a national median of 0.620 (IQR 0.611-0.633) by
model year 2038 with rapid adoption and 0.470 (IQR 0.453-0.482) with a ten-year introduc-
tion, it is insufficient to account for the treatment failure rate alone suggesting multiple factors
at play. The rate of treatment failures is accelerated when MFT is coupled with private market
elimination. Under a rapid private market elimination scenario, coupled with the immediate
adoption of MFT, the resulting national median treatment failure rate in model year 2038 of
34.00% (IQR 33.84% - 34.09%) and 580Y frequency of 0.837 (IQR 0.825-0.842) by the end of
the simulation. This pattern of increased 580Y frequency is observed across all permutations
of private market elimination and MFT adoption rates (Table 1; S2 Table).

This adverse MFT outcome is attributable to the increased usage of DHA-PPQ as the co-
equal first-line therapy. Typically, MFT policies result in better long-term drug-resistance out-
comes due to the heterogeneous drug environments they create [29, 30]. However, these analy-
ses assume that all therapies distributed in an MFT policy are equally efficacious and have
identical drug-resistance properties. This is not the case when comparing DHA-PPQ and AL,
as piperaquine (PPQ) resistance leads to higher levels of treatment failure when compared to
lumefantrine resistance [24]. In contrast to the baseline scenario with limited DHA-PPQ usage
(5.1%), or the nominal increase resulting from private market elimination (6.2%), introduction
of MFT results in DHA-PPQ usage in 46.1% of treatments when coupled with private market
elimination (S1 Table). The drug policy combination of rapid private market elimination
along with rapid MFT introduction results in an accelerated frequency increase of the plasmep-
sin-2,3 double-copy genotypes conferring PPQ resistance [31]. Effectively, following acquisi-
tion of PPQ resistance, the continued selective pressure of DHA produces an environment
that is more favorable to the evolution of artemisinin resistance due to the lack of partner-drug
killing of potentially emergent artemisinin-resistant genotypes. This is consistent with recent
findings that partner-drug resistance facilitates the development of primary drug (i.e., artemi-
sinin) resistance [25]. The increased frequency of plasmepsin-2,3 double-copy genotypes is
observable shortly after implementation of the policy in model year 2021 (Fig 7) and is present
in all scenarios that implement MFT (Fig 8) as well as under sensitivity analysis when a
reduced mutation rate is used (S1 File §8).

To further investigate the parameters under which an MFT policy incorporating DHA-PPQ
may be implemented in Burkina Faso, additional scenarios were considered in the absence of a
private market: the use of AL as the sole first-line therapy, along with MFT combinations of
AL and DHA-PPQ including a range from 60% to 90% AL use (S1 Table). When AL is used as
a sole first-line therapy for uncomplicated malaria, 580Y frequency reaches 0.342 (IQR 0.321-
0.350) by model year 2038 with a treatment failure rate comparable to that of the status quo
scenario of 13.23% (IQR 13.05% - 13.37%). When MFT is introduced using DHA-PPQ (10%
of treatments) and AL (90%) the results by model year 2038 show a slight increase in the 580Y
frequency (0.353; IQR 0.335-0.367; p < 0.0001; Wilcoxon Rank-Sum) and treatment failure
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Fig 6. Comparison of treatment failure rates (mean and range) under two policy scenarios. AL/DHA-PPQ MFT refers to a policy of multiple
first-line therapies where AL and DHA-PPQ are deployed equally in the population. Evaluations of MFT and private market elimination are
shown for rapid (i.e., immediate) implementation and gradual implementation over a 10-year period. Under the baseline scenario the treatment
failure rate remains fairly consistent over a 10-year period. With elimination of the private market, the treatment failure rate drops, which is
expected given that this approach reduces usage of less efficacious treatments. Introduction of MFT together with elimination of the private
market also reduces usage of less efficacious treatments; however, this is rapidly offset by the increased treatment failure rate due to the increasing
frequency of plasmepsin-2,3 double-copy genotypes.

https://doi.org/10.1371/journal.pgph.0000111.g006
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Table 1. Drug policies examined in this study. Note that all policy interventions result in a higher 580Y frequency compared to the status quo scenario, but this may be
offset by reductions in the treatment failure rate for some policies. Note that the MFT scenarios assume rapid private market (PM) elimination and that unless otherwise

specified the MFT is 50% AL and 50% DHA-PPQ.

