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Background. Multidrug-resistant Plasmodium falciparum undermines the efficacy of currently deployed antimalarial therapies 
in southern Viet Nam.

Methods. Between May 2017 and December 2018, this prospective, open-label, single-arm, observational clinical trial, con-
ducted in Binh Phuoc, Dak Nong, Gia Lai, Khanh Hoa, and Ninh Thuan provinces, evaluated the safety and efficacy of oral 
pyronaridine-artesunate once daily for 3 consecutive days in adults and children with microscopically confirmed P. falciparum ma-
laria. Patients were treated as inpatients for Days 0–3, with follow-up visits on Days 7, 14, 21, 28, 35, and 42. The primary outcome 
was the proportion of polymerase chain reaction (PCR)-adjusted adequate clinical and parasitological response (ACPR) at Day 42.

Results. The cumulative incidence of PCR-adjusted ACPR at Day 42 was 96.1% (95% confidence interval [CI] 91.4–98.2; 
Kaplan–Meier). In the per-protocol analysis, the proportion of patients with Day 42 PCR-adjusted ACPR was 96.1% (147/153; 95% 
CI 91.7–98.5). The proportion of patients with parasitemia at Day 3 was 24.0% (40/167; 95% CI 17.7–31.2). The prevalences of the 
Kelch13 (C580Y) mutation were: in Binh Phuoc, 97.7% (43/44); in Dak Nong, 96.2% (25/26); in Gia Lai, 57.8% (37/64); in Khanh 
Hoa, 66.6% (6/9); and in Ninh Thuan, 3.6% (1/28). The majority of artemisinin-resistant isolates also had increased plasmepsin2 copy 
number (75.9%; 85/112). There was 1 isolate (Binh Phuoc) that had Kelch13 (C580Y) plus increased plasmepsin2 and Pfmdr1 copy 
numbers. Asymptomatic transient increases in alanine transaminase and aspartate transaminase were observed at Day 7, resolving 
by Day 28.

Conclusions. Pyronaridine-artesunate can be used to diversify antimalarial therapy in areas of artemisinin-resistant P. falcip-
arum in Viet Nam.

Clinical Trials Registration. ACTRN12618001274268.
Keywords. pyronaridine-artesunate; artemisinin; Plasmodium falciparum; drug resistance.

Artemisinin-based combination therapy (ACT) is the first-line 
treatment for uncomplicated Plasmodium falciparum glob-
ally, with treatment efficacy >95% in most regions. However, 
artemisinin-resistant P. falciparum has been detected in 5 coun-
tries in the Greater Mekong subregion: Cambodia, Myanmar, 
Thailand, Lao People’s Democratic Republic, and Viet Nam [1]. 
Artemisinin resistance confers a delayed reduction in parasit-
emia, but therapeutic efficacy can be maintained, providing 

that resistance does not also emerge to the partner drug. Once 
multiresistant strains emerge with resistance to both the arte-
misinin and partner components, treatment failure rates rapidly 
increase.

Dihydroartemisinin-piperaquine (DHA-PPQ) is currently 
the first-line antimalarial therapy in Viet Nam. Delayed par-
asite clearance following DHA-PPQ was first reported in Viet 
Nam in 2004 [2]. From 2006 to 2013, monitoring of ACT ther-
apeutic efficacy in 7 sentinel sites in the central highland and 
Southern provinces showed generally high cure rates for both 
7-day artesunate and 3-day DHA-PPQ, but more recently, high 
DHA-PPQ failure rates have been observed [3, 4]. For example, 
the proportion of patients who are parasitemic at Day 3 in Binh 
Phuoc province increased progressively, from 38% in 2012 to 
41% in 2013, 54% in 2014, and 57% in 2015. Polymerase chain 
reaction (PCR)-corrected treatment failure rates for DHA-PPQ 
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remained low in 2012 (0%) and 2013 (5%), but had reached 35% 
by 2015 [3, 4].

