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Abbreviations 

ACD   Active Case Detection  
ACPR              Adequate Clinical and Parasitological Response 
ACT    Artemisinin-based Combination Therapy 
AOR   Adjusted Odds Ratio 
AQ   Amodiaquine  
ARI    Annual incidence rate  
ART    Artemisinin 
AS   Artesunate 
bp   Base pair 
BSA   Bovine Serum Albumin 
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CHC   Commune Health Central 
CI   Confidence Interval 
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CQR    Resistance to chloroquine  
D   Day 
DDT    Dichlorodiphenyltrichloroethane 
DHA    Dihydroartemisinin (DHA)  
DHA-PPQ  Dihydroartemisinin-piperaquine  
DNA   Deoxyribonucleic Acid 
dNTP   Deoxynucleotide Triphosphate 
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ETF   Early Treatment Failure  
FIND   Foundation for Innovative New Diagnostics  
FOI    Force of Infection  
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GF   Global Fund  
GIS    Geographic Information System    
GMEP   Global Malaria Eradication Programme  
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HIV   Human Immunodeficiency Virus 
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ICEMR   International Center of Excellence of Malaria Research   
IMPEs  Institute of Malariology, Parasitology and Entomology Ho Chi 

Minh and Quy Nhon cities 
IQR   Interquartile Range 
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IRS    Indoor Residual Spraying 
IA

s    Standardized Index of Association 
ITN   Insecticide treated nest 
K13    Kelch propeller domain 
LAMP   Loop-mediated isothermal Amplification 
LD    Linkage Disequilibrium   
LF   Lumefantrine   
LLIHNs   Long Lasting Insecticide Hammock Nets 
LLIN   Long Lasting Insecticidal Net 
LM    Light Microscopy  
LTF   Late Treatment Failure  
MgCl2   Magnesium Chloride 
MoH   Ministry of Health  
MOI   Multiplicity of Infection 
MQ   Mefloquine 
MSAT    Mass Screening and Treatment  
NASBA     Nucleic Acid Sequence Based Amplification techniques  
NIMPE  National Institute of Malariology, Parasitology and 
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NMCP   National Malaria Control Programme 
p   P value  
P. falciparum  Plasmodium falciparum 
P.knowlesi  Plasmodium knowlesi 
P. malariae  Plasmodium malariae 
P. ovale   Plasmodium ovale 
P. vivax   Plasmodium vivax  
PCD   Passive Case Detection 
PCR   Polymerase Chain Reaction  
PCR–RFLP  PCR–Restriction Fragment Length Polymorphism  
PCT    Parasite clearance time  
pLDH   Parasite Lactate Dehydrogenase  
POC   Point of Care  
PPQ    Piperaquine  
PQ   Primaquine 
PvCQR   Resistance to chloroquine in P. vivax  
qPCR   Quantitative Polymerase Chain Reaction  
RBM   Roll Back Malaria Partnership 
RDT   Rapid Diagnostic Test 
rfu   Relative fluorescence unit 
RNA   Ribonucleic Acid 
rRNA   Ribosomal Ribonucleic Acid 
SEA   Southeast Asia 
SnM- PCR   Semi-nested multiplex Malaria PCR  
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Summary 

The remarkable increase of financing and coverage of malaria control programmes has 

resulted in a large reduction of malaria incidence and mortality in Vietnam during the 

last decade. As a consequence, the proportions of asymptomatic carriers and carriers 

with parasitemias below the detection of microscopy have increased dramatically. 

Moreover, the spread of artemisinin resistant strains in the Great Mekong Sub-region is 

a serious threat to the current achievements of malaria control with probable global 

consequences. Therefore, more sensitive diagnostics and new strategies for prevention, 

diagnosis and treatment are required to maintain recent achievements and reach the 

malaria elimination goal.  

This thesis focuses on the most prevalent malaria parasites in Vietnam, Plasmodium 

falciparum and Plasmodium vivax. It aims to understand the contribution of molecular 

tools for enhancing detection of malaria infection, understanding malaria transmission 

and improving surveillance of antimalarial drug resistance in Vietnam. These aims 

contribute to the country’s ultimate aim of eliminating malaria by 2030. 

Following detection of Plasmodium knowlesi parasites in Vietnam in 2009, a modified 

Semi-nested multiplex Malaria PCR (SnM-PCR)-based method was developed and 

validated to additionally identify P.knowlesi. The technique maintained the original 

sensitivity and specificity of SnM–PCR, but allowed identification of all five human 
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malaria parasites in three PCR steps. It is a sensitive method that is suitable for low-

income countries, where budgets are limited. 

The human malaria reservoir in a forested area of central Vietnam was determined by 

analysing 2,303 blood samples using the SnM-PCR technique. The positive rate was two-

fold higher by PCR than light microscopy, with a remarkable proportion of mixed 

infections (25% of all infections), particularly of P.malariae and P.ovale. Such infections 

had previously rarely been reported. Moreover, 81.5% of malaria infections were 

asymptomatic, and asymptomatic carriage occurred in all age groups. Therefore, it was 

concluded that the malaria transmission in Vietnam is underestimated and involves a 

more complex species distribution than expected. Thus, diagnostic and therapeutic 

policies may have to be adapted accordingly. 

The genetic complexity of P.vivax in four rural communities in central Vietnam was 

evaluated by analyzing 14 polymorphic loci. All samples were first analyzed by species-

specific PCR. Samples confirmed as mono P.vivax infections were genotyped. The results 

showed moderate genetic diversity and a high rate of polyclonal infection (71.3%). The 

presence of linkage disequilibrium (LD) was detected in whole populations and in each 

community, suggesting gene flow within and among communities. 101 haplotypes were 

found, of which 84 were defined as unique. The sharing of haplotypes was quite 

common in these four communities, with low genetic differentiation being observed.  

Regarding drug resistance, the focus has been on assessing resistance towards the most 

effective and commonly used antimalarial drug class: Artemisinin-based Combination 
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Therapies (ACTs). We documented the efficacy of the recommended first-line malaria 

treatment (Dihydroartemisinin–piperaquine; DHA-PPQ) in Vietnam. A total of 89 

P.falciparum infected uncomplicated patients were monitored in a 42-day in vivo and in 

vitro efficacy study in Quang Nam province. The findings indicated that despite a high 

Adequate Clinical and Parasitological Response (ACPR: 97.7%), the day three (D3) 

positivity reached 29.2%. This led to Quang Nam being considered as a Tier I province 

(a province with evidence of ART resistance) by the World Health Organization (WHO) 

in 2013. The study is also one of the first in Vietnam to assess kelch propeller domain 

(K13 propeller)-region mutants for tracking of artemisinin resistance. The I534T 

mutation was the most frequent (80.7%), followed by Y493H (1.3%) and the C580Y and 

R539T mutations were not detected. Interestingly, 47.8% of I534T mutations on D0 

were associated with delayed parasite clearance (PCT≥72h). 

Next, we described a case report of malaria in a man who had returned to Vietnam after 

three years in Angola, who did not respond to intravenous artesunate and clindamycin, 

nor to an oral artemisinin-based combination. The patient was confirmed as being mono 

infected with P. falciparum by species-specific PCR, and genotyping results showed that 

the patient had a polyclonal P. falciparum infection with ≥ 2 clones persisting from 

admission through day 10 of hospitalization.  The case report provided evidence of early 

treatment failure of P. falciparum with ACTs. This finding increases the concerns in 

renewing the effort to predict, detect, and mitigate the threat of antimalarial drug 

resistance in Africa. 
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In conclusion, in areas of low transmission such as Vietnam, implementation of 

molecular methods in control and elimination programs increases the efficiency of 

surveillance strategies. This should contribute to the containment and elimination of 

antimalarial-resistant parasites across the Mekong Region. It will also increase efficiency 

in detecting malaria infections (particularly subpatent infections); both essential 

components to ensure progress towards malaria elimination. 
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Samenvatting 

De significante stijging van de fondsen en activiteiten voor malaria controle heeft geleid 

tot een grote daling van malaria incidentie en sterfte in Vietnam in het afgelopen 

decennium. Dientengevolge zijn de verhoudingen van zowel sub-microscopische en 

asymptomatische infecties enorm toegenomen. Bovendien is de verspreiding van 

artemisinine resitentie in de “Great Mekong” Sub-regio een ernstige bedreiging voor de 

bereikte resultaten in malaria bestrijding. Daarom zijn er meer gevoelige diagnostica en 

nieuwe strategieën nodig voor de preventie, diagnose en behandeling van malaria in 

deze gebieden.  Dit om de recente resultaten te bestendigen en het ultieme doel van 

malaria eliminatie te bereiken. 

Dit proefschrift focust op de meest voorkomende malariaparasieten in Vietnam, 

Plasmodium falciparum en Plasmodium vivax, en wil, in Vietnam, de potentiele bijdrage 

van moleculaire diagnostica situeren om de detectie van malaria-infectie te verhogen, 

de transmissie beter te begrijpen, en het monitoren van antimalaria geneeesmiddelen 

resistentie te verbeteren.  Deze objectieven zijn in lijn met het ultime doel van malaria 

eliminatie van malaria in Vietnam tegen 2030  

Na de ontdekking van de aanwezigheid van Plasmodium knowlesi parasieten in Vietnam 

in 2009, werd de semi-nested PCR multiplex Malaria (SnM-PCR) gebaseerde methode 

gemodificeerd en verder ontwikkeld en gevalideerd om ook P.knowlesi te identificeren. 

De techniek handhaafde de oorspronkelijke gevoeligheid en specificiteit van SnM-PCR, 
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maar identificeert nu de 5 menselijke malariaparasieten in een drie-stappen-PCR. Het is 

een gevoelige methode die ook geschikt is voor met lage-inkomens-landen, waar 

budgetten beperkt zijn. 

In een bosrijke omgeving van centraal Vietnam werd het menselijke malaria reservoir 

bepaald door de analyse van 2,303 bloedmonsters met de SnM-PCR-techniek. Het 

resultaat was twee maal meer positief door middel van PCR dan microscopie, met een 

opmerkelijke hoeveelheid gemengde infecties (25% van alle infecties), met name 

P.malariae en P.ovale. Dergelijke infecties waren zelden eerder gemeld. Bovendien 

waren 81,5% van de malaria-infecties asymptomatisch en deze kwamen voor in alle 

leeftijdsgroepen. Dus hierbij toonden we aan dat de malariaendemiciteit in Vietnam 

onderschat wordt, en veel complexer is dan eerder werd gedacht. Daarom moeten het 

diagnostische en therapeutische beleid daarop worden aangepast. 

De genetische complexiteit van P.vivax werd geëvalueerd in 4 landelijke 

gemeenschappen in het centraal Vietnam door het analyseren van 14 polymorphische 

loci. Alle stalen werden eerst geanalyseerd met species specifieke PCR, en de bevestigde 

mono-infecties met  P.vivax infecties werden dan gegenotypeerd. De resultaten 

vertoonden tekenen van matige genetische diversiteit en een hoge proportie van 

polyklonale infecties (71,3%). De aanwezigheid van “linkage disequilibrium” (LD) werd 

gedetecteerd in de bevolking wat genetische uitwisseling binnen en tussen de 

verschillende bevolkingsgroepen suggereert. Honderd en één haplotypes werden 

gevonden, waarvan er 84 werden gedefinieerd als uniek. Het delen van haplotypes was 
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heel gebruikelijk in deze vier bevolkingsgroepen, waar een lage genetische differentiatie 

werd waargenomen 

Met betrekking tot parasiet resistentie, focusten we op de meest effectieve en meest 

gebruikte antimalaria geneesmiddelen: artemisinine gebaseerde combinatietherapieën 

(ACTs). Het hoofddoel was om de werkzaamheid van de eerstelijns malariabehandeling 

(Dihydroartemisinine-piperaquine) (DHA-PPQ) te documenteren in Vietnam. Een totaal 

van 89 P. falciparum geïnfecteerde patiënten zonder complicaties werdvoor 42 dagen 

in een in vivo en in vitro effectiviteitsstudie in de provincie Quang Nam opgevolgd. De 

bevindingen gaven aan dat ondanks een “adequate klinische en Parasitological 

Response” (ACPR) (97,72%), de dag drie (D3) positiviteit toch nog 29,2% was. Daardoor 

werd Quang Nam in 2013 door de World Health Organization (WHO) beschouwd als een 

zogenaamde Tier I provincie (een plaats met tekenen van resistentie tegen ACTs). De 

studie is ook een van de eerste in Vietnam om Kelch propeller (K13 propeller) domein 

mutanten te beoordelen  voor het opvolgen van artemisinine resistentie. De I534T 

mutatie was de meest voorkomende (80,7%), gevolgd door Y493H (1,3%), met geen 

gedetecteerde C580Y en R539T mutaties. Interessant is dat 47,8% van de I534T mutaties 

bij de start van de geassocieerd werden met de vertraagde parasietverwijdering 

(PCT≥72h) 

Vervolgens beschreven we een klinisch malaria geval van een man die na 3 jaar verblijf 

in Angola naar Vietnam was teruggekeerd. Deze man reageerde niet op een 

intraveneuze artesunaat en clindamycine behandeling, noch op een mondelinge 
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artemisinine combinatie bahandeling (ACT). Species-specifieke PCR bevestigde een 

mono-geïnfecteerd met P.falciparum en genotypering toonde aan dat de patiënt een 

polyklonale P.falciparum infectie had met ≥2 klonen die persitent waren van 

ziekenhuisopname tot 10 dagen na deze opname. Dit klinisch rapport bewijst een vroeg 

falen van de P.falciparum ACT behandeling en voedt de bezorgdheid opnieuw een 

inspanning te leveren om de dreiging van antimalaria resitentie in Afrika te voorspellen, 

op te sporen, en  in te perken. 

Samenvattend, in gebieden met een lage transmissie, zoals Vietnam, verhoogt de 

invoering van moleculaire methoden de efficiëntie van surveillance strategieën. Zeker 

voor de  controle en de eliminatie programma's die gericht zijn om de spreiding van 

anti-malaria resistente parasieten over de Mekong regio te beperken. En verder is de 

verhoging van de efficiëntie van malariaparasiet detectie (in bijzonder deze met een 

lage parasiet bloed waarden) van essentieel belang om verder te evolueren naareen 

daadwerkelijke malaria eliminatie. 
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Chapter 1 

Introduction 

1. Malaria in Vietnam: history and current situation 

Vietnam has a long history of malaria control and elimination. In 1958, the first national 

malaria eradication program began in northern Vietnam. It included vector control 

based on indoor residual spraying (IRS) using dichloro-diphenyl-trichloroethane (DDT) 

and case management with quinine. Despite the 20-year war between 1955 and 1975, 

a remarkable reduction in malaria morbidity and mortality was observed during this 

period. After its reunification in 1976, the programme was expanded to the whole 

country [1,2]. Unfortunately, at the end of the war, the Vietnamese health system 

across the country was disrupted by massive shortages of both malaria treatments and 

insecticides. This lead to an upsurge of malaria cases. By 1991, malaria incidence 

reached a peak of more than 1 million clinical cases and 4000 deaths annually [3]. This 

led to a paradigm shift from elimination to control strategies following WHO 

recommendations [2]. During the 1990’s, the wide-scale use of newly adopted control 

interventions such as treatment with artemisinin-based therapy, distribution of 

insecticide treated bed nets (ITNs) and indoor residual sparying (IRS) contributed to a 

reversal of the trend [2]. Between 1991 and 1997, malaria mortality was reduced by 

97% (from 4,646 to 152 deaths annually), malaria morbidity by 59% (from over 1 million 

to 445,200 clinical cases annually) and the number of outbreaks by 92% (from 110 to 

10) [2,3]. This downward trend has since continued with 19,252 malaria cases and 3 
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malaria deaths reported in 2015 [4]. Currently, malaria transmission mainly occurs in 

remote and forested areas of central and central-southern Vietnam, populated by 

ethnic minorities with forest-related occupations (slash-and-burn agriculture, rubber 

plantations, logging and mining, etc.). These areas also face important seasonal 

population movements for economic purposes, which facilitates the spread of malaria 

parasites towards different regions and across international borders to countries, some 

of which have eliminated transmission [5-9].  

In Central Vietnam, the main malaria vector is Anopheles dirus sensu stricto, a sylvatic 

and highly anthropophylic species, with early evening and outdoor biting and resting 

behavior. Consequently, standard vector control measures such as ITNs and IRS have 

been reported to be less effective [6,10-12]. This decreased protection is further 

aggravated by the low perception of the malaria risk among local populations [11]. 

P.falciparum has traditionally been the predominant human malaria species in Vietnam, 

accounting for more than 70% of all malaria infections between 2006 to 2010 [13]. 

However, in the past five years, control measures have had a stronger effect on 

P.falciparum than P.vivax, resulting in a shift in species prevalence with more than half 

(51.0%) of all infections due to P.vivax in 2015, while 46.0% were caused by P.falciparum 

and the remainder by P.malariae, P.ovale and mixed infections [4]. P.knowlesi, the so-

called “fifth human malaria species” [14], has recently been identified in humans as well 

as in An. dirus specimens in different central Vietnam provinces [15,16], suggesting 

anthropozoonotic behaviour between human and simian hosts in forested areas.   
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2. Malaria elimination goals and challenges in Vietnam 

According to the WHO, malaria elimination is defined as the interruption of local 

mosquito-borne malaria transmission i.e. the reduction to zero of the incidence of 

malaria infection in a defined geographical area. Unlike malaria control, i.e. the 

reduction of the burden of disease to a level where it is no longer a public health 

problem, elimination requires the active detection and effective treatment of all malaria 

infections and continued measures to prevent re-introduction and re-establishment of 

transmission [17]. 

By the end of 2011, twenty years after switching from eradication to control, Vietnam 

made another strategic move in its fight against malaria, and officially endorsed malaria 

elimination, aiming for a malaria-free country by 2030 [18-20]. The current strategic 

plan (2011-20) aims at controlling malaria in areas of high (>5 confirmed 

cases/1,000/year) and moderate (1-5 annual cases/1,000/year) transmission, while 

eliminating it from areas of low transmission (<1 annual case/1,000/year). The latter 

currently covering 40 provinces [18]. Following the new malaria stratification map 

issued in 2014 by the NMCP (Figure 1), 1.3% of the country’s population (i.e. 1,167,628 

individuals in 240 communes) was still living in high endemic areas, 4.7% in moderate 

transmission areas, and 8.2% in low transmission areas. More than half of all communes 

(52.4%=5,840/11,152) were reported as malaria free (=absence of main malaria vectors 

and no locally transmitted malaria case) and 30% had no indigenous cases reported (no 

local transmission) in the past five years [5].  
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Control and elimination strategies are implemented depending on the local 

transmission characteristics. In all areas with malaria transmission, malaria diagnosis 

should be confirmed either by rapid diagnostic tests (RDT) or light microscopy (LM) 

before treatment. The recommended first-line treatment is an artemisinin combination 

therapy (ACT), i.e. dihydroartemisinin-piperaquine (DHA-PPQ), and impregnated bed-

nets as well as health education campaigns are deployed. In areas of low transmission, 

active case detection (ACD) and prompt treatment is encouraged, whereas directly 

observed treatment (DOT) is required in areas where artemisinin resistance has been 

reported [21]. Besides the annual bed-net impregnation campaigns, long-lasting 

insecticidal nets (LLINs) as well as hammock nets (LLIHNs) are distributed free of charge 

to high-risk groups (forest workers). IRS is performed in principle once a year in 

moderate and high transmission areas, and twice a year, together with bed-net 

impregnation, in remote areas where more than 80% of indigenous populations do not 

use ITNs [5]. 
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Figure 1.  Malaria epidemiology stratification in Vietnam 2014 [5].  

“Free malaria areas”=no malaria transmission in this area; “The areas at risk of malaria 

resurgence”= former malaria endemic areas where no local transmission was reported in the 
past 5 years; “Low malaria endemic areas”= annual malaria incidence in last five years (2009 -
2013) < 1/1.000 pop.year; “Moderate  malaria endemic areas”: annual malaria incidence 
between 1-5/1.000 pop.year;  “High malaria endemic areas”= annual malaria incidence ≥ 5 
/1.000.pop.year [5] . 
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Despite the encouraging overall reduction in malaria morbidity and mortality, the NMCP 

is still facing several challenges to eliminate malaria, such as forest malaria, the “hidden” 

nature of the human parasite reservoir, the emergence of anti-malaria drug resistance, 

the changes in mosquito vector behavior and their resistance to insecticides, and 

uncontrolled population movements [7,18,22-26]. 

Indeed, in Central Vietnam the standard vector control measures mentioned above are 

constantly challenged by the difficulty of applying these measures in rudimentary forest 

plot huts, where the local populations (often minority groups) spend most of their time 

working and sleeping [12]. In addition, mosquito resistance to pyrethroids has emerged 

in recent years with increased resistance to alphacypermethrin and lambdacyhalothrin 

observed in malaria vectors such as An. epiroticus, An. sisnensis, and An. vagus [4,8,27], 

while other species such An. minimus, An philippinensis, An subpicus or An tessellatus 

have shown increased tolerance levels to these compounds [8]. In addition, the 

behavioral adaptations reported in both An. dirus and An minimus towards an earlier 

and both outdoor and indoor feeding preference, is of great concern as this is likely to 

further impact negatively on the effectiveness of vector control tools [28].  

Recently, a high occurrence of asymptomatic and sub-microscopic infections has been 

reported in remote forested areas of central Vietnam when using highly sensitive 

diagnosis tools such as the polymerase chain reaction (PCR) [7,29]. Compared to LM, 

the use of molecular tools has exposed a much larger and diverse parasite population 
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with a higher proportion of P. vivax and mixed infections (some of them including P. 

knowlesi) [15, 16]. 

In Vietnam, delayed parasite clearance following treatment with DHA-PPQ was first 

reported in 2004 in the south-western Binh Phuoc province [30] and by 2016, resistance 

had already spread to six provinces, i.e. Quang Nam, Binh Phuoc, Dak Nong, Khanh Hoa, 

Ninh Thuan  and Gia Lai,  classified by the WHO as “Tier I area” (= ”credible evidence of 

artemisinin resistance with day-3 positivity rate >10%”) [31, 32]. Even though 

therapeutic efficacy studies (TES) in Vietnam still show cure rates generally above 90% 

[22, 33], recent reports of increased treatment failure in Cambodia [34] and the 

confirmation of P. vivax resistance to chloroquine in Vietnam [24] constitute an 

alarming scenario for malaria elimination goals.  

Finally, human mobility significantly impacts malaria transmission in Vietnam, as 19.2% 

of all reported malaria cases in 2015 were identified in travellers, including 7.9% among 

internal migrants (between different provinces of the country) and 11.3% from 

international migrants, mostly from Africa and neighboring countries such as Laos and 

Cambodia [4]. In malaria free- and areas at risk of resurgence, imported malaria cases 

represent a threat for malaria outbreaks and the re-establishment of local malaria 

transmission.  
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3. The use of molecular tools to support control and elimination strategies in 

Vietnam  

In Vietnam, light microscopy (LM) remains the gold standard for malaria diagnosis in 

routine health care practice, and is the diagnostic tool typically used in most commune 

health centers (CHC) located in malaria endemic areas (3000 microscopic points/1864 

endemic communes). Microscopists’ performances and skills are evaluated annually 

both at the provincial (by Provincial Malaria Centers) and national levels. At the 

provincial level, the National Institute of Malariology, Parasitology and Entomology 

(NIMPE) in Hanoi evaluates the performance of 28 Provincial Malaria Centers in North 

Vietnam, while central and southern provinces are directly supervised by regional 

Institutes of Malariology, Parasitology and Entomology (IMPEs), located respectively  in 

Quy Nhon and Ho Chi Minh cities. Expert technicians’ skills at NIMPE and IMPEs are 

regularly re-evaluated by the WHO [5,8,35]. Nevertheless, maintaining an optimal 

quality of LM diagnosis at all levels of the health care system represents a challenge 

both financially and in terms of human resources [36]. Numerous and regular 

operational problems such as staff and reagents shortage, and poor equipment 

maintenance, among others, impair the quality and coverage of LM diagnosis, especially 

in remote areas. Therefore, in the past ten years, and with the support of the Global 

Fund programme, rapid diagnosis tests (RDTs) have become increasingly available in 

those provinces with higher transmission of malaria [37,38] and have substantially 

contributed to further scaling up early diagnosis and effective treatment.  
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The main advantages of RDTs over LM include the following: (i) RDTs are easy to use 

and can be performed by trained village health workers (VHWs) who are allowed to 

administer antimalarial treatment after parasitological confirmation with RDTs [39,40]; 

(ii) RDTs can be read in approximately 5-15 minutes, compared to the 45 minutes 

needed to read one slide by a well-trained microscopist, (iii) RDT sensitivity and 

specificity is comparable to that of routine LM diagnosis [41], and (iv) the use of RDTs is 

independent of electricity or sophisticated equipment. However, due to a large number 

of asymptomatic and sub-microscopic malaria infections in the region, LM and RDTs are 

not sufficiently sensitive to detect the human reservoir of infection. Therefore, to 

achieve the national elimination milestone by 2030, the NMCP requires more sensitive 

tools able to detect low-density infections and accurately monitor transmission.  

