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A B S T R A C T

Background: Malaria parasites have developed resistance to most of the known antimalarial drugs in clinical
practice, with reports of artemisinin resistance emerging in South East Asia (SEA). We sort to find the status of
artemisinin resistance and efficacy of different modalities of the current artemisinin-based combination thera-
pies (ACTs).
Methods: We carried out a systematic search in 11 electronic databases to identify in vivo studies published
between 2001 and 2017 that reported artemisinin resistance. This was then followed by A network meta-analysis
to compare the efficacy of different ACTs. Quality assessment was performed using the Cochrane Risk of Bias
(ROB) tool for randomized controlled trials and National Institute of Health (NIH) tool for cross-sectional stu-
dies. The study protocol was registered in PROSPERO under number CRD42018087574.
Results: With 8400 studies initially identified, 82 were eligible for qualitative and quantitative analysis.
Artemisinin resistance was only reported in South East Asia. K13 mutation C580Y was the most abundant
mutation associated with resistance having an abundance of 63.1% among all K13 mutations reported. Although
the overall network meta-analysis had shown good performance of dihydroartemisinin piperaquine in the early
years, a subgroup analysis of the recent years revealed a poor performance of the drug in relation to
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recrudescence, clinical failure and parasitological failure especially in the artemisinin resistant regions.
Conclusion: With report of high resistance and treatment failure against the leading artemisinin combination
therapy in South East Asia, it is imperative that a new drug or a formulation is developed before further spread of
resistance.

1. Introduction

Malaria is a mosquito-borne disease caused by Plasmodium parasites
that can be potentially fatal. World Health Organization (WHO) ap-
proximated that there were 216million cases of malaria and 445,000
deaths from malaria worldwide in 2016, with the highest global burden
being reported in African region[1]. History of antimalarial resistance
dates back in time, with resistance to quinine and chloroquine being
recorded in the early and mid-1960s [2–5] in South East Asia (SEA) and
South America. This necessitated the need of a new antimalarial drug
and it was not until 1972 when artemisinin was discovered by Youyou
Tu [6]. Artemisinin is a fast acting drug that targets blood-stage Plas-
modium falciparum [7] but its efficacy when used as monotherapy is
limited by its short half-life [8]. Artemisinin Combination Therapy
(ACT) was therefore subsequently introduced in 2001 [9]. The use of a
partner drug with a prolonged half-life was aiming at clearing the re-
maining parasites after artemisinin action and reducing the chances of
parasites surviving and developing resistance against the drug [10].

ACT treatment failures attributed to artemisinin resistance were
recently reported in SEA especially in Thailand-Cambodia border and
Myanmar [9,11,12]. It has been reported that some mutations in the
Kelch 13 region (K13) of Plasmodium falciparum genome are responsible
for the development of artemisinin resistance [11]. Since the efficacy of
each ACT is dependent on the performance of artemisinin and its
partners drugs [10], we carried out a systematic review and network
meta-analysis (SR/NMA) with the aim of understanding the effective-
ness of the current ACTs in relation to recrudescence, reinfection,
parasitological failure, and clinical failure in the treatment of patients
with malaria. We also aimed to identify the current status of artemisinin
resistance in relation to its geographical distribution and artemisinin
molecular markers.

2. Methods

2.1. Study protocol registration

Our study conformed to the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) guideline [13] and the
PRISMA checklist is presented in Supplementary Table S1. The study
protocol was developed and registered in PROSPERO under number
CRD42018087574.

2.2. Search strategy and study selection

Electronic search was conducted without language restrictions to
identify relevant articles published from 2001 to 2017 in several da-
tabases including; PubMed, Scopus, Web of Science (ISI), Google
Scholar, EMBASE, Virtual Health Library (VHL), Global Health Library
(GHL), Cochrane, Population Information Online (POPLINE), New York
Academy of Medicine Grey Literature Report (NYAM), and System for
Information on Grey Literature in Europe (SIGLE). Our search term:
(artemisinin OR qinghaosu OR artemisininum OR dihydroartemisinin
OR artelinic acid OR artenimol OR artemotil OR artesunate OR arte-
mether OR coartem) AND (resistance OR resist OR response OR respond
OR recurrence OR recurrent OR recrudescence OR relapse OR persistent
OR efficacy) AND (patients or patient). More details about the search
strategy for other databases can be found at (Supplementary Table S2).
The search was supplemented with manual searches for further relevant
articles by reviewing the references of the key included papers,

checking for similar articles and articles that cited the key papers on
Google Scholar and PubMed [14].

