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Abstract

Emergence of resistance to artemisinin and partner drugs in the Greater Mekong Subregion

has made elimination of malaria from this region a global priority; it also complicates its

achievement. Novel drug strategies such as triple artemisinin combination therapies (ACTs)

and chemoprophylaxis have been proposed to help limit resistance and accelerate elimina-

tion. The objective of this study was to better understand the potential impacts of triple ACTs

and chemoprophylaxis, using a mathematical model parameterized using data from Cam-

bodia. We used a simple compartmental model to predict trends in malaria incidence and

resistance in Cambodia from 2020–2025 assuming no changes in transmission since 2018.

We assessed three scenarios: a status quo scenario with artesunate-mefloquine (ASMQ)

as treatment; a triple ACT scenario with dihydroartemisinin-piperaquine (DP) plus meflo-

quine (MQ) as treatment; and a chemoprophylaxis scenario with ASMQ as treatment plus

DP as chemoprophylaxis. We predicted MQ resistance to increase under the status quo

scenario. Triple ACT treatment reversed the spread of MQ resistance, but had no impact on

overall malaria incidence. Joint MQ-PPQ resistance declined under the status quo scenario

for the baseline parameter set and most sensitivity analyses. Compared to the status quo,

triple ACT treatment limited spread of MQ resistance but also slowed declines in PPQ resis-

tance in some sensitivity analyses. The chemoprophylaxis scenario decreased malaria inci-

dence, but increased the spread of strains resistant to both MQ and PPQ; both effects

began to reverse after the intervention was removed. We conclude that triple ACTs may

limit spread of MQ resistance in the Cambodia, but would have limited impact on malaria

incidence and might slow declines in PPQ resistance. Chemoprophylaxis could have

greater impact on incidence but also carries higher risks of resistance. Aggressive strategies

to limit transmission the GMS are needed to achieve elimination goals, but any intervention

should be accompanied by monitoring for drug resistance.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008850 March 25, 2021 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Kunkel A, White M, Piola P (2021) Novel

anti-malarial drug strategies to prevent artemisinin

partner drug resistance: A model-based analysis.

PLoS Comput Biol 17(3): e1008850. https://doi.

org/10.1371/journal.pcbi.1008850

Editor: Alex Perkins, University of Notre Dame,

UNITED STATES

Received: August 1, 2020

Accepted: March 3, 2021

Published: March 25, 2021

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pcbi.1008850

Copyright: © 2021 Kunkel et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Codes used to create

manuscript are available at https://github.com/

agkunkel/cambodia-partner-drugs.

Funding: AK was supported by the Pasteur

Foundation (US). The funders had no role in study

https://orcid.org/0000-0002-8376-4713
https://orcid.org/0000-0002-7472-4138
https://orcid.org/0000-0002-5717-5974
https://doi.org/10.1371/journal.pcbi.1008850
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008850&domain=pdf&date_stamp=2021-04-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008850&domain=pdf&date_stamp=2021-04-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008850&domain=pdf&date_stamp=2021-04-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008850&domain=pdf&date_stamp=2021-04-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008850&domain=pdf&date_stamp=2021-04-06
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1008850&domain=pdf&date_stamp=2021-04-06
https://doi.org/10.1371/journal.pcbi.1008850
https://doi.org/10.1371/journal.pcbi.1008850
https://doi.org/10.1371/journal.pcbi.1008850
http://creativecommons.org/licenses/by/4.0/
https://github.com/agkunkel/cambodia-partner-drugs
https://github.com/agkunkel/cambodia-partner-drugs