Molecular tools are able to identify low density (i.e. <1 parasite/μl) and mixed species 

infections [42,43], which are often missed or misdiagnosed by LM and RDTs, and assess 

the effectiveness of interventions and monitor drug resistance [44,45]. In Vietnam, 

despite the high proportion of asymptomatic/sub-microscopic infections, PCR-based 

techniques are currently used only in research settings and at research centers such as 

NIMPE or IMPEs. Thus, the development of sensitive, high-throughput and low-cost 

molecular tools that can be deployed in remote areas with minimum infrastructure, is 

urgently needed in order to achieve malaria elimination in Vietnam and worldwide. 

With malaria elimination back on the global agenda, it is essential to better understand 

the transmission dynamics of malaria parasites, and analyze their population structure 
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and genetic diversity, in order to design meaningful and effective strategies and 

accurately measure their impact. To this end, high-throughput genotyping tools 

targeting microsatellites, single nucleotide polymorphisms (SNPs), and polymorphic 

genes, have been widely used during the last decade to characterize parasite 

populations both at the local and global levels [46-48].  

Therefore, mapping population structure and the parasite transmission prior to the roll-

out of interventions is crucial as a benchmark against which control and elimination 

targets can be measured [49]. In addition, genotyping MS markers is a useful 

surveillance tool to track routes of transmission and gene flow, and identify imported 

malaria cases that may result from population movements across or within borders [50]. 

As a clinical application, genotyping tools are used to monitor drug resistance, since 

parasite recurrences can be classified as reinfections or recrudescence [51, 52]. 

Combinations of MS and resistance markers have been used to investigate the 

emergence and spread of drug-resistant parasites [53]. Finally, population structure of 

genes under immune selection provides important information for vaccine 

development [50, 54, 55]. 

Owing to the growing importance of P. vivax infections in Vietnam, efforts to eliminate 

malaria and monitoring and surveillance tools to prevent reintroduction must include 

this parasite species. 

In order to understand the contribution of molecular tools to the current malaria 

elimination efforts in Vietnam, our research aimed at assessing their added-value in 
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characterizing the human parasite reservoir, understanding transmission dynamics of 

malaria infections, and monitoring anti-malaria drug resistance.  

4. Objectives and organisation of the thesis  

4.1.  Objectives 

The overall objective of the thesis is to generate evidence on the contribution of 

molecular tools to malaria elimination efforts in Vietnam. 

Three specific objectives were defined as follows:  

1. To develop and apply PCR assays to characterize the human malaria reservoir in 

forested areas of Central Vietnam and identify P. knowlesi infections; 

2. To characterize the baseline genetic diversity and population structure of 

Plasmodium vivax parasite populations in four rural communities of central Vietnam; 

3. To investigate the development and spread of P. falciparum parasites resistance to 

artemisinin combination therapies in central Vietnam and in a case of a migrant 

worker with severe malaria and not responsive to artemisinin derivatives; 
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4.2.  Organization of the thesis  

This thesis is organized into eight chapters as follows:  

Chapter 1 is a general introduction to malaria in Vietnam and presents the rationale for 

conducting the presented research;  

Chapter 2 presents a detailed overview of the malaria situation in Vietnam, in terms of 

epidemiology, control and elimination challenges, as well as currently available 

diagnostic approaches;   

Chapter 3 describes a new modified Semi-Nested Multiplex Malaria PCR (SnM-PCR) for 

the identification of the five human plasmodium species; 

Chapter 4 presents the first identification of Plasmodium knowlesi infections in young 

children in Central Vietnam; 

Chapter 5 reports on the marked age-dependent prevalence of symptomatic and patent 

infections and complexity of distribution of human Plasmodium species in Central 

Vietnam; 

Chapter 6 describes the population genetics of Plasmodium vivax in four rural 

communities in Central Vietnam; 

Chapter 7 reports on delayed parasite clearance after treatment with 

dihydroartemisinin-piperaquine in Plasmodium falciparum malaria patients in Central 

Vietnam; 
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Chapter 8 is a case report of severe malaria not responsive to artemisinin derivatives in 

a man returning from Angola to Vietnam; 

Chapter 9 constitutes the general discussion on the findings, with limitations and 

implications for further improvements on malaria control and elimination in Vietnam.  
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Chapter 2 

 Literature review on malaria 

1. Malaria, a parasitic disease 

Malaria is a life-threatening disease. It is caused by a protozoan parasite, which invades 

red blood cells and is transmitted by the female Anopheles mosquitos, which are 

present in many tropical and sub-tropical regions in Africa, Central and South America, 

and Asia. In order to have a complete cycle that results in malaria infection, three 

components are necessary: a parasite, an invertebrate host, and a vertebrate host  [1].  

The protozoan parasite causing malaria is from the genus Plasmodium, among which 

five species can infect humans, i.e. Plasmodium falciparum, Plasmodium vivax, 

Plasmodium malariae, Plasmodium ovale, and Plasmodium knowlesi, the latter being a 

simian species recently identified in humans in Southeast Asia [2]. The malaria life cycle 

involves a human host and a vector, i.e. the female Anopheles mosquito (Figure 1). 

During a blood meal, a malaria-infected mosquito inoculates sporozoites (infective 

parasite stage) into the human host. In less than one hour, sporozoites migrate to the 

liver via the bloodstream and invade liver cells (step 2, Fig. 1). Over 5-16 days, 

sporozoites grow, divide and mature into a liver schizont containing tens of thousands 

of merozoites per liver cell (step 3). Liver cells rupture and merozoites are released into 

the blood circulation (4). Plasmodium vivax and P. ovale produce a dormant liver form 

known as a hypnozoite that can remain dormant in the liver for weeks, months or even 

years, after which the parasite awakens producing a relapse (re-appearance of 
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parasitemia in a sporozoite-induced infection following adequate blood schizonticidal 

therapy) [3]. After the initial replication in the liver (exo-erythrocytic schizogony [A]), 

parasites undergo a second round of asexual multiplication in the red blood cells 

(erythrocytic schizogony [B]). Merozoites invade red blood cells (5) and develop from 

immature (ring stage) to mature trophozoites, and into schizonts, which will then 

rupture and release new merozoites (6) into the blood circulation, that will in turn infect 

new red blood cells. Some merozoite-infected blood cells will develop into sexual 

erythrocytic stages, called male and female gametocytes (7). When a mosquito bites an 

infected human (8), it ingests the gametocytes, which develop into mature sexual forms 

called gametes. In the mosquito’s stomach (sporogonic cycle [C]), male (micro) and 

female (macro) gametes fuse to form a diploid zygote (9), which becomes motile and 

elongated (ookinetes) (10) and penetrates the midgut wall of the mosquito where it 

develops into an oocyst (11). After 8-15 days growth, oocysts rupture releasing 

sporozoites (12) which migrate and invade the mosquito's salivary glands where they 

are stored until the next blood meal [4-6].  

The clinical manifestations associated with malaria are caused by the asexual blood 

stage of the parasites and may result in a wide variety of symptoms, ranging from absent 

or very mild symptoms, i.e. asymptomatic infections, to severe disease, and even death. 

The typical clinical symptoms of an uncomplicated malaria infection are periodic fever, 

headache, weakness, aching muscles, sweats and chills, vomiting, and diarrhea. The 

most typical symptom, i.e. fever, is caused by numerous known and unknown waste 
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substances such as hemozoin pigment and other toxic factors, which accumulate in the 

infected erythrocytes and are released into the bloodstream during erythrocyte rupture 

and merozoite release. These parasitic molecules stimulate macrophages and other 

cells that produce cytokines that act on the hypothalamus producing fever and chills. 

Severe malaria is mostly due to P. falciparum infections and it frequently occurs in 

immunologically naive people, including children under five. Biological characteristics of 

P. falciparum associated with severe malaria are cytoadherence, erythrocyte 

destruction and roseting [7]. Clinical manifestations include cerebral malaria, severe 

anemia, hemoglobinuria, acute respiratory distress syndrome, abnormalities in blood 

coagulat ion, acute kidney failure, metabolic acidosis, hypoglycaemia, etc. Severe 

malaria is also reported with P. vivax and P. knowlesi [8, 9] but the severity of symptoms 

varies widely between different geographical areas [9]. In general, malaria is a curable 

disease if diagnosed and treated promptly with effective drugs. 

Today, malaria is found mainly in sub-Saharan Africa, the Amazonia region and 

Southeast Asia. It affects half of the world’s population, causing approximately 250 

million clinical cases and 500,000 deaths each year [10]. Within endemic countries, the 

poorest and most marginalized communities are the most severely affected.  
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Figure 1. Life cycle of the malaria parasite 

(http://www.cdc.gov/malaria/about/biology/index.html) 

 

http://www.cdc.gov/malaria/about/biology/index.html
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2. The global burden of malaria 

2.1. Malaria in the world   

The remarkable increase of financing and strengthening of NMCPs overall has resulted 

in a large reduction in the number of malaria cases and deaths in the last decade. 

Between 2000 and 2015, the annual number of malaria cases reduced from 262 million 

to 214 million, and malaria deaths from 839, 000 to 438,000, representing a reduction 

of 37% and 60%, respectively (Figure 2A) [10]. The most remarkable reduction in 

mortality rate, i.e. by 65%, was observed among children under five years of age. Among 

the 106 malaria endemic countries reported in 2000, more than half (n=57) reduced 

malaria case incidence by more than 75%, while in 18 countries malaria incidence was 

reduced by 50-75% (Figure 2B) [11]. As a result, malaria was eliminated from the United 

Arab Emirates in 2007, Morocco and Turkmenistan in 2010, Armenia in 2011  [10]  and 

Sri Lanka in 2016 [12], and an increasing number of countries are moving toward malaria 

elimination.  

Despite the global control efforts and progress in reducing malaria morbidity and 

mortality over the past 15 years, malaria remains a heavy burden in some highly 

endemic and vulnerable countries. At present, 89% of all malaria cases and 91% of 

malaria deaths occur in sub-Saharan Africa, followed at distance by the Southeast Asia 

(SEA) region, home to 10% of cases and 7% of deaths [10].  
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A 

 

B 

 

Figure 2.  Malaria in the world (2000 – 2015) 

A) Estimated changes in global malaria incidence and mortality rate between 2000 to 2015 
[10].  

B) Projected changes in malaria incidence rates by 2015 among 106 countries endemic for 
malaria in 2000 [11].  
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2.2. Malaria in Mekong sub-region  

In 2014, 20 million malaria cases and 812 deaths occurred in the SEA region [10]. Malaria 

incidence in the region varies greatly with some countries such as China and Vietnam 

being on track for malaria elimination while others such Burma are just starting to scale 

up malaria control activities [13]. In 2015, 74% of all P. vivax cases worldwide occurred 

in the SEA Region. Within SEA, the Greater Mekong sub-region (GMS) comprises six 

countries, i.e. Thailand, Laos, Cambodia, Myanmar, Vietnam, and the Yunan province of 

China, concentrating the highest malaria burden in the area. Malaria in the GMS is 

characterized by transmission concentrated in forested areas, which are the habitat of 

the main malaria vectors An. minimus and An. dirus [14]. These species have an outdoor 

and early biting behavior [15] that challenges standard vector control measures based 

on IRS and insecticide-treated bed-nets. In addition, multiple secondary vector species 

such as An. sundaicus, An. sinensis, An. maculatus, An. philippinensis etc., further 

contribute to malaria transmission in those areas. Remote forested areas are usually 

home to local ethnic minorities and migrant workers which represent two highly 

vulnerable groups due their regular forest activities, low socio-economic and education 

level, and for migrant workers, often with poor access to the local health system and/or 

preventive measures [16]. The situation is further complicated by the complexity of the 

parasite reservoir (high frequency of sub-microscopic infections with multiple species 

[10, 17-19], and the development and spread of drug resistant parasites [20, 21].  
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Even though the malaria situation in the GMS has greatly improved during the past 15 

years, with a total reduction in the mortality rate of 90% and a reduction of malaria 

incidence of more than 50%, this reduction has not been homogeneous, and in five of 

the six GMS countries (with the exception of China) the disease remains a public health 

problem. In Myanmar and Laos, malaria morbidity in 2014 accounted for 152,195 

(2.8/1,000 pop) and 48,701 cases (7.1/1,000 pop), respectively. In the same year China 

had the lowest malaria mortality rate (0.0002/10,000pop), while Myanmar carried the 

highest rate of death (0.02/10,000pop) [10].     

2.3. Malaria in Vietnam  

The evolution of malaria morbidity and mortality since 2006 is shown in Figure 3. From 

2000 to 2015, malaria morbidity and morbidity in Vietnam has been reduced by more 

than 93.4% and 97.9%, respectively [22, 23], prompting the country to officially engage 

in malaria elimination with the goal of having a malaria-free country by 2030 [24].  

According to the latest malaria epidemiology stratification done by the NMCP in 2014, 

an estimated 11.7 million people (12.5% of the total population) are still living in areas 

at risk of malaria; most of the high risk areas being situated along the border with Laos 

and Cambodia [25]. In 2015, a total of 9,331 confirmed malaria cases and only three 

deaths were reported nationwide, resulting in an overall annual incidence of 

0.101/1,000 population. However, this figure peaked at 1.59/1,000 population in the 

high-risk area of Central Vietnam. Indeed, more than 80% of the malaria cases reported 

in 2015 occurred in only 10 provinces in Central Vietnam [23], among which Gia Lai and 
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Binh Phuoc province accounted respectively, for 23.7% and 19.3% (n=2,245 and 1,799) 

of the total cases and an incidence rate of 1.6/1,000pop and 1.9/1,000pop, followed by 

Ninh Thuan (0.9/1,000pop) and Dak Nong province (0.7/1,000pop).  

 The main malaria species in Vietnam are P. falciparum  and P. viva, P. malariae and P. 

ovale are rarely observed  by LM  [22, 26].  In 2009, P. knowlesi was identified for the 

first time in individuals from south-central province of Ninh Thuan [27].  

A total of 59 different Anopheles species have been identified in Vietnam, among which 

15 are involved in malaria transmission [15, 28], with An. minimus s.l. being the main 

vector in northern Vietnam, An. dirus sensu strico in Central Vietnam (from Quang Tri to 

Binh Thuan), and An. epiroticus in the Mekong delta [15]. 

Currently, the first-line treatment for P. falciparum mono- or mixed infections consists 

of a three-day course of DHA-PPQ followed by a single dose of primaquine (PQ) at 

0.5mg/kg body weight (bw) to clear gametocytes [29]. Chloroquine (CQ, 3 days) remains 

the first-line treatment for P. vivax infections, combined with 14 days of primaquine 

(0.25mg/kg bw) as anti-relapse treatment. The second-line treatment consists of 

Quinine and Doxycycline for seven days for P. falciparum infections and DHA-PPQ for 

three days for P. vivax infections. Pregnant women and children under 8 years of age 

receive Quinine and Clindamycin (7 days). 
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Figure 3 : Evolution of malaria morbidity and mortality from 2006 to 2015  [22, 23] 

     

3. Malaria control and elimination strategies 

3.1. Definitions 

Malaria control is defined as the reduction of malaria morbidity and mortality to a level 

at which it is no longer a public health problem, through deliberate efforts using known 

effective prevention tools such as vector control, chemoprophylaxis and case 

management tools [30]. Vector control measures which include IRS and insecticide–

treated nets (ITNs) are the most powerful and broadly applied interventions to reduce 

vector daily survival rate, and are intended to protect individuals against infective 
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mosquito bites and reduce the intensity of local malaria transmission at the community 

level [31]. Early diagnosis and prompt treatment with effective antimalaria drugs is the 

core pillar to reduce mortality and morbidity. ACTs are currently the only recommended 

first-line treatment against P. falciparum infections.  

 

Figure 4. Global malaria elimination continuum [32]. 

 

Malaria elimination involves the interruption of local mosquito-borne malaria 

transmission, i.e. the reduction to zero of the incidence of malaria infections in a 

defined geographical area [33]. From a country perspective, elimination of malaria 

is the ultimate goal of malaria control. The path towards malaria-free status is 

characterized by four distinct programme phases: control, pre-elimination, 

elimination and prevention of reintroduction (Figure 4 & Box1) [10, 33]. Each phase 

is defined by a set of specific programme interventions required for prevention, 

treatment, surveillance, monitoring and evaluation, and health system 

strengthening. 
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Box 1. Definitions for stages towards malaria elimination [10] 

Malaria control programmes are implemented in countries for reducing the 

malaria disease burden (incidence, prevalence, morbidity, and mortality rates) 

to a level at which it is no longer a public health problem. Continued intervention 

measures are required to maintain the reduction. 

Pre‐elimination programmes are implemented in countries to reorient their 

NMCP between the sustained control and elimination stages. During this period, 

high coverage with good‐quality laboratory and clinical services should be 

reached, reporting and surveillance should be reinforced, followed by other 

programme adjustments to halt transmission nationwide. 

Malaria elimination is the complete interruption of the local mosquito-borne 

malaria transmission, i.e., reduction to zero of the incidence of infection caused 

by human malaria parasites in a defined geographical area as a result of 

deliberate efforts. Continued measures are required to prevent reestablishment 

of transmission. 

Prevention of reintroduction programmes are implemented in countries that 

have either recently achieved zero cases and aim to maintain the situation, or in 

countries that are generally considered non‐endemic, having been malaria‐free 

for well over a decade, that have experienced recent outbreaks of locally 

acquired malaria subsequent to importation of parasites.  The main activity is 

vigilance (surveillance and response) by the general health services, which can 

be combined with vector control and other interventions to reduce receptivity 

in vulnerable areas. 

Malaria eradication is the permanent reduction to zero of the worldwide 

incidence of infection caused by a particular malaria parasite species as result of 

deliberate efforts. Intervention measures are no longer required once 

eradication has been achieved. 
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3.2. History of malaria control 

During the last century,  immense effort was made to control and eliminate malaria, 

iwith limited impact  [34]. In 1955, the WHO launched the Global Malaria Eradication 

Programme to eliminate malaria in all parts of the world except Saharan Africa. The 

strategies used focused on vector control, active detection and treatment [35]. 

However, a drastic increase in malaria was observed between the 1970s and 1980s 

due to multiple factors: a decrease in malaria preventive measures, reduction of 

immunity levels in some popuations, development and spread of chloroquine 

resistant parasites, and the fact that the same strategies were applied everywhere 

despite differences in parasite and mosquito species. By 1972, the Global Malaria 

Eradication programme was officially abandoned [36], and by 1978, malaria was 

eliminated from 37 countries and two continents, i.e. Europe and Australia [35, 37]. 

At the beginning of the 1990s, annual malaria estimates were about 300-500 million 

clinical cases and 1.5-2.7 million deaths [38]. The WHO Global Malaria Control 

Strategy was launched in 1992 [39] to promote a rational and selective use of tools 

(focus on primary health care, flexible and decentralized programmes) to combat 

malaria, mainly through early diagnosis and effective treatment together with 

selective and sustainable vector control measures [38]. The Roll Back Malaria 

Partnership (RBM) was formed in 1998, with the main aim to reduce malaria cases 

through the widespread application of existing health measures and new 

technologies. In September 2008, the RBM launched the Global Malaria Action plan 
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focused on long-term malaria control programmes incorporating multiple activities 

and embracing multiple interventions, disciplines, approaches and organizations to 

control the mosquito vector and provide preventive therapies and/or effective 

curative treatment [37, 40]. The goal was to achieve 50% reduction of malaria cases 

by 2000 and less than 500,000 malaria deaths by 2010. However, malaria prevalence 

only dropped 26% by 2011[41]. 

3.3. Elimination goals and strategies in the GMS 

The WHO New Global Strategy 2016-2030 aims at reducing malaria case incidence 

and mortality by 90% in 2030 compared to 2015, eliminating malaria from at least 

35 countries with ongoing malaria transmission in 2015, and preventing re-

establishment of malaria in all malaria-free countries by 2030 [42]. 

Existing strategies for malaria control such as vector control measures (LLINs, LLIHNs, 

IRS), early diagnosis and effective treatment with ACTs, surveillance (ACD, Passive 

case detection (PCD)), and mass screening have been quite successful in reducing 

malaria in the GMS, as reflected by a steady decline in annual malaria incidence and 

deaths in the region [10]. However, as malaria transmission decreased to very low 

levels, new challenges to achieve malaria elimination emerged, i.e, geographical 

heterogeneity in malaria transmission [43-45] with high levels of transmission 

occurring along international borders and forested areas [46], and high diversity in 

vector systems with dramatic differences in their ecology, biting behavior, and 

vectorial capacity [45]. 
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Furthermore, the GMS, and more specifically the western Cambodian border, is 

known as the “cradle” of P. falciparum resistance to different antimalarial drugs. 

Chloroquine (CQ) resistance emerged in the late 1950s, followed by resistance to 

sulfadoxin–pyrimethamine (SP) (in 1967) and mefloquine (MQ) (in 1985); eventually 

artemisinin (AS) resistance emerged in the mid-2000s [13, 21, 47]. The latter 

represents a serious threat to the global malaria control efforts as ACTs remain 

currently the most efficacious antimalarial commercially available. The Mekong Roll 

Back Malaria Initiative was launched in 1999 with the aim of reducing malaria 

mortality in the GMS by 50% by 2010 (compared to 1998), and halting the progress 

of multi drug resistance through the strengthening of NMCPs, heath services, and 

multi-sectorial approaches with different partners [48]. Artemisinin resistance was 

first reported in western Cambodia (Pailin province) in 2009 [49]. The Global Plan for 

Artemisinin Resistance Containment (GPARC) and the Emergency Response to 

Artemisinin Resistance (ERAR) were launched in 2011 and 2013, respectively [50, 

51], and by 2015, artemisinin resistance was reported in five GMS countries, i.e. 

Cambodia, Vietnam, Laos, Thailand, and Myanmar [52]. 

Due to the rapid spread of artemisinin resistant P. falciparum parasites, the 

elimination of this species has become a high priority in the GMS. Thus, WHO has 

established a Strategy for Malaria Elimination in the Greater Mekong sub-region 

(2015-2030) to rapidly interrupt malaria transmission in drug resistance areas with 

the aim of eliminating P. falciparum malaria by 2025, and all malaria species in all 
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countries of the GMS by 2030 [10, 46]. Even if reduction is attained, maintaining zero 

cases achievement is difficult due to population movements between endemic and 

non-endemic areas, with the subsequent threat of re-establishment of malaria 

transmission in areas where it had already been eliminated. Currently, there is no 

guideline on how to quantitatively assess, based on key epidemiological indicators, 

the feasibility of achieving and maintaining elimination in a given area [18].  

3.4. Current malaria control and elimination activities in Vietnam 

In 2014, the Vietnamese NMCP defined a new malaria epidemiological stratification 

map based on confirmed malaria cases reported from 2009 to 2013 (Figure 1, Chapter 

1) [25]. This new stratification classified malaria endemic areas into five categories 

according to the level of local malaria transmission in the past five years, i.e. from no 

local transmission to areas where annual incidence exceeded 5 cases/1,000pop/year. 

Moreover, each commune was also allocated a score combining the past five years’ 

annual incidence rate (ARI) together with other criteria, as follows: i) ARI<1 case/1,000 

pop/year=5 points; ii) ARI: 1-<5 cases/1,000pop/year=10 points; iii) ARI ≥ 5 

cases/1,000pop/year=15 points; iv) evidence of drug-resistant malaria parasites=10 

points; v) presence of main malaria vectors (An. minimus, An. dirus s.s, An. epiroticus)=1 

point; vi) extremely difficult economic communes and/or border communes=1 point; 

vii) weak commune health care network=1 point; viii) vector resistance to insecticides=1 

point; ix) residential mobility=1 point [25]. The map shows that malaria is mainly 

concentrated in the Central Highlands and Southeast provinces, as well as in border 
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areas with China, Laos and Cambodia [25]. The main goal of the NMCP is to continue to 

roll back malaria with the specific objectives to reduce malaria morbidity below 

0.15/1,000 population, mortality below 0.02/100,000 population, and to eliminate 

malaria from at least 40 provinces by 2020 and from the whole country by 2030 [24].  

Following this new classification system, different interventions are recommended 

(summarized in Table 1): 

- Early diagnosis and prompt treatment during both PCD, at the commune and village 

levels, as well as during regular ACD campaigns, is carried out by hamlet health workers 

(HHWs) and mobile teams from the district or provincial malaria centers. Currently, 80% 

of all antimalarial treatments are administered at the peripheral (commune + village) 

level, and 70% of malaria cases are diagnosed in health facilities (all levels) within the 

first 24 hours of the onset of symptoms [26].  