We included articles that reported artemisinin resistance based on
WHO definition of confirmed or suspected endemic artemisinin re-
sistance. For the NMA, we included articles that reported treatment
failures in the form of recrudescence of Plasmodium falciparum within
28 days after treatment. We excluded in vitro studies, reviews, poster
presentations and studies with no accessible or extractable data.
Potential eligible studies were reviewed and selected independently by
three reviewers based on the selection criteria. Any discrepancies in
selection were resolved by consensus.

2.3. Data extraction and quality assessment

Data extraction was conducted by three independent reviewers
using a standardized extraction sheet that included basic information
about the studies such as title, author names, year of publication, lo-
cation of the study, sample size, dosage, and regimen. The specific in-
formation included half-life of parasite clearance slope, day three
parasitemia, clinical and treatment failures, recrudescence, reinfection,
and genetic mutations of Plasmodium falciparum parasites. Quality as-
sessment was performed using ROB Cochrane tool for randomized
controlled trials (RCTs) and National Institute of Health (NIH) tool for
cross-sectional studies [15]. Any discrepancies regarding extracted data
and quality assessment were resolved by consensus.

2.4. Definition of artemisinin resistance and treatment failure used from
WHO

2.4.1. Artemisinin resistance
Confirmed endemic artemisinin resistance is defined as the presence

of> 5% of patients carrying any of the K13 resistance-confirmed mu-
tations, all of whom have been found to have either persistent para-
sitemia by microscopy on day three or a half-life of the parasite clear-
ance slope of> 5 h after treatment. Suspected endemic artemisinin
resistance is defined as the presence of> 10% of patients with a half-
life of the parasite clearance slope of> 5 h after treatment with ACT or
artesunate (AS) alone; or> 5% of patients carrying K13 resistance-
confirmed mutations; or> 10% of patients with persistent parasitemia
by microscopy at 72 h [16].

2.4.2. Treatment failure
Inability to clear malarial parasitemia or resolve clinical symptoms

despite administration of an antimalarial medicine [17].

2.4.3. Slope half-life
Time needed for parasitemia to be reduced by half [18].

2.5. Data analysis

Network meta-analysis (NMA) was performed under a frequentist
framework using binomial likelihood for dichotomous outcomes.
Conventional pairwise meta-analysis (MA) was performed whenever
NMA was not feasible. Effect sizes were synthesized using fixed-effect
model with Mantel-Haenszel method except when there was a sig-
nificant heterogeneity, for which random-effects model with Der
Simonian and Laird method was used. Statistical heterogeneity was
assessed based on the degree of heterogeneity variance (τ2). I-square
(I2) test was used to measure inconsistency. Heterogeneity was
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considered significant if P-value of Q statistic was< 0.10 and/or I2

was>50% [19], with the assumption that all treatment comparisons
having the same degree of heterogeneity. Outcomes were ranked based
on interpretation of the P-scores which represent the probability of
superiority of any given treatment over the others, as a similar estimate
of the surface under the cumulative ranking area (SUCRA) [17]. The
NMA was reported in accordance with the modified PRISMA guidelines
for network meta-analyses [20]. Dichotomous data was presented as
relative risk (RR), with 95% confidence interval (CI). All analyses were
performed in R 3.2.3 [21–23] using the ‘meta’, and ‘netmeta’ packages
[24]. A subgroup analysis of studies published after 2012, when the
molecular marker of resistance was identified [25] was also conducted
to elucidate the current trend of overall performance of ACTs.

3. Results

3.1. Literature search and study characteristics

The electronic database search yielded 8400 studies with a total of
260 articles included for full-text review. Additional 6 studies identified
from manual search were also included. A total of 82 studies were
eligible for data extraction, and all of which were included for quali-
tative and quantitative analysis (Fig. 1). The mean age ranged between
0.07 and 44.1 years old, with males constituting a slightly higher pro-
portion than females (10,341=51.4%) The follow-up point was at
28 days. Detailed patient characteristics of included studies are shown
in Supplementary Table S3.

In total, 17 different ACTs were included with artemether-lume-
fantrine (AL) being the most commonly used ACT in 34 studies and

treatment failure reported in 32 of the 34 studies. Table 1 shows the
drugs abbreviation used.

3.2. Risk of bias assessment

The quality assessment was performed for 72 RCTs, 8 cross-sectional
studies and 2 prospective cohort studies. Risk of bias assessment is il-
lustrated in Fig. 2 and Supplementary Fig. S1.

Most of the studies had low risk of bias especially for reporting bias
[26,27]. The highest bias was observed in allocation of drugs where

Fig. 1. PRISMA flow diagram of studies' screening and selection.