Drug Policy Studies 580Y Frequency in 2038 Treatment Failure Rate in 2038
Median IQR Median IQR

Status Quo 0.142 0.135-0.152 13.11% 13.03% - 13.18%
Rapid AL/DHA-PPQ MFT 0.62 0.611-0.633 29.28% 28.95% - 29.50%
Rapid AL/DHA-PPQ MFT, Rapid PM Elimination 0.837 0.825-0.842 34.00% 33.84% - 34.09%
Rapid AL/DHA-PPQ MFT, 10 Year PM Elimination 0.79 0.785-0.801 33.00% 32.84% - 33.15%
10 Year AL/DHA-PPQ MFT 0.47 0.453-0.482 26.69% 26.34% - 26.93%
10 Year AL/DHA-PPQ MFT, Rapid PM Elimination 0.758 0.744-0.769 32.62% 32.19% - 32.83%
10 Year AL/DHA-PPQ MFT, 10 Year PM Elimination 0.687 0.671-0.697 30.96% 30.67% - 31.16%
Rapid PM Elimination 0.323 0.311-0.339 12.90% 12.75% - 13.09%
10 Year PM Elimination 0.266 0.254-0.279 11.98% 11.81% - 12.15%
MFT (60% AL, 40% DHA-PPQ) 0.761 0.752-0.775 29.48% 29.35% - 29.75%
MFT (70% AL, 30% DHA-PPQ) 0.65 0.0639-0.664 24.66% 24.42% - 24.90%
MFT (80% AL, 20% DHA-PPQ) 0.507 0.489-0.524 19.55% 19.24% - 19.81%
MFT (90% AL, 10% DHA-PPQ) 0.353 0.335-0.367 14.07% 13.81% - 14.26%
AL Only, Rapid PM Elimination 0.342 0.321-0.35 13.23% 13.05-13.79%

https://doi.org/10.1371/journal.pgph.0000111.t001
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Fig 7. Increase of plasmepsin-2,3 double-copy genotypes under immediate private-market elimination and immediate MFT (median
and 95% range). The rapid elimination of the private market coupled with introduction of MFT (in model year 2021) serves as an exemplar
of the rapid increase in double-copy plasmepsin-2,3 genotypes after DHA-PPQ is introduced at high levels in 2021. Double-copy
plasmepsin-2,3 genotypes (yellow) are strongly selected for after DHA-PPQ is introduced, which contrasts with the slower pace of 580Y
evolution (magenta). This rapid increase in the frequency of the double-copy plasmepsin-2,3 genotypes result from the low efficacy of
DHA-PPQ on these genotypes (77% efficacy on C580 and 42% on 580Y). KNF genotypes (green) show the most resistance to lumefantrine,
but the efficacy of AL on KNF genotypes is 89% (C580) or 72% (580Y) making the selection pressure exerted by AL weaker than the
selection pressure exerted by DHA-PPQ.

https://doi.org/10.1371/journal.pgph.0000111.9007
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Fig 8. Comparison of the modeled distribution of plasmepsin-2,3 double-copy frequency under two drug policies. AL/DHA-PPQ MFT refers
to a policy of multiple first-line therapies where AL and DP are deployed equally in the population. Evaluations of MFT and private market
elimination are shown for rapid (i.e., immediate) implementation and gradual implementation over a 10-year period. Under policies of private
market elimination, there is little effect on DHA-PPQ usage and thus low pressure on plasmepsin-2,3 evolution. When MFT is introduced, the
usage of DHA-PPQ increases substantially, resulting in rapid selection of double-copy plasmepsin-2,3 genotypes.

https://doi.org/10.1371/journal.pgph.0000111.9008
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rate (14.07%, IQR 13.81% - 14.26%, p < 0.0001) when compared to the AL as the sole first-line
therapy. When the usage of DHA-PPQ is increased to 20% or higher, there are further
increases in 580Y frequencies along with treatment failure rates by model year 2038 (Table 1,
Fig 9).

Seasonal changes in alleles frequencies

As in some observed field studies [32, 33], drug-resistance allele frequencies in our model fluc-
tuated with the periodicity of the transmission season. This effect is most pronounced in
regions of Burkina Faso where there is highly seasonal transmission (e.g., northern Sahelian
climate zone). In order to examine this effect, additional simulations where conducted that
reduced the geographic scope of the model to a single 25 sq.km cell, allowing for more model
detail to be captured (S1 File §9). Our simulations show an increase in the ratio of symptom-
atic/asymptomatic individuals over the course of the rainy season, resulting in increased evolu-
tionary pressure favoring drug resistance due to a higher proportion of P. falciparum
infections being treated. The reason for the increase in the symptomatic/asymptomatic ratio
during peak transmission likely results from several factors, namely, (i) a lower population-
average level of immunity at the beginning of the high transmission season, (ii) possibility for
multiple bites and repeat symptoms for individuals with low immunity, and (iii) correlation
between low biting attractiveness and low immunity which will skew the ratio of bites on
immunes/non-immunes from low to high transmission periods. Although the seasonal trend
in drug-resistance frequency was up during the rainy season and down or flat during the dry
season, the overall long-term trend remained upward with increasing drug resistance.