Molecular surveillance is key to understanding the emer-
gence and spread of P.  falciparum drug-resistant strains. 
Artemisinin resistance is associated with mutations in the 
Kelch13 (K13) gene [5], whereas piperaquine and mefloquine 
resistance are characterized by gene amplification of plasmepsin 
2–3 (Pfpm2/3) and multidrug-resistance protein-1 (Pfmdr1), 
respectively [6, 7]. Recent data indicate the spread of a domi-
nant, multidrug-resistant falciparum lineage in southern Viet 
Nam, which is both artemisinin and piperaquine resistant [8, 
9]. The rapid spread of this multidrug-resistant lineage across 
the Greater Mekong subregion is concerning for Viet Nam and 
other countries where DHA-PPQ is used. It is, therefore, criti-
cally important that new therapies are urgently identified that 
are effective against these parasites, to ensure their containment 
and eventual elimination.

Pyronaridine-artesunate is a recently approved ACT that has 
high efficacy in uncomplicated falciparum malaria [10–15]. 
Previous data showed pyronaridine-artesunate treatment ef-
ficacy rates of 100% (80/80) for Binh Phuoc province in the 
south and 100% (24/24) in Quang Tri in central Viet Nam 
[13]. However, these data are from 2007–2008, and more re-
cent studies are needed to inform the National Malaria 
Control Programme in Viet Nam as to the potential utility of 
pyronaridine-artesunate in areas of known artemisinin resist-
ance. This open-label, clinical trial assessed the efficacy and 
safety of pyronaridine-artesunate for the treatment of un-
complicated falciparum malaria in 5 provinces in central and 
southern Viet Nam.

METHODS

Study Design

This was a prospective, open-label, single-arm observational 
clinical study to evaluate pyronaridine-artesunate efficacy and 
safety. Between May 2017 and December 2018, eligible subjects 
were recruited from health centers and hospitals in 5 provinces: 
Binh Phuoc (Bu Dang and Bu Gia Map districts), Dak Nong 
(Tuy Duc district), Gia Lai (Phu Thien, Ia Pa and Krong Pa 
districts), Khanh Hoa (Khanh Vinh district), and Ninh Thuan 
(Bac Ai district; Figure 1). All participants, and guardians of 
children <18  years, provided written informed consent; chil-
dren aged 12–18 provided written assent.

The study was conducted according to the Declaration of 
Helsinki (2008), Good Clinical Practice Guidelines, and all 
applicable local laws and regulations. The study protocol was 
approved by the Biomedical Research Ethics Review Board 
of the Ministry of Health of Viet Nam and the World Health 
Organization Regional Office, Western Pacific Region. Owing 
to an administrative error. The trial follows the standard World 
Health Organization protocol for the surveillance of antimal-
arial treatment efficacy [16].

Participants

Eligible participants were adults and children with ≥20 kg body 
weight, microscopically confirmed P. falciparum malaria (≥500 
to <150 000 parasites/µL), and fever or history of fever within 
the past 24 hours. All participants had to be capable of taking 
oral medication and willing to attend study visits. Pregnant or 
lactating women were excluded. Women aged 12–18  years of 
age were excluded from the study; all women of child-bearing 
age took a pregnancy test. Exclusion criteria were signs or 
symptoms indicative of severe malaria, impaired conscious-
ness, severe anemia (hematocrit <15%), bleeding disorders, 
respiratory distress, severe jaundice, a known hypersensitivity 
to artemisinins or pyronaridine, a history of splenectomy, and 
alanine aminotransferase (ALT) or aspartate aminotransferase 
(AST) values more than 2.5 times the upper limit of normal 
(ULN).

Treatment

Patients received oral pyronaridine-artesunate (Pyramax, Shin 
Poong Pharmaceutical Co. Ltd., Ansan, Republic of Korea) once 
daily for 3 days (Days 0–2), given with water. Dosing was ac-
cording to body weight (pyronaridine/artesunate): 180/60 mg 
(1 tablet) for patients 20 to <24  kg; 360/120  mg (2 tablets) 
for those 24 to <45 kg; 540/180 mg (3 tablets) for those 45 to 
<65 kg; and 720/240 mg (4 tablets) for those ≥65 kg. All doses 
were supervised. In the event of recurrence, rescue therapy was 

Figure 1. Provinces in southern Viet Nam included in the study.
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3-day DHA-PPQ plus single-dose primaquine for P. falciparum, 
or 3-day chloroquine plus 14-day primaquine for Plasmodium 
vivax.