- Vector control activities, including ITNs/LLINs distribution and IRS, are carried out 

annually, or twice a year in the remote and epidemic–prone areas before and during 

the malaria season. Long lasting insecticidal nets and hammocks nets are also provided 

free of charge for most ethnic minority groups living in endemic areas. The sensitivity of 

mosquitoes to insecticides is regularly monitored by NIMPE, Hanoi. 

- A malaria surveillance system based on the continuous monitoring of epidemiological 

parameters (prevalence of infections and parasite species, incidence of clinical and 

severe cases, etc), treatment policy, and early detection of outbreaks has been set up 

in all strata, and weekly reports are sent from each province to the central level based 
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on an electronic system and hotlines. This allows the NMCP to assess the malaria 

situation in real time and to respond in a timely manner with adequate interventions. 

- Health education is implemented in all strata (not shown in Table 1), education and 

communication messages being translated and adapted to the numerous local 

minorities living in the malaria endemic areas using different support measures such as 

posters, brochures, calendars, books, etc. Moreover, information on malaria prevention 

is provided nation-wide by different mass media (TV, radio, Internet). The World Malaria 

Day is organized annually in malaria endemic areas to raise community awareness [53]. 

- Research activities focus on current challenges to malaria elimination perspectives, such 

as the difficulty of controlling P. vivax malaria, the emergence of drug resistant 

parasites, the asymptomatic and sub-microscopic human parasite reservoir, and 

uncontrolled population movements both within (between endemic and malaria free 

provinces) and across international borders [25].  

- Planning and evaluating malaria elimination strategies relies on the accurate 

measurement of the prevalence and incidence of malaria infections in the population. 

Therefore, Vietnam needs more sensitive tools and approaches to detect and eliminate 

asymptomatic and sub-microscopic infections, which form the largest part of the 

malaria reservoir [54] but are not detected with the currently used diagnostic tools (i.e., 

LM and RDT).  
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Table 1. Stratification of malaria endemicity (2014) with main control strategies  

CHARACTERISTICS AREAS INTERVENTIONS FOCUS 

No local malaria 

transmission 

Malaria free areas 

(Prevention of re-

introduction) 

Early diagnosis & prompt treatment (ED&PT) 

of imported malaria cases. 

 

Former malaria 

endemic areas 

without local 

transmission 

during last 5 years. 

Risk of malaria 

resurgence 

(Prevention of re-

introduction) 

- ED&PT of imported malaria cases. 

Antimalaria drugs for self-treatment in 

people going to malaria endemic areas 

(stand by treatment);  

- Strict management and investigation of 

imported malaria cases, regular 

surveillance (PCD + ACD); identification 

and monitoring of migrants; 

- Provision of ITNs for people going to 

malaria endemic areas. 

5– 8 points  Low malaria 

endemic area 

(malaria 

elimination phase) 

- ED&PT of imported malaria cases; standby 

treatment;  

- ACD of malaria cases, investigation of 

malaria infections (GIS) strengthen 

microscopic points, involvement of 

private sector in malaria control, 

monitoring of antimalaria drugs selling; 

monitoring of residential mobility; 

- ITNs in the bordering areas with moderate 

and high risk of malaria, IRS during malaria 

outbreaks; 

- Collaboration with other ministries and 

sectors. 

9- 13 points Moderate  malaria 

endemic area (pre-

- ED by LM or RDTs for 100% suspected 

malaria cases, prompt and effective 
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malaria elimination 

phase) 

treatment + primaquine for P. f 

gametocytes and anti-relapse of P. v and 

P. o;  

- Regular malaria surveillance; monitoring 

antimalaria drug resistance; GIS for 

malaria infections and vectors,  

consolidate peripheral health services 

(microscopy points), involve private sector 

in malaria diagnosis, treatment, control 

and the selling of antimalaria drugs; 

- Annual LLINs or ITNs distribution for local 

people, IRS where<80% of people sleep 

under bed-nets and in epidemic prone 

areas; 

- Collaboration with other ministries and 

sectors, strengthening collaboration with 

military in malaria control. 

14 -30 points 

 

 

 

 

 

 

 

 

 

 

 

 

 

High malaria 

endemic area 

(control and 

consolidation 

phase) 

- Mobilization to sleep under ITNs 

especially in the fields, or forest; 

- ED by LM or RDTs for 100% suspected 

malaria cases, prompt and effective 

treatment, primaquine for P. f 

gametocytes and anti-relapse of P. v and 

P. o; In communes with artemisinin 

resistance, malaria treatment is direct 

supervised (DOT); 

- Monitoring malaria drug resistance; GIS 

mapping for malaria infections and vector; 

consolidate peripheral health services 

(microscopy points), involve private sector 
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in malaria diagnosis, treatment, control 

and the selling of antimalaria drugs.  

- ITNs or LLINs annually for local people; 

priority IRS and ITNs in epidemic prone 

areas; Implement IRS where <80% of 

people sleep under bed-nets. In high risk 

areas, IRS and ITNs can be done 2 

times/year if ITN coverage<80%. Multiple 

collaborations with other ministries, and 

military; promote community-based 

malaria prevention.  

ITNs=insecticide treated bed-nets; LLIN= long lasting insecticidal nets; P. f=P. falciparum; P. v= P. 
vivax; P. o=P. ovale; ACD=active case detection; PCD=passive case detection 

 

4.  Antimalarial drug resistance  

4.1. P. falciparum resistance to artemisinin  

All ACTs combine a fast-acting ART drug such as AS or DHA-PPQ which can reduce the 

parasite biomass by four orders of magnitude every 48 hours [55] with a longer-lasting 

antimalarial partner drug, such as lumefantrine (LF), amodiaquine (AQ), MQ, PPQ or 

sulphadoxine-pyrimetamine (SP), able to eliminate any remaining parasite from the 

blood. 

The first reports of higher recrudescence rates (4.2%) of P. falciparum malaria after 

treatment with artemisinin-based combination treatments (ACTs) emerged from 

observational data collected in Cambodia since 2004 [56], but it was not clear initially 

whether these higher failure rates resulted from resistance to artemisinins (ART), their 
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partner drugs, or unusual host or pharmacokinetic factors [57]. Four years later, 

resistance to ART, defined as increased parasite clearance after treatment with ACTs or 

ART-monotherapy was reported in western Cambodia [49, 58]. Since then, it has also 

been detected in Myanmar, Laos, Thailand, and Vietnam [59-62], though ACT’s cure 

rates were still more than 90% [63, 64]. The proportion of patients with a positive 

parasitemia on day three has traditionally been the best indicator to measure P. 

falciparum sensitivity to ART in therapeutic efficacy studies.  

In 2010, an African lab strain (F32-ART) that can survive extremely high doses of ART (up 

to 7,000–fold the initial IC50) was obtained through long-term (three years) artemisinin 

pressure in vitro [65]. The study demonstrated that prolonged drug pressure with ART 

could induce a sub-population of ring stages into developmental arrest, proposed 

mechanism of ART resistance. In 2014, SNPs in the Kelch propeller domain of the K13 

gene (K13) were identified as ART resistant marker using whole genome sequencing 

(WGS) of an artemisinin resistant parasite line from Africa selected under escalating ART 

pressure and 49 clinical parasite isolates from Cambodia resistant to ART and culture-

adapted. These K13 mutations were associated with an increased proportion of early-

rings parasites that survived 700 nM DHA exposure or increased parasite clearance half-

life (>5 hours) [66, 67]. The correlation between K13 mutations and ART resistant strains 

was also shown in ex vivo ring stage survival assays (RSAs), consisting of a short-term 

exposure to high concentration of ART which proved to better discriminate between 

drug resistant and sensitive strains [66, 68]. After removal of K13 mutations in isolates 
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from Cambodia using zinc-finger nucleases, parasite survival rates decreased from 13-

49% to 0.3-2.4%; in contrast, after insertion of the R539T, M476I and C580Y K13 

mutations, survival rates increased from 0.6% to 2-29% [69].  

Since September 2015, the WHO incorporated K13 mutations in its working definition 

of ART resistance as follows: i) suspected artemisin resistance is defined as high 

prevalence of the delayed parasite clearance phenotype (≥ 10% of patients with 

persistent parasitemia by microscopy on day 3 after treatment with ACT or AS 

monotherapy), OR high prevalence of K13 mutants (≥ 5% of patients carrying K13 

resistance-associated mutations); ii) confirmed artemisinin resistance is defined as 

delayed parasite clearance AND K13 resistance associated mutation in a single patient 

[52]. 

Currently, a total of 186 K13 propeller mutations, including 108 non-synonymous 

mutations [52, 70], have been reported, among which four Asian mutations (Y493H, 

R539T, I543T, C580Y) were “confirmed mutations” with in vivo and in vitro data” [67, 

69, 71, 72], while another 13 were “associated mutations” (i.e, correlating with delayed 

parasite clearance) [52, 70, 72-75]. In Vietnam, Cambodia, Thailand and Laos, the four 

above-mentioned confirmed K13 mutations are the most frequent ones, while four 

other associated mutations (F446I, F446L, N458Y, P574L and R561H) are common in  

Myanmar and China (Figure 5) [52, 76]. 

Despite the steady decline in parasite clearance rates along the GMS, ACTs remained 

largely effective. However, in 2015, studies in Cambodia reported an increase in 
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treatment failure rates following DHA-PPQ therapy reaching 54% associated with high 

prevalence of K13 mutations and a significant increase in PPQ IC50s [77]. Yet another 

study reported the association of K13 mutation with decreased copy numbers of the 

Pfmdr1 gene, and that K13 mutation together with an ex vivo piperaquine survival rate 

(RSA) ≥10% was associated with a 32-fold higher risk of recrudescence [78]. The results 

were interpreted as being indicative of the frightening spread of resistance for both DHA 

and PPQ drugs [78]. In 2016, by investigating the whole genome sequences and 

piperaquine susceptibilities of 297 P falciparum clinical isolates from Cambodia, exo-

E415G SNP and plasmepsin 2–3 amplification were identified as markers of decreased 

piperaquine susceptibility in vitro and DHA-PPQ treatment failure in Cambodia [79]. This 

finding might help to monitor the spread and understand the mechanism of piperaquine 

resistance in GMS.   

In Africa, K13 mutants were identified at a very low prevalence (<5%) [80, 81], and the 

most frequent allele (A578S) has not been correlated with delayed parasite clearance 

[52]. Among the 25 K13 mutant alleles identified in Africa, 21 were novel alleles while 4 

had been identified previously in the Mekong Sub Region [82]. Despite the absence of 

evidence on ART resistance in sub-Saharan Africa, serious concerns were raised on the 

spread of ART resistant strains following the increasing numbers of Asian migrants 

working in Africa [83], as well as the presence of K13-mutant alleles previously 

associated with the slow clearance of parasites in Asia [59, 84]. This situation is 

worryingly reminiscent of previous emergence and spread of resistance to chloroquine, 
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sulfadoxine–pyrimethamine and mefloquine [13, 21, 47]. Artemisinin resistance is a 

major threat to health security, with the most severe potential effects in sub-Saharan 

Africa, where the disease burden is highest and systems for monitoring and 

containment of resistance are inadequate [85].  

4.2. Chloroquine resistance  

P. falciparum developed resistance to chloroquine (CQR) in the 1950s [86], starting in 

Colombia and at the Cambodia-Thailand border, spreading rapidly through the 

continents to reach East Africa in the 1970s [86]. After only one decade, P. falciparum 

CQR was reported in all sub-Saharan African countries [86]. On the other hand, the first 

reports on P. vivax CQR originated in Papua New Guinea in 1989 [87] and were rapidly 

followed by reports in Indonesia [88], and other countries in Southeast Asia [89]. 

Currently, evidence of P. vivax CQR parasites with diverse degrees of resistance have 

been described in several vivax endemic areas: Pacific (Indonesia, Philippines), 

Southeast Asia (Myanmar, India, Vietnam), South America (Colombia, Guyana), and the 

Middle East (Turkey) [20, 90]. 
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Figure 5. Distribution of the flanking haplotypes of the C580Y, Y493H, R539T, I543T, 

P553L, P574L, and F446I non-synonymous mutations in K13 in Cambodia, Vietnam, 

Laos, western Thailand, Myanmar, and China [70]. 

The haplotype groups are shown in distinct colors. Similarly colored boxes indicate shared 

haplotypes, and hatched boxes indicate the presence of additional country-specific haplotypes. 
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Currently, the P. vivax orthologous genes (pvmdr1 and pvcrt) of the 

pfmdr1 and pfcrt genes (associated with P. falciparum CQR) are considered as the 

putative markers of CQR in P. vivax (PvCQR) [91-93]. Indeed, the level of pvcrt 

transcription has been reported to increase 22-fold in severe vivax, compared to 

uncomplicated malaria patients [94]. In addition, in a study conducted between 2003 

and 2007, pvmdr1 was found in all P. vivax patients in Papua, Indonesia, where CQ 

resistance is highly prevalent [95]. While the Y976F mutation in pvmdr1 has been 

strongly associated with increased CQ IC50 [95-97], no associations have been found so 

far between point mutations in the pvmdr1 and the clinical response of vivax malaria to 

chloroquine [98]. Therefore, our knowledge about the mechanisms and molecular 

markers of CQ resistance in P. vivax remains limited mainly due to the technical 

challenge in maintaining this parasite under in vitro conditions [99]. 

Therefore, therapeutic efficacy studies remain a central tool for monitoring the efficacy 

of nationally recommended antimalarial treatments in all endemic countries, and 

genetic tools help to identify drug resistance markers even among populations with 

asymptomatic malaria.  

4.3. Antimalarial drug resistance in Vietnam 

P. falciparum resistance to CQ was first reported in 1961 in Central Vietnam [100], in 

1985 in the northern provinces, and by 1994 CQR was prevalent in the whole country 

[101]. At the same time, P. falciparum resistance to sulfadoxine-pyrimethamine, 

quinine, and MQ were also reported  [52, 101]. Therefore, artemisinin derivatives 
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started to be used as a first-line antimalarial therapy as early as 1995, first as 

monotherapy (for seven days), and from 1999 as combination therapy (DHA-PPQ co-

formulated with primaquine and trimethoprim also known as “CV8”) [55, 102]. Since 

2003, DHA-PPQ is recommended as the first-line antimalarial treatment in Vietnam 

[103]. The NMCP, with the support of the WHO and the Global Fund (GF), has been 

monitoring ACTs resistance with TES in several sentinel sites across the central and 

southern provinces (Figure 6). From 2006 to 2015, the collected data showed that 

adequate clinical parasitological rates (ACPRs) for both 7-day AS and 3-day DHA-PPQ 

regimens remained above 90%. However, the number of provinces with reasonable 

evidence of artemisinin resistance (also called “Tier I area”) increased rapidly from one 

in 2009 (Binh Phuoc) to five in 2015 (Binh Phuoc, Khanh Hoa, Quang Nam, Kom Tum and 

Gia Lai). The day-3 positivity rate after treatment also followed a steady increase (e.g. 

in Binh Phuoc, the D3 positivity rate rose from 15.2% in 2010 to 22.8% in 2012, to 36% 

in 2014 and to 57% in 2015; in Gia Lai province, this increased from 11.2% in 2010 to 

22.8% in 2012, to 24.6% in 2014 and reached 57% in 2015 [104-106].   

PvCQR was first reported in 2002 in southern Vietnam [107], though this was not 

confirmed with CQ blood level measurements. Since then, P. vivax sensitivity to CQ was 

regularly monitored and was considered sensitive since 100% ACPR was reported 

between 2006 and 2011 (total 350 patients) within the six sentinel sites in central 

Vietnam [104]. In 2015, PvCQR was confirmed for the first time with blood level 

measurements at the time of recurrence (> MIC of 100ng/ml) in Quang Nam province, 
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in the same site where P. falciparum resistance to artemisinin was reported one year 

earlier [108, 109]. Retrospective data (2006-2015) on CQ and ACTs efficacy for the 

treatment of uncomplicated P. vivax and P. falciparum malaria in Vietnam is shown in 

Figure 6. 

Factors that have fuelled the development of antimalarial drug resistance in Vietnam 

include poor use of primaquine, inadequate treatment regimens, self-treatment, poor 

patient adherence to prescribed antimalarial regimens, and the widespread availability 

of oral artemisinin-based monotherapies and substandard forms of the drug [110-112]. 

Moreover, the spread of resistant Plasmodium strains to different provinces in the 

North or in the Mekong delta is potentially facilitated by the continuous population 

movements towards and from Central Vietnam, where numerous agriculture-based 

economic activities attract more and more workers from within and across international 

borders [50, 113]. Therefore, artemisinin resistance represents a real threat to malaria 

elimination strategies in Vietnam, and as in other countries in the GMS, poses a major 

health security risk as no alternative antimalarial medicine is available yet with the same 

level of efficacy and tolerability as ACTs.  
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Figure 6. Evolution of antimalarial drug efficacy in Vietnam (2006 – 2015) [104, 105]. 

A) Retrospective data (2006-2014) on CQ efficacy for the treatment of uncomplicated P. vivax malaria in Central Vietnam (28-day ACPR; Source: 
NIMPE, Hanoi). B) Retrospective data (2006-2014) on ACTs (Dihydro-artemisinin 40mg + piperaquine 320mg) efficacy for the treatment of 
uncomplicated P. falciparum malaria in Vietnam (42-day ACPR).  
Numbers in brackets represent respectively, (number of patients studied; %ACPR; Day 3 positivity rate). 
*Dihydroartemisinin 40mg + piperaquine 320mg; **Artesunate + Azythromycin.
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5. Malaria diagnosis methods and tools  

Malaria is potentially a life threatening disease if the diagnosis and treatment is 

delayed, and this represents the main causes of malaria deaths in Sub-Saharan African 

countries [10, 11]. Early diagnosis and prompt treatment with effective antimalarial 

drugs is one of the key WHO recommended strategies for malaria control [10, 

114]. Several diagnosis methods, from standard microscopy to advanced molecular 

methods are available today to confirm malaria infection.  

5. 1. Clinical diagnosis  

Clinical diagnosis is based on the patients' signs and symptoms gathered during the 

physical examination. Malaria symptoms are non-specific and variable, including fever 

and other flu-like symptoms such as headache, weakness, myalgia, chills, dizziness, 

abdominal pain, diarrhea, nausea, vomiting, etc. Therefore, the clinical diagnosis of 

malaria often leads to over-treatment with anti-malaria drugs [115]. Another major 

pitfall associated with clinical diagnosis is the occurrence of co-infections (e.g., P. 

falciparum and P. vivax) and treatment for one may not treat the other. Therefore, 

clinical findings should always be confirmed by a laboratory test for malaria [116]. 

5.2. Light microscopy (LM) 

Conventional light microscopy is considered as a “gold standard” for malaria parasite 

identification, allowing the identification of parasite species and stage, as well as 

quantification of parasite density [117]. Therefore, LM can be used not only for malaria 
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diagnosis confirmation but also to monitor antimalarial drug efficacy. The thick and/or 

thin blood smears are taken most often from a finger prick and are stained with a 5% 

Giemsa solution. The thick smears are most useful for screening the presence of 

parasites while thin blood smears identify malaria species [118]. Parasite density is 

determined by counting the number of asexual parasites per 200 white blood cells 

with a hand tally counter, and computed assuming 8000 WBCs per microliter of blood 

[119].  

A trained and skilled microscopist can detect densities of 5-20 parasites/µl blood in 

approximately 60 minutes [120]. Though LM is considered a simple and inexpensive 

technique, the quality of the results varies depending on the skills of the microscopist, 

the quality of the slides, and the maintenance of the microscope, which if not 

adequate may lead to false positive or negative results. In addition, LM most of the 

time requires an electricity supply which is not available in all remote areas. An 

additional challenge that microscopists face is the accurate detection of mixed- and 

low-density infections.  

In many malaria-endemic and low-income countries, LM is often not reliable due to 

the lack of training and supervision of microscopists, and the difficulties in retaining 

well-trained staff who are often underpaid and overworked in many health care 

programmes [121]. Conversely, in low- or non-endemic areas, in addition to low 

density infections, laboratory technicians are often unfamiliar with malaria and may 

miss the parasites. 
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5.3. Malaria rapid diagnostic tests (RDTs) 

In order to overcome the above-mentioned limitations of LM, RDTs were developed 

and their performance was systematically tested by the WHO in collaboration with the 

Foundation for Innovative New Diagnostics (FIND) [122].  

RDTs are based on an immune-chromatographic assay with monoclonal antibodies 

directed against the target parasite antigen and impregnated on a test membrane, 

allowing for the detection of malaria antigen in a small amount of blood. Malaria RDTs 

started to be developed in the mid-1990s [123] and are currently recommended by 

the WHO for parasitological confirmation before ACT treatment. The most commonly 

used RDTs to detect P. falciparum infections are based on the detection of histidine-

rich protein 2 (HRP2), which is specifically expressed by this species. Other RDTs are 

based on the detection of the genus specific aldolase enzyme and the HRP2 to 

distinguish between P. falciparum and non-P. falciparum infections, e.g. NOW®ICT 

(Binax, USA; ICT Malaria Pf/Pv, AMRAD ICT, Australia). RDT based on parasite lactate 

dehydrogenase (pLDH) can distinguish between P. falciparum and P. vivax infections. 

Though some RDTs have been developed to detect P. knowlesi [124], most of the 

available RDTs do not specifically differentiate between the three less common 

malaria parasites species, i.e P. ovale, P. malariae and P. knowlesi [125]. The sensitivity 

of RDTs to detect parasite densities of 200 parasites/µl varies between RDT brands 

and Plasmodium species. For example, RDTs against Pf HRP2 have a 95% sensitivity 

while for non-P. falciparum this is commonly around 85% [122, 125].  
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Unlike LM, RDTs results are obtained fast (in 15-20min), are easy to perform, and the 

reading requires only limited training. In addition, they do not require equipment 

investment or electricity. Therefore, they are highly suitable for malaria diagnosis at 

the community level, especially in poor and remote areas with limited access to good 

quality microscopy services. On the other hand, RDTs have the disadvantage of 

providing only qualitative results (no information on parasite density), while their 

accuracy can be affected by non-optimal storage conditions (high temperature and 

humidity) in the field.  

An online tool has been developed (http://www.rdt-interactive-guide.org/) for NMCPs 

to choose the best RDT for their settings based on the results of the assessment of the 

WHO malaria RDT Product testing programme [125]. As a recommendation, the 

selected RDTs should have a panel detection score (PDS) of at least 75% at 200 

parasites/µl for P. falciparum or P. vivax, and the false positive rate and invalid rate 

should be less than 10% and 5%, respectively.  

False positive results of RDTs may be due to the persistence of circulating malaria 

antigens (HRP2, pLDH) in the circulation for 2-4 weeks after successful antimalaria 

treatment, presence of sexual but not asexual forms, and possible cross-reaction with 

rheumatoid factor [126-129]. False negative results are mainly due to low parasite 

density under the limit of detection or extremily high parasite  density [130] and 

importantly, by  HRP2-deficient P. falciparum strains , which have now been reported 

from different word regions including Southeast Asia [131-133]. Errors that may 

http://www.rdt-interactive-guide.org/
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impact RDT performance are related to test-line interpretation often due to unclear 

or even incorrect test instructions [134] or due to poor training of health workers. A 

recent call to harmonize labelling and instructions of malaria RDTs available in the 

market aims to improve user-friendliness and minimize errors due to different RDT 

performance [130]. 

Therefore, in research settings or for more detailed information on malaria infections, 

RDT results are complemented by LM to better characterize infections (species and 

density determination) and monitor treatment efficacy [121].   

5.4. Molecular diagnosis of malaria  

5.4.1. Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) based techniques have proven to be one of the most 

sensitive and specific methods for the detection of malaria infections, particularly 

those with mixed infections, low parasite density or drug resistant parasites [129, 135]. 

PCR techniques can detect as few as ≥ 0.002 parasite/µL of blood compared to 50-100 

parasites/µL by LM or RDT [136-138]. Therefore, PCR-based techniques allow for an 

accurate quantification of the local parasite reservoir and a better understanding of 

its contribution to malaria transmission and dynamics [129, 139-141], and they are 

now frequently used as gold standard tools to evaluate other diagnostic tools [142].  

PCR-based techniques can be designed to detect parasite DNA or RNA. DNA-based 

techniques include single-, nested-, multiplex-, and real-time PCR, [143, 144], 
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isothermal recombinase polymerase amplification (RPA)[145], and alternative PCR-

based detection methods such as PET-PCR, PRET real-time PCR [146-148], etc. Other, 

PCR techniques such as quantitative reverse transcription PCR (qRT-PCR), nucleic acid 

sequence-based amplification (NASBA), and ELISA-like hybridization assays [136, 149, 

150], are based on RNA detection in order to achieve higher sensitivity due to 

increased number of transcript target compared to DNA. However, the main limitation 

of these technicques is that RNA degrades faster than DNA and therefore requires 

special RNAse inhibitor buffers for sample collection and storage, and special 

handeling areas, and are thus difficult to implement in a field setting. 