Discussion

While the evolution of drug resistance by the P. falciparum parasite is a pressing concern, in
HBHI countries drug resistance evolution is secondary to the need to increase access to and
usage of ACTs. Once access to ACTs is near universal, more attention should be turned
towards the future impacts of drug resistance. As noted by Valle et al. [34], the spatial distribu-
tion of drug access and disease burden cannot be presumed to be uniform, and this heteroge-
neity will have onward effects on which areas need more focus on basic public health access
versus drug-resistance management. As policy makers need to work within their local con-
straints when designing national drug policies, the overall national-scale timeline of the emer-
gence and spread of drug resistance should still be the main focal point in the preparation and
design of control strategies for drug resistance.

Presently there are early signals of ACT treatment failures starting to appear in Burkina
Faso [13, 14], although a genetic mechanism has not been identified, nor is it clear how wide-
spread these signals are. If these signals are confirmed to have a genetic basis, then our study
suggests that widespread resistance may manifest within a decade if there are no changes to
drug policies. While the present drug mixture in Burkina Faso results in a low amount of evo-
lutionary pressure on the parasite (specifically, pressure on artemisinin resistance via the 580Y
allele), the rates of ACT usage are likely to increase in the future [23], indicating that evolution-
ary pressure will strengthen as access to ACTs increases and other interventions are imple-
mented. Given the negative impact the private market has upon the overall treatment failure
rate, this study suggests policy makers should explore ways to reduce or eliminate the use of
private market drugs. Doing so would ensure broader use of highly efficacious ACTs and have
a minimal impact upon the projected rise of drug resistance given the current drug mixture in
Burkina Faso.
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Fig 9. 580Y frequency under various MFT configurations (mean and range). The impact of changing the role of DHA-PPQ in an MFT
policy. Lower DHA-PPQ use results in weaker selection pressure on 580Y alleles. The loss of PPQ efficacy due to plasmepsin-2,3 double-copy
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https://doi.org/10.1371/journal.pgph.0000111.g009
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This study highlights the need for ACT partner-drug resistance awareness, particularly
when partner-drug resistance has already been identified [35]. In the long term, drug resis-
tance is expected to evolve in all scenarios where population-level drug-use is sufficiently high,
but resistance does not imply complete loss of efficacy. For example, in the case of lumefan-
trine, the efficacy of AL remains high at 89% on certain lumefantrine-resistant genotypes [24];
however, DHA-PPQ efficacy drops to 77% when PPQ resistant parasites are present [24]. Ulti-
mately, the partner drug moderates the pace at which artemisinin resistance can emerge.
Rapid acquisition of resistance to the partner drug results in an acceleration of artemisinin
resistance evolution due to the usage of ACTs as a ‘de facto monotherapy’ because of low effi-
cacy of the partner drug.

Despite the increase in drug resistance and treatment failures under a balanced MFT
approach, elimination of the private market (with or without MFT) may offer policy makers
some flexibility in managing future drug-resistance concerns. If MFT is not implemented,
then this study suggests that the overall rate of treatment failures will go down as the public
switches to more efficacious treatments. The selective pressure on the parasite will increase
with more public-sector drug use, and this is assumed in the model regardless of intervention
due to yearly efforts to increase access to ACTs. Furthermore, this study suggests that the time-
frame for gaining benefits from private market elimination may be quite broad. While com-
plete private-market elimination is unlikely outside of a model, phasing out the private market
over ten years may be achievable.

Any modeling exercise is dependent upon assumptions and simplifications that may impact
the results. The primary limitation of this model is that it does not account the 2018 introduc-
tion of a broad SMC program intended to reach all children under-5 in Burkina Faso [12].
Given the recency of this broad approach to the program, limited data are available to calibrate
model parameters accurately. The exclusion of SMC in our analysis likely results in a simulated
prevalence that is higher than what is likely to be observed in the field. However, this needs to
be moderated against the unknown impacts of the ongoing COVID-19 pandemic, which may
impact malaria control programs and possibly lead to higher P/PR,_;, than what was used for
model calibration, although the real impacts may not be quantifiable for several years [36, 37].

While the mutation rate used by the simulation is based upon an accepted alignment based
on the observed pattern of kelch13 evolution in Southeast Asia over the past two decades [25],
the true mutation rate may be faster or slower. This is a common limitation of mathematical
models of evolution since values for mutation parameters are difficult to estimate during short
periods of observation [38, 39]. As such, the mutation rates result in simulation outputs
wherein the relative results can be compared (i.e., private market elimination versus status
quo) but the absolute values are susceptible to error if the mutation rate assumption is incor-
rect. Another limitation is the simplified nature of the pharmacokinetic model that is being
used. While an individual multi-compartment model for each compounded incorporated in
the simulation would be the best approach [40], the complexity of implementation was bal-
anced against the objectives of this simulation, namely, to ensure that the parasite killing rate
and evolutionary pressure resulting from treatment was consistent with the 24-hour timestep
used by the simulation. It is not known how model misspecification of PK/PD dynamics on a
minute/hour timescale affects long-term evolutionary outcomes years or decades into the
future.