Author summary

Artemisinin combination therapies (ACTs) consisting of an artemisinin derivative plus a

partner drug are used to treat malaria worldwide. In Cambodia, resistance to artemisinin

is widespread, and resistance to the partner drugs mefloquine and piperaquine has also

emerged. We used a mathematical model to compare two strategies with the current status

quo in Cambodia: first, a triple ACT scenario in which first-line treatment is an artemisi-

nin derivative combined with two different partner drugs, and second, a chemoprophy-

laxis scenario in which one ACT is used for first-line treatment and a separate one is used

as chemoprophylaxis. The triple ACT scenario limited the spread of mefloquine resistance

but had minimal impact on the number of malaria cases. In some sensitivity analyses, it

also slowed declines in piperaquine resistance. Chemoprophylaxis reduced the number of

malaria cases and increased resistance, but both of those effects were short-lived. We con-

clude that triple ACTs may prevent the spread of partner drug resistance, but could be less

effective against pre-existing resistance in the population. Additionally, triple ACTs

would need to be coupled with other interventions to decrease cases. Chemoprophylaxis

could immediately reduce malaria transmission, but risks include spread of resistance and

a post-intervention rebound in cases.

Introduction

Previous progress towards malaria elimination was lost and millions died when resistance to

chloroquine and sulfadoxine-pyrimethamine emerged in the Greater Mekong Subregion

(GMS) and spread to Africa [1]. Artemisinin Combination Therapies (ACTs) consisting of an

artemisinin derivative plus a partner drug with longer half-life (ex. mefloquine, piperaquine,

lumefantrine) were initially thought to be less prone to resistance due to rapid parasite clear-

ance and multiple mechanisms of action [2]. However, slow clearance of malaria parasites

caused by artemisinin resistance and failure of ACTs caused by subsequent partner drug resis-

tance has now been reported in the GMS [3]. A study conducted from 2015–2018 in Thailand,

Vietnam, and Cambodia found the efficacy of dihydroartemisinin-piperaquine (DP) at day 42

was only 50%, and over 90% of patients’ samples showed mutations in the kelch13 gene associ-

ated with artemisinin resistance [4]. If artemisinin resistance were also to spread to Africa, it

could lead to drastic increases in malaria mortality owing to the use of parenteral artesunate in

severe malaria [5]. Though a spread in artemisinin partner drug resistance could be easier to

manage due to the existence of multiple alternatives, modeling work suggests it could result in

greater increases in transmission and incidence of clinical malaria than spread of artemisinin

resistance alone [6].

National malaria control programs in the GMS thus face a challenging paradox. On the one

hand, the presence of resistance to artemisinin and partner drugs makes malaria elimination

in this region absolutely paramount [3,7]. At the same time, it also makes malaria control and

elimination more challenging by reducing the efficacy of first-line treatment. In Cambodia,

resistance has prompted two changes in first-line treatment since the introduction of ACTs in

the early 2000s, from artesunate-mefloquine (ASMQ) to DP (around 2008–2010) and back

again (around 2017), and there are fears that the current efficacy of ASMQ could be short-

lived [8].

The challenge of malaria elimination in the presence of resistance to artemisinin and part-

ner drugs has prompted the consideration of novel drug strategies in the GMS. Two strategies

that have received particular attention are the use of triple ACTs containing two partner drugs,
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for example, dihydroartemisinin-piperaquine plus mefloquine and artemether-lumefantrine

plus amodiaquine [9] and chemoprophylaxis for high-risk individuals such as forest goers

[10,11]. Previous models have shown that applying novel drug strategies such as multiple first

line treatments could prevent emergence and spread of anti-malarial drug resistance [12,13].

Similarly, models of other diseases such as have shown the potential implications of combina-

tion therapies and chemoprophylaxis on drug resistance [14,15]. Although models have inves-

tigated the within-host implications of triple ACTs, however, the potential impact of these

strategies on antimalarial drug resistance in the population has not yet been assessed [16].

The purpose of this paper was to use a simple model of malaria transmission to assess the

mechanisms through which triple ACTs and chemoprophylaxis could affect artemisinin part-

ner drug resistance in the GMS, using Cambodia as a motivating example. We focus on part-

ner drug resistance, rather than resistance to artemisinin, as artemisinin resistance is already

widespread in Cambodia and, on its own, rarely leads to treatment failure [17,18].