Most PCR-based techniques are designed to amplify multi-copy genes such as the 

small subunits 18S rRNA genes of the Plasmodium species, present in 5-8 copies per 

genome, which allows for species identification using species-specific oligonucleotide 

primers [151] Relevant to the present thesis, the semi-nested multiplex malaria PCR 

(SnM–PCR), which amplifies the 18S rRNA, is based in a primary PCR reaction that 

includes a universal reverse primer with two forward primers specific for Plasmodium 

and mammals and a nested PCR reaction that includes a Plasmodium-specific forward 

primer plus species-specific reverse primers for P. falciparum, P. vivax, P. malariae and 

P. ovale  malaria parasites [143]. Other modified PCR methods such as nested PCR, 

real-time PCR, and reverse transcription PCR (RT- PCR) also allow for accurate species 

determination [152, 153] including P. knowlesi infections [2, 27, 154], and enable the 

quantification of parasite density.  
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Additionally, PCR target genes include cytochrome b mitochondrial gene (30-100 

copies/parasite genome) [155], AMA1 [156], Pfmt869/Pgmt19 (20 copies/parasite 

genome) [157], Stevor multigene family (30 – 40 copies/parasite genome) [158, 159], 

and the var gene’s acidic terminal sequence (Var ATS) (59 copies/parasite genome), 

which was recently described as target sequence in an ultra-sensitive qPCR proved to 

be ten times more sensitive than the standard PCR assay [151]. Table 2 summarizes 

the currently available PCR-based techniques with main characteristics.  

Two main sampling strategies can be used for PCR analysis: (i) whole blood (directly 

processed or stored at -20ºC), or (ii) whole blood spotted onto standard Whatman 

grade 3 filter paper or on Whatman Flinders Technology Associates (FTA) classic cards 

[54, 160]. To date, the most common sample collection method used in the field is dry 

blood spot filter paper (DBSF), which is collected from a finger prick onto various filter 

paper types [143, 161]. DBSF, particularly in large-scale epidemiological studies, has 

several advantages over venepuncture sample collection: it is not dependent on the 

availability of freezers (which may be limited in endemic areas), is less invasive and 

thus more acceptable at the community level, it is easy to perform and requires less 

training, and it is easy to store and transport [161, 162]. However, PCR sensitivity is 

also dependent on the parasite DNA concentration and therefore, the blood volume 

collected, thus PCR aiming to detect parasites on a 5-10  µl of whole blood, i.e. DBSF, 

will miss parasites compared to methods using 200 µl or 1 ml of whole blood [161-

163]. As a result, in elimination contexts, where detection of every single Plasmodium 
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carrier is paramount, using sampling methods with larger blood volumes will increase 

PCR detection and capacity to accurately quantify low-density infections [160]. In low 

transmission settings, strategies such as pooling samples before PCR analysis have 

been used to reduce the costs in large epidemiological studies with limited resources 

[164].  

However, the main drawnback of PCR-based diagnostic techniques is the need for an 

advanced technological platform with complex equipment and reagents, well-trained 

personnel, and optimally functioning quality control and equipment maintenance 

systems, which are not available in all malaria-endemic areas. In addition, PCR costs, 

which include those of DNA extraction methods, are still unaffordable as routine 

diagnostic test in low-income settings where malaria is endemic [165]. Consequently, 

PCR diagnosis for malaria is mainly implemented in reference laboratories or for 

research purposes. 
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Table 2. Target gene and limitation of Plasmodium falciparum detection assay [151] 

Method 
Template 
Molecule 

Target Gene 
Quantifi
cation 

Parasites/μ
l Blood 

Nested PCR DNA 
18S rRNA, dhfr-ts, 28S 
rRNA, stevor 

No 0.1–10 

PCR DNA mitochondrial DNA No 0.5 

qPCR DNA 18S rRNA, cox1, cytb Yes 0.02–3 

PCR-based DNA 18S rRNA, cox1 Yes/No 0.5–1 

LAMPa DNA 
18S rRNA, mitochondrial 
DNA 

No 1–10 

RPAa DNA 18S rRNA No 4 

qRT-PCR RNA 18S rRNA Yes 0.002–0.02 

(QT-)NASBAa RNA 18S rRNA Yes/No 0.02 

Ultra-
sensitive 
qPCR  

RNA  TARE-2 and VarATS* Yes 0.03-0.15 

aIsothermal amplification process. *TARE-2: Telomere associate repetitive element 2; VarATS: 

var gene’s acidic terminal sequence.  

 

5.4.2. Gametocyte detection   

PCR-based techniques to detect RNA are also used to detect and quantify gametocytes 

to accurately quantify the human infectious reservoir. As the sensitivity of LM is 

limited to the detection of a very low-density gametocytaemia [166, 167], a variety of 

molecular methods such as RT-PCR, QT-NASBA, and reverse transcriptase loop 

mediated amplification (RT-LAMP) have been developed for gametocyte detection 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4348198/table/pmed.1001788.t001/#t001fn001
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4348198/table/pmed.1001788.t001/#t001fn001
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4348198/table/pmed.1001788.t001/#t001fn001
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4348198/table/pmed.1001788.t001/#t001fn001
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[160, 168-170]. QT-NASBA and a qRT-PCR TaqMan probe-based assay, targeting the 

transcripts of the P. falciparum Pfs25 gene or its homologue in Plasmodium vivax 

(Pvs25), are the most commonly applied techniques for gametocyte detection of both 

P. falciparum and P. vivax [160, 167-169, 171]. In malaria elimination settings, 

understanding the prevalence and risk factors for gametocyte carriage can help to 

better target strategies for malaria elimination, as gametocyte carriers (even those 

with very low densities) can still maintain malaria transmission [172, 173]. Detection 

and treatment of all gametocyte carriage is necessary in order to reduce malaria 

transmission and prevent the selection and spread of resistant parasites [173]. 

However, as for other molecular methods, gametocyte detection is not easy to 

transfer to remote field laboratories. 

5.4.3. Loop-mediated isothermal amplification (LAMP) 

Loop-mediated isothermal amplification (LAMP) was first published in 2000 [174], as 

a simple and inexpensive amplification method to be implemented in basic field 

conditions (“field PCR”) for the detection of low-density parasite infections. The first 

development of LAMP assay detecting P. falciparum 18rRNA genes was done in 2006 

[175], followed by a malaria-specific LAMP in 2007 [176] and a LAMP method targeting 

mitochondrial DNA in 2010 [157]. In 2013, a field-friendly LAMP kit was developed by 

FIND and a Japanese company (Eiken Chemical Co., Ltd) [177, 178]. The kits have been 

evaluated in laboratory and field conditions for both P. falciparum and P. vivax with 
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minimal training using either directly processed whole blood samples or blood 

collected on filter paper [178-180]. The LAMP reaction is shown in Figure 7. 

Briefly, the main advantages of this technique are that Bacillus 

stearothermophilus DNA polymerase with strand displacement activity performs a 

one-step amplification, with a set of four specifically designed primers to identify six 

distinct sequences on the target DNA [174, 181]. The DNA amplification is performed 

at a fixed temperature through a repetition of two types of elongation reactions 

occurring at the loop regions, i.e. self-elongation of templates from the stem loop 

structure formed at the 3′-terminal, and the binding and elongation of new primers to 

the loop region (Figure 7). Moreover, LAMP amplification reaction time can be 

shortened by around one-third to one-half by using two extra primers (loop primers) 

[181]. LAMP amplifies a few to 109 copies in less than an hour and its sensitivity is 

comparable to PCR [182, 183]. In addition, it allows for easier visualization due to the 

release of pyrophosphate that causes turbidity (precipitation or by fluorescence) that 

creates a visible color change that can be seen by the naked eye. This also reduces the 

risk of DNA contamination, since reaction tubes post-amplification do not need to be 

opened. 

  



78 
 

 

Figure 7. Basic amplification step of LAMP.   

a) Primer design of the LAMP reaction (2 inner and 2 outer primers, plus 2 additional loop-
primers, (b) Starting structure producing step (DNA synthesis starts from FIP and DNA 
amplification proceeds with BIP), (c) Cycling amplification step. Self-primed DNA synthesis is 
initiated from the 3′ end F1 region, and the elongation starts from FIP annealing to the single 
strand of the F2c region in the loop structure. Passing through several steps, structures 5- 12 
are generated [184]. 
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Thus, LAMP characteristics, i.e. user-friendly, low-tech but high sensitivity, make it a 

promising diagnosis tool for field setings and elimination campaigns compared to PCR 

[175, 182, 185].  

Despite all its advantages, LAMP techniques are not widely implemented in malaria 

endemic areas, as the technique remains costly (about 5.3 USD/reaction) [186] and 

with some degree of complexity that require basic laboratory skills (as compared to 

the simplicity of RDTs). In addition, contamination problems have been described in 

some reports [183, 187-190]. Even though the results are promising, optimization will 

be required to achieve the needs of a point of care (POC) diagnosis tool.  

5.4.4. Malaria genotyping methods 

In the context of malaria elimination, understanding genetic diversity and population 

structure of parasite populations is essential to design meaningful strategies and 

monitor the impact of those that have been implemented.  

In recent years, genotyping techniques based on size polymorphic markers have 

become the method of choice for many molecular epidemiological studies [191, 192], 

aiming to unreveal genetic diversity and population structure of human Plasmodium 

parasites worldwide [193, 194], mapping inherited traits in the progeny of a genetic 

cross [195], or improving the capacity to distinguish recrudescence/relapses from new 

infections [196]. The choice of markers depends on the aim of studies.  
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- Antigen loci  

Highly polymorphic surface antigens, such as Merozoite Surface Proteins (MSP1 to 5) 

[197-199] and the circumsporozite protein (CSP) [199, 200], (that contain both single 

nucleotide polymorphisms (SNPs) and tandem repeat copy number variations), have 

been widely used to differentiate individual clones within single infections [201] and 

measure parameters such as multiplicity of infection (MOI), and molecular Force of 

Infection (FOI), i.e. the number of new clones acquired over time [202], and thus 

describe the epidemiology of malaria parasites and impact of interventions. 

Polymorphic gene markers are less useful for interpreting population structure and 

genetic diversity, since these are subject to selection and therefore can converge at 

the population level [203]. 

- Microsatellite genotyping  

Microsatellites (MS) are non-antigenic short tandem repeats in DNA sequences, 

typically including one to six nucleotides, with a variable number of repeats. MS are 

interspersed throughout the genome and originate at mutation events such as 

replication slippage and/or slip-strand mismatch repair, resulting in sequence length 

variation [204]. Variation in the repeat length causes size polymorphisms within the 

locus, which can be used to differentiate organisms in population diversity studies. 

Historically, MS have been extremely useful for investigating population genetics of 

several organisms such as Toxoplasma, Leishmania, Trypanosoma [205, 206], and 

importantly, human Plasmodium spp (P. falciparum, P. vivax and P. malaria) [207-210].  



81 
 

MS are highly abundant in the P. falciparum genome, which has an AT base-pair 

content of approximately 82% versus 60% in P. vivax, with an average of one MS locus 

every 2-3 kb [211-214]. Since 1999, when the first 12 MS for P. falciparum were 

described [215], MS genotyping has been extensively used to detect naturally-

occurring multi-clone infections, analyze the genetic diversity, population structure, 

and transmission dynamics of parasite populations [193, 207, 216-218], trace the 

geographic origin infections, measure the impact of interventions, and to investigate 

the origin and spread of drug resistant parasites and its molecular markers [219, 220].  

The use of MS in P. vivax parasites followed that of P. falciparum. Over the past 

decade, at least 240 MS have been identified in the P. vivax genome, usually by in silico 

methods [194]. Among all known P. vivax MS markers, 42 of them have been tested 

in more than one field site [194, 208, 209], and their quality was recently validated 

based on population parameters (i.e, endemicity, sample size), MS parameters (i.e, 

motif length, repeat length, repeat type and genomic position), and genetic diversity 

indices (ie, number of alleles per locus and expected heterozygosity (He) and repeat 

length size) [139]. A total of 18 MS were identified as ideal candidates for measuring 

population diversity between global regions but only nine MS with balanced diversity 

(PvMS7, 3.502, MS4, MS6, MS9, MS10, MS12,  MS20, 14.279) were highly 

recommended for measuring population diversity, as it can avoid bias from excess or 

reduced diversity. Five additional markers (3.27, 8.504, PvMS11, MS16, MS8) were 

identified as candidates for MOI studies as those MS markers have significant excess 
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diversity in more than one test category, and two MS (3.27, MS8) more frequently 

used were considered perfect for calculating multiplicity of infections (MOI) in P. vivax 

populations [194] (Figure 8). 

As for P. falciparum, P. vivax MS have been used in a wide range of epidemiological 

studies, from those investigating transmission dynamics in longitudinal cohorts [191, 

194, 221, 222], genetic diversity [223-225], and population structure [222, 226, 227], 

to the contribution of relapses to the burden of infection in special study designs [228, 

229]. However, in contrast to P. falciparum, MS genotyping in P. vivax parasites cannot 

be used to differentiate between recurrent and new infections in drug efficacy studies 

since both can harbor new genotypes compared with the primary infection [230] .  
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Figure 8. Summary of statistically validated P. vivax MS for usage in population 

diversity and MOI studies.  

“1° Panel” indicates balanced diversity in all six test categories and usage as the primary panel 
of markers for measuring population diversity. “2° Panel” indicates markers with significant 
excess or reduction of diversity in one of six test categories. “Exclude” indicates markers with 
significant reduction in diversity in more than one of the six test categories. These markers are 
not recommended, as they consistently result in a misrepresentation of population diversity 
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due to reduced polymorphic potential. “MOI” (multiplicity of infection) indicates MS markers 
that consistently have significant excess diversity in more than one test category. For 
chromosomes with more than one MS marker tested, priority has been assigned (A-D). Priority 
is based on the total number of studies that have utilized the marker, with a higher priority 
being placed on markers that have been used more frequently. Bold font indicates markers of 
highest priority [194]. 

 

Even though more affordable than other methodologies such as WGS, the costs 

associated with MS genotyping (which includes fluorophore-labelled primers, the use 

of a capillary electrophoresis platform typically a Sanger-type sequencing machine) 

are still high. In addition, variability in the MS used for analysis together with different 

parameters and protocols used for the analysis (i.e, different rules and cut-offs to 

identify true peaks, different software to access genetic diversity values, different 

number of markers used, and the occurrence of missing data [192, 194, 225, 231-234] 

can lead to substantial variation between studies and limit the comparability of the 

obtained results [235]. 

- Barcode / Single nucleotide polymorphism genotyping (SNPs)  

An SNP is a single-base pair mutation at a specific locus, usually consisting of 

two alleles (where the rare allele frequency is >1%). Genome sequencing has 

identified more than 112,000 SNPs from about 18 parasite genomes of the P. 

falciparum parasite [236, 237]. Current technology has made genotyping of SNPs by 

real-time PCR (using dual probes in an end-point detection assay) a standard practice 

[236]. 

https://en.wikipedia.org/wiki/Locus_(genetics)
https://en.wikipedia.org/wiki/Alleles
https://en.wikipedia.org/wiki/Single_nucleotide_polymorphism
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 An SNP “barcode” contains a combination of SNPs that together express the unique 

pattern of variation for the parasite sequence [238]. SNP barcoding is known as a 

highly sensitive technique (with a 99% success rate) in distinguishing different parasite 

genotypes, while requiring a very small amount of DNA in infected blood samples 

[238]. SNP barcoding is useful for malaria elimination programmes as the assay can be 

used to differentiate parasites from different geographical areas and imported cases, 

to monitor the frequency and distribution of specific parasites in the population, to 

distinguish recrudescence from re-infection in drug trials, as well as for monitoring the 

adaption of samples in the laboratory, or assessing changes that a population may be 

undergoing due to external pressures [239]. The barcode panel should include SNPs 

representative of the genetic diversity present in the parasite population from the 

geographical area where the panel is to be used, and should be re-evaluated if this is 

to be used in a different malaria-endemic region.  

The advantage of SNP genotyping is that it can be carried out using several different 

platforms that vary in the chemistries used [240]. For example, high-resolution melting 

(HRM) SNP barcoding is a simple, rapid and low-cost SNP genotyping method based 

on amplicon melting [241], which requires only a saturating double stranded DNA dye 

and a post-PCR short melting step, limited training, and has minimal subjective data 

due to its visualization software [238]. Compared to other molecular methods such as 

MS genotyping, barcode genotyping can easily detect possible cross-contaminations, 

thus improving laboratory quality standards. The technique can also be standardized 
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and calibrated across multiple studies, in order to obtain faster sample analysis, less 

subjectivity [194, 231, 236], and to allow for global comparisons and exploration of 

patterns over a long time due to the method’s high reproducibility [242].  

However, SNPs reflect common alleles rather than rare ones, when analysis involves 

a small number of samples [243], and have lower sensitivity than MS in detecting 

recent events due to their lower mutation rate [244]. In addition, SNP barcoding is also 

challenging in areas with a high proportion of multi-clonal infections  [245] and 

ascertainment of issues with bias problem [243, 246]. As MS provides a higher 

resolution than SNP barcoding, due to a higher polymorphic potential (and lower cost 

of reagents [194, 231, 236]), a combination of MS markers and SNP barcoding could 

potentially become a useful population genomics approach to identify loci linked to 

artemisinin resistance or to multiple origins of drug-resistant haplotypes in areas of 

low transmission [247]. 

- Genomics 

WGS has greatly advanced our understanding of the global genetic diversity of 

Plasmodium parasites, and is an impotant tool to identify markers of drug resistance 

[194, 240]. In low transmission areas, where genetic diversity, especially of P. 

falciparum parasite populations, is decreasing, WGS is also a potential tool to 

differentiate recrudescent infections in clinical trials.  

WGS of Plasmodium spp is challenged by the extremely AT-rich regions of the P. 

falciparum genome (80.6% AT) [240], the need for a good quantity and quality of 
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starting material (which is difficult in clinical samples collected on filter paper and 

contaminating human DNA) and the added difficulty in analysing polyclonal and 

mixed- infections samples. Several protocols have been developed to overcome those 

challenges: most current protocols include CF11 column filtration to remove human 

leukocytes (the source of contaminating human DNA), or 48-hour ex vivo schizont 

maturation assays to increase the amount of Plasmodium DNA [248, 249], 

amplification and enrichment protocols [250, 251] . 

Indeed, WGS of P. falciparum laboratory-adapted strains under drug pressure have 

been used to identify K13 as artemisinin resistant marker [67], while WGS of P. vivax 

parasites has been very useful to construct global genetic diversity maps, and better 

understand parasite biology [240]  while P. vivax continuous culture is still lacking.  

As prices for WGS techniques continue to decrease, WGS will become more widely 

used and will allow comparison of the genetic diversity of worldwide populations with 

a higher resolution than by MS or SNPs [252]. However, these techniques are not easily 

deployed as they require extremely expensive equipment and reagents, and because 

the challenges represented by training, technology transfer, complexity of study 

design, data analysis, and interpretation make genomics technology unsuitable in low-

income settings or in field-based conditions. 
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5.5. Serological diagnosis  

Serological assays for malaria are based on the detection of antibodies against asexual 

or sexual blood stages of malaria parasites, using either an indirect 

immunofluorescence antibody test (IFAT), enzyme-linked immunosorbent assay 

(ELISA), or multiplex assays.  

Plasmodium spp infections trigger the synthesis of specific antibodies (especially of 

the IgM and IgG isotypes) within 1-2 weeks after initial infection, which progressively 

decline following the primary infection [253]. The antibody response to Plasmodium 

is cumulative and long lasting, developing after repeated exposures to the parasite 

and persisting for months or years after infection has resolved [254]. It also varies 

according to age in a given area, and for the same age group it varies between areas 

of different transmission intensity. 

Due to the time required for development, as well as the persistence of antibodies, 

malaria serology does not detect acute infection but rather measures past exposure 

to malaria parasites, hence it has been proven useful for measuring malaria 

transmission intensity, especially at low transmission levels where other techniques 

(e.g., LM, entomological inoculation rate, PCR) become less sensitive and costly. It is 

also used in epidemiological surveys, for screening potential blood donors, or to 

provide evidence of recent infection in non-immune travellers [255-258]. The main 

disadvantage of serology has long been the lack of standardization in the antigens and 
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methodologies used, but this has been recently improved by the advent of 

recombinant proteins and high-throughput screening methods [259]. 

IFAT was considered until recently as the gold standard for malarial serology testing 

[253, 260] and has long been used as a tool for detecting Plasmodium-specific 

antibodies in blood banks [261]. IFAT uses pre-coated slides with either specific or 

crude antigens (stored at -30°C until used) and quantifies both IgG and IgM malaria 

antibodies in patients’ sera. This is done by detecting antigen-antibody (Ag-Ab) 

complexes marked with fluorescein-labelled anti-human antibodies, and requires a 

fluorescence microscope and well-trained technicians. Despite its simplicity and 

sensitivity, the technique remains impractical for routine use due to its lack of 

automation and reproducibility. Therefore, ELISA methods using recombinant 

antigens fill the gap by being easily standardized and automated, allowing for the 

testing of large numbers of serum samples (using 96-well coated plates) in a short time 

and at low cost, together with higher sensitivity and specificity levels [262]. However, 

this technique can only be used for a limited number of antigens.  

Multiplex assays are preferred for high-throughput screening of malaria immunity 

because they are cost- and time-effective and minimize the sample volume 

requirements [263]. Currently, multiplex bead assays, such as Luminex technology 

have been developed by Luminex® Corporation and allows the simultaneous testing 

of several serological markers [264-266]. Luminex are described to have similar or 

improved sensitivity relative to ELISA assays [267], but have better reproducibility and 
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a greater dynamic range. Recently, high-throughput proteomic microarray technology 

has been applied in order to identify the targets of broad antibody responses to P. 

falciparum and identify sensitive serological markers in different malaria transmission 

intensities [268].  

In the context of malaria elimination, serology becomes essential for measuring 

individual variations in antibody responses, the occurrence of multiple malaria 

parasite antigens, as well as for increasing the probability of measuring changes in 

antibody responses by combining different markers [269]. This approach has been 

shown to be useful for evaluating the impact of interventions, identifying hotspots of 

transmission and sub-populations in high-risk infections [270, 271], estimating 

transmission levels and related historical changes, confirming malaria elimination, and 

monitoring re-emergence of malaria [259]. Despite all its advantages, a number of 

knowledge gaps need to be addressed before obtaining an optimized sero-surveillance 

tool, i.e. choice of the type and number of antigens for each Plasmodium parasite in 

different transmission conditions, sensitivity and specificity of multiplex serological 

assays, factors affecting the development and maintenance of antibody and the 

longevity of antibody responses [259]. However, serology still offers a simple and 

sensitive tool that could be combined with other tools in malaria surveillance and 

geospatial analysis to achieve malaria elimination. 

At the moment of starting, the laboratory work included in this PhD thesis (2008), 

malaria in Vietnam was still in the control phase and reporting of parasitological data 
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was heavily base on LM [272-275]. National monitoring of antimalarial drug efficacy 

was done at sentinel sites, however no P. falciparum resistance to artemisin and P. 

vivax resistance to CQ had been reported [104]. In the context of the PhD and with the 

support of the bilateral collaboration with ITM, NIMPE implemented molecular 

methods such as ELISAs, PCR-based diagnostic methods (SS-PCR, modified semi- 

Nested PCR and qPCR) and MS genotyping protocols to accurately investigate 

epidemiology of human malaria species; assess genetic diversity and population 

structure of P. vivax populations and evaluate parasite clearance and prevalence of 

K13 mutations in Vietnam. This contribution played an important role in the success 

of NMCP to move from control phase to pre-malaria- elimination phase. 
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Abstract 

We have modified an existing semi-nested multiplex polymerase chain reaction (PCR) 

by adding one Plasmodium knowlesi-specific nested PCR, and validated the latter 

against laboratory and clinical samples. This new method has the advantage of being 

relatively affordable in low resource settings while identifying the five human 

Plasmodium species with a three-step PCR.  
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 The study 

Since the first Malaysian reports and the recognition of Plasmodium knowlesi as the 

fifth human Plasmodium species [1-5], there have been continuous attempts to 

improve the molecular detection of this Plasmodium species of simian origin [6-11]. 