Procedures

All eligible participants were clinically examined and had a full 
medical history taken at enrollment. Patients were treated as in-
patients for Days 0–3 and as outpatients at follow-up visits on 
Days 7, 14, 21, 28, 35, and 42. Adverse events were recorded at 
all visits. Blood samples (3 mL) for clinical biochemistry and 
hematology parameter assessments were taken predose on Day 
0 and on Days 7 and 28.

Giemsa-stained thick and thin blood films were obtained at 
screening; every 12 hours for 3  days following the first treat-
ment dose; and on Days 7, 14, 21, 28, 35, and 42, or if clin-
ically indicated. Parasites were enumerated independently by 
2 trained microscopists, with the average recorded according 
to standard methods [16]. Blood samples were collected on 
filter paper (Whatman 3MM, GE Healthcare, Pittsburgh, PA) 
for PCR genotyping at screening and all follow-up visits from 
Day 7.  Parasite recurrence was classified as recrudescence 
or reinfection based on a comparison of the genetic diversity 
in falciparum genes msp1, msp2, and glurp in pretreatment 
and posttreatment samples, using established methods [17]. 
Molecular surveillance was conducted at the Institut Pasteur in 
Cambodia to sequence the K13 gene and determine Pfpm2 and 
Pfmdr1 gene copy numbers (≥1.5 copy numbers was considered 
amplified in both cases), using published methods [6, 18].

Outcomes

The primary outcome was PCR-adjusted adequate clinical and 
parasitological response (ACPR) at Day 42, defined as the ab-
sence of parasitemia at Day 42, without previous clinical or 
parasitological failure [16]. Secondary endpoints were the ab-
solute values and changes from baseline for ALT, AST, and total 
bilirubin, and molecular markers of P.  falciparum drug resist-
ance. Additional endpoints were Kaplan-Meier analyses of re-
crudescence and reinfection; PCR-adjusted ACPR at Day 28; 
PCR-unadjusted ACPR at Days 28 and 42; the number of pa-
tients with a positive malaria slide at 72 hours after treatment 

initiation; fever clearance time (time from treatment start until 
the axillary temperature was below 37.5°C); parasite clearance 
time (time from first dose until the first negative blood slide); 
gametocyte carriage rates; and gametocyte clearance time. 
Safety outcomes included the frequency of adverse events and 
changes in clinical chemistry and hematological parameters. 
Abnormal laboratory findings were graded using the World 
Health Organization Adverse Event Grading System [19].

Statistical Analysis

For an assumed efficacy of 95%, a sample size of 115 partici-
pants was needed for +/− 4% precision. Allowing for a 20% 
drop out, the target population size was 138 patients. The pri-
mary outcome was analyzed by 2 methods: (1) the Kaplan-
Meier method and (2) using a per-protocol analysis and 95% 
confidence intervals (CIs). Patients were censored if they with-
drew from the study, if they were lost to follow-up, or if their 
PCR results were unclassifiable or indicated reinfection with 
P. falciparum or P. vivax. The statistical analysis used the World 
Health Organization reporting system, based on Excel (version 
2010 Microsoft Inc., Seattle, WA). All other data were analyzed 
using descriptive statistics.

RESULTS

Patient Population

A total of 176 patients were recruited from the 5 provinces in-
cluded in the study; they were mainly adult males with generally 
comparable baseline characteristics (Table 1). The per-protocol 
population included 155 patients. There were 21 patients 
(13.5%) who were excluded from the per-protocol population, 
comprising 8 who withdrew (3 in Binh Phuoc, 1 in Dak Nong, 
and 4 in Gia Lai) and 13 who were lost to follow-up (2 in Binh 
Phuoc, 6 in Dak Nong, 3 in Gia Lai, and 2 in Ninh Thuan).