Results

We created a simple compartmental model of malaria transmission and resistance to meflo-

quine (MQ) and piperaquine (PPQ). We fit the model separately to data from Eastern and

Western Cambodia, as these two regions have seen different resistance trends and contain-

ment policies. Uncertain parameters were inferred based on trends in malaria cases, preva-

lence, and resistance from 2000–2018. However, we assumed that all parameters except those

related to the interventions of interest remained fixed from 2018 onwards; this does not accu-

rately reflect the impressive recent progress towards malaria elimination in Cambodia since

2018, but allows us to more clearly understand the effects of the different drug policies when

other interventions are held constant.

We evaluated different strategies for use of MQ and PPQ beginning in 2020. Under the

first, “status quo” scenario, ASMQ is used as first line treatment and DP is not used. Second,

we evaluated a “triple ACT” scenario in which dihydroartemisinin-piperaquine plus meflo-

quine (DP-MQ) is used as first line treatment. Finally, we compared the results of these two

scenarios with a third “chemoprophylaxis” scenario, in which ASMQ is used as first line treat-

ment and DP is applied as chemoprophylaxis. We sought to determine the impact of these dif-

ferent strategies on 1) spread of partner drug resistance (with a particular emphasis on

resistance to both drugs), and 2) progress towards malaria elimination.

Baseline results

The model was able to capture general trends in malaria reported cases, prevalence, and resis-

tance to artemisinin partner drugs from Cambodia from 2000–2019. These plots are shown in

Section 2 of the S1 Appendix.

Fig 1 shows the results of the model under the baseline assumptions and best-fitting param-

eter sets, with interventions added in 2020. Compared to the status quo scenario, the triple

ACT scenario produced very similar overall malaria incidence from 2020–2025 (Fig 1A and

1B). However, whereas the status quo scenario was predicted to increase genotypic MQ resis-

tance by 2025 in both Eastern and Western Cambodia, the triple ACT was predicted to reverse

this trend, leading to declines in genotypic MQ and PPQ resistance (Fig 1C–1F). Genotypic

joint resistance to both MQ and PPQ was not predicted to take off under either the status quo

or the triple ACT scenario (Fig 1G and 1H). The similar trends in incidence despite differing

resistance patterns likely reflect the fitness costs of resistance and the low assumed probability

of phenotypic drug resistance given genotypic resistance markers.
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Compared to the triple ACT scenario, the DP chemoprophylaxis scenario was predicted to

have an immediate effect on malaria incidence (Fig 1A and 1B), assuming an initial coverage

of 50%. However, these beneficial impacts do not extend beyond the average duration of pro-

phylaxis of one year, and in fact a rebound in malaria incidence can be seen afterwards above

Fig 1. Baseline results of model, 2018–2025. Interventions begin in 2020 (solid line). The average duration of chemoprophylaxis is one year (dotted line

at 2021). Results are shown for number of cases per month (Fig 1A and 1B), the proportion of new infections with multiple copy number pfmdr1, i.e.

genotypic MQ resistance (Fig 1C and 1D), the proportion of new infections with multiple copy number pfpm2, i.e. genotypic PPQ resistance (Fig 1E and

1F), and the proportion of new infections with multiple copy numbers of both pfpm2 and pfmdr1, i.e. genotypic resistance to both MQ and PPQ (Fig 1G

and 1H).

https://doi.org/10.1371/journal.pcbi.1008850.g001
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that predicted under the status quo scenario. The prophylaxis scenario is also predicted to

increase the prevalence of genotypic PPQ resistance during its implementation phase (Fig 1E

and 1F); although PPQ resistance declines again following cessation of prophylaxis, it remains

at levels higher than that of the status quo or triple ACT scenario through 2025. The chemo-

prophylaxis scenario is predicted to lead to slight increases in genotypic MQ resistance (Fig 1C

and 1D) and joint resistance to MQ and PPQ (Fig 1G and 1H). In sensitivity analyses, we

found that even extended durations of chemoprophylaxis (10 years) could lose impact within

1–2 years due to the increases in PPQ resistance (S1 Appendix).