Table 1
Table of drug abbreviations.

Abbreviation Artemisinin-based combination therapies

AL Artemether-Lumefantrine
AL+PQ Artemether-Lumefantrine-Primaquine
ART+PIP Artemisinin-Piperaquine
AS Artesunate
AS+AQ Artesunate-Amodiaquine
AS+ATPG Artesunate-Atovaquone-Proguanil
AS+CD Artesunate-Chlorproguanil-Dapsone
AS+CQ Artesunate-Chloroquine
AS+MQ Artesunate-Mefloquine
AS+NQ Artemisinin-Naphthoquine
AS+PYN Artesunate-Pyronaridine
AS+SMP Artesunate-Sulphamethoxy-Pyrazine/Pyrimethamine
AS+SP Artesunate-Sulphadoxine-Pyrimethamine
DHA+MQ Dihydroartemisinin-Mefloquine
DHA+PIP Dihydroartemisinin-Piperaquine
AS+AZ Artesunate-Azithromycin
DHA+PQP+TM Dihydroartemisinin-Piperaquine-Trimethoprim
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there was no blinding of patients to the drugs given [28,29]. This might
be due to the difficulty of blinding in single arm-studies where only one
drug was used. Although many studies had well-defined inclusion cri-
teria for patient recruitment, many of them did not make it clear on the
criteria used in the randomization process for inclusion [29,30]. In
summary, most included RCTs were rated to be of either moderate or
high quality. As for cross sectional and cohort studies, the risk of bias
was minimal although many studies did not mention the justification of
the sample size used in the study (Fig. 2).

3.3. Artemisinin resistance

Out of the 20 studies that reported suspected artemisinin resistance,
6 studies reported confirmed artemisinin resistance, while 14 studies
reported suspected resistance. Apart from a few studies, many of in-
cluded studies investigated all the measure for resistance where by, 11

studies reported half parasite clearance slope of> 5 h for> 10% of the
patients included per protocol. Ten studies reported day three para-
sitemia for> 10% of the patients recorded, and 11 studies reported
presence of confirmed K13 mutation in>5% of the patients recorded
as per protocol (Supplementary Table S4; Table 1). A map generated
showing the locations of the studies that reported suspected and con-
firmed resistance are shown in Supplementary Fig. S2 with blue color
showing the regions with suspected resistance while Magenta color
showing regions with confirmed resistance as reported in the study.

K13 mutations associated with artemisinin resistance were reported
in Cambodia, Thailand, Myanmar, Vietnam, and Laos with none re-
ported outside SEA region including Africa. [25,31]. K13 C580Y was
the most abundant K13 mutation associated with resistance, comprising
63.1% of all reported K13 mutations associated with resistance
(n=693) and 42.5% (n=1025) of all K13 mutations including non-
synonymous mutations reported. F446I and R539T had 11.0% and

Fig. 2. Risk of bias assessment graph.

Fig. 3. Network meta-analysis results of recrudescence for all artemisinin-based combination therapies. (A) Network graph showing the comparison between the
drugs, each node represents one ACT used, the edge represents a drug trial and thickness of the edge represents the number of trials between the drugs. (B) A forest
plot generated by comparing the ACT with artemether-lumefantrine. (C) The league table represents the network meta-analysis estimates, with ACT on the top left
having the lowest Risk ratio.
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18.2% of the mutation associated with resistance respectively while
Y493H, I543T, P574L and P553L had an abundance of 4.3%, 0.9%,
0.9% and 1.7% respectively. No new mutation (non-synonymous mu-
tation) was shown to be associated with artemisinin resistance. Sup-
plementary Table S5 shows the countries where each of the K13 mu-
tation associated with artemisinin resistance was reported, the locations
and year of the study. C580Y and F446I were the two most commonly
K13 mutations reported with six studies each.

3.4. Treatment failure

We analyzed our outcomes – recrudescence, reinfection, clinical
failure, parasitological failure – by using traditional MA and NMA.
Firstly, MA was done for all included studies from 2001 to 2017 by
grouping the studies according to the treatment used (Supplementary
Figs. S3–S6).