Therapeutic Efficacy

Using a Kaplan–Meier analysis, the cumulative incidence of 
PCR-adjusted ACPR at Day 42 was 96.1% (95% CI 91.4–98.2; 
Figure 2A). In the per-protocol analysis, the proportion of pa-
tients with Day 42 PCR-adjusted ACPR was 96.1% (147/153; 
95% CI 91.7–98.5; Table 2). All 6 patients with P.  falciparum 

Table 1.  Patient Baseline Characteristics in Each Province

Characteristic Binh Phuoc, (n = 44) Dak Nong, (n = 26) Gia Lai, (n = 69) Khanh Hoa, (n = 9) Ninh Thuan, (n = 28)

Ratio of male/female 41/3 25/1 66/3 8/1 19/9

Age group, n (%)      

 >15 years 37 (84.1) 25 (96.2) 67 (97.1) 5 (55.6) 19 (67.9)

 5–15 years 7 (15.9) 1 (3.8) 2 (2.9) 4 (44.4) 9 (32.1)

Mean age, years (SD) [range] 31.1 (13.7) [7–62] 31.7 (10.4) [13–60] 29.7 (10.9) [10–60] 30.7 (23.4) [10–65] 25.6 (15.7) [8–58]

Mean weight, kg (SD) [range] 54.4 (14.1) [20–94] 56.7 (9.0) [27–70] 52.9 (8.4) [21–70] 37.3 (13.1) [22–57] 39.0 (12.7) [18–67]

Parasitemia, geometric mean [range] 10 119 [975–102 000) 11 915 [879–103 229] 11 636 [968–128 848] 21 593 [1053–146 500] 13 580 [1120–88 347]

No children under the age of 7 years were recruited.

Abbreviation: SD, standard deviation.
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recrudescence had late clinical failure: 2 in Binh Phuoc (on 
Days 28 and 35), 3 in Dak Nong (on Days 21, 35, and 35) and 1 
in Gia Lai (on Day 35). There were 2 patients—1 from Gia Lai 
and 1 from Ninh Thuan—who had reinfections with P. vivax; 
there were no falciparum reinfections.

For individual provinces, data were limited, but the cumula-
tive incidences of PCR-adjusted ACPR at Day 42 for the prov-
inces were: 94.9% (95% CI 81.2–98.7) in Binh Phuoc; 84.7% 
(95% CI 59.5–94.8) in Dak Nong; 98.4% (95% CI 89.3–99.8) in 

Gia Lai; and 100% in both Ninh Thuan and Khanh Hoa (Figure 
2B). In the per-protocol analysis, the highest efficacy rates were 
in Ninh Thuan, Khanh Hoa, and Gia Lai (>98%), with lower 
efficacy in Binh Phuoc (95%) and Dak Nong (<95%; Table 2).

The proportion of patients who were parasitemic at 72 h was 
23.8% (40/168; 95% CI 17.6–31.0) overall, but there was con-
siderable variation between provinces: 31.7% (13/41; 95% CI 
18.1–48.8) in Binh Phuoc; 20.8% (5/24; 95% CI 7.1–42.2) in 
Dak Nong; 26.2% (17/65; 95% CI 16.0–38.5) in Gia Lai; 55.6% 
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Figure 2. Primary outcome: Kaplan-Meier analysis of ACPR at Day 42 with pyronaridine-artesunate. A, Overall efficacy. B, Efficacy in each of the 5 provinces in the study. 
Numbers of patients at risk are shown in the table. Abbreviations: ACPR, adequate clinical and parasitological response; PCR, polymerase chain reaction.