Sensitivity analyses: Triple ACT scenario

We conducted multiple sensitivity analyses to better understand why resistance to PPQ

and MQ failed to take off under the triple ACT scenario, despite increases in MQ resistance

under the status quo scenario and both PPQ and MQ resistance under the prophylaxis

scenario.

First, we increased the fitness of strains genotypically resistant to both MQ and PPQ to

be just below the minimum fitness of single resistance to MQ and PPQ (i.e. the maximum

possible value that would not produce inaccurate spread of joint resistance prior to 2020).

Second, we decreased the probability of treatment success for joint resistance treated with

the triple ACT to equal the maximum probability of treatment success given single resis-

tance and single drug treatment. We thus assessed the most extreme values possible within

the restrictions that jointly resistant strains not be more fit than singly resistant strains,

and the triple ACT not be less successful at treating jointly resistant strains than a single

drug is at treating single resistance. The results of these two changes, applied simulta-

neously, are shown in Fig 2. Following these changes, the status quo scenario still led to

increases in MQ resistance and declines in PPQ resistance; however, substantial declines in

PPQ resistance did not occur until MQ resistance was already widespread. Under the triple

ACT scenario, MQ resistance and PPQ resistance both declined, though the rates of pre-

dicted decline were slow in Western Cambodia, with levels of joint MQ/PPQ resistance

remaining roughly stable. Note that the estimated levels of MQ and PPQ resistance in

Western Cambodia here are both higher than the baseline scenario, and represent a worse

fit to the data (S1 Appendix Section 2).

We hypothesized that the reason joint MQ/PPQ resistance did not take off was related to

our assumption that having multiple copy number pfmdr1 and pfpm2 led to phenotypic PPQ

and MQ resistance, respectively, with probabilities that differed from one another but were

fixed throughout the simulation period. Furthermore, these values were held fixed prior to fit-

ting the fitness cost for each strain. To test this hypothesis, we fixed the probability of treat-

ment success under each genotype-drug pair to be equal to a single value (0.625) intermediate

to those used in the initial simulations and then re-fit the model. We then assessed the results

of this refitted model under the baseline assumption as well as with the addition of the two sen-

sitivity analyses above.

With this intermediate value of treatment success and the baseline parameters (Fig 3), joint

resistance again remained roughly stable under the triple ACT scenario, with gradual declines

in both PPQ and MQ resistance. Substantial increases in MQ resistance and faster declines in

PPQ resistance were predicted under the status quo scenario. However, triple ACT treatment

led to significant decreases in malaria transmission in Western Cambodia, likely reflecting the

greater effects of pfmdr1 on phenotypic MQ resistance and the greater expected levels of geno-

typic MQ resistance in 2020 prior to initiation of triple ACT treatment.
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Fig 4 shows a version of the model that includes all factors favoring the spread of joint MQ/

PPQ resistance under the triple ACT scenario described above. Compared to the baseline sce-

nario, we forced pfmdr1 and pfpm2 to have equal probabilities of producing phenotypic resis-

tance; increased the fitness of jointly resistant strains; and decreased the probability of

treatment success given joint genotypic resistance and triple ACT treatment. Indeed under

this scenario triple ACT treatment increases the levels of joint MQ/PPQ resistance compared

to both the status quo scenario and 2020 values.