It has been well established that asymptomatic individuals with P. falciparum play an
important role in the propagation of the parasite between rainy seasons [41]; however, the
impact that this has upon the evolution of drug resistance has not been well established. The
seasonal periodicity of resistance markers that appeared in this simulation, in conjunction
with previous results concerning the role that seasonality and asymptomatic carriers may play
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in the selection of drug-sensitive or drug-resistant parasites [32, 41], suggests that more work
is needed to understand how seasonal transmission affects selection. Improved simulation
approaches will be necessary to assist policymakers in addressing the critical question of when
ACTs will need to be replaced? While ACTs remain highly effective in Africa, this study, along
with recent reports on treatment failure [7, 13, 14] suggest that we may be starting to enter a
period of emerging artemisinin resistance and an end to the current “calm before the storm”
suggested by Conrad and Rosenthal [42]. This transition is inevitable. ACT access is likely to
increase in the coming years, reducing case numbers but increasing the selection pressure of
artemisinin-resistant genotypes. Preparation, prevention, and preemption during this high-
risk period for drug-resistance emergence will be key to ensuring that first-line treatment
against P. falciparum continue working at high efficacy through the 2020s and 2030s.

Supporting information

S1 File. Supplemental materials. This PDF file contains additional information concerning
the model parameterization, calibration, validation, and sensitivity analysis.
(PDF)

S1 Table. Studies performed and treatment configuration. This Excel file contains a com-
plete list of the studies performed along with the treatments used.
(XLSX)

S2 Table. Complete 580Y frequency and treatment failure rates. This Excel file contains the
complete list of studies performed along with the 580Y frequency and treatment failure rates.
(XLSX)

Acknowledgments

Simulations described in this study were performed on the Pennsylvania State University’s
Institute for Computational and Data Sciences’ Roar supercomputer.

Author Contributions

Conceptualization: Robert J. Zupko.

Formal analysis: Robert J. Zupko.

Investigation: Robert J. Zupko, Thu Nguyen-Anh Tran.

Methodology: Robert J. Zupko, Tran Dang Nguyen, Maciej F. Boni.

Software: Robert J. Zupko, Tran Dang Nguyen, Dang Duy Hoang Giang, Kien Trung Tran.

Validation: Anyirékun Fabrice Somé, Jaline Gerardin, Kien Trung Tran, Amy Wesolowski,
Jean-Bosco Ouédraogo.

Visualization: Robert J. Zupko, Patrick Dudas.
Writing - original draft: Robert J. Zupko.

Writing - review & editing: Robert J. Zupko, Tran Dang Nguyen, Anyirékun Fabrice Somé,
Thu Nguyen-Anh Tran, Jaline Gerardin, Patrick Dudas, Dang Duy Hoang Giang, Amy
Wesolowski, Jean-Bosco Ouédraogo, Maciej F. Boni.

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000111  February 2, 2022 18/21


http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000111.s001
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000111.s002
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0000111.s003
https://doi.org/10.1371/journal.pgph.0000111

PLOS GLOBAL PUBLIC HEALTH

Long-term effects of increased adoption of ACTs in Burkina Faso

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

World Health Organization. World Malaria Report 2019 [Internet]. Geneva: World Health Organization;
2019 [cited 2020 Jun 11] p. 1-232. Report No.: ISBN: 978-92-4-156572-1. Available from: https://www.
who.int/publications/i/item/world-malaria-report-2019

Ariey F, Witkowski B, Amaratunga C, Beghain J, Langlois A-C, Khim N, et al. A molecular marker of
artemisinin-resistant Plasmodium falciparum malaria. Nature. 2014 Jan 1; 505(7481):50-5. https://doi.
org/10.1038/nature 12876 PMID: 24352242

Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, et al. Spread of Artemisinin Resis-
tance in Plasmodium falciparum Malaria. N Engl J Med. 2014 Jul 30; 371(5):411-23. https://doi.org/10.
1056/NEJMoa1314981 PMID: 25075834

Chenet SM, Akinyi Okoth S, Huber CS, Chandrabose J, Lucchi NW, Talundzic E, et al. Independent
Emergence of the Plasmodium falciparum Kelch Propeller Domain Mutant Allele C580Y in Guyana. J
Infect Dis. 2015 Dec 21; 213(9):1472-5. https://doi.org/10.1093/infdis/jiv752 PMID: 26690347

Mathieu LC, Cox H, Early AM, Mok S, Lazrek Y, Paquet J-C, et al. Local emergence in Amazonia of
Plasmodium falciparum k13 C580Y mutants associated with in vitro artemisinin resistance. Soldati-
Favre D, Cui L, editors. eLife. 2020 May 12; 9:e51015. https://doi.org/10.7554/eLife.51015 PMID:
32394893