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/advance-article-abstract/doi/10.1093/cid/ciz580/5525051 by U

niversity of Q
ueensland user on 01 N

ovem
ber 2019



Pyronaridine-artesunate in Viet Nam • cid 2019:XX (XX XXXX) • 5

(5/9; 95% CI 21.2–86.3) in Khanh Hoa; and 0.0% (0/28; 95% CI 
0.0–12.3) in Ninh Thuan. In 166 evaluable patients, the mean 
time to parasite clearance was 58.0 hours (standard deviation 
24.7). By 72 hours posttreatment, 100% (164/164) of evaluable 
patients who had a fever at Day 0 had fever clearance; the mean 
time to fever clearance in these patients was 25 hours (standard 
deviation 12.0). Only 5.1% (9/176) of patients had gametocytes 
at any time during the study.

Molecular Markers of Resistance

K13 mutant falciparum isolates were highly prevalent in Binh 
Phuoc and Dak Nong, and the majority of these strains also had 
increased Pfpm2 copy number (Figure 3A). In these 2 prov-
inces, only the C580Y mutant was detected. In Gia Lai, more 
than half of the falciparum isolates were K13 mutants, but iso-
lates included P553L, C469F, and K503N, as well as the dom-
inant C580Y. In contrast, in Khanh Hoa, only K13 P553L was 
detected (Figure 3B). In Ninh Thuan, the majority of isolates 
had wild-type K13 and only 1 isolate with both K13 (C580Y) 
and increased Pfpm2 copy number were detected (Figure 3A 
and 3B). We recorded 2 isolates with increased Pfmdr1 copy 
number: 1 each in Binh Phuoc and Dak Nong. The isolate from 
Binh Phuoc had K13 (C580Y), plus increased copy numbers for 
both Pfpm2 and Pfmdr1 (Figure 3C).

Safety

There were no clinical adverse events reported. There were tran-
sient increases in mean AST and ALT values with pyronaridine-
artesunate at Day 7, which had resolved by Day 28 (Table 3). 
Grade 2/3 increases occurred in ALT in 7.8% (12/154) of pa-
tients and in AST in 5.2% (8/154) of patients on Day 7 Table 
4). All Day 7 ALT increases and 6/8 Day 7 AST increases had 
resolved by Day 28, with improvement in the remaining 2 cases. 
There were no potential Hy’s Law cases based on Day 7 find-
ings (AST/ALT >3xULN plus bilirubin >2xULN). At Day 28, 1 

subject had ALT 5.1xULN and bilirubin 3.2xULN, though ALT 
and bilirubin values were normal at Day 7 and elevated at Day 
0 (2.5xULN for AST and 1.4xULN for bilirubin). This subject 
had falciparum malaria recrudescence at Day 28 and the in-
creased liver enzymes were not thought to be treatment related. 
Changes in hematological parameters were consistent with re-
covery from malaria (Table 3).

DISCUSSION

This study was conducted to determine whether pyronaridine-
artesunate would have utility in treating uncomplicated falcip-
arum malaria in known areas of artemisinin resistance in Viet 
Nam. The study population consisted mainly of adult males, 
reflecting the occupational risk of malaria in forest-based em-
ployments, such as logging and forest fringe farming.

Overall, >96% of patients had PCR-adjusted ACPR at Day 
42 following pyronaridine-artesunate, and the target ACPR of 
>95% for new therapy adoption was achieved [16]. Consistent 
with previous data for pyronaridine-artesunate [10, 20], asymp-
tomatic ALT and AST elevations were observed. There was 1 
case of elevated ALT and bilirubin associated with malaria 
recrudescence, but this participant had normal values at Day 
7. Typically, ALT elevations with pyronaridine-artesunate occur 
at Day 7 and are resolved by Day 28 [10, 20]; thus, this case was 
not thought to be treatment-related, but rather malaria-related. 
There were no cases of ALT or AST elevation that were of clin-
ical concern, and no interventions were necessary.