According to the analysis of treatment groups, there was a sig-
nificant increase in recrudescence cases when AS was used alone [95%
confidence intervals (CI)] (0.27 [0.15; 0.42]) (Supplementary Fig. S3).
In addition, AS led to a significantly higher proportion of reinfection
(0.22 [0.14; 0.32]) whereas dihydroartemisinin-piperaquine
(DHA+PIP) resulted in a significantly lower proportion of reinfection
(0.04 [0.02; 0.09]) (Supplementary Fig. S4). The number of cases of
clinical failure was found to have a significant increase when AS in
combination with sulphadoxine-pyrimethamine (AS+SP), chlorpro-
guanil-dapsone (AS+CD) or with piperaquine (ART+PIP) were used
(0.12 [0.07; 0.19]), (0.17 [0.14; 0.22], (0.12 [0.07; 0.19], respectively)
(Supplementary Fig. S5). Drug combinations (dihydroartemisinin-pi-
peraquine-trimethoprim) (DHA+PQP+TM) and (artesunate-pyr-
onaridine) (AS+PYN) showed a significant decrease in parasitological
failure rate when used for treatment (0.01 [0.00; 0.04]) and (0.01
[0.01; 0.02], respectively). However, there was a significant increase of
the same when artesunate-azithromycin (AS+AZ) and AS+CD were
used (0.27 [0.18; 0.39]) and (0.18 [0.15, 0.22], respectively)

(Supplementary Fig. S6).
Following these results, we carried out pairwise NMA to compare all

ACTs together with AL as the reference points since it was the most
widely used ACT in the included studies (Figs. 3–6). From all ACTs
used, DHA+PIP was found to have the highest efficacy with the lowest
RRs in reinfection, clinical failure, and parasitological failure, while
third in recrudescence when compared to the other drugs (RR, 95% CI,
P-score) ((0.29 [0.16; 0.52], P= .98), (0.23 [0.16; 0.32], P= .85),
(0.51 [0.28; 0.93], P= .93), and (0.49 [0.28; 0.86], P= .76), respec-
tively). AS+AZ was found to be the least effective drug with the highest
RRs in recrudescence, reinfection, and parasitological failure ((11.28
[0.56; 227.91], P= .06), (10.53 [0.49; 226.27], P= .07), (32.58 [1.34;
793.93], P= .97) (Figs. 3–6).

In order to elucidate the current trend of overall performance of
ACT in post-resistance era, when the molecular marker of resistance
was identified, a subgroup analysis of studies published after 2013 was
also carried out. There was a high proportion of recrudescence with
DHA+PIP especially in Cambodia (RR, 95% CI, (0.07 [0.04;0.10]) and
(0.20 [0.15;0.26])) respectively (Fig. 7) with clinical failure being
slightly elevated as compared to the previous analysis (Random effects
model, RR, 95% CI (0.03 [0.01;0.08])) (Fig. 8) versus (Random effects
model, RR, 95% CI (0.03 [0.02;0.05])) (Supplementary Fig. S5). Ana-
lysis on the Vietnam studies reported many cases of day three para-
sitemia and confirmed K13 mutation following the usage of the
DHA+PIP (Supplementary Table S4). There is no drug combination
that performed better than the others in relation to treatment failure as
opposed to the first analysis. With many of the recent studies focusing
on the efficacy and resistance of the DHA+PIP, there were no studies
comparing it with other drugs, hence none was included in the NMA,
which showed no significant differences between the ACTs used
(Fig. 9).

Fig. 4. Network meta-analysis results of reinfection for all artemisinin-based combination therapies. (A) Network graph of reinfection with majority of the drug being
compared to AL while AS+AZ having few drug trials comparisons. (B) Dihydroartemisinin-piperaquine showing significant reduction in reinfection as compared to
other drugs. This is also reflected in the league table (C).
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4. Discussion

In this study, we highlighted the geographical distribution and
mutations associated with artemisinin resistance. This was followed by
a comprehensive comparison between different ACTs in terms of
treatment failure, recrudescence, and reinfection. A subgroup analysis
was also performed to elucidate the current trend of overall perfor-
mance of ACTs since 2013. The overall NMA showed that artemisinin
monotherapy has a high risk of recrudescence. We believe that this may

be a result of its rapid mode of action and a short half-life leading to its
inability to clear all the malaria parasites in the body [8]. The same is
observed for chlorproguanil-dapsone in which rapid elimination from
the body is believed to be the reason for treatment failure [32]. Sul-
fadoxine-pyrimethamine (SP) revealed a high risk of clinical failure,
which may be a result of Plasmodium falciparum resistance against the
drug. However, its prolonged half-life has been shown to protect against
new cases of reinfection [15], which is in line with our findings.

DHA+PIP has been adopted in several countries in SEA following

Fig. 5. Network meta-analysis results of clinical failure for all artemisinin-based combination therapies showing the different combination of drugs used and the
comparison made between them, the drug AS is shown to have few comparisons as opposed to the other ACTs (A). DHA+PIP was shown to have high a significant
difference in reducing the cases (B), and it was also shown to have the lowest risk ratio in league table (C).