Miotto O, Sekihara M, Tachibana S-1, Yamauchi M, Pearson RD, Amato R, et al. Emergence of artemi-
sinin-resistant Plasmodium falciparum with kelch13 C580Y mutations on the island of New Guinea.
PLOS Pathog. 2020 Dec 15; 16(12):e1009133. https://doi.org/10.1371/journal.ppat.1009133 PMID:
33320907

Uwimana A, Legrand E, Stokes BH, Ndikumana J-LM, Warsame M, Umulisa N, et al. Emergence and
clonal expansion of in vitro artemisinin-resistant Plasmodium falciparum kelch13 R561H mutant para-
sites in Rwanda. Nat Med [Internet]. 2020 Aug 3; Available from: https://doi.org/10.1038/s41591-020-
1005-2 PMID: 32747827

Thuy-Nhien N, Tuyen NK, Tong NT, Vy NT, Thanh NV, Van HT, et al. K13 Propeller Mutations in Plas-
modium falciparum Populations in Regions of Malaria Endemicity in Vietnam from 2009 to 2016. Antimi-
crob Agents Chemother. 61(4):e01578-16. https://doi.org/10.1128/AAC.01578-16 PMID: 28137815

Ministére de la Santé. Etat de Santé de la Population du Burkina Faso: Rapport 2019 [Internet]. 2020
Avril [cited 2020 Sep 30] p. 1-88. Available from: https:/drive.google.com/uc?export = dowload&id =
1K-Aw5Xp5eWH-DSd_VbGT85pi84UWptpC

Ministére de la Santé. Plan Strategique National de Lutte Contre le Paludisme 2016—2020 [Internet].
Burkina Faso: Ministére de la Santé; 2016 Oct [cited 2020 Sep 30] p. 1-138. Available from: http://
onsp-sante.bf/sites/default/files/publications/166/PSN%20%20%20%20%202016-2020_Paludisme_
20_02_2017.pdf

Weiss DJ, Lucas TCD, Nguyen M, Nandi AK, Bisanzio D, Battle KE, et al. Mapping the global preva-
lence, incidence, and mortality of Plasmodium falciparum, 2000-17: a spatial and temporal modelling
study. The Lancet. 2019 Jul 27; 394(10195):322-31.

President’s Malaria Initiative. Burkina Faso Malaria Operational Plan FY 2019 [Internet]. 2019 [cited
2020 Aug 15] p. 1-51. Available from: https://www.pmi.gov/docs/default-source/default-document-
library/malaria-operational-plans/fy19/fy-2019-burkina-faso-malaria-operational-plan.pdf?sfvrsn = 3

Gansané A, Moriarty LF, Ménard D, Yerbanga |, Ouedraogo E, Sondo P, et al. Anti-malarial efficacy
and resistance monitoring of artemether-lumefantrine and dihydroartemisinin-piperaquine shows inade-
quate efficacy in children in Burkina Faso, 2017-2018. Malar J. 2021 Jan 19; 20(1):48. https://doi.org/
10.1186/s12936-021-03585-6 PMID: 33468147

Beshir KB, Diallo N, Somé FA, Sombie S, Zongo |, Fofana B, et al. Persistent sub-microscopic Plasmo-
dium falciparum parasitaemia 72 hours after treatment with artemether-lumefantrine predicts 42-day
treatment failure in Mali and Burkina Faso. Antimicrob Agents Chemother. 0(ja):AAC.00873-21.

Nguyen TD, Olliaro P, Dondorp AM, Baird JK, Lam HM, Farrar J, et al. Optimum population-level use of
artemisinin combination therapies: a modelling study. Lancet Glob Health. 2015 Dec 1; 3(12):e758-66.
https://doi.org/10.1016/S2214-109X(15)00162-X PMID: 26545449

Marshall JM, Touré M, Ouédraogo AL, Ndhlovu M, Kiware SS, Rezai A, et al. Key traveller groups of rel-
evance to spatial malaria transmission: a survey of movement patterns in four sub-Saharan African
countries. Malar J. 2016 Apr 12; 15(1):200. https://doi.org/10.1186/s12936-016-1252-3 PMID:
27068686

Marshall JM, Wu SL, Sanchez C. HM, Kiware SS, Ndhlovu M, Ouédraogo AL, et al. Mathematical mod-
els of human mobility of relevance to malaria transmission in Africa. Sci Rep. 2018 May 16; 8(1):7713.
https://doi.org/10.1038/s41598-018-26023-1 PMID: 29769582