Fig 2. Sensitivity Analysis 1—increased fitness and decreased probability of treatment success given joint resistance, 2018–2025. Interventions

begin in 2020 (solid line). The average duration of chemoprophylaxis is one year (dotted line at 2021).

https://doi.org/10.1371/journal.pcbi.1008850.g002
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Discussion

We have presented a model of how use of a triple ACT or chemoprophylaxis could affect

malaria incidence and resistance to MQ and PPQ in Cambodia in the absence of other inter-

ventions. Under the initial assumptions and parameters, use of a triple ACT had minimal

impact on overall malaria incidence but reversed the spread of mefloquine resistance predicted

under the status quo scenario. In sensitivity analyses, it was possible but difficult to create a

Fig 3. Sensitivity Analysis 2 –equal probability of DP and ASMQ treatment success with pfpm2 and pfmdr1, respectively, 2018–2025. Interventions

begin in 2020 (solid line). The average duration of chemoprophylaxis is one year (dotted line at 2021).

https://doi.org/10.1371/journal.pcbi.1008850.g003
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situation under which the triple ACT scenario increased joint MQ/PPQ resistance substan-

tially beyond its current levels. In contrast, we predicted that chemoprophylaxis could lead to

significant declines in malaria incidence, but likely increase joint MQ/PPQ resistance as well;

both of these effects of chemoprophylaxis were expected to reverse after cessation of

chemoprophylaxis.

Fig 4. Sensitivity Analysis 3—the fitness of jointly resistant strains is increased; the probability of DP-MQ successfully treating jointly resistant

strains is decreased; and the probability of successful treatment of resistant strains with DP is forced to equal that with ASMQ. Interventions begin

in 2020 (solid line). The average duration of chemoprophylaxis is one year (dotted line at 2021).

https://doi.org/10.1371/journal.pcbi.1008850.g004
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Why did the triple ACT lead to stable or declining levels of PPQ and MQ resistance, includ-

ing joint resistance, under almost all parameters explored? Previous researchers have hypothe-

sized that pfpm2 and pfmdr1 may have antagonistic effects [19]; notably, this was not encoded

directly in this model. However, as joint resistance has seen only limited emergence in Cambo-

dia until now, we did not allow the fitness of joint resistance to exceed that of either single

resistance; furthermore, we assumed that triple ACT treatment would be at least as effective

against genotypic joint resistance as both ASMQ and DP against strains with genotypic resis-

tance to MQ and PPQ, respectively. In other words, joint resistance fails to take off as it is the

“worst of both worlds”, with low fitness and high probability of treatment success even under

the triple ACT scenario.

A recent clinical trial found DP-MQ to be highly efficacious and safe in Cambodia, includ-

ing in areas with high levels of resistance to DP [9]. Combined with its favorable impact on

resistance in this model, triple ACT treatment could be an appealing choice in this area. How-

ever, caution should still be exercised. Our model assumes that the fitness of resistant strains is

fixed over time, which may not be the case and could underestimate future resistance [20]. Of

particular concern is the spread of malaria with pfcrt conferring PPQ resistance not included

in this model. The GMS has proven past models and theories wrong, including those that ini-

tially predicted resistance to artemisinin would be avoided by use of ACTs [21]. Use of coun-

terfeit, substandard, or inappropriate drugs may have contributed to past emergence of

resistance in this region [22], and drug use and quality should be monitored closely. Treatment

efficacy studies and genotypic resistance surveillance are also of utmost importance.

Chemoprophylaxis of high-risk populations including forest goers is also being explored in