Initially, a nested 18S small subunit (ssu) ribosomal DNA (rDNA) based polymerase 

chain reaction (PCR) identified the first large cohort of naturally acquired P. knowlesi 

infections in humans in Borneo [1].  However, the primers used to detect the P. 

knowlesi DNA (Pmk8-Pmkr9) can cross react with the P. vivax ribosomal RNA( rRNA) 

gene, requiring systematic confirmation by either a secondary PCR [1] or sequencing 

[6,12].  Since then, more specific methods using nested [6] or non-nested PCR [10, 11], 

loop mediated isothermal amplification [8], or real time PCR [7,9] have been 

developed.  

Plasmodium knowlesi infections in humans were reported in Vietnam [12] and this 

species needs to be accounted for in the newly defined national malaria elimination 

strategies [13]. Applying the multiplex semi-nested (SnM) PCR published by Rubio and 

others [14], for the detection of the four previously described human Plasmodium 

species, we recently showed that the malaria parasite reservoir in Central Vietnam 

was more comlex than previously reported by standard microscopy [15]. We therefore 

added another secondary PCR, specific for P. knowlesi, into the exiting SnM-PCR to 

enable the detection of the five Plasmodium species within a three-step PCR.  
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The existing SnM-PCR protocol was adapted from Rubio and others [14] and consists 

of a first reaction Plasmodium genus specific  (Figure 1A) followed by a semi-nested 

PCR including the Plasmodium-specific forward (PLF) primer used in the primary PCR, 

plus species-specific reverse primers for P. falciparum, P. vivax, P. malaria and P. ovale 

(Figure 1B). We hereby describe the newly added semi-nested (Sn-) PCR for the 

identification of P. knowlesi (Figure 1C). The analysis of existing oligonucleotide 

primers for P. knowlesi showed that the reverse complement of the PkF1140 primer 

designed and validated by Imwong and others [6] was compatible with the PLF primer 

described by Rubio and others [14]. Therefore, the Sn-PCR of P. knowlesi  includes the 

PLF forward primer, and a species- specific  reverse primer and a species-specific 

reverse primer (PKR4: 3’-GAT TCA TCT ATT AAA AAT TTG CT-5’), the latter being the 

reverse complement of the PkF1140 primer shortened by two base pairs (bp). The 

specificity of the PKR4 was subsequently assessed in silico by aliging sequences for the 

18S ssu rRNA genes of different human and non-human Plasmodium species (P. 

knowlesi, P. coatney, P. cynomolgi, P. inui, P. fragile, P. reichenowi, P. lophurae, P. 

gallinacae) as well as 29 P. knowlesi sequences available on GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/index.html). 

The Sn-PCR was performed in 25μl reaction mixture with final concentration for a 1x 

reaction of 1x Qiagen loading buffer (10x Qiagen buffer, Hilden, Germany), 100 µM of 

each dNTP (Eurogentec, Seraing, Belgium), 0.5 µM PLF, 0.2 µM PKR4, 1 Unit of Qiagen 

http://www.ncbi.nlm.nih.gov/genbank/index.html
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HotstarTaq plus polymerase and 2 µl DNA (a 1/500 dilution of the primary PCR product 

was used as the template). Cycling conditions were as follows: a 5 min denaturation 

and activation of the Qiagen HotstarTaq plus polymerase step at 94°C, followed by 30 

cycles of 20 sec at 51°C for annealing, followed by elongation at 72°C for 1min and a 

30 sec denaturation at 94°C. The final cycle was followed by an extension time of 10 

min at 72°C. The PCR products were detected by 2% agarose gel stained with ethidium 

bromide and visualized under UV light.  

Reference blood samples from P. knowlesi-infected patients (n=13) were kindly 

provided by the IMR, Kuala Lumpur. Furthermore, 80 blood samples (filter paper) from 

malaria infected patients collected during a previous survey carried out in Vietnam 

[15] were used to further validate the specificity of the PLF-PKR4 primers. DNA 

extraction was done using the QIAamp DNA Micro Kit (Qiagen, Hilden Germany).
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Figure 1.  Primers position for the modified SnM-PCR amplification are shown for the single primary reaction (A), followed by two 

secondary PCRs: one for the 4 usual human Plasmodium (B) following protocol by Rubio and others [15], and the new secondary 

PCR with PkR4 primer (C).  The relative positions of the different primers used for the nested PCR amplification to detect P. 

knowlesi by Imwong and others [6] are indicated below the gene: primary PCR (D) and nested PCR (E).
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Primary and nested PCR products were cloned into plasmid vectors (pCR4 -TOPO 

vector) and transformed into Mach1TM T1BEscherichia coli cells using the TOPO TA 

cloning kit (Invitrogen, Carlsbad, CA). Thirty cut out bacterial colonies, 10 from two 

distinct P. knowlesi samples harboring the amplified primary PCR fragment, and 10 

harboring the secondary PCR fragment (five colonies for each of the two P. knowlesi 

samples) were purified and sequenced. In addition, DNA extracts from the 13 P. 

knowlesi reference samples were subjected to the new Sn-PCR and the amplified PCR 

fragments of expected size (actual size amplicon = 498 bp), were of  the agarose gel, 

purified, cloned and sequenced. The sequences obtained were analyzed with the 

BioEdit program (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and compared 

with available sequences in GenBank. All sequences obtained from plasmids with 

primary and nested PCR inserts were confirmed as P. knowlesi. 

The sensitivity and specificity of our Sn-PCR protocol was assessed using two 

previously published nested PCR protocols for the detection of P. knowlesi: one using 

Pmk8-Pmkr9 primers [1] (hereafter called PCR1) and the one using PkF1160-PkR1550 

primers [6] (hereafter called PCR2). The relative sensitivity was determined by a 10-

fold serial dilution of the P. knowlesi H strain (Plasmodium knowlesi Genomic DNA - P. 

knowlesi H strain, MRA-456G obtained at the MR4 [http://www.mr4.org/]) using DNA 

extract from human blood collected from healthy donors. The analytic sensitivity was 

determined using a 10-fold serial dilution of the Primary PCR product of PCR 1 and 2 

(using primers rPLU1 and 5). This PCR product was first cloned, extracted, and 

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.mr4.org/
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sequenced. The extracted plasmid DNA concentration was determined using three 

measurements of the Nanodrop (Themo Scientific, Landmeer, The Netherlands). A 10-

fold serial dilution of the plasmid DNA containing the P. knowlesi fragment was made 

to determine the sensitivity of the different PCRs. The PCR1 showed the highest in 

both experiments with an analytical sensitivity at dilutions as low as 1 fg/µl compared 

with the 100 fg/µl for PCR2 and our Sn-PCR.  In both panels the P. knowlesi MR4 H 

strain as well as the plasmid dilution series, our Sn-PCR and the PCR2 showed the same 

sensitivity. 

The specificity of the three protocols was tested using different genomic DNA controls 

from Plasmodium species originating from monkeys (1 P. cynomolgy, 1 P. simium, 1 P. 

fragile; reference strains from NIMPE, Hanoi), and humans (4 P. vivax, 2 P. falciparum, 

1 P. ovale and 1 P. malariae; reference strains from ITM, Antwerp), 1 P. knowlesi (IMR, 

Kuala Lumpur) as well as  genomic DNA (gDNA) of non-Plasmodium origin (1 

Leishmania donovani, 1 Schistosoma mansoni,  1 Trypanosoma cruzi, 1 HIV provirus,1 

Mycobacterium tuberculosis and 1 Mycobacterium ulcerans). Our Sn-PCR and PCR2 

showed no cross-reaction while PCR1 showed a false positive P. knowlesi with a 153 

bp band for one of the four P. vivax controls.  

The specificity was further tested with the 80 clinical samples, previously analyzed by 

SnM-PCR for the identification of the four human Plasmodium species [15]. Filter 

paper dried blood spots were then tested for the presence of P. knowlesi using the 

three nested PCR protocols (Table 1). Results showed that PCR1 identified six P. 
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knowlesi infections whereas our Sn-PCR and PCR2 did not detect any. Sequencing 

confirmed the absence of P. knowlesi in all six samples, and the cross-reactivity of 

PCR1 primers with human DNA (97% homology to region 6853624 bp to 6853772 bp 

on the Human chromosome 16 genomic contig GenBank accession number NW 

001838290.1). No evidence of contamination of the PCR products was found. 

Further simplification of the protocol into a five- species SnM-PCR should be feasible 

as preliminary data have shown that the P. knowlesi –specific primer was compatible 

in silico with the other four human Plasmodium-specific primers. This requires 

additional optimization efforts, however if successful, with further enhance the value 

of the current protocol. 

Our modified SnM-PCR, offers the advantage of being feasible and affordable for poor 

income settings where real time PCR is not available yet, while reliably detecting the 

five human Plasmodium species within a three-step assay. 
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Table 1. Specificity of the three nested protocols using 80 clinical samples from 
Vietnam 
 

Mono- & mixed  
malaria infections@ 

Total 
tested 

Positive result for P. knowlesi by protocol: 

 n Nested PCR1* 
(Pmk8-Pmkr9) 

 

Nested PCR2** 
(PkF1160-
PkR1150) 

Sn- PCR 
(PLF-PKR4) 

P. falciparum (P. f) 38 - - - 

P. vivax (P. v) 14 - - - 

P. malariae (P. m) 5 - - - 

P. ovale (P. o) 1 - - - 

P.f +P.v 7 2 - - 

P.f +P.m 3 - - - 

P.m +P.o 1 - - - 

P.f  + P.v + P.m 5 2 - - 

P.f  + P.m + P.o 2 1 - - 

P.v + P.m +P.o 3 1 - - 

P.f  + P.v +P.m + P.o 1 - - - 

Total (N) 80 6 0 0 

@ Previously confirmed by SnM PCR [15]. 
*Following protocol by Singh and others [1].  
** Following protocol by Imwong and others [6]. 
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Abstract 

Background: Considering increasing reports on human infections by Plasmodium 

knowlesi in Southeast Asian countries, blood samples collected during two large cross-

sectional malariometric surveys carried out in a forested area of central Vietnam in 

2004 and 2005 were screened for this parasite. 

Methods: Blood samples collected at the 2004 survey and positive for Plasmodium 

malariae were randomly selected for PCR analysis detecting P. knowlesi. Blood 

samples collected in 2005 from the same individuals were screened again for P. 

knowlesi. Positive samples were confirmed by sequencing. Family members of positive 

cases who participated in both surveys were also screened. 

Results: Ninety-five samples with P. malariae mono- or mixed infections identified by 

species-specific PCR were screened for P. knowlesi. Among the five (5.2%) positive 

samples by PCR, three were confirmed to be P. knowlesi infections by sequencing, two 

young children (<5 years old) and a young man, all asymptomatic at the time of the 

survey and for the next six months after the survey. One of the two children was still 

positive one year later. No infection was found among the family members. 

Conclusion: Plasmodium knowlesi infections in humans can be found in central 

Vietnam. A small child was positive for P. knowlesi in both surveys at one year interval, 

though it is unclear whether it was the same or a new infection. 
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Background 

Plasmodium knowlesi has been recently defined as the “fifth human malaria species” 

[1] following the discovery in Malaysian Borneo of a large focus (58% of malaria cases 

in the Kapit hospital) of this simian malaria parasite in humans [2] and the more 

sporadic occurrence of other human cases in several Asian countries such as Thailand 

[3, 4], Myanmar [5], The Philippines [6], and Singapore [7]. Plasmodium knowlesi, 

though usually found in long-tailed and pig-tailed macaques (Macaca fascicularis and 

Macaca nemestrina) in Southeast Asian (SEA) forested areas, can be naturally 

transmitted to humans by vectors belonging to the Anopheles leucosphyrus group, e.g. 

Anopheles latens in Malaysian Borneo and Anopheles cracens in Peninsular Malaysia 

[2, 8, 9]. Plasmodium knowlesi, genetically closely related to Plasmodium vivax [2, 10], 

shares microscopically similarities with Plasmodium malariae and is characterized by 

a 24h erythrocytic cycle. It may cause severe illness with risk of fatal outcome and it 

occurs without obvious clustering of cases in human settlements [2, 11]. Known risk 

factors are adult age, forest-related activities or a recent travel history to forested 

areas [12 - 14]. Considering the increasing number of reports of human P. knowlesi 

infections in several SEA countries, blood samples collected during two large cross-

sectional malariometric surveys carried out in 2004 and 2005 in a forested area in 

central Vietnam were screened for the presence of this parasite. 
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Materials and Methods  

Study area 

The field study aiming at evaluating the effectiveness of long-lasting insecticidal 

hammocks for controlling forest malaria was carried out between 2004 and 2006 in 

Ninh Thuan province, located in the southern part of central Vietnam, in a population 

of about 20,000 people [15, 16]. The study area is hilly and densely forested, inhabited 

mainly by the Ra Glai ethnic minority whose lifestyle is based on the exploitation of 

forest products, subsistence farming and cash crop cultivation. Beside their village 

homes, most families have plot huts in forest fields where they often stay overnight, 

particularly during the harvest season. Malaria transmission is perennial with two 

peaks (June and October) and is mainly supported by Anopheles dirus sensu stricto and 

Anopheles minimus, though several secondary vectors such as Anopheles maculatus 

and Anopheles jeyporiensis may be involved [17]. In 2004, the prevalence of malaria 

(all species) infection was 13.6% with a high proportion (>80%) of asymptomatic 

infections [16]. 

Detection of malaria clinical cases and infections 

Malaria incidence and prevalence were estimated by combining cross-sectional 

surveys and passive case detection (PCD) at village level. For the latter, since July 2004, 

febrile patients attending either the Commune Health Centers (CHC) or consulting the 

village health workers (VHW) were identified, had the body temperature and a blood 

sample taken for immediate diagnosis (rapid diagnostic test, RDT) and later 
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microscopy. Patients were treated on the basis of the RDT results: Plasmodium 

falciparum (including mixed infections) with a seven-day course of artesunate 

(16mg/kg), and P. vivax with chloroquine (25mg/kg) for three days [16]. In addition, 

following the trial design, a cohort of more than 4,000 randomly selected individuals 

was surveyed bi-annually, before and after the rainy season (April & December) [15, 

16]. At the time of the survey the body temperature was measured and the 

participants were interviewed about any symptoms in the previous 48 hours. 

Furthermore, blood smears for microscopy and blood spots were collected on filter 

paper (Whatman N°3 filter paper) for later molecular analysis (species-specific PCR). 

Detection of P. knowlesi infections 

 Among the 210 P. malariae mono- or mixed infections identified by species-specific 

PCR on blood samples collected during the December 2004 survey, 95 were randomly 

selected to be screened for P. knowlesi. Forty-one of them were P. malariae mono-

infections by species-specific PCR, while 54 were P. malariae mixed infections with 

either P. falciparum (15); P. vivax (15); Plasmodium ovale (5); P. falciparum and P. vivax 

(10); P. vivax and P. ovale (8); P. falciparum, P. vivax and P. ovale (1). By microscopy, 

31 were negative, 42 mono-infections, i.e. 22 P. falciparum, 19 P. vivax and 1 P. 

malariae, and 11 mixed infections including two triple infections with P. falciparum, P. 

vivax and P. malariae. Family members of the P. knowlesi positive cases, included in 

the survey, were also screened for this parasite. Blood samples collected in December 
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2005 from the same individuals (index cases and their family members) were screened 

again for P. knowlesi.  

Oral informed consent for blood sampling and malaria related analysis was obtained 

from all study participants after explanation of the study objectives and procedures in 

the local Ra Glai language. 

PCR 

The DNA was extracted from filter paper with the Saponine-chelex method [18]. A 

nested PCR assay described by Singh et al [2] that specifically amplifies one part of the 

P. knowlesi small subunit ribosomal RNA (SSUrRNA) gene was used to detect P. 

knowlesi DNA. Field samples confirmed (by species-specific PCR) to be mono-

infections for P. falciparum, P. ovale, P. malariae, P. vivax [19], together with P. 

knowlesi positive samples from experimentally infected monkeys were used as 

controls. A negative control was included after 11 samples and at the end of each PCR. 

PCR conditions were as follows. The primary reaction was carried out in a 50 μl 

reaction mixture containing 1× reaction buffer (10x Qiagen Buffer), 3 mM MgCl2 

(Qiagen, Hilden Germany), 200 mM of each deoxynucleoside triphosphate 

(Eurogentec, Belgium), 250 nM of each primers (rPLU1: 5’-TCA AAG ATT AAG CCA TGC 

AAG TGA-3’; rPLU5: 5’-CCT GTT GTT GCC TTA AAC TCC3’), 0.1 µg/µl acetylated BSA 

(Promega, Madison USA) and 1 Unit HotStarTaq Plus DNA polymerase (Qiagen, Hilden 

Germany) and 2 μl of DNA template was used for each reaction. The nested PCR 

amplification was carried out in a 25 μl reaction mixture containing 1× reaction buffer 
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(10x Qiagen Buffer, Hilden Germany), 3 mM MgCl2 (Qiagen, Hilden Germany), 200 mM 

of each deoxynucleoside triphosphate (Eurogentec, Belgium), 250 nM of each primers 

(Pmk8: 5’-GTT AGC GAG AGC CAC AAA AAA GCG AAT-3’; Pmk9r: 5’-ACT CAA AGT AAC 

AAA ATC TTC CGT A-3’) and 2 Units HotStarTaq Plus DNA polymerase (Qiagen, Hilden 

Germany) and 2 μl of the primary PCR products were used as DNA templates. All PCR 

reactions were carried out using PTC 100 thermal cycler (Bio-Rad, California USA). 5 µl 

of the nested PCR products were loaded on a 2% agarose gel for 60 min at 5 V/cm 

using 0.5X TAE buffer. The gels were stained with ethidium bromide and visualized 

with UV. 

Cloning and sequence analysis   

Before cloning, the PCR was repeated for the P. knowlesi positive samples to confirm 

the results. The nested PCR products of P. knowlesi samples were cloned using TOPO 

cloning kit, (Invitrogen, California USA). The PCR products were inserted in the pCR4®-

TOPO plasmid and grown in E. coli (Mach1-T1R cells). Once cloned, they were purified 

using the QuickLyse™ kit (Qiagen, Hilden Germany). 

The cloned products were sequenced, and sequence alignment (with ClustalW [20]) 

was done with sequences of the 18S ribosomal sub-unit of P. knowlesi expressed 

during the sexual stages of the lifecycle or S-Type SSUrRNA gene, which were available 

in GenBank [GenBank accession numbers: DQ350263; DQ350262; DQ350261; 

DQ350260; DQ350259; DQ350258; DQ350257; DQ350256; DQ350255; DQ350271 

DQ350270 and U83876]. 
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Results 

Ninety-five samples from the December 2004 survey were screened for P. knowlesi. 

Among the five (5.2%) initially found positive, only three remained positive after 

repeating the PCR. These were then confirmed by sequencing. One of the three index 

cases was re-confirmed to be positive one year later (December 2005 survey) for P. 

knowlesi (PCR and sequencing). The sample collected from this individual in 2004 had 

two sequences. The sequences (153 base pairs in size) obtained from the Vietnamese 

samples [GenBank accession numbers: FJ160750 FJ160751; FJ160752; FJ160753 and 

FJ871986] showed 97 - 99% similarity with the Malaysian strains. 

Plasmodium knowlesi infections were found in two young children (two-year old boy 

and three-year old girl) and a 27-year old man, all asymptomatic at the time of the 

survey. The microscopy examination had identified a P. falciparum and P. vivax mixed 

infection (3,120 parasites/µl) in the three-year old girl and a P. vivax mono-infection 

(32 parasites/µl) in the young man; the blood slide was negative in the other child. By 

species-specific PCR, all three individuals carried a mixed infection, the three-year old 

girl had P. falciparum, P. vivax and P. malariae, the two-year old boy had P. malariae 

and P. ovale and the young man P. vivax and P. malariae. 

Six months prior to the survey, the passive case detection had identified a probable 

clinical attack (P. falciparum detected by RDT) in the adult man. No other malaria 

clinical attack among the P. knowlesi positive cases was identified by passive case 

detection during the entire study period (July 2004 to December 2006). 



153 
 

In the December 2004 survey, five out of the nine family members tested by PCR were 

positive for P. knowlesi infection, even after repeating such analysis. However, none 

of them was confirmed by sequencing. In the 2005 survey, the three-year old girl was 

again found positive by PCR for P. knowlesi and confirmed by sequencing, while the 

two other index cases and all concerned family members, were positive by PCR but 

were not confirmed by sequencing. The latter results were due to aspecific reaction 

with human DNA, as the 161 base pairs fragment obtained by PCR displayed 97% 

similarity with a region of similar size of the human chromosome 16. The excess of 

human DNA and the possible binding sites for rPLU1 and rPLU5 were probably 

responsible for such aspecific reactions: rPLU1 and rPLU5 had respectively 80% and 

76% similarity with their aspecific binding regions in the human genome. 

All three confirmed P. knowlesi positive cases and their family members had a history 

of regular forest activities (children accompanying the adults), including nights 

frequently spent in the forest. 

Discussion 

This is the first report of human P. knowlesi infections in Vietnam, not an unexpected 

finding considering the numerous reports from neighboring countries [2 - 7]. 

Nevertheless, most previously reported cases were adults, often symptomatic, some 

of them with relatively high parasite densities. Instead, in this study, all P. knowlesi 

infections were asymptomatic, co-infected with P. malariae, with low parasite 
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densities and two of the three identified cases were very young children under five 

years of age. 

The P. knowlesi infections reported here were detected retrospectively by analyzing 

blood spots on filter paper, thus the three individuals could not be followed up after 

the survey. Nevertheless, clinical malaria was carefully monitored in this population 

by passive case detection during which fever episodes were identified and checked for 

malaria infection. Though an undetected fever episode in the P. knowlesi infected 

individuals cannot be excluded with absolute certainty, none of the three P. knowlesi 

cases had any reported fever nor malaria-related consultation in the PCD during the 

whole study period (except the young adult man who was identified and treated for 

P. falciparum six months prior the 2004 survey). Moreover, during each of the 

subsequent surveys, none of the three patients had or reported fever. 

One of the children still harbored the P. knowlesi infection one year later, though it is 

impossible to determine whether this was the same or a new infection. A possible 

approach would be the genotyping and comparison of both infections, though this 

would be helpful only if the parasite population was diverse enough. Finding an 

infection at one year interval in a young child indicates that in this area human 

exposure to P. knowlesi infection is not a rare event, either because the child may have 

been re-infected or because she was able to control the infection without developing 

symptoms, indicating some suppressing immunity. 
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The close contact of this community with the forest, where the P. knowlesi natural 

hosts can be found (monkeys are often kept as pets), is an additional element 

indicating a high risk of exposure to the infection. Indeed, the occurrence of P. 

knowlesi in SEA follows the distribution of its natural host, the long and pig tailed 

macaque [21], which mainly lives in the deep forest. Unlike other SEA countries, where 

recent economical development and deforestation have led to an increased invasion 

of the monkeys’ habitat by man, in this Ra Glai community [22], the continuous contact 

with the forest probably means also a relatively constant exposure to P. knowlesi 

infection since the early years of life. Such exposure is made possible by the presence 

of an efficient vector that feeds both on humans and monkeys. The main malaria 

vector in central Vietnam, An. dirus s.s, belongs to the An. leucosphyrus group, which 

also includes the two confirmed vectors of P. knowlesi in Malaysia, An. latens and An. 

cracens [9, 23, 24]. Anopheles dirus s.s is a sylvatic species, usually highly 

anthropophilic which, in the absence of humans, can feed on monkeys especially in 

the canopy, and sporadically on other animals such as dogs, birds, and cattle [23]. 

Recently, P. knowlesi has been identified in an An. dirus specimen collected in central 

Vietnam (Khan Hoa province, neighboring the study area), indicating that P. knowlesi 

may be transmitted by this primary human malaria vector [25]. Anopheles dirus s.s 

ability to transmit P. knowlesi from monkey to monkey under lab conditions has 

already been reported [26], though the natural transmission from monkey to man has 

not been confirmed. 
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Confirmation of the P. knowlesi infection by sequencing was needed as the P. knowlesi 

PCR assay in this study had a low specificity, resulting in a substantial proportion of 

false positives. This is clearly illustrated by the high proportion of PCR positive results 

among the family members of the index cases later identified to be aspecific 

amplifications of human DNA. This also suggests that further improvement and 

standardization of the PCR technique is needed. Until there is no reliable and simple 

diagnostic test for detecting P. knowlesi infection, appreciating its distribution and 

burden in human populations will remain extremely difficult. 

Conclusion 

Plasmodium knowlesi infection is present in Vietnam and has been found in a Ra Glai 

community living in a relatively remote area in close contact with the forest. Two of 

the three identified infections occurred in young children below five, and in one of 

them, P. knowlesi was identified again one year later, indicating that human exposure 

to P. knowlesi infection is not a rare event. Interestingly, none of the P. knowlesi 

positive cases had malaria clinical symptoms either during the surveys, or during 

passive case detection until one year after each survey. 