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000111  February 2, 2022 19/21


https://www.who.int/publications/i/item/world-malaria-report-2019
https://www.who.int/publications/i/item/world-malaria-report-2019
https://doi.org/10.1038/nature12876
https://doi.org/10.1038/nature12876
http://www.ncbi.nlm.nih.gov/pubmed/24352242
https://doi.org/10.1056/NEJMoa1314981
https://doi.org/10.1056/NEJMoa1314981
http://www.ncbi.nlm.nih.gov/pubmed/25075834
https://doi.org/10.1093/infdis/jiv752
http://www.ncbi.nlm.nih.gov/pubmed/26690347
https://doi.org/10.7554/eLife.51015
http://www.ncbi.nlm.nih.gov/pubmed/32394893
https://doi.org/10.1371/journal.ppat.1009133
http://www.ncbi.nlm.nih.gov/pubmed/33320907
https://doi.org/10.1038/s41591-020-1005-2
https://doi.org/10.1038/s41591-020-1005-2
http://www.ncbi.nlm.nih.gov/pubmed/32747827
https://doi.org/10.1128/AAC.01578-16
http://www.ncbi.nlm.nih.gov/pubmed/28137815
https://drive.google.com/uc?export
http://onsp-sante.bf/sites/default/files/publications/166/PSN%20%20%20%20%202016-2020_Paludisme_20_02_2017.pdf
http://onsp-sante.bf/sites/default/files/publications/166/PSN%20%20%20%20%202016-2020_Paludisme_20_02_2017.pdf
http://onsp-sante.bf/sites/default/files/publications/166/PSN%20%20%20%20%202016-2020_Paludisme_20_02_2017.pdf
https://www.pmi.gov/docs/default-source/default-document-library/malaria-operational-plans/fy19/fy-2019-burkina-faso-malaria-operational-plan.pdf?sfvrsn
https://www.pmi.gov/docs/default-source/default-document-library/malaria-operational-plans/fy19/fy-2019-burkina-faso-malaria-operational-plan.pdf?sfvrsn
https://doi.org/10.1186/s12936-021-03585-6
https://doi.org/10.1186/s12936-021-03585-6
http://www.ncbi.nlm.nih.gov/pubmed/33468147
https://doi.org/10.1016/S2214-109X%2815%2900162-X
http://www.ncbi.nlm.nih.gov/pubmed/26545449
https://doi.org/10.1186/s12936-016-1252-3
http://www.ncbi.nlm.nih.gov/pubmed/27068686
https://doi.org/10.1038/s41598-018-26023-1
http://www.ncbi.nlm.nih.gov/pubmed/29769582
https://doi.org/10.1371/journal.pgph.0000111

PLOS GLOBAL PUBLIC HEALTH

Long-term effects of increased adoption of ACTs in Burkina Faso

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zupko R, Nguyen TD, Boni MF. Simulating Human Movement in a National-Scale Individual-Based
Model of Malaria in Burkina Faso. Advances in Social Simulation: Proceedings of the 16th Social Simu-
lation Conference; 2021 September 20-24; Krakéw, Poland: Cham, Switzerland: Springer; 2022.

World Bank Group. Burkina Faso District Boundary [Internet]. ENERGYDATA.INFO; 2018 [cited 2021
Oct 8]. Available from: https://energydata.info/dataset/burkina-faso-administrative-boundaries-2017/
resource/4215f2ee-ec6b-48b2-b725-97967e2e41f0

WorldPop. Global High Resolution Population Denominators Project [Internet]. 2018 [cited 2020 Jun
10]. Available from: https://dx.doi.org/10.5258/SOTON/WP00645

Institut National de la Statistique et de la Démographie (INSD), Programme d’Appui au Développement
Sanitaire (PADS), Programme National de Lutte contre le Paludisme (PNLP) et ICF. Enquéte sur les
Indicateurs du Paludisme, 2017-2018 [Internet]. Rockville, Maryland, USA; 2018 [cited 2020 Jun 2]

p. 1-159. Available from: https://www.dhsprogram.com/pubs/pdf/MIS32/MIS32.pdf

Robyn PJ, Fink G, Sié A, Sauerborn R. Health insurance and health-seeking behavior: Evidence from a
randomized community-based insurance rollout in rural Burkina Faso. Soc Sci Med. 2012 Aug 1; 75
(4):595-608. https://doi.org/10.1016/j.socscimed.2011.12.018 PMID: 22321392

Bennett A, Bisanzio D, Yukich JO, Mappin B, Fergus CA, Lynch M, et al. Population coverage of artemi-
sinin-based combination treatment in children younger than 5 years with fever and Plasmodium falcipa-
rum infection in Africa, 2003—-2015: a modelling study using data from national surveys. Lancet Glob
Health. 2017 Apr 1; 5(4):e418-27. https://doi.org/10.1016/S2214-109X(17)30076-1 PMID: 28288746

Nguyen TD, Tran TN-A, Parker DM, White NJ, Boni MF. Antimalarial mass drug administration in large
populations and the evolution of drug resistance. bioRxiv. 2021 Jan 1;2021.03.08.434496.