Cambodia. Although researchers have recognized DP as an appealing drug for chemoprophy-

laxis [11], current studies are focusing on other drugs including ASMQ and artemether-lume-

fantrine for reasons including preexisting resistance to DP. Introducing new drugs (such as

artemether-lumefantrine or artesuante-pyronaridine) into the GMS as chemoprophylaxis

could increase the initial efficacy of chemoprophylaxis. However, these alternative ACTs also

have major drawbacks. Lumefantrine has a relatively short half-life and more complicated dos-

ing schedule compared to piperaquine or mefloquine; it is also the primary partner drug used

in Africa, which would heighten concerns about resistance. The safety of repeated courses of

pyronaridine is currently unknown, and it represents a possible drug of last resort without

pre-existing resistance in the GMS [11]. Additionally, as this model shows, chemoprophylaxis

could also carry significant risks of drug resistance; unless such efforts succeed at rapidly elimi-

nating malaria, they could risk further limiting the number of effective ACTs available in this

region. This model also suggested there could be a rebound in malaria incidence post-chemo-

prophylaxis; similar increases in malaria incidence to or even above pre-intervention levels

have been observed following mass drug administration in Cambodia and elsewhere [23,24].

Safety is another consideration when combining or repeating antimalarial use, as in the sce-

narios here. A clinical trial of DP-MQ found that the rate of clinical adverse events was not sig-

nificantly increased compared to DP. Furthermore, the observed increase in QT interval with

DP-MQ was not greater than that with DP [9]. Safety concerns are amplified when an antima-

larial is given as chemoprophylaxis, due to its repeated and more widespread use in apparently

healthy individuals. Existing data support the safety of monthly DP as intermittent preventive

treatment or chemoprophylaxis [25]. Cost-effectiveness is another aspect that could be consid-

ered, as well as the infrastructure needed to implement each intervention (ex. could existing

village malaria workers dispense monthly chemoprophylaxis, or is another system needed?)

There are some differences between the behavior predicted by our model and that observed

in Cambodia for the period of 2018–2020. Limited published data were available to inform the

model trends in genotypic MQ and PPQ resistance after the first-line treatment in Cambodia
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switched to DP around 2017, but the data available thus far suggest the qualitative trends pre-

dicted here (i.e. declines in multiple copies of pfpm2 and increases in multiple copies of

pfmdr1) are occurring in Cambodia as predicted, although the rates of spread may differ.

Unlike in our model, Cambodia has seen rapid declines in P falciparum malaria cases since

2018. This timing has corresponded to an increase in other interventions such as use of mobile

malaria workers and crackdowns on illegal logging, which are not reflected in this model. As

such, this model should not be regarded as making quantitative predictions for malaria inci-

dence in Cambodia.

The primary limitations of this model relate to its simplicity. We did not include resistance

to artemisinin in our model, as such resistance is already widespread in Cambodia. We were

primarily interested in understanding trends in partner drug resistance, as this can lead to

treatment failure and thus affects the choice of first-line treatment. Additionally, we focused

only on pfmdr1 and pfpm2, whereas other genes such as pfcrt are increasingly understood to

play a role in resistance to partner drugs. Besides resistance, the model provides an oversimpli-

fied view of immunity, the role of asymptomatic and submicroscopic infections, and popula-

tion mixing patterns that may affect its results. However, the main qualitative findings of this

model were consistent across two (separately fit) regions of Cambodia and multiple sensitivity

analyses. Furthermore, the simplicity of the model allowed us to more easily isolate the role of

individual parameters in understanding model output.

Overall, we conclude that triple ACTs may be useful at limiting spread of resistance to arte-

misinin partner drugs in high risk areas like the GMS. However, they could also slow declines

in pre-existing resistance compared to single use of another drug. Furthermore, a switch to tri-

ple ACT treatment alone would not itself be sufficient for malaria elimination from this region.

Chemoprophylaxis could accelerate malaria elimination but its effects are temporary and pose

a higher risk of resistance. As a result, declines in malaria incidence in Cambodia since 2018

likely reflect the impact of new interventions not included in this model (ex. improved treat-

ment coverage by village malaria workers and mobile malaria workers, crackdowns on illegal

logging). A combined intervention strategy is likely the best option for achieving rapid malaria

elimination from the GMS.