Fig. 6. Network meta-analysis results of parasitological failure for all artemisinin-based combination therapies. Few drug trials included as shown in (A) but
DHA+PIP is shown to have the lowest risk ratio in (B) and (C).
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its high efficacy against malaria parasites in earlier years. Although our
overall NMA showed that DHA+PIP outperforms other ACTs, this was
not the case in the subgroup analysis of recent studies. The subgroup
analysis has found no significant difference in recrudescence cases,
clinical failure and parasitological failure between different ACTs,
hence indicating poor efficacy and resistance against the drugs. The
partial protection against the reinfection cases by the drug is believed to
be associated with PIP prolonged half-life in the body [33,34].
DHA+PIP performance in some counties like Cambodia was shown to
have decreased in 2013, 3 years after it was adapted as the first line of
treatment [35]. This is believed to be associated with prior exposure of
the drug PIP before its adoption in the country [33,34]. In addition, in
vitro studies from the included studies have shown that PIP survival
assay and ring stage survival assay in artemisinin resistance region like
Pailin has increased to up to 6 h [36] which seems to give more evi-
dence of resistance against the drug. Similar trend has been observed in
Vietnam where the drug was adopted in 2008 [36] leading to a

consideration for reverting to AS+MQ in view of the rising treatment
failure and resistance cases associated with DHA+PIP in the recent
years [37].

Some of the studies conducted in SEA suggest that failure of dif-
ferent ACTs in the region is as a result of artemisinin failure, which
leads to overburdening of the partner drug and subsequent failure of the
combined therapy [38]. However, there are other studies that suggest
that the failure of the ACTs is as a result of both artemisinin resistance
and partner drug failure in the region it [35,37].

Following the failure of all ACTs against resistant parasites, several
studies on triple ACT are currently underway in order to identify an
effective combination of 3 antimalarial drugs to be used in SEA. A study
registered in ClinicalTrials.gov Identifier: NCT03355664 [32] for ex-
ample, is working on triple ACT AL+AQ with the ACT AL in Cambodia
and Vietnam (TACT-CV).

Our study has shown that artemisinin resistance has only been re-
ported in SEA even though several randomized controlled trials have

Fig. 7. Network meta-analysis result of recrudescence failure for subgroup analysis of study done from 2013, with DHA+PIP failure especially in Cambodia being
high.
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been carried out in Africa in attempt to identify K13 mutation asso-
ciated with artemisinin resistance [11,31]. Recent studies in Tanzania
and Democratic Republic of Congo have not found evidence of arte-
misinin resistance [39,40]. However, a recent publication of ex vivo

studies conducted in Uganda reported to have found K13 mutation that
can be associated with artemisinin resistance [41].

Geographical mapping of the study sites with reported resistance
has shown that the resistance is mostly confined to small regions within
the countries, where the emergence of resistance may be linked to the
genetic factors in a given parasite population [42,43].

K13 mutations were reported in certain geographical locations with
I543T, Y493H and P553L being reported only in Vietnam, while F446I
was only found in Myanmar and China [27,44,45]. These findings are
similar to a study with focus on mapping of the K13 mutations [42].
C580Y was the most reported K13 mutation that was found in almost all
the countries apart from China [44,36,46,47]. As for the K13 R539T, it
has been reported in four countries, namely Laos, Vietnam, Thailand
and Cambodia [44,46,48].

Fig. 8. Network meta-analysis of clinical failure for subgroup analysis study from 2013. The random effect model was elevated as compared to the same in the overall
analysis.

Fig. 9. Pairwise network meta-analysis of recrudescence for subgroup analysis
study from 2013, there was no significant difference between the drugs.
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4.1. Limitations

Our study considered studies with only standardized dosage while
studies comparing different dosages were not included. This led to the
inclusion of some ACTs with small sample size that might have led to
the high heterogeneity for reinfection and parasitological failure. To
overcome this, we carried out pairwise NMA of the ACTs, to compare
the results and magnify the ACTs with small samples. We also assumed
that all the dosage given were fully absorbed by the body as we were
unable to account for the drug bioavailability, which is affected by
pharmacokinetics and pharmacodynamics of each drug.

4.2. Conclusion

With different K13 mutations in SEA leading to ACT resistance,
more surveillance studies for artemisinin resistance and K13 mutations
need to be carried out. It is imperative that a new drug or formulation
against artemisinin resistance is developed before further spread of
resistance.
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