There were 6 patients with recrudescence during the study; 
all were adult males aged 50–69 years. As pyronaridine in vitro 
activity was not determined and pharmacokinetic samples 
were not taken, we do not know whether the treatment fail-
ures resulted from falciparum drug resistance or inadequate 
pharmacokinetics. Note that there are no validated molec-
ular markers for pyronaridine resistance. However, in a recent 

Table 2.  Per-protocol Analysis of the Proportion of Patients With Adequate Clinical and Parasitological Response 

Outcome

Day 42 ACPR Day 28 ACPR

PCR-adjusted Failures Unadjusted Failures PCR-adjusted Failures Unadjusted Failures

Overall n/N 147/153 6/153 147/155 8/155 151/153 2/153 153/155 2/155

% (95% CI) 96.1 (91.7–98.5) 3.9 (1.5–8.3) 94.8 (90.1–97.7) 5.2 (2.3–9.9) 98.7 (95.4–99.8) 1.3 (.2–4.6) 98.7 (95.4–99.8) 1.3 (.2–4.6)

Binh Phuoc n/N 37/39 2/39 37/39 2/39 38/39 1/39 38/39 1/39

% (95% CI) 94.9 (82.7–99.4) 5.1 (.6–17.3) 94.9 (82.7–99.4) 5.1 (.6–17.3) 97.4 (86.5–99.9) 2.6 (.1–13.5) 97.4 (86.5–99.9) 2.6 (.1–13.5)

Dak Nong n/N 16/19 3/19 16/19 3/19 18/19 1/19 18/19 1/19

% (95% CI) 84.2 (60.4–96.6) 15.8 (3.4–39.6) 84.2 (60.4–96.6) 15.8 (3.4–39.6) 94.7 (74.0–99.9) 0.5 (.1–26.0) 94.7 (74.0–99.9) 0.5 (.1–26.0)

Gia Lai n/N 60/61 1/61 60/62 2/62 62/62 0/62 62/62 0/62

% (95% CI) 98.4 (91.2–100) 1.6 (0–8.8) 96.8 (88.8–99.6) 3.2 (.4–11.2) 100 (94.2–100) 0 (0–5.8) 100 (94.2–100) 0 (0–5.8)

Khanh Hoa n/N 9/9 0/9 9/9 0/9 9/9 0/9 9/9 0/9

% (95% CI) 100 (66.4–100) 0 (0–33.6) 100 (66.4–100) 0 (0–33.6) 100 (66.4–100) 0 (0–33.6) 100 (66.4–100) 0 (0–33.6)

Ninh Thuan n/N 25/25 0/25 25/26 1/26 26/26 0/26 26/26 0/26

% (95% CI) 100 (86.3–100) 0 (0–13.7) 96.2 (80.4–99.9) 3.8 (0.1–19.6) 100 (89.8–100) 0 (0–13.2) 100 (89.8–100) 0 (0–13.2)

All failures were late clinical failures.
Abbreviations: ACPR, adequate clinical and parasitological response; CI, confidence interval; PCR, polymerase chain reaction.
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study in eastern Cambodia, there was no correlation between 
pyronaridine in vitro activity and clinical failure [12].

This therapeutic efficacy study was limited by the small num-
bers of patients recruited from some of the individual provinces. 
Thus, although the Day 42 PCR-adjusted ACPR was lower than 
95% in Dak Nong, this result should be interpreted with cau-
tion, as only 26 patients were recruited from this sentinel site. 
Note that molecular resistance markers were similar in Dak 

Nong and Binh Phuoc, and yet efficacy was higher in Binh 
Phuoc (94.9%, 95% CI 81.2–98.7). In 2008, the pyronaridine-
artesunate efficacy was 100% (80/80) in Binh Phuoc [13], and 
in 2009 the prevalence of infectious strains with K13 mutations 
was 8.7% (20/231) in this province [21]. In contrast, in the cur-
rent study, K13 mutations were present in 97.7% (43/44) of iso-
lates, and 88.6% (39/44) of isolates also had increased Pfpm2 
copy number. Despite this striking increase in the prevalence 

Table 3.  Mean Values for Laboratory Parameters at Pretreatment (Day 0) and Mean Changes From Baseline Values

Parameter Day n Mean (SD) Range (min–max)