Methods

Modeling malaria transmission

To simplify the model, within each region (East and West) we assumed all cases occur within a

single high-risk population. Conceptually, we could consider this group to consist of forest

goers and residents of forested villages with active transmission. Only this high-risk population

was modeled explicitly, though larger population denominators were used as needed to com-

pare results of the model to data sources.

The model structure was informed by previous malaria models including [23,26,27] and

was intentionally kept simple to facilitate qualitative understanding of resistance dynamics.

Mosquitoes were modeled explicitly and could be in one of three disease states: susceptible to

malaria, exposed to malaria and not yet infectious, and infectious with malaria. With regards

to malaria infection and immunity, humans could belong to the following mutually exclusive

states: S, susceptible to malaria (non-immune); E, exposed to malaria from this non-immune

state, but not yet infectious; Is, symptomatic, infectious malaria; Rt, post-treatment for malaria

(no longer infectious, and protected from re-infection by the treatment drug); R, recovered

and partially immune to malaria; and Ia, asymptomatic, infectious malaria (Fig 5).

We made the simplifying assumption that all non-immune individuals who develop malaria

are symptomatic, and all partially immune individuals are asymptomatic. Individuals who are
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symptomatic could receive either correct first-line treatment or other treatment (e.g. artemisi-

nin monotherapies or other non-recommended treatments, with proportions varying over

time as described in the S1 Appendix parameter tables). We allowed transmission from both

symptomatic and asymptomatic states, but with differing probabilities (see S1 Appendix

parameter tables). We assumed that partial immunity is temporary.

Modeling partner drug resistance

With respect to drug resistance, we did not explicitly model resistance to artemisinin. Two

forms of genotypic drug resistance were explicitly modeled: pfmdr1 copy number�2 (confer-

ring phenotypic MQ resistance with some probability) and pfpm2 copy number�2 (confer-

ring phenotypic PPQ resistance with some probability) [28,29]. Genotypic drug resistance was

assumed to be transmissible between individuals, but phenotypic drug resistance was not, such

that the probability that genotypic drug resistance would confer phenotypic drug resistance

did not change over time. Phenotypic drug resistance was defined as late treatment failure to

either ASMQ or DP. Those with late treatment failure re-enter the IS compartment immedi-

ately; the delay in recrudescence was not explicitly modeled. Individuals with a previous late

treatment failure were assumed to have the same probability of future treatment success as all

other individuals with the same genotype (treatment failure history was not tracked). Resis-

tance was initialized in the population at a low level, and individuals receiving treatment with-

out pre-existing genotypic drug resistance were allowed a low probability to spontaneously

acquire such resistance. Genotypic drug resistance was assumed to confer a fitness cost, which

Fig 5. Model states and transitions related to drug susceptible and genotypically PPQ-resistant infections.

Mosquitoes are not shown. The disease states are as follows: S, susceptible to malaria; E: exposed to malaria, not yet

infectious: Is: infectious and symptomatic, Rt: recovered from malaria (i.e. no longer infectious) and protected by

reinfection by prophylactic effect of treatment drug; R: recovered from malaria with partial immunity; Ia: infectious

and asymptomatic. Subscript pr denotes prophylaxis. Superscript n denotes no drug resistance; superscript p denotes

genotypic PPQ resistance. Entry to and exit from the model population, acquisition of resistance, and superinfection/

recombination not shown.

https://doi.org/10.1371/journal.pcbi.1008850.g005
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was included in the model as a reduced probability of transmission from mosquitoes to

humans. These parameters were assigned wide prior ranges and inferred based on the data.

The model thus included four resistance strains, based on genotypic resistance to MQ,

PPQ, or both. We tracked only a single dominant infection for each individual. Superinfection

of asymptomatically infected individuals and recombination were included in the model (see

S1 Appendix). Fig 5 shows a subset of the model states: those pertaining to drug susceptible

infections (Fig 5A) and those pertaining to genotypically PPQ-resistant infections (Fig 5B).