A better estimation of the importance of P. knowlesi infection in this population, as 

well as in other forested areas in central Vietnam would need larger studies. However, 

considering the difficulties in diagnosing P. knowlesi infections, simpler and more 

specific diagnostic tools are urgently needed. 
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Abstract 

In Vietnam, Plasmodium falciparum and Plasmodium vivax are responsible for most 

malaria infections, and Plasmodium malariae and Plasmodium ovale infections are 

rarely reported. Nevertheless, species specific polymerase chain reaction analysis on 

2,303 blood samples, collected during a cross sectional survey conducted in a forested 

area of central Vietnam, identified 223 (9.7%) P. falciparum, 170 (7.4%) P. vivax, 95 

(4.1%) P. malariae, 19 (0.8%) P. ovale mono-infections and 164 (7.1%) mixed 

infections. Out of the 671 Plasmodium-positive samples by polymerase chain reaction, 

only 331 were detected by microscopy. Microscopy poorly diagnosed P. malariae, P. 

ovale and mixed infections. Clinical and sub-clinical infections occurred in all age 

groups. The risk for infection and disease decreased with age, probably because of 

acquired partial immunity. The common occurrence of sub-patent infections seems to 

indicate that the malaria burden is underestimated and that diagnostic and 

therapeutic policies should be adapted accordingly. 
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Introduction 

Since the 1990s the malaria burden in Vietnam has been efficiently reduced (> 90%) 

by the national malaria control program and malaria now confined to the remote and 

forested areas populated mainly by poor ethnic minorities in which a large proportions 

(≤ 80%) of asymptomatic and untreated infections with low parasite densities can be 

found [1,2]. Plasmodium falciparum and Plasmodium vivax are the most commonly 

identified malaria species, with a few rare reports of Plasmodium malariae and 

Plasmodium ovale infections [1, 3, 4]. Nevertheless, routine detection and 

management of malaria is based on microscopy (thick blood film) that has a limited 

sensitivity (+ 50 parasites/µl blood). Consequently, low density infections and mixed 

infections may be missed. Sub-patent malaria infections, detectable only by molecular 

techniques (polymerase chain reaction [PCR]), can be relatively common in areas of 

low malaria endemicity in Southeast Asia and South America and may substantially 

contribute in maintaining malaria transmission in these areas [5-10].  

Because Vietnam has reached a pre-elimination stage, with malaria having been 

eliminated in most of its territory, further successes and ultimately elimination, 

require more sensitive diagnostic tools that are able to successfully detect residual foci 

of low transmission for better targeting control/elimination efforts. However, because 

PCR-based diagnosis is limited by its cost, the need of specific equipment and trained 

personnel, malaria cases reported by the national health information system are 

almost exclusively based on microscopy identification. To assess more precisely the 
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burden and complexity of human malaria infections in central Vietnam, we 

retrospectively analyzed by PCR blood samples collected in a large cross-sectional 

survey conducted within the framework of a project evaluating the effectiveness of 

insecticide-treated hammocks.  

Materials and methods 

Sample collection 

Filter paper blood samples collected during a large-scale malariometric survey 

conducted in November - December 2004, in a rural area of central Vietnam (Ninh 

Thuan province) were retrospectively selected to be analyzed by species-specific PCR. 

Details on the survey methods and study site have been reported [1]. In brief, the 

study population was composed mainly of persons of the Ra-glai ethnic minority, 

whose subsistence is based on forest farming and products exploitation [11]. Malaria 

transmission is low and perennial in the study region, with two annual peaks (at the 

beginning and end of the rainy season), and is mainly caused by Anopheles dirus sensu 

stricto, a sylvatic species and an efficient malaria vector with exophagic and exophillic 

behavior.  

The survey was conducted in the framework of a community-based cluster 

randomized trial on the effectiveness of long-lasting insecticide-treated hammocks in 

20 clusters of approximately 1,000 habitants each. The survey, which was part of the 

baseline study and was conducted just before implementation of the intervention, 

involved 4,090 persons randomly selected from the study population.  After interview 
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and clinical examination, survey participants provided a finger prick blood sample for 

microscopy (thick and thin blood films) and for molecular and serologic tests. Blood 

samples were placed on Whatman grade 3 filter paper (Whatman, Springfield Mill, 

United Kingdom). After drying, filter paper blood samples were kept individually in 

plastic bags with silica gel and stored at room temperature in a dark and dry place. 

Protocols and results of microscopy examination of blood smears have been reported 

[1]. Slide reading and quality control (double reading) was performed by senior 

technicians at the National Institute for Malariology, Parasitology and Entomology 

(Hanoi, Vietnam). Unfortunately, for the present study, blood smears were not 

available for external quality control (post-PCR). Therefore microscopy results are 

those reported originally. 

Sample size 

The previously determined parasite rate by microscopy in the survey was estimated 

to be 17.7% with a precision of 4.5% [1]. Thus, taking the lower limit of the confidence 

interval (CI) (13%) as a minimum prevalence by cluster, a minimum of 100 filter paper 

blood samples per cluster (plus a safety margin of 10%) would enable detecting a 

minimum parasite rate by PCR of 13% with a 6% precision at a 95% confidence level.  

A total of 2,303 filter paper blood samples were analyzed by species-specific PCR. 
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Species-specific semi nested multiplex PCR 

 DNA was extracted from filter paper by using the saponine-chelex method, and the 

PCR was performed according to a described method with primers specific for the 18S 

rDNA region [12, 13]. The PCR products were subjected to electrophoresis on a 2% 

agarose gel for 60 minutes at 5V/cm with 0.5x Tris-acetate EDTA buffer. The gels were 

stained with ethidium bromide, and visualized with ultraviolet light. The sizes of the 

PCR products were compared with a standard 100-basepair DNA ladder (Fermentas, 

Burlington Ontario, Canada) and positive controls of each Plasmodium species. 

Precautions for cross- contamination during handling were taken by implementing 

negative controls in each step from extraction to the nested PCR step. Approximately 

5% (n = 120) of the samples were repeated blindly and results were confirmed by a 

senior technician. 

The following case definitions were used. Sub-patent malaria infections were defined 

as malaria infections detected by PCR but negative by microscopy (absence of 

trophozoites and gametocytes after examining 1,000 leukocytes. Asymptomatic 

malaria infections were defined as PCR-detected malaria infections (regardless of 

microscopy results) without either fever at the time of sampling (body temperature < 

37.5°C) or history of fever during the 3 days before sampling. Symptomatic malaria 

infections were defined as PCR- detected malaria infection (regardless of microscopic 

results) with fever at the time of sampling and/or history fever during 3 days before 

sampling).  A microscopically positive slide was defined as any slide with either asexual 
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or sexual Plasmodium stage, or both.  For the purpose of our study, inclusion of 

gametocytes among the positive slides was justified by the need of having the 

microscopy comparable to PCR because PCR detects asexual and sexual stages. 

Parasite density was defined as the density of the predominant species in each 

infection. Gametocyte prevalence was defined as the prevalence of malaria infection 

(detected by PCR) carrying gametocytes (identified by microscopy) of any of the four 

species.  

Data analysis 

Data were entered in Excel (Microsoft, Redmond, WA) and analyzed by using Stata 

version 10 software (Stata Corp LP, College Station, TX). Descriptive statistics were 

used to compute malariometric indices and a survey 2 test (svytab command in 

STATA) was used to test for significant differences in proportions (P < 0.05). The 

prevalence of all malaria infections (all PCR-detected infections), patent/sub-patent 

and symptomatic/asymptomatic infections and gametocytes carriage were computed 

by age group. The effect of age on the risk of malaria infection was adjusted for 

previously defined confounders such as forest work, bed net use and socioeconomic 

status in a multivariate survey logistic regression (svylogit command in STATA) to take 

into account the cluster design [14]. Subsequently, among all malaria infected cases, 

the risk of patent infection (compared with sub-patent infection), the risk of 

symptomatic infection (compared with asymptomatic infection), the risk of infections 

with gametocytes (compared with those without gametocytes), and the risk of mixed 
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infections (compared with mono-infections) were similarly examined by age groups 

and adjusted for the above mentioned confounders in four survey logistic regression 

models. 

Ethical considerations 

The protocol of the cluster randomized trial was approved by the Institutional Review 

Board of the Institute of Tropical Medicine and by the Ethical Committee of the 

University Hospital (both in Antwerp, Belgium). In Vietnam, the protocol was approved 

by the National Institute of Malariology, Parasitology and Entomology (Hanoi) and by 

the Ministry of Health [1]. 

Results 

Malaria species distribution and prevalence 

Among the 2,303 filter paper blood samples analyzed, 671 were positive by PCR, 

resulting in an overall parasite prevalence of 29.1% (95% CI =23.3-35.8. Most of 

patients had a Plasmodium falciparum mono-infection (prevalence = 9.7%) followed 

by P. vivax (7.4%), P. malariae (4.1%) and P. ovale (0.8%) mono-infections (Table 1). 

Approximately 25% of all infections yielded more than one Plasmodium species 

(prevalence of mixed infections = 7.1%); ≤ 3 species could be identified in 16% of the 

mixed infections. Co-infections with P. malariae were the most common (66.5%), 

followed by those including P. vivax or P. falciparum. Interestingly, P. ovale was found 

in 30.5% (50 of 164) of all mixed infections. The overall prevalence of P. ovale was high 
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(3%, 69 of 2,303) and this species was mostly observed in mixed infections (72%, 50 of 

69 of the cases). This trend was shared by P. malariae, which also occurred in 53% of 

the cases (109 of 204) in co-infections, while P. falciparum and P. vivax preferentially 

occurred as mono-infections (70%, 223 of 319 and 63%, 170 of 269 respectively). 

Among the 671 samples positive by PCR, only in 331 (49%) individuals the malaria 

infection was also detected by microscopy, suggesting that sub-patent malaria 

infections (14.8%, 340 of 2,303) were at least as prevalent as patent infections (14.4%) 

in this population. The microscopically determined species distribution showed a 

majority of P. falciparum mono-infections (n = 149) followed by P. vivax (n = 125); only 

two P. malariae and no P. ovale infections were identified. The prevalence of 

microscopically detected mixed infections was only 2.4% (n = 55), all of them P. vivax 

co-infections, mostly with P. falciparum (n = 50). 

Discrepancies between results of microscopy and PCR were common. However, 

because blood smears were not available for an independent external re-examination, 

individual comparisons between microscopy and molecular results would be spurious. 

Therefore, the main characteristics of discrepant results were analyzed after grouping 

PCR results by mono- or mixed infections. Among the PCR- 

identified P. malariae and P. ovale mono-infections (n = 114), only 28% (n = 32) were 

detected by microscopy but most of them were identified as P. falciparum or P. vivax 

mono-infections with a median parasite density of 56 parasites/µl (interquartile range 

[IQR]: 12 -320 parasites/µl). Among the PCR-identified P. falciparum and P. vivax 
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mono-infections, 48% (187 of 393) were detected by microscopy and most (87%, 144 

of 187) were identified as P. falciparum and P. vivax mono-infections, with a median 

parasite density at 160 parasites/µl (IQR = 40-960 parasites/µl).  

Of the 164 mixed infections, 68% (112 of 164) were positive by microscopy but only 

23% (25 of 112) were identified as mixed infections;  the remaining were classified as 

either P. falciparum or P. vivax mono-infections. The median parasite density in mixed 

infections correctly identified as such by microscopy and PCR was 240/µl (IQR =144 -

760 parasites/µl). Among those classified as either P. falciparum or P. vivax mono-

infections, the median parasite density was lower (68 parasites/µl, IQR = 24 -480 

parasites/µl). Among PCR negative samples, 82 (5%) were positive by microscopy, 

most of them either P. falciparum or P. vivax mono-infections with a low parasite 

density (median density = 32 parasites/µl, IQR =16-72 parasites/µl). Because slides 

results could not be cross-checked, for the purpose of the present analysis these 

infections were considered as false positives results, although the presence of an 

infection cannot be excluded with certainty because PCR analysis may have failed 

because of the presence of inhibitors, sample degradation, mutations at primer sites 

and errors during handling. 
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Table 1. Malariometric indices based on PCR and microscopy detection, central 

Vietnam* 

Malaria indices, (n = 2,303) PCR. no (%) Microscopy+, no(%) 

Overall malaria prevalence 671 (29.1) 331 (14.4) 

Mono-infection: mixed infections 
(%) 

507:164 (3.1) 276:55 (5.0) 

Malaria prevalence by species  
 

P.falciparum 223 (9.7) 149(6.5) 

P.vivax 170 (7.4) 125 (5.4) 

P.malariae 95 (4.1) 2 (0.1) 

P.ovale 19 (0.8) 0 

Mixed 164 (7.1) 55 (2.4) 

P. malariae 109 (66.5) 5 (9.10) 

P. vivax 99 (60.4) 55 (100.0) 

P. falciparum  96 (58.5) 50 (90.9) 

P. ovale 50 (30.5) 0 

Prevalence of gametocytes++ - 144 (6.3) 

Prevalence of sub-patent infections 340 (14.7) - 

Prevalence of asymptomatic 
infections 

547 (23.8) 265 (11.5) 

*PCR = polymerase chain reaction. 
+Mircosopy examination results of the 671 PCR- positive samples (all PCR – negative samples 
were considered negative for microscopy for the purpose of this report) 
++Microscopically detected gametocytes. 
 

 

Age-dependent risk for malaria infection and symptoms 

The prevalence of all PCR-detected malaria infections decreased from 32.5% in the 

group less than five years of age to 26.2% in adults ≥ 30 years of age, with a slow but 
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significantly decreasing trend (P < 0.005, by score test for trend) (Figure 1). 

Interestingly, the prevalence of patent infections across age groups was reduced by 

more than 60% (from 22.5% to 9.4%) and the prevalence of sub-patent infections 

increased by 69% (from 10% to 16.9%). This finding illustrated by the evolution of sub-

patent: patent infections ratio, which was 0.4 in the persons less than five years of 

age, approximately 0.8 in person’s ≤ 19 years of aged, and approximately 2 in adults.   

Multivariate adjusted analysis for the risk of malaria infection (all PCR positive) (Table 

2) by age group showed that the decreasing trend in the likelihood of malaria infection 

became significant from the age of 20 years with an odds of infections that was 35% 

lower in adults compared with children less than five years of age (adjusted odds ratio 

(AOR) = 0.65; 95% CI = 0.46- 0.92). Similarly, compared with  sub-patent infections, the 

likelihood of patent infections (Table 2) decreased with age though not significantly 

until the age of 19 years (AOR = 0.38, 95% CI =0.12- 1.18), but significantly from  in 

those ≥20 years of age; adults were> 80% less at risk compared with persons less  than 

five years of age (AOR = 0.18, 95% CI =0.06- 0.43). 
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Figure 1. Prevalence of patent (grey bars) and sub-patent (white bars) malaria 

infections by age group, central Vietnam 
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Table 2. Multivariate adjusted analysis for the risk of malaria infection by age group 

(survey logistic regression models), central Vietnam 

Characteristic    No. positive/ 
no. tested 

AOR P 95% CI 

All malaria infections*      
Age groups, years 0-4 68/209 1   
 5-9 142/425 1.17 0.26 0.88 - 1.54 
 10-14 94/315 0.89 0.53 0.59 - 1.32 
 15-19 70/235 0.77 0.27 0.47 - 1.26 
 20-29 126/467 0.65 0.02 0.46 - 0.92 
 ≥30 171/652 0.65 0.03 0.45 - 0.96 
Patent infections*°     
Age groups, years 0-4 47/68 1   
 5-9 79/142 0.52 0.13 0.22 - 1.24 
 10-14 55/94 0.5 0.08 0.23 - 1.09 

 15-19 40/70 0.38 0.09 0.12 - 1.18 
 20-29 49/126 0.18 0.001 0.08 - 0.44 
 ≥30 61/171 0.16 0.001 0.06 - 0.43 

Gametocyte carriage*°      
Age groups, years 0-4 29/68 1   
 5-9 40/142 0.49 0.03 0.26 - 0.93 
 10-14 22/94 0.31 0.00 0.16 - 0.63 
 15-19 15/70 0.25 0.01 0.1 - 0.70 

 20-29 18/128 0.15 0.00 0.06 - 0.35 
 ≥30 20/171 0.12 0.00 0.06 - 0.24 
Mixed infections*°       
Age groups, years 0-4 21/68 1   
 5-9 38/142 0.8 0.49 0.42 - 1.55 
 10-14 22/94 0.48 0.09 0.21 - 1.12 
 15-19 15/70 0.41 0.01 0.21 - 0.79 
 20-29 34/126 0.53 0.1 0.25 - 1.13 
 ≥30 34/171 0.34 0.02 0.14 - 0.80 
Symptomatic infection*°     
Age groups, years 0-4 19/68 1   
 5-9 25/142 0.58 0.196 0.245 - 1.362 
 10-14 19/94 0.54 0.088 0.266 - 1.105 
 15-19 15/70 0.51 0.119 0.210 - 1.214 
 20-29 23/126 0.37 0.015 0.171 - 0.809 
  ≥30 23/171 0.26 0.003 0.111 - 0.594 

AOR= adjusted odd ratio; CI= confidence interval 
*Adjusted for forest work, socio-economic level, and bed net use. 
 °Among all infected individuals 
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The marked decrease in age-specific prevalence of patent infections correlated with a 

similar decrease (77%) in the prevalence of gametocytes from 13.9% to 3.1% (Figure 

2). In the multivariate adjusted model (Table 2), the odds of carrying gametocytes 

among infected persons was also > 80% lower in the adult groups (≥ 20 years of age) 

compared with children less than five years of age. Interestingly, the prevalence of 

mixed infections also decreased with age (from 10.1% to 5.2%), and the prevalence of 

mono-infections did not decrease. In the multivariate adjusted model (Table 2) 

infected adults (> 30 years old) were 66% less at risk of having a mixed infection 

(compared with a mono-infection) compared with infected children less than five year 

of age. The age-related decrease of all microscopically defined indices (patent, mixed 

species and gametocyte carrying infections) correlated well with a significant 

reduction (more than 10-fold) of the mean parasite density (geometric mean), which 

decrease from 883 parasites/µl (95% CI = 518- 1,519) in persons less than five years of 

age to 61 parasites/µl (95% CI = 42- 88) in adults ≥ 30 years of age (Figure 2). 

Most (81.5%) malaria infections detected by PCR were asymptomatic at the time of 

the survey, and the proportion of asymptomatic infections was similar between sub-

patient and patient infections, i.e., 17.1% (58 of 340) and 19.9% (66 of 331), 

respectively. The prevalence of symptomatic infections decreased progressively, from 

9.1% persons less than five years of age to 3.5% in adults and the prevalence of 

asymptomatic infections remained stable at approximately 23% (Figure 3). The 

evolution of symptomatic infections with age mirrored the evolution of sub-patent 
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infections. There was an overall decreasing trend with age in the proportion of 

symptomatic infections, i.e., from 28% in children less than five years of age to 12% in 

adults ≥30 years of age, similarly in sub-patent and patent infections. 

 

Figure 2. Prevalence of gametocyte carriage and mixed infections together with 

mean parasite density (geometric mean) by age group, central Vietnam  

Mono= mono-infection. 

 

The multivariate adjusted risk of symptomatic infection among infected individuals 

(Table 2) decreased by 63% in young adults (20-29 years of age, AOR = 0.37, 95% CI 

=0.17- 0.81) and by almost 75% in adults (≥30 years of age) compared with childrenless 

than five years of age. 
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Figure 3. Prevalence of symptomatic, asymptomatic and sub-patent malaria 

infections by age group, central Vietnam 

 

Discussion  

In Vietnam, the malaria control program has successfully relied on microscopy 

diagnosis to reduce the burden of malaria. As previously reported, in the remaining 

endemic areas located mainly in central Vietnam, asymptomatic infections are 

common [1]. Our analysis by PCR showed a higher prevalence and more complex 

species distribution than expected by routine microscopy. Half of infections detected 

by PCR were sub-patent, suggesting that the actual occurrence of malaria exceeds that 

usually estimated by microscopy. This finding was reported in a meta-analysis by Okell 

and others in 2009, which showed that the prevalence of P. falciparum infection by 

microscopy was on average 50% of that measure by PCR and that this difference was 

increasing with decreasing transmission [15]. More precisely, the median parasite 
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prevalence by PCR was 35.7% (IQR=24.9-48.5) for areas where microscopic prevalence 

is 10.0-24.9%, which is consistent with our results, i.e., 29.1% and 14.4%, respectively. 

More interestingly, P. malariae and P. ovale were not rare species, as detected by 

standard microscopy, and often occurred in mixed infections, which were commonly 

observed by PCR in our population. These finding confirmed previous reports from 

other countries in Southeast Asia and Africa, where use of molecular techniques 

showed a high complexity of infection, i.e., high proportions of mixed infections and 

high occurrence of P. malariae and P.ovale compared with that detected by standard 

microscopy [7, 8, 16-18]. 

Presumably, low parasite densities made it difficult to accurately identify the 

Plasmodium infection and to detect cryptic species by microscopy. This suggestion is 

supported by the higher parasite densities for the mixed infection identified by both 

techniques, and the constantly higher frequency of P. falciparum or P. vivax mono-

infections identified at low level densities. Because P. malariae and P. ovale have so 

far been considered rare species, technicians are more likely to recall the well-known 

P. falciparum and P. vivax mono-infections. In cases of low parasite counts, the higher 

sensitivity and specificity of PCR over microscopy lead to more accurate species 

identification [7, 8,16]. 

Because PCR cannot be routinely used for diagnosis, awareness of the species 

distribution and further training on the detection of non-falciparum malaria could 

improve the control efforts. This important is particularly important for P. vivax and P. 
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ovale, for which dormant liver forms can be reactivated months or years after the 

primary infection, but also for P. malariae which has been reported to cause malaria 

attack years after the primary infection [19]. 

The high proportion of asymptomatic and sub-patent infections indicates the 

development of partial immunity that is able to control parasitaemia and maintain it 

at low and even undetectable densities [5, 20]. The degree of partial immunity can be 

estimated by analyzing the risk of infection by age groups under the assumption that 

it would increase with age, due to longer exposure. The effect of age on the risk of 

infection was adjusted for the confounding effects of forest activity, bed net use and 

socioeconomic level, which were shown to be strong risk factors for malaria infections, 

to get a better estimate of the independent effect of age [14]. Thus, the adjusted effect 

of age showed that the odds of infection decreased with increased age. In persons ≥ 

20 years of age, the odds of infection were significantly lower compared with children 

less than five years of age. This age dependent risk was also illustrated by the evolution 

the ratio of sub-/patent infections. Patent infections were more common in the 

younger groups, and in persons ≥20 years of age sub-patent infections largely 

exceeded the patent infections. This finding was confirmed in the multivariate 

adjusted analysis where the odds of patent infection was reduced by ≥80% and the 

odds of symptomatic infection was reduced by ≥66.7% in infected adults compared 

with infected children. A recent report by Proietti and others showed similar results 

from an area of high malaria endemicity in Uganda, where the promotion of sub-
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patient P. falciparum infections changed from 20% in children less than 15 years of 

age to approximately 50% in the older age groups [18]. 

With increasing age, the prevalence of gametocyte carriage and mixed infections 

decreased markedly and their risks were significantly decreased by 75% and 60% 

respectively, at the age of adolescence. The observed results of age-dependency likely 

indicate the progressive acquisition of immunity. Other reports mentioning the age-

dependency of malaria prevalence and symptomatic disease also attributed this 

phenomenon to the acquisition of protective immunity [5, 8, 10, 20]. Two forms of 

immunity are likely to occur, one form is the anti-disease immunity, which is illustrated 

by the numerous asymptomatic infections even in young children and the significantly 

lower risk of symptomatic infection (compared with asymptomatic infection) in adults 

[20, 21]. The other form is immunity against the parasites, which develops more 

slowly, and results in lower prevalence with low densities infections in the adult 

population. The partial development of anti-parasite immunity might be responsible 

for lower risk of symptomatic and patent infection by age. The reduction of the risk 

for symptomatic and patent disease became significant in adults and corresponds to 

cumulative exposure during adult life when working in forest fields. In addition, as 

observed in Indonesia, immunity to infections may develop more rapidly in adults than 

in children, probably contributing to the lower risk of clinical malaria observed in 

individuals ≥ 20 years of age [22, 23]. 
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Adults had lower gametocyte carriage, suggesting a lower transmissibility to the 

vector. However, the gametocytes identified by microscopy are likely to represent 

only a tip of the iceberg [24].  In Kenya, the gametocyte prevalence in children infected 

with P. falciparum was approximately four times higher by PCR, compared with that 

determined by microscopy [25]. The long duration of gametocytes carriage after 

infection (≤55 days) and the ability of sub-patent gametocyte infections to infect 

mosquitoes makes the adult population a potent reservoir for sustaining transmission 

[25, 26]. This suggestion is plausible if one considers the behavior of the vector 

(exophilic and exophagic) and exposure to mosquito bites of adults in the forest, 

where these persons can easily infect mosquitoes. The contribution of asymptomatic 

and sub-patent infection to maintain malaria transmission within this context should 

be further clarified. Sub-patent and asymptomatic infections have been shown to be 

infective to mosquitoes, although at lower rates than patent and symptomatic 

infections, but because sub-patent and asymptomatic infections are more prevalent 

and remain undetected longer, their contribution might be substantial [9]. 