Watson OJ, Gao B, Nguyen TD, Tran TN-A, Penny MA, Smith DL, et al. Pre-existing partner-drug resis-
tance facilitates the emergence and spread of artemisinin resistance: a consensus modelling study.
bioRxiv. 2021 Jan 1;2021.04.08.437876.

Fidock DA, Nomura T, Talley AK, Cooper RA, Dzekunov SM, Ferdig MT, et al. Mutations in the P. falcip-
arum Digestive Vacuole Transmembrane Protein PFCRT and Evidence for Their Role in Chloroquine
Resistance. Mol Cell. 2000 Oct 1; 6(4):861-71. https://doi.org/10.1016/s1097-2765(05)00077-8 PMID:
11090624

Sidhu ABS, Uhlemann A-C, Valderramos SG, Valderramos J-C, Krishna S, Fidock DA. Decreasing
pfmdr1 Copy Number in Plasmodium falciparum Malaria Heightens Susceptibility to Mefloquine, Lume-
fantrine, Halofantrine, Quinine, and Artemisinin. J Infect Dis. 2006 Aug 15; 194(4):528-35. https://doi.
org/10.1086/507115 PMID: 16845638

Tilley L, Straimer J, Gnadig NF, Ralph SA, Fidock DA. Artemisinin Action and Resistance in Plasmo-
dium falciparum. Trends Parasitol. 2016 Sep 1; 32(9):682-96. https://doi.org/10.1016/j.pt.2016.05.010
PMID: 27289273

Boni MF, Smith DL, Laxminarayan R. Benefits of using multiple first-line therapies against malaria. Proc
Natl Acad Sci. 2008 Sep 16; 105(37):14216. https://doi.org/10.1073/pnas.0804628105 PMID:
18780786

Boni MF, White NJ, Baird JK. The Community As the Patient in Malaria-Endemic Areas: Preempting
Drug Resistance with Multiple First-Line Therapies. PLOS Med. 2016 Mar 29; 13(3):e1001984. https:/
doi.org/10.1371/journal.pmed.1001984 PMID: 27022739

Witkowski B, Duru V, Khim N, Ross LS, Saintpierre B, Beghain J, et al. A surrogate marker of pipera-
quine-resistant Plasmodium falciparum malaria: a phenotype—genotype association study. Lancet
Infect Dis. 2017 Feb 1; 17(2):174-83. https://doi.org/10.1016/S1473-3099(16)30415-7 PMID:
27818097

Babiker HA, Gadalla AAH, Ranford-Cartwright LC. The role of asymptomatic P. falciparum parasitae-
mia in the evolution of antimalarial drug resistance in areas of seasonal transmission. Drug Resist
Updat. 2013 Feb 1; 16(1):1-9. https://doi.org/10.1016/j.drup.2013.02.001 PMID: 23510592

Ord R, Alexander N, Dunyo S, Hallett R, Jawara M, Targett G, et al. Seasonal Carriage of pfcrt and
pfmdr1 Alleles in Gambian Plasmodium falciparum Imply Reduced Fitness of Chloroquine-Resistant
Parasites. J Infect Dis. 2007 Dec 1; 196(11):1613-9. https://doi.org/10.1086/522154 PMID: 18008244

Valle D, Millar J, Amratia P. Spatial heterogeneity can undermine the effectiveness of country-wide test
and treat policy for malaria: a case study from Burkina Faso. Malar J. 2016 Oct 19; 15(1):513. https:/
doi.org/10.1186/s12936-016-1565-2 PMID: 27760546

Leroy D, Macintyre F, Adoke Y, Ouoba S, Barry A, Mombo-Ngoma G, et al. African isolates show a high
proportion of multiple copies of the Plasmodium falciparum plasmepsin-2 gene, a piperaquine resis-
tance marker. Malar J. 2019 Apr 10; 18(1):126. https://doi.org/10.1186/s12936-019-2756-4 PMID:
30967148

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000111  February 2, 2022 20/21