Modeling interventions

The triple ACT and chemoprophylaxis scenarios are options that have not yet been imple-

mented in Cambodia, or are being implemented only in small trials. Therefore, it was neces-

sary to consider a range of sensitivity analyses when considering these interventions. Both

scenarios were modeled as being implemented from the beginning of 2020.

The triple ACT scenario was modeled similar to other treatment scenarios, with no changes

in access. The main difference was that the triple ACT was assumed to be fully effective for all

parasites having either a single copy number of pfpm2 or a single copy of pfmdr1. For those

parasites with multiple copy numbers of both pfpm2 and pfmdr1, the treatment was also

assumed to be effective with some probability. At baseline, we assumed that phenotypic resis-

tance to PPQ and MQ are independent, such that P(resistance to DP-MQ|multiple copy num-

bers of both pfpm2 and pfmdr1) = P(resistance to ASMQ|multiple copies of pfmdr1)�P

(resistance to DP|multiple copies of pfpm2). This assumption was modified in sensitivity

analyses.

Under the chemoprophylaxis scenario, a fixed proportion (50%) of the high-risk population

received DP as chemoprophylaxis. We assumed the average duration of chemoprophylaxis

was one year (i.e. repeated administration of DP throughout one year). We assumed enroll-

ment occurred over a period of one month.

We assumed that symptomatic malaria infection was ruled out prior to administering che-

moprophylaxis (as the first-line treatment in Cambodia is currently ASMQ, not DP), and that

prophylaxis was not administered to those already treated within the last month. Chemopro-

phylaxis has the following effects on malaria parasites without genotypic PPQ resistance in the

model. First, such parasites cannot infect susceptible or recovered humans receiving chemo-

prophylaxis. Second, individuals receiving chemoprophylaxis when already exposed to such

parasites return to susceptible without becoming sick or infectious or developing immunity.

Third, individuals receiving chemoprophylaxis when asymptomatically infected with such par-

asites clear their infection and return to the recovered state. Regarding those parasites with

genotypic resistance to PPQ, chemoprophylaxis with DP is assumed to have the same proba-

bility of effectiveness as treatment. When chemoprophylaxis is effective, the effects of chemo-

prophylaxis are the same as those listed above. When it is not, infections and progression of

infections occur as if no chemoprophylaxis were present.

Parameterization and initialization

Parameters were chosen based on a review of the literature. For Eastern and Western Cambo-

dia, seven of the most uncertain parameters were inferred from trends in malaria cases and

resistance over time. Prior distributions were set for these parameters and posterior distribu-

tions were derived via Incremental Mixture Importance Sampling [30]. This procedure was

done separately for Eastern and Western regions. The S1 Appendix contains figures compar-

ing the model results under the posterior distributions to the data. The results reported in the
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main text are based on 500 random draws from the posterior distribution of parameters (main

results), and 200 random draws for the sensitivity analyses.

Changes in malaria trends over time were captured in three ways in the model. First, we

assumed that the proportion of symptomatic malaria cases receiving appropriate treatment

increased over time. Second, we assumed that the malaria transmission parameter declined

over time (considering, e.g., increase in coverage of LLHINs). Third, we assumed that the pop-

ulation at risk of malaria declined over time (considering deforestation and urbanization in

Cambodia). More detail on the parameters involved in these assumptions is available in the S1

Appendix.

Initial conditions were derived by running the model with an initial seed of 100 infected

humans and 1% infected mosquitoes for 5 years to reach near-equilibrium conditions. This

initialization was performed with no drug resistance. In Western Cambodia, mefloquine resis-

tance was input into the model beginning in 2000 with 15% of new infections having genotypic

MQ resistance. In Eastern Cambodia, due to insufficient data and apparent low levels, this was

maintained as 0 until 2010, at which point there was assumed to be 10% genotypic MQ resis-

tance. In both regions, 1% genotypic PPQ resistance was introduced at the time of the switch

from ASMQ to DP.
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