If one considers that is a cross-sectional study, the evolution of asymptomatic or sub-

patent infections towards clinical malaria cannot be excluded because infected 

persons were not followed-up and may have shown development of a clinical attack 

after the survey. Nevertheless, asymptomatic carriage, as indicated by its prevalence 

and by several previous reports for the region, is probably a common occurrence [1, 

14, 24].  
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Therefore, the true parasite distribution of all five Plasmodium species infecting 

human in the malaria-endemic regions of Vietnam can be estimated only by 

conducting similar surveys in other districts or provinces to which malaria is endemic 

[27]. Such information will be essential for guiding and monitoring future elimination 

efforts. 
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Abstract 

Background: The burden of malaria in Vietnam has drastically reduced, prompting the 

National Malaria Control Program to officially engage in elimination efforts. 

Plasmodium vivax is becoming increasingly prevalent, remaining a major problem in 

the country's central and southern provinces. A better understanding of P. vivax 

genetic diversity and structure of local parasite populations will provide baseline data 

for the evaluation and improvement of current efforts for control and elimination. The 

aim of this study was to examine the population genetics and structure of P. vivax 

isolates from four communities in Tra Leng commune, Nam Tra My district in Quang 

Nam, Central Vietnam. 

Methodology/Principal Findings: P. vivax mono infections collected from 234 

individuals between April 2009 and December 2010 were successfully analyzed using 

a panel of 14 microsatellite markers. Isolates displayed moderate genetic diversity 

(He = 0.68), with no significant differences between study communities. Polyclonal 

infections were frequent (71.4%) with a mean multiplicity of infection of 1.91 

isolates/person. Low but significant genetic differentiation (FST value from -0.05 to 

0.18) was observed between the community across the river and the other 

communities. Strong linkage disequilibrium (IA
S  = 0.113, p < 0.001) was detected 

across all communities, suggesting gene flow within and among them. Using multiple 

approaches, 101 haplotypes were grouped into two genetic clusters, while 60.4% of 

haplotypes were admixed.  
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Conclusions/Significance: In this area of Central Vietnam, where malaria transmission 

has decreased significantly over the past decade, there was moderate genetic diversity 

and high occurrence of polyclonal infections. Local human populations have frequent 

social and economic interactions that facilitate gene flow and inbreeding among 

parasite populations, while decreasing population structure. Findings provide 

important information on parasites populations circulating in the study area and are 

relevant to current malaria elimination efforts.  

Author Summary 

In Vietnam, Plasmodium vivax (P. vivax) is the second most frequent human malaria 

parasite and a major obstacle to countrywide malaria elimination. Knowing the local 

parasite structure is useful for elimination efforts. Therefore, we analyzed, with a panel 

of 14 microsatellite markers, 234 P. vivax mono infections in blood samples collected 

from 4 communities in central Vietnam. Genetic diversity in the population was 

moderate; a high occurrence of polyclonal infections and significant linkage 

disequilibrium were detected, suggesting inbreeding or recombination between highly 

related haplotypes. In addition, both genetic differentiation and population structure 

was low and only detected between communities at each side of the river. Those 

results suggest gene flow between study communities with the river defining a 

moderate geographical barrier. Future studies should determine how this genetic 

variation is maintained in an area of extremely low transmission. 
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Introduction 

Vietnam has been extremely successful in decreasing the country’s malaria burden, 

thanks to the large scale implementation of control interventions such as insecticide-

treated bed nets, indoor residual spraying, and prompt, free-of-charge diagnosis and 

treatment; the number of cases fell from 130,000 in 2004 to 27,868 in 2014 [1]. Malaria 

has been virtually eliminated from Northern and Southern Vietnam [1, 2]. In 2014, 80% 

of malaria cases occurred in nine “hot provinces” where annual incidence peaked at 

3.1 cases per 1000, indicating a highly heterogeneous transmission, with hot spots of 

transmission (mostly in mountainous and forested areas) surrounded by areas of low 

transmission [1-5]. Vietnam aims at eliminating malaria by 2030 [6]. Such ambitious 

goal is threatened by P. vivax, whose characteristics (dormant liver forms that relapse 

weeks or months after clearance of the primary infection and gametocytes production 

before the occurrence of symptoms) together with the relative high occurrence of sub-

patent and asymptomatic infections that remain undetected and thus untreated [3, 7-

10], make its transmission much more difficult to interrupt than that of P. falciparum. 

In addition, as already reported, elimination efforts are threatened by the emergence 

of drug resistance, for P. falciparum to artemisinin derivatives and partner drugs and 

for P. vivax to chloroquine (CQ) [2, 11, 12].  

Current efforts to eliminate malaria are targeted to districts and communes reporting 

an increased number of malaria cases over time [2, 6]. In this context,  understanding 

parasite genetic diversity and its population structure is relevant for (i) monitoring 
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temporal changes in transmission following control efforts, (ii) elucidating the spatial 

distribution of parasite populations and predicting outbreaks, population resilience, 

and the spread of drug-resistant parasites, and (iii) identifying ecological and 

behavioral risk factors that can inform malaria control and elimination efforts [13-15]. 

A previous study conducted in Binh Thuan province in central Vietnam reported high 

levels of genetic diversity (average expected heterozygosity (He) = 0.86) and all 

infections being multi-clonal despite low transmission [13] (similar to what has been 

previously reported in South-East Asia) [16]. 

The aim of this study was to provide baseline data on the P. vivax parasite populations 

in four rural communities in the Vietnamese Quang Nam province.  

Materials and methods 

Study site  

Samples were collected from April 2009 to December 2010 in four communities (Figure 

1) in the South Tra My district of Quang Nam, Central Vietnam during a prospective 

cohort study aiming to assess the short- and long-term efficacy of CQ and high-dose 

piperaquine (PQ) for the treatment of P. vivax mono-infections [12]. Detailed 

sociodemographic characteristics of the local population have been already reported 

elsewhere [3]. In 2009, the prevalence of malaria by light microscopy was 7.8%, while 

by polymerase chain reaction (PCR) prevalence was estimated at 22.6% (ranging from 

16.4 to 42.5%), with a high proportion of P. vivax mono infections (43%). Sub-patent 
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infections accounted for 58.7% of all infections, evidencing the existence of a 

substantial hidden human reservoir of malaria [3].  

Malaria transmission is seasonal, and peaks during the rainy season (May to 

November). Based on data from the Provincial Malaria Station, between 2009 and 

2013 the mean prevalence of P. falciparum, P. vivax, and mixed malaria cases for all 

age groups in the study area was 64.1%, 31.5%, and 4.4%, respectively [17-18]. The 

main malaria vectors in the area are Anopheles dirus sensu stricto and An. minimus, 

though An. vagus, An. aconitus, and An. philippinensis are also present [17-18]. 

Sample collection 

A finger prick blood sample was collected at day 0 (before treatment) for diagnosis by 

light microscopy and two blood spots were collected on grade 3 filter paper (Whatman 

Ltd., Springfield Mill, Maidstone, United Kingdom) for molecular diagnosis and 

microsatellite (MS) genotyping. 

Ethics statement 

The study was approved by the National Institute of Malariology, Parasitology and 

Entomology in Hanoi, the Ministry of Health of Vietnam, and the review boards of the 

Institute of Tropical Medicine and Antwerp University Hospital (UZA) in Antwerp, 

Belgium. Adult participants (in case of minors one of the parents/guardians) provided 

written informed consent. 
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Figure 1. Study area in Nam Tra My district, Quang Nam, Vietnam 

 

Light microscopy diagnosis 

Thick and thin film blood slides were stained with a 3% Giemsa solution for 45 minutes, 

and the number of asexual parasites was calculated following World Health 

Organization (WHO) guidelines [19]. Parasite density was estimated by dividing the 

number of asexual parasites for 200 white blood cells (WBCs) counted and expressed 

as the number of asexual parasites per microliter of blood, assuming 8000 WBC/µL. 

All blood slides were double-read by two technicians and in case of disagreement; 

slides were read by a third senior technician. The final results were expressed as the 
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mean of the two closest results. A slide was declared negative if no parasites were 

found after counting 1,000 WBCs. 

Genotyping 

DNA was extracted from filter paper blood spots cut into 5-mm-diameter disks with 

the QIAamp DNA Micro Kit following the manufacturer’s recommendations (Qiagen, 

Hilden Germany). P. vivax mono infections were confirmed by species-specific 

multiplexed semi-nested PCR, as described by Rubio et al. [20]. All samples were 

genotyped with 14 MS (MS1-MS10, MS12, MS15, MS20, and PvSal1814) following 

previously described PCR protocols [13-14]. The PCR products of four MS were pooled 

and analyzed by capillary electrophoresis in a 3730 XL ABI sequencer (Applied 

Biosystems) and 1200 Liz was used as the internal size standard. Negative samples 

were repeated once. 

Allele calling was performed using GeneMarker version 2.4.0. After pooling capillary 

electrophoresis fsa files from all samples, a standard cut-off value of 500 relative 

fluorescence units was defined and peaks below this limit were considered 

background noise. In addition, all samples were double-checked manually to confirm 

true alleles. At each locus the predominant allele (the one giving the highest peak) and 

minor alleles within at least two-thirds of the height of the predominant allele were 

scored [13, 15, 21]. Only predominant alleles were used to define haplotypes to 

ensure an unbiased estimate of minor allele frequency in polyclonal infections [15, 22-

24]. 
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Data analysis 

Samples were defined as polyclonal if at least one locus presented more than one 

allele [13-14]. Polyclonal/locus (%) describes the percentage of samples identified as 

polyclonal by a given MS out of the total number of samples [13]. Multiplicity of 

infection (MOI), defined as the minimum number of different clones observed in a 

sample, was estimated by taking the maximum number of alleles at the two most 

polymorphic markers [13, 25]. Average MOI was defined as the sum of MOIs detected 

across all samples divided by the total number of samples. Average MOI and the 

proportion of monoclonal and polyclonal infections were compared with the Kruskal-

Wallis and Pearson χ2 test, respectively. A value of p < 0.05 was considered significant. 

The predominant alleles in each sample were used to calculate the number of 

haplotypes by GenAlEx 6.5 [26]. Haplotypes that appear only once in the population 

were defined as unique haplotypes. 

Genetic diversity, defined as the probability of observing different genotypes at a 

given locus in two unrelated parasites, was assessed by calculating the expected 

heterozygosity (He) for each community using the formula: He = [n/(n-1)*(1-∑pi
2], 

where n is the total number of alleles and p is the allele frequency. He ranges between 

0 and 1, with values close to 1 indicating high genetic diversity [27]. Allelic richness, 

defined as the number of alleles per locus independently of sample size, was 

calculated using FSTAT v2.9.3 [28]. He and allelic richness were compared between 

communities using the Kruskal-Wallis test. The presence of bias due to false 
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assignment of predominant haplotypes was investigated by comparing He in the 

database containing all the alleles and the database containing the predominant 

alleles [29]. 

A standardized index of association (IA
s ), calculated with LIAN v3.5, was used to assess 

the presence of multilocus linkage disequilibrium (LD) in the parasite population [30]. 

The significance of the IA
s  estimate was assessed with Monte Carlo simulation using 

10,000 random permutations of the data. To differentiate between clonal propagation 

and epidemic expansion, we compared LD in the predominant allele dataset and the 

unique haplotype dataset [31]. Pairwise LD was used to evaluate the physical linkage 

between loci located within the same contig using the G statistic in FSTAT v2.3.9 [28, 

32]. 

Genetic differentiation between pairs of communities was estimated using a pairwise 

unbiased estimator of F-statistics FSTAT v2.3.9 with no assumption of Hardy-Weinberg 

equilibrium within samples [28, 32]. A matrix of p values corresponding to each 

pairwise FST was calculated after Bonferroni correction, with a value of p < 0.05 

considered significant. Crude FST values were adjusted for sample size using Recode 

Data v. 0.1 [33] and standardized FST estimates were obtained by dividing crude FST 

values by adjusted FST values. FST estimates ranged from 0 (no genetic differentiation 

between communities) to 1 (full differentiation). 

As a complementary approach, population structure was investigated using the 

software programs STRUCTURE v2.3.2 [34], CLUMPP [35], DISTRUCT [36], and 
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GENODIVE [37]. STRUCTURE was used to identify clusters of genetically related 

samples. The number of clusters (K) was set from 1 to 10 with 10 replications per K, 

and 150,000 Markov Chain Monte Carlo steps after a burn-in period of 50,000 

iterations using the admixture model. The loc-prior model was used for accurate 

inference of population and individual ancestry. Next, we used STRUCTURE 

HARVESTER v0.6.94 [38] to calculate the most likely number of K clusters. Additional 

data parsing and formatting of the STRUCTURE output was performed using CLUMPP 

and DISTRUCT [38-39]. CLUMPP permutes the clusters’ output by performing multiple 

replicate runs for the selected K. Samples with an average pairwise similarity (H value) 

of over 85% in one of the K clusters were considered to belong to that particular 

population; all other samples were considered admixed samples. DISTRUCT performs 

geographical displays of the aligned cluster assignment. We confirmed the optimal K, 

i.e. the K with the highest pseudo-F statistic, using AMOVA-based K-means clustering 

analysis in GENODIVE V2.0b23 (OS X 10.6 operating system). This method divides a 

number of individuals into an a priori assigned number of clusters (K) in such a way 

that minimizes within-group diversity and maximizes between-group diversity. The 

pseudo-F statistic was calculated by setting up simulated annealing runs with 150,000 

steps and 50 algorithm repetitions to determine optimal clustering (highest pseudo- 

F-statistic).  

eBURST v3 was used to identify clusters of closely related haplotypes, or haplogroups 

(HGs), which were defined as haplotypes sharing at least 9 loci from the 14 MS 
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analyzed [40]. Haplotypes unrelated to any haplogroup (HG) were classified as 

singletons. The relationship between haplotypes following the defined K clusters was 

further analyzed by PHYLOViz [41]. Finally, to investigate the relationship between 

geographic and genetic distances in the study population, we performed principal 

coordinate analysis with the Mantel test for matrix correspondence in GenAlEx 

6.5 [26]. Allele frequency was calculated in GenAlEx 6.5 using the predominant allele 

data set with 14 loci. The existence of a recent population bottleneck was investigated 

by evaluating the allele frequency distribution in the population (alleles at low 

frequencies are less abundant in populations with a recent bottleneck) [42-43]. 

Results 

Baseline characteristics 

In total, 234 individuals with P. vivax mono infection from the 260 recruited in the 

original study [12] were successfully genotyped and included in the analysis. Baseline 

characteristics of study participants are described in Table 1. 
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Table 1. Baseline characteristics of study patients 

Community Sample EM 
Age groups Sex 

Hamlets HH 

Season of 
collection AS MP MG 

≤15y >15 y M F Dry Rainy 

Community 1 
(%) 

92 
(39.3) 

Cadong 
55 

(23.5) 
37 

(15.8) 
51 

(21.8) 
41 

(17.5) 
4 (28.6) 

45 
(36.3) 

16 
(6.8) 

76 
(32.5) 

59 
(25.2) 

7872 652 

Community 2 
(%) 

57 
(24.4) 

Cadong 
34 

(14.5) 
23 

(9.8) 
35 

(15.0) 
22 

(9.4) 
2 (14.2) 

30 
(24.2) 

11 
(4.7) 

46 
(19.7) 

36 
(15.4) 

5829 1162 

Community 3 
(%) 

32 
(13.7) 

Cadong 
26 

(11.1) 
6 (2.6) 

21 
(8.9) 

11 
(4.7) 

5 (35.8) 
23 

(18.5) 
5 (2.1) 

27 
(11.5) 

19 
(8.1) 

7144 490 

Community 4 
(%) 

53 
(22.6) 

M'nong 
29 

(12.4) 
24 

(10.3) 
33 

(14.1) 
20 

(8.5) 
3 (21.4) 

26 
(21.0) 

6 (2.6) 
47 

(20.1) 
24 

(10.3) 
5297 516 

Total (%) 
234 

(100) 
 

144 
(61.5) 

90 
(38.5) 

140 
(59.8) 

94 
(40.2) 

14 (100) 
124 

(100) 
38 

(16.2) 
196 

(83.8) 
138 

(59.0) 
6691 723 

EM, ethnic minority; HH, household; AS, asymptomatic infection (defined as no fever at enrolment), MP, mean number of asexual parasites per µL; 
MG, mean number of gametocytes per µL. 
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Genetic diversity 

Successful genotyping, with at least 12 of the 14 MS, was achieved in 194 patients 

(82.9%). Allele data were successfully recovered in more than 83% of the samples for 

all MS except MS20 and Pvsal1814, for which successful amplification was achieved in 

66% and 75% of samples respectively.  

The MS characteristics are described in Table 2. Overall, genetic diversity was 

moderate, with an average He = 0.68 (95%CI 0.58–0.77) for all MS. MS3 and MS9 were 

the least polymorphic markers (He = 0.45 and 0.31 respectively), while MS10 and 

Pvsal1814 were the most polymorphic markers (He = 0.99 and 0.92 respectively), 

which were therefore used to calculate MOI. The number of alleles per MS ranged from 

3 to 14. All MS had non-significant differences in He values in the database containing 

all alleles per locus and the predominant allele datasets ruling out bias in the 

construction of haplotypes from polyclonal infections (p=0.68). The average number 

of alleles per locus was 5.5 (95%CI 3.82–7.17), the average number of alleles detected 

in a sample by any locus was 1.14 (95%CI 1.0–1.27) and the average allelic richness was 

5.05 (95%CI 4.11–5.98). 

The proportion of polyclonal infections, similar in all communities (p >0.05), was 71.4% 

(167/234) when all 14 MS were used, but 64.1% (141/220) (N = 220 as 14 samples had 

missing data for MS10 and Pvsal1814) when only Pvsal1814 and MS10, the most 

polymorphic markers were used. The same two MS were used to calculate MOI (based 

on 220 samples with completed data), whose mean in the four communities was 1.91 
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(95% CI 1.81–2.02), with no significant differences between communities (p = 0.52), 

age groups (MOI≤15years = 2.0 vs MOI>15years = 1.9, p = 0.50), gametocyte carriage 

(MOIgametocytes present = 1.93 vs MOIgametocytes absent = 1.80, p = 0.42), sex (MOImale = 1.89 vs 

MOIfemale = 1.95, p = 0.55), symptomatic vs asymptomatic (defined as fever at 

enrolment vs no fever at enrolment, MOI = 1.98 vs MOI = 1.80, respectively) 

(p = 0.10), season (MOIrainy season = 1.90 vs MOIdry season = 1.97, p =  0.64), and ethnic 

minority(MOICadong = 1.89 vs MOIM’nong =  2.0, p =  0.46). No significant differences were 

found between the four communities for either level of He (p = 0.08) or allelic richness 

(p = 0.31). 

We identified 101 haplotypes from 144 samples of which 84 haplotypes were defined 

as unique haplotype with complete genotyping data for 13 MS. MS20 was excluded 

because it had the lowest successful genotyping rate (66%). Of these haplotypes, 

25.7% (26/101) were found in monoclonal infections and 16.8% (17/101) were found 

in both monoclonal and polyclonal infections; 6.93% of haplotypes (7/101) had a 

frequency of over 2 in 40 samples and the two most frequent haplotypes were 

detected in 7.6% (11/144) and 6.2% (9/144) of samples. One haplotype was shared 

between the four communities, 4 haplotype found in community 1 were also present 

in community 2 and one haplotype shared between community 3 and community 4.  
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Table 2. Characteristics of 14 microsatellite loci used in P. vivax populations from four communities in Quang Nam, Vietnam (n = 234) 

Locus Repeat sequence ASR 
No of  
alleles 

HE A* 
PI/locus 

 (%) 
hMOI 

Average 
 alleles/ locus 

MS1 (GAA)11 211-239 5 0.664 4.94 3.41 3 1.04 

MS2 (TAAA)2TATA (TAAA)6 TATA (TAAA)19 179-215 4 0.686 4.00 5.12 2 1.06 

MS3 (GAA)11 185-199 3 0.446 3.00 4.27 2 1.11 

MS4 (AGT)18 189-237 6 0.728 5.94 20.94 3 1.24 

MS5 CCTCTT(CCT)11 164-206 5 0.697 4.94 1.70 2 1.01 

MS6 (TCC)2(TCT)3(CCT)2(TTC)2 GCTTCT(TCC)10 242-254 5 0.655 5.00 5.55 2 1.06 

MS7 (GAA)9 142-157 3 0.601 3.00 5.55 2 1.06 

MS8 (CAG)2(CAA)11 198-268 6 0.703 5.94 5.55 2 1.06 

MS9 (GGA)18 155-170 3 0.311 3.00 2.56 2 1.03 

MS10 
GAA(GGA)2AGA(GGA)9AGA(GGA)4AGAG 

GAAGA(GGA)3AGAGGAAGA(GGAAAA)4(GGA)2 
(AGA)11(GGA)3(AGA)2GGAAGA(GGA)2 

184-222 9 0.993 8.94 9.82 3 1.12 

MS12 (TTC)10(TGC)4 207-224 5 0.618 5.00 5.55 2 1.06 

MS15 (TCT)10 241-281 5 0.525 5.00 5.12 2 1.05 

MS20 (GAA)11GAG(GAA)13(CAA)4GAA(CAA)5 148-206 4 0.680 4.00 3.41 2 1.05 

Pvsal 1814 (AGA)44 546-704 14 0.919 7.99 53.84 3 2.01 

All samples  142-704 77 0.676 5.05 71.37 2.2 1.14 

ARS, Allele size range; A, Allelic richness; hMOI, highest multiplicity of infection; PI, Polyclonal infection. * Predominant alleles only.
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Figure 2. Allele frequency distribution in four communities in Quang Nam (n = 234) 

Predominant allele database and all loci combined are included. 

 

To evaluate the existence of a recent population bottleneck we analyzed the allele 

frequency distribution in the population. Figure 2 shows an L-shaped distribution of 

allele frequencies, as would be expected from neutral evolution. 

Linkage disequilibrium 

MS20 was also excluded from the LD analysis to maximize sample size and avoid bias 

due to an imbalanced number of samples between communities. Hence at least 25% 

of samples per community were included in the analysis. Significant LD was observed 

in each community (IA
s  ranged from 0.10 to 0.17) and in the overall study population 

(IA
s  = 0.113, p < 0.001). LD remained significant (IA

s  = 0.059, p < 0.001) when only the 

unique haplotypes were used. We then examined patterns of LD between pairs of MS 
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(Figure 3). Pairwise LD was observed between loci located within the same contigs 

(MS4-MS5, MS7-MS8, and MS12-MS15) and also within different contigs. Even though 

lower pairwise LD was observed in communities 3 and 4 compared to 1 and 2, the fact 

that the overall LD was significant (p = 0.008) suggests the existence of a clonal 

parasite population. 

 

Figure 3. Pairwise loci linkage disequilibrium analysis (N = 234).  

Significant association between alleles at pairs of loci in each sample was tested using FSTAT. 
Green color denotes LD at 5% based on 36400 permutations. Markers within the same contig 
are: MS4-MS5, MS7-MS8, MS12-MS15. 

 

Genetic differentiation 

We first compared the datasets containing only monoclonal infections (n = 67) with 

the predominant allele (n = 234) and found low genetic differentiation (FST = 0.05), 

indicating absence of bias. Then, we calculated FST values for pairwise genetic 

differentiation between the four communities (Table 3). We observed moderate 

genetic differentiation between community 4 and the other communities (FST = 0.15-
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0.18) and low differentiation for the other combinations (FST < 0.1) (n = 144), indicating 

that the parasite population in community 4 is moderately, although significantly, 

differentiated from parasite populations in communities 1, 2, and 3 (p = 0.008). Similar 

FST values were obtained when only unique haplotypes (n = 84) were used.  