https://energydata.info/dataset/burkina-faso-administrative-boundaries-2017/resource/4215f2ee-ec6b-48b2-b725-97967e2e41f0
https://energydata.info/dataset/burkina-faso-administrative-boundaries-2017/resource/4215f2ee-ec6b-48b2-b725-97967e2e41f0
https://dx.doi.org/10.5258/SOTON/WP00645
https://www.dhsprogram.com/pubs/pdf/MIS32/MIS32.pdf
https://doi.org/10.1016/j.socscimed.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22321392
https://doi.org/10.1016/S2214-109X%2817%2930076-1
http://www.ncbi.nlm.nih.gov/pubmed/28288746
https://doi.org/10.1016/s1097-2765%2805%2900077-8
http://www.ncbi.nlm.nih.gov/pubmed/11090624
https://doi.org/10.1086/507115
https://doi.org/10.1086/507115
http://www.ncbi.nlm.nih.gov/pubmed/16845638
https://doi.org/10.1016/j.pt.2016.05.010
http://www.ncbi.nlm.nih.gov/pubmed/27289273
https://doi.org/10.1073/pnas.0804628105
http://www.ncbi.nlm.nih.gov/pubmed/18780786
https://doi.org/10.1371/journal.pmed.1001984
https://doi.org/10.1371/journal.pmed.1001984
http://www.ncbi.nlm.nih.gov/pubmed/27022739
https://doi.org/10.1016/S1473-3099%2816%2930415-7
http://www.ncbi.nlm.nih.gov/pubmed/27818097
https://doi.org/10.1016/j.drup.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23510592
https://doi.org/10.1086/522154
http://www.ncbi.nlm.nih.gov/pubmed/18008244
https://doi.org/10.1186/s12936-016-1565-2
https://doi.org/10.1186/s12936-016-1565-2
http://www.ncbi.nlm.nih.gov/pubmed/27760546
https://doi.org/10.1186/s12936-019-2756-4
http://www.ncbi.nlm.nih.gov/pubmed/30967148
https://doi.org/10.1371/journal.pgph.0000111

PLOS GLOBAL PUBLIC HEALTH

Long-term effects of increased adoption of ACTs in Burkina Faso

36.

37.

38.

39.

40.

41.

42.

Heuschen A-K, Lu G, Razum O, Abdul-Mumin A, Sankoh O, von Seidlein L, et al. Public health-relevant
consequences of the COVID-19 pandemic on malaria in sub-Saharan Africa: a scoping review. Malar J.
2021 Aug 11; 20(1):339. https://doi.org/10.1186/s12936-021-03872-2 PMID: 34380494

Weiss DJ, Bertozzi-Villa A, Rumisha SF, Amratia P, Arambepola R, Battle KE, et al. Indirect effects of
the COVID-19 pandemic on malaria intervention coverage, morbidity, and mortality in Africa: a geospa-
tial modelling analysis. Lancet Infect Dis [Internet]. 2020 [cited 2020 Sep 23]; Available from: https://doi.
org/10.1016/S1473-3099(20)30700-3

Carrella E. No Free Lunch when Estimating Simulation Parameters. J Artif Soc Soc Simul. 2021 Mar
31;24(2):7.
Willem L, Verelst F, Bilcke J, Hens N, Beutels P. Lessons from a decade of individual-based models for

infectious disease transmission: a systematic review (2006—2015). BMC Infect Dis. 2017 Sep 11; 17
(1):612. https://doi.org/10.1186/s12879-017-2699-8 PMID: 28893198

Simpson JA, Zaloumis S, DeLivera AM, Price RN, McCaw JM. Making the Most of Clinical Data:
Reviewing the Role of Pharmacokinetic-Pharmacodynamic Models of Anti-malarial Drugs. AAPS J.
2014 Sep 1; 16(5):962—74. https://doi.org/10.1208/s12248-014-9647-y PMID: 25056904

Andrade CM, Fleckenstein H, Thomson-Luque R, Doumbo S, Lima NF, Anderson C, et al. Increased
circulation time of Plasmodium falciparum underlies persistent asymptomatic infection in the dry sea-
son. Nat Med. 2020 Dec 1; 26(12):1929—40. https://doi.org/10.1038/s41591-020-1084-0 PMID:
33106664

Conrad MD, Rosenthal PJ. Antimalarial drug resistance in Africa: the calm before the storm? Lancet
Infect Dis. 2019 Oct 1; 19(10):e338-51. https://doi.org/10.1016/S1473-3099(19)30261-0 PMID:
31375467

PLOS Gilobal Public Health | https://doi.org/10.1371/journal.pgph.0000111  February 2, 2022 21/21


https://doi.org/10.1186/s12936-021-03872-2
http://www.ncbi.nlm.nih.gov/pubmed/34380494
https://doi.org/10.1016/S1473-3099(20)30700-3
https://doi.org/10.1016/S1473-3099(20)30700-3
https://doi.org/10.1186/s12879-017-2699-8
http://www.ncbi.nlm.nih.gov/pubmed/28893198
https://doi.org/10.1208/s12248-014-9647-y
http://www.ncbi.nlm.nih.gov/pubmed/25056904
https://doi.org/10.1038/s41591-020-1084-0
http://www.ncbi.nlm.nih.gov/pubmed/33106664
https://doi.org/10.1016/S1473-3099%2819%2930261-0
http://www.ncbi.nlm.nih.gov/pubmed/31375467
https://doi.org/10.1371/journal.pgph.0000111