Alanine transaminase, IU/L Day 0 172 36.6 (20.8) 1.9–103.0

ΔDay 7 153 16.6 (36.6) −69.0 to 170.3

ΔDay 28 143 −3.0 (23.3) −67.0 to 106.0

Aspartate transaminase, IU/L Day 0 171 37.2 (19.4) 3.0–93.0

ΔDay 7 153 8.5 (25.9) −56.0 to 135.5

ΔDay 28 143 −0.3 (24.4) −63.0 to 129.3

Bilirubin, µmol/L Day 0 148 22.3 (10.5) 2.4–68.0

ΔDay 7 135 −3.4 (7.6) −28.9 to 15.4

ΔDay 28 130 −3.7 (10.6) −37.4 to 49.4

Creatinine, µmol/L Day 0 166 91.5 (32.8) 7.1–225.0

ΔDay 7 146 −2.5 (35.1) −128.0 to 155.6

ΔDay 28 137 −1.8 (41.9) −128.0 to 195.4 

Red blood cell count × 1012/L Day 0 174 4.9 (0.8) 2.7–7.0

ΔDay 7 156 −0.3 (0.7) −2.4 to 4.2

ΔDay 28 145 −0.1 (0.6) −2.4 to 3.4

Hemoglobin, g/dL Day 0 174 13.0 (1.8) 8.3–19.8

ΔDay 7 156 −0.8 (1.7) −6.8 to 6.7

ΔDay 28 145 0.2 (2.1) −4.4 to 15.1

Hematocrit, % Day 0 174 37.8 (6.6) 3.9–53.2

ΔDay 7 156 −1.6 (6.9) −19.9 to 43.5

ΔDay 28 145 1.1 (7.1) −10.6 to 42.3

White blood cell count × 109/L Day 0 174 6.7 (4.4) 1.6–55.0

ΔDay 7 156 1.2 (4.9) −47.8 to 10.3

ΔDay 28 145 0.9 (5.0) −47.8 to 13.1

Platelets × 109/L Day 0 174 100.3 (61.8) 4.6–340.0

ΔDay 7 155 178.6 (128.9) −111.0 to 613.0

ΔDay 28 145 105.6 (82.7) −140.0 to 346.0

Abbreviation: SD, standard deviation.

Table 4.  Frequency and Severity of Increases in Alanine Transaminase, Aspartate Transaminase, and Bilirubin

Parameter Day n

Percentage of Patients (Number of Patients)

Grade 0 Grade 1 Grade 2 Grade 3

Alanine transaminase Day 0 (pretreatment) 172 80.8 (139) 19.2 (33) 0 0

Day 7 154 61.7 (95) 30.5 (47) 6.5 (10) 1.3 (2)

Day 28 145 89.0 (129) 9.7 (14) 0.7 (1) 0.7 (1)

Aspartate transaminase Day 0 (pretreatment) 171 72.5 (124) 27.5 (47) 0 0

Day 7 154 64.9 (100) 29.9 (46) 4.5 (7) 0.6 (1)

Day 28 145 80.7 (117) 14.5 (21) 4.8 (7) 0

Bilirubin Day 0 (pretreatment) 148 55.4 (82) 41.9 (62) 2.7 (4) 0

Day 7 136 69.1 (94) 29.4 (40) 1.5 (2) 0

Day 28 132 78.8 (104) 17.4 (23) 3.8 (5) 0

For bilirubin, alanine transaminase, and aspartate transaminase, Grade 0 is ≤1.25; Grade 1 is 1.26–2.5xULN; Grade 2 is 2.6–5xULN; Grade 3 is 5.1–10xULN; and Grade 4 is >10xULN. There 
were no Grade 4 elevations for any parameter. Grades are based on the World Health Organization Adverse Event Grading System [19]. Abbreviation: ULN, upper limit of normal. 
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of mutations associated with artemisinin and piperaquine re-
sistance between 2009 and 2017/8, pyronaridine-artesunate 
efficacy has been essentially maintained in Binh Phuoc. Thus, 
despite this challenging drug-resistance background, it appears 
that the presence of K13 plus Pfpm2 increased copy number is 
only a weak modulator of pyronaridine-artesunate efficacy, and 
alternative explanations are needed to account for the treatment 
failures; for example, inadequate pharmacokinetics in some 
patients.

These findings are consistent with data from a rodent model, 
in which pyronaridine-artesunate was effective against an 
artemisinin-resistant P.  berghei mutant at doses that are cur-
ative for the drug-sensitive parent strain [22]. In contrast, 
artemether-lumefantrine, artesunate-amodiaquine, artesunate-
mefloquine, and dihydroartemisinin-piperaquine were ineffec-
tive against the mutant strain [22]. Note that recent studies have 
indicated that piperaquine resistance, as well as increased Pfpm2 
copy number, can also be attributed to mutations in the P. fal-
ciparum chloroquine resistance transporter gene (PfCRT) [23, 
24]. However, as the protocol was developed before this marker 
was confirmed, it was not investigated in the current study.

Day 3 parasite positivity rates were <10% only  in Ninh 
Thuan. The high Day 3 positivity rates in the other 4 provinces 
were consistent with high prevalences of artemisinin-resistant 
K13 mutants. The prevalence of K13 (C580Y) was near fixa-
tion in Binh Phuoc and Dak Nong, with the majority of strains 
multidrug resistant to artemisinin and piperaquine. These find-
ings reflect the selective sweep of a K13(C580Y)/Pfpm2 lineage 
across Binh Phuoc and Dak Nong, previously observed in lon-
gitudinal surveillance [3, 21]. The origins of this lineage are 
thought to lie in western Cambodia [25], with its distribution 
occurring along the border regions, north into Thailand and 
Laos and into southwestern Viet Nam [8]. Note that in Pursat 
and Pailin in western Cambodia, the pyronaridine-artesunate 
Day 42 PCR-adjusted were 89.8% (95% CI 78.8–95.3) and 84.0% 
(95% CI 70.6–91.7), respectively [11], though more recent data 
has indicated efficacy rates >96% in western Cambodia (R. 
Leang, personal communication). At Koh Gnek and Veun Sai 
in eastern Cambodia, pyronaridine-artesunate Day 42 PCR-
adjusted ACPR were 98.3% (95% CI 88.4–99.8) and 96.7% (95% 
CI 87.3–99.2), respectively [12].

In Gia Lai, previous data from 2015–2016 indicated that only 
C580Y and wild-type K13 were present [21], whereas we re-
port 3 additional mutants (P553L, C469F, and K530N), though 
C580Y dominated. In Khanh Hoa, only the P553L mutant was 
detected, at a prevalence of 66.6% (6/9). K13 P553L was pre-
viously detected in mosquito salivary glands in Khanh Hoa, 
at a prevalence of 15.2% (5/33) [26]. In Ninh Thuan, though 
most isolates were K13 wild-type, the only mutant detected 
was C580Y.

There were 2 K13 (C580Y) isolates with Pfmdr1, indicative 
of a possible mefloquine resistance; 1 isolate from Binh Phuoc 

was a triple mutant (K13, Pfpm2 and Pfmdr1). The presence of a 
triple mutation in this population indicates the potential for the 
selection of strains that are possibly multiresistant to artemis-
inin, piperaquine, and mefloquine. Triple-mutant falciparum 
has also been detected in Cambodia in isolates collected after 
2016, following the replacement of DHA-PPQ with artesunate-
mefloquine [27].

Viet Nam has progressed into the malaria pre-elimination 
stage, but has clear foci of multidrug-resistant P. falciparum and 
limited alternatives for effective antimalarial therapy. Thus, it is 
critical that adequate resistance surveillance is conducted and all 
therapeutic options are fully evaluated and explored, to prevent 
the resurgence of malaria in the region and to prevent the fur-
ther spread of resistant P. falciparum. Pyronaridine-artesunate 
has been shown to have high efficacy in Africa and Southeast 
Asia [20], as well as in neighboring Eastern Cambodia [12]. 
Safety and efficacy findings from this study support the use of 
pyronaridine-artesunate in areas of known artemisinin resist-
ance in Viet Nam.
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