Table 3. Pairwise genetic differentiation 

Standardize 
FST 

Community 1 Community 2 Community 3 Community 4 

Community 1  0.046* -0.028 0.153* 

Community 2 0.043  -0.005 0.176* 

Community 3 0.026 -0.035  0.168* 

Community 4 0.174* 0.080* 0.145*  

The upper-right section shows the standardized fixation index (FST ) values obtained from 13 
microsatellite markers (n = 144, MS20 excluded). The lower-left section shows FST values 
obtained from unique haplotypes from 13 microsatellite markers (n = 84). *  P value <0.05  

 

 

Population structure 

Structure analysis identified the most likely clusters in the population to be (i) K = 7 

(ΔK = 9.4), (ii) K = 2 (ΔK = 5.2), and (iii) K = 3 (ΔK = 3.2) (n = 144). The AMOVA-based K-

means clustering analysis identified K = 2 as the optimal number of clusters (pseudo-

F = 30.5). We further analyzed the parasite population divided by K = 2 (cluster 1 and 

cluster 2) with CLUMPP and DISTRUCT (Figure 4), and found that 33.3% (48/144) of the 

samples (with complete haplotypes) observed in the study population belonged to 

cluster 1 and 20.1% (29/144) belonged to cluster 2 and 46.6% (67/144) were admixed 
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samples. Community 4 had the highest proportion of admixed samples (62.1%), 

followed by community 3 (53.9%), while community 1 and 2 had similar rates (40.9% 

and 41.3% respectively). The proportion of admixed samples remained high when the 

number of clusters was set to K = 3 and K = 7 (48.6% and 38.9%, respectively). Of note, 

cluster 1 samples were absent from community 4, which supports a moderate degree 

of population structure between communities 1-3 and community 4. However, 

principal coordinate analysis failed to detect geographical clustering (per community) 

in the population. 

 

Figure 4. Genetic clustering analysis by STRUCTURE 

The graph represent the clustering model when the parasite population was grouped into 2 
clusters (K = 2). In the bar plot, each isolate is represented by a single vertical line divided into 

K colors. 

 
 
Then, we investigated genetic relatedness, defined as haplotypes sharing at least 

10/13 loci (n = 101) by eBURST. Eight different HGs and 13 singletons were identified. 

HG1 contained 51.5% (52/101) of all haplotypes in the four communities, while the 
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other 7 HGs contained between 2.0% (2/101) to 11.9% (12/101) haplotypes. However, 

when relatedness was defined as haplotypes sharing at least 9/13 loci, only 2 HGs and 

2 singletons were identified. HG1 included 95.0% (96/101) of all haplotypes detected. 

PHYLOVIZ analysis supported the existence of related haplotypes among all study 

communities (with slightly clustering of community 4 samples) (Figure 5A) and 

confirmed the absence of cluster 1 haplotypes in community 4 (Figure 5B). 

 

Figure 5. Phylogenetic relationship of 101 unique P. vivax haplotypes using 
PHYLOViZ.  

Haplotypes relationships by (A) community, and (B) clustering K = 2. Each colored figure 
represents a unique haplotype and grey lines indicate shared alleles among individual 
haplotypes. 
 
 
 

Discussion  

We analyzed the genetic diversity and population structure of 234 P.vivax pre-

treatment clinical isolates collected in a forested area of Central Vietnam between 

April 2009 and December 2010 [12]. We observed moderate levels of heterozygosity 
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in all four study communities, with a high proportion of polyclonal infections and 

significant LD, suggestive of inbreeding across parasite populations circulating in the 

study communities. Genetic differentiation and population structure between study 

communities was low but present between villages at each side of the river defining a 

moderate geographical barrier to gene flow. 

In this study we used eight MS (MS1, MS4, MS6, MS9, MS10, MS12, MS15, and MS20) 

with balanced diversity, three (MS2, MS5 and Pvsal1814) with unbalanced diversity, 

one (MS8) with significant excess diversity, and two (MS3 and MS7) with significant 

reduced diversity [25]. Mean He in the study population (He = 0.68) using those 14 MS 

was non-significantly different to He when only MS with balanced diversity 

(recommended for measuring population diversity) were used. Therefore, all MS were 

kept in the analysis to assess both diversity parameters and polyclonal infections, but 

only the two most polymorphic markers (MS10 and Pvsal1814) were kept to 

investigate MOI.  

The mean He in our study population (He = 0.68) was similar to figures seen in areas of 

north-west Brazil with similar transmission intensities (He = 0.74 and He = 0.68) [43-

44]; higher than those observed in South Korea (He = 0.43) [45] and the Loreto district, 

Peru (He = 0.37) [16], and lower than those seen in Sri Lanka (He = 0.89) [46], Pursat, 

Cambodia (He = 0.84) [16], and Binh Thuan, Central Vietnam (He = 0.88) [13]. In our 

study MS9, MS3, and MS7 displayed the lowest number of alleles per locus (n = 3) and 

MS9 and MS3 had the lowest He values (HeMS9 = 0.31 and HeMS3 = 0.45). MS3, MS7, and 
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MS9 would therefore appear to be poorly informative markers in the study area and 

their use in future studies is not recommended.  

Polyclonal infections were frequent (71.4%) when the results from 14 MS were 

combined and moderately lower (64.1%) when just Pvsal1814 and MS10 were 

used [47]. Mean MOI was 1.91, with similar MOI observed in symptomatic and 

asymptomatic study participants, possibly because of the high parasite density (mean 

3,919/µL; 95%CI 2,852–4,986) detected in asymptomatic participants at day 0. In the 

literature, the proportion of polyclonal infections vary considerably depending on the 

MS markers used [16, 48], highlighting the need for a standardized methodology that 

allows comparison between studies and geographical regions. High proportions of 

polyclonal infections have also been reported in hypo-endemic areas in Sri Lanka 

(60%) [49], Colombia (60–80%) [48], the Amazon Basin in Brazil (50%) [43], and more 

recently, in a pre-elimination context in Sri Lanka (69%) [46]. It is noteworthy in a study 

carried out (1999-2000) in Binh Thuan province, central-south Vietnam, where the 

entomological inoculation rate was estimated at 1 infective bite/person/year, 100% of 

vivax infections were polyclonal with a mean MOI of 3.7 [13]. The high levels of genetic 

diversity and polyclonal infections in low transmission areas [13,23,48] can be, at least 

partially, explained by the unique biology of P.vivax which result in (i) a high prevalence 

of asymptomatic and low parasite density infections (which last longer because are 

difficult to detect, increasing the likelihood of repeated infections with divergent 

clones, resulting in increased polyclonality) and (ii) relapse from dormant liver stages 
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(the reactivation of heterologous clones increases the likelihood of peripheral 

superinfections). Since a high proportion of study participants were asymptomatic at 

recruitment (59.0%) and poor adherence to PQ radical cure is known in the study 

area [3], the high proportion of polyclonal infections found in this study may reflect 

peripheral superinfection fed by heterologous clones from both relapses and 

reinfections. 

Despite those high rates of polyclonal infections, we observed a significant LD 

(IA
s  = 0.113, p < 0.001) in the overall study population. Asexual clones present in one 

infection produce gametocytes that, taken by the vector, recombine during meiosis 

and generate new haplotypes in a process known as outcrossing. Consequently, the 

breakdown of pre-existing associations between unlinked loci would reduce LD to low 

levels [50] as opposed to recombination between gametes from the same 

parasite [51]. As transmission decreases, fewer parasite types will be present in the 

population and recombination will often occur between related parasites, increasing 

the level of inbreeding in the population. This is supported by the fact that 53.8% of all 

polyclonal infections were identified by multiple alleles at just one locus. Indeed, LD 

remained significant in the analysis using only unique haplotypes, indicating that it is a 

result of inbreeding rather than expansion of few haplotypes due to outbreaks or 

epidemics [31]. Closely related parasites in hypoendemic areas have been previously 

reported [52, 53]. In addition, inbreeding was further supported by overall significant 

pairwise LD [21, 31]. LD combined with high levels of polyclonality has been reported 
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in rural Amazonia [54] and more recently in Sri Lanka [46]. The authors of these studies 

offered two alternative interpretations for this phenomenon. First, the MS may not be 

strictly neutral (10/14 MS mapping to loci encoding either hypothetical or annotated 

proteins may be subject to natural selection) [22-23]. And second, replication-slippage 

events during mitotic (asexual) replication could result in the generation of new alleles 

due to the addition or deletion of repeats [49, 55]. If the replication-slippage rate is 

higher than that of effective recombination (the probability of producing a 

recombinant genome), the clones generated would increase polyclonality, without 

altering LD. 

It has been previously reported that replication-slippage events (and therefore number 

of alleles per locus and He) correlate positively with increasing repeat length and non-

perfect repeats motifs, i.e. interrupted or compound motifs [25, 56]. Pvsal1814 MS 

used in this study, which had an (AGA)44 motif structure with an interrupted/compound 

motif, He = 0.91 and 14 different alleles with frequencies ranging from 1.3% to 16%, 

identified 53.8% of all polyclonal samples in the study population. Indeed, inherent 

mutability in this MS has been described to produce excess diversity, which in turn is 

recommended to identify MOI [25].  

We identified 101 haplotypes, of which 84 appeared only once in the population. 

Ninety percent of them were grouped in a single haplogroup (HG1), defined by 

identical alleles in at least 9/13 loci, indicating a high degree of relatedness among 
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parasites across the communities. These results support the view that despite a high 

level of polyclonality, inbreeding among highly related haplotypes maintains LD. 

The adjusted genetic differentiation was low between communities 1, 2, and 3 

(FST < 0.05) and moderate when community 4 was included (FST  = 0.15–0.18), 

indicating limited geographical boundaries between neighboring communities 1-3 but 

higher differentiation with the community across the river. In concordance with the 

FST values, the STRUCTURE analysis detected two main parasite populations. Two 

clusters of haplotypes, with a high proportion of mixture haplotypes (60.4%) were 

observed in all four communities.  The fact that a majority of haplotypes found in 

community 4 belonged to cluster 2, which was the minor cluster in the other 3 

communities, supports a certain degree of differentiation between communities 1-3 

and 4. Moderate population differentiation between these communities can be 

explained by geographical proximity and socioeconomic relationships between the 

communities’ inhabitants as previously described [3]. Inhabitants of community 1-3 

(located at one side of the river) belong to the Cadong ethnic group and therefore 

share some degree of kinship, facilitating social exchange. Conversely, community 4, 

whose inhabitants belong to the M’nong ethnicity, is located at the other side of the 

river with limited access during the rainy season.  

Malaria incidence in the Quang Nam province has dropped by 78.0% over the last 

decade thanks to the implementation of efficient control strategies [1, 17, 57]. At the 

time of the study, malaria prevalence in the study area was 7.8% as assessed by light 
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microscopy and 23.6% as estimated by PCR [3]. Therefore, the moderate-to-high levels 

of genetic diversity detected, together with the high polyclonality and low population 

structure are consistent with an epidemiological context of transition from moderate 

to low endemicity [58-59].  

Future studies aiming at identifying changes in genetic diversity and population 

structure to support the development or improvement of control and elimination 

interventions should include isolates collected at several time points from all areas 

where malaria is prevalent (or has been recently eliminated). Ideally, a molecular 

surveillance system should be implemented within the existing network of sentinel 

sites for drug resistance across the country to support evaluation of interventions and 

improve response strategies at the provincial level. 

Parasite populations with strong LD and the presence of gene flow could fuel the 

spread of resistant parasites in the event of the emergence of drug resistance, 

threatening current treatment efforts and achievements towards malaria elimination 

in Central Vietnam. Temporal analysis to investigate haplotype persistence and the 

risk of clonal expansion is urgently needed in order to inform decision makers. 
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Abstract 

Reduced susceptibility of Plasmodium falciparum towards artemisinin derivatives has 

been reported from the Thai-Cambodian border and from the Thai-Myanmar border. 

Following increasing reports from central Vietnam of delayed parasite clearance after 

treatment with dihydroartemisinin-piperaquine (DHA-PPQ), the current first-line 

treatment, we carried out a study on the efficacy of this treatment. 

Between September 2012 and February 2013, we conducted a 42-day in vivo and in 

vitro efficacy study in Quang Nam province. Treatment was directly observed and 

blood samples collected twice daily until parasite clearance. In addition, genotyping, 

quantitative PCR (qPCR), and in vitro sensitivity testing of isolates were performed.  

The primary endpoints were parasite clearance rate and time.  The secondary 

endpoints included PCR-corrected and uncorrected cure rates, qPCR clearance 

profiles, in vitro sensitivity results (for chloroquine, Dihydroartemisinin, piperaquine) 

and genotyping for mutations in the Kelch 13 Propeller domain. 

Out of 672 screened patients, 95 were recruited and 89 available for primary endpoint 

analyses. The mean parasite clearance time (PCT) was 61.7h (interquartile range [IQR]: 

47.6 to 83.2h) and the median parasite clearance rate had a slope half-life of 6.2h (IQR: 

4.4 to 7.5h). The PCR corrected efficacy rates were estimated at 100% at day 28 and 

97.7% (95% confidence interval, 91.2% to 99.4%) at day 42. At day 3, the P. falciparum 

prevalence by qPCR was 2.5 times higher than by microscopy. The 50% inhibitory 

concentrations (IC50s) of isolates with delayed clearance time (≥72hours) were 
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significantly higher than those with normal clearance time in all three drugs. Delayed 

parasite clearance (PCT≥72h) was significantly higher among day 0 samples carrying 

the 543 mutant allele (47.8%) than those carrying the wild type allele (1.8%; p=0.048). 

In Central Vietnam, the efficacy of DHA-PPQ is still satisfactory, but the parasite 

clearance time and rate are indicative of emerging artemisinin resistance. (This study 

has been registered at ClinicalTrials.gov under registration no. NCT01775592). 
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Introduction 

Reduced susceptibility of P. falciparum towards artemisinin derivatives has been 

reported from the Thai-Cambodian [1-5] and more recently, from the Thai-Myanmar 

border [6, 7]. While exploring potential molecular markers for artemisinin resistance, 

delayed parasite clearance has been suggested as a proxy for resistance and was used 

to define adequate responses [8]. 

Vietnam has been using artemisinin derivatives for the treatment of malaria for more 

than twenty years [9]. An early Chinese version of artemisinin combination therapy 

(ACT), containing  dihydroartemisinin (DHA) and piperaquine (PPQ) together with 

primaquine and trimethoprim, was produced and marketed in Vietnam as CV8, and 

was introduced in the National treatment guidelines in 2000 [10]. Since 2007, DHA-

PPQ has been used as  first line treatment for uncomplicated P. falciparum malaria 

[11].  

Monitoring data on drug resistance collected from 1998 to 2009 in the southern 

province of Binh Phuoc in Vietnam, bordering Cambodia, showed stable sensitivity of 

P. falciparum to artemisinins, both in vivo and in vitro [12]. However, in 2010 and 2011, 

in the same area, the parasite clearance time was slower than in previous years [13]. 

Even though artemisinin combination therapies are still efficacious in treating malaria 

patients, prolonged clearance rates may indicate reduced susceptibility. During a 

recent study carried out by our research group in Quang Nam province, several P. 

falciparum malaria patients showed delayed clearance after supervised treatment 
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with DHA-PPQ.  Moreover, the provincial malaria station reported an increasing 

number of cases with delayed parasite clearance since 2010.  Therefore, the National 

Institute for Malariology, Parasitology and Entomology (NIMPE) in collaboration with 

the Institute of Tropical Medicine in Antwerp (ITM), Belgium, set up a study to assess 

the treatment response to DHA-PPQ in the same study site in Quang Nam province 

(registered at ClinicalTrials.gov under registration no. NCT01775592). 

Material and Methods 

Study site and participants 

The study was conducted between September 9th, 2012 and February 1st, 2013 at the 

health center of Tra Leng commune, situated in North Tra My district, Quang Nam 

Province, central Vietnam. Patients attending the health center with suspected clinical 

malaria were screened for P. falciparum infection. Inclusion criteria were as follows: 

age >6 months, body temperature (axillary) 37.5C and/or history of fever in the 

previous 24 hours,  P. falciparum mono-infection with parasite density between 500 

and 100,000/µl by light microscopy (LM), and  provision of written informed consent 

to participate in the trial. For patients aged <18 years, informed consent was obtained 

from the parents/guardians. Pregnant (as determined by the β- human chorionic 

gonadotropin test) or lactating women were excluded. Similarly, patients with 

concomitant acute or chronic severe illness, severe malnutrition, severe danger signs 

or signs of severe malaria were excluded. In addition, for in vitro testing, we excluded 

patients who had received quinine, artemisinin or artemisinin-derivatives within 7 
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days, 4-aminoquinolines within 14 days, pyrimethamine and/or sulfonamides within 

28 days, or mefloquine within 56 days before screening.   

Study design 

The study was designed as a 42-day follow-up study to assess the efficacy of DHA-PPQ 

in treating clinical P. falciparum malaria.  Patients either stayed at the health facility 

for the duration of the treatment and until parasite clearance or were asked to return 

every 12 h for blood sampling and directly observed treatment. Patients were then 

asked to return for follow-up visits at days 7, 14, 21, 28, 35 and 42 or whenever they 

had signs and symptoms consistent with malaria. All patients received DHA-PPQ, 

according to the national guidelines based on an age-dependent dosing scheme[14], 

corresponding in our study population to approximately 4mg/kg DHA plus 32mg /kg 

PPQ on day 0 and 2mg/kg/day DHA plus 17mg/kg/day PPQ on days 1 and 2. The DHA-

PPQ is produced in Vietnam and provided by the National Pharmaceutical Joint Stock 

Company I, Vietnam (lot No: 11007, registration no. VD-12944-10). 

Clinical procedures 

 For each patient, a general physical examination was performed at enrollment and any 

other visit. Adverse drug reactions and concomitant medication were recorded at every 

visit. A finger prick blood sample was taken every 12 h (±2h) until two consecutive blood 

slides were found negative for P.falciparum, and then weekly from days 7 to 42 and at 

any unscheduled visit.  From each sampling, thick and thin blood films were prepared, 

and approximately 50µl of blood were collected on filter paper (Whatman grade 3) for 
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later PCR analysis. Each filter paper was dried and individually stored in a plastic bag 

containing silica gel. At days 0, 14, 28 and 42, additional blood sample was taken to 

measure hemoglobin concentration using the HaemoCue method. Additionally, at 

enrolment, 200µl of blood was taken into a heparinized capillary tube and rapidly 

transferred into culture medium (RPMI 1640 LPLF liquid medium) for in vitro testing.  

Laboratory procedures  

Microscopy 

Thick and thin films were stained and the parasite density determined by counting the 

number of asexual parasites per 200 white blood cells (WBCs) assuming a WBC count of 

8000/µl. A slide was considered negative if no asexual parasites were found after 

counting 1,000 WBCs.  Systematic double reading by two independent readers was done 

for all slides taken before treatment and for the first two negative slides. Discrepant 

results were re-read by a third senior technician. Discrepant in the results between 

the two microscopists was defined as positive/negative slide, a differences in species 

diagnosis or as >25% difference in parasite density. Each final parasite density was 

computed by averaging the two most concordant counts. For each positive/negative 

slides, the third reading was taken as the final result. External quality control on 10% of 

randomly selected slides was done at the ITM, Belgium. 
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Genotyping of recurrent infections  

Filter papers with dried blood samples were punched and one circle of 5mm in 

diameter was used for DNA extraction with a QIAamp DNA Blood macro kit (Qiagen) 

following manufacturer’s recommendations. Extracted DNA was eluted in 50µl water 

and used for the genotyping of recurrent P. falciparum infections following WHO 

recommendations[15] by characterizing the length polymorphism of the Msp1, Msp2 

and Glurp genes in samples collected at day 0 and day of recurrent parasitaemia was 

found. Recrudescence was determined when, for each marker (Msp1, Msp2, Glurp) at 

least one identical-length polymorphism was found between samples collected on day 

0 and on the day of recurrent infection. A new infection was defined when for at least 

one marker, the length polymorphisms were different between the sample collected 

on day 0 and that collected on the day of recurrent infection. 

Genotyping K13 

Alleles of four Kelch 13 (K13) propeller domain polymorphisms (Y493H, R539T, I543T, 

and C580Y) associated with delayed clearance [16] were determined by TaqMan allelic 

discrimination and sequencing. Amplification was done with 300nM of the forward 

and reverse primers, 200nM each of the allele-specific probes and at least 5ng of DNA 

on the Bio-Rad CFX96 real-time thermocycler set to detect fluorescent emissions for 

6-carboxyfluorescein (6FAM) (mutant) and hexachloro -6- carboxyfluorescein (HEX) 

(wild type). Allelic discrimination analysis was performed with the Bio-Rad CFX 

manager with parameters set to subtract background and correct for fluorescent drift 
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prior to clustering of wild-type or mutant amplicons. For a subset of samples, TaqMan 

determined K13 single-nucleotide polymorphisms (SNPs) were confirmed by 

sequencing of amplicons by BigDye3.1 terminator chemistry (Life Technologies) of a 

400bp K13 fragment with the primers K13-493 (Fwd-GCTGGCGTATGTGTACACCTATG) 

and k13-580 (Rev-ATCTCTCACCATTAGTTCCACCAAT). Sequence traces obtained from 

a 3130xl genetic analyser were assembled and analysed against the 3D7 reference 

sequence in Seqscape version 2.5 software. 

Quantitative PCR 

Quantitative real time PCR was done on all day 0 samples, on the first of the two 

samples collected at day 1 and 2 and then until clearance of infection as determined 

by microscopy (days 1 to 5), and on all follow up samples from day 7 to day 42. DNA 

extraction from filter papers was performed as described above. Duplex quantitative 

PCR (qPCR) for the detection and quantification of P. falciparum and P. vivax was 

performed on day 0 samples as described elsewhere [17]. Single P. falciparum qPCRs 

were used from day 1 until day 42. Quantification was performed by converting the 

threshold cycle (CT) into 18S gene copy number by using standard curves constructed 

using two positive control plasmids with the respective 18S amplicons inserted. A 

standard curve for P. falciparum was included in every qPCR run with a 10-fold dilution 

starting from 106 copies/µl of P. falciparum. The lower limit of the quantification was 

1 parasite/µl and the precision of the qPCR assay was 1-2 parasite/µl. 
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In vitro drug sensitivity assay  

Samples collected on day 0 were tested immediately after collection from the enrolled 

patients using WHO MARK III method [18]. In vitro micro-test plates were freshly 

coated by the study team and kept at 4°C with Piperaquine (PPQ) (range, 12.5 – 800 

nmol/liter blood medium mixture [BMM]), Dihydroarteminisin (DHA) (range, 0.25 – 16 

nmol/liter BMM) and Chloroquine (CQ) (range, 20 – 1,280 nmol/liter BMM) following 

the procedure described by WHO [18]. The final composition of 1ml BMM consisted 

of 100µl; unwashed whole blood and 0.9ml RPMI1640 liquid medium. The final 

volume in each well was 75µl. All plates were incubated in candle jars. 

 The tests were considered valid when ≥10% of the parasites in the control well had 

reached schizont stage, defined as parasites with three or more nuclei, within 24-36 

h. The number of schizonts per 200 parasites was counted and used as a measure of 

maturation inhibition. Slides were read by three independent readers. The mean of 

the two closest readings was used as final result. External quality control was done on 

10% of randomly chosen slides derived from the in vitro assay by the Shoklo Malaria 

Unit (SMRU) in Mae Sot, Thailand.  

Study Endpoints 

The primary endpoints were parasite clearance rate and parasite clearance time. 

Parasite clearance rate was defined according to the WorldWide Antimalarial 

Resistance Network (WWARN) guidelines [19]. The parasite clearance time (PCT) was 
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defined as the time elapsed between the patient’s first dose and the time of the first 

negative blood slide.  

Secondary study endpoints were treatment failure (PCR-adjusted and unadjusted) at 

day 28 and day 42, fever clearance time, and the 50% inhibitory concentration (IC50s) 

of DHA, PPQ and CQ as determined by in vitro assay. Gametocyte carriage and 

transmission potential were measured by calculating gametocyte positivity and 

person-gametocyte- week (PGW) rates as previously described [20]. The PGW rate was 

defined as the total number of weeks with detectable gametocytes in all patients 

during the first 2-week follow up divided by the total number of follow-up weeks. 

Treatment failures were categorized as early (ETF) and late treatment failures (LTF), 

with the LTFs further categorized as late clinical (LCTF) or parasitological (LPTF) failures 

[21]. 

Sample size 

Assuming that 5% of patients would still be parasitaemic at day 3, 90 patients would 

be able to estimate this with a 5% precision and a 10% security margin. The estimation 

assumes also that a maximum 20% of included patients would be lost to follow up.   

Data analyses 

Data were entered into Access database (Microsoft Office 2007), and all statistical 

analyses were performed using STATA 12 (StatCorp, USA). Descriptive statistics were 

computed and differences were compared using either a Chi-square test for 
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categorical variables, or the Mann-Whitney U test or the nonparametric equality-of-

medians test as required for continuous variables. The online parasite clearance 

estimator (PCE) tool developed by the WWARN [19] was used to determine the 

parasite clearance rate. Treatment success was assessed by Kaplan-Meier analyses.  

A sigmoid, 4-parameter concentration inhibition model was applied to generate IC50 

estimates using the In Vitro Analysis and Reporting Tool (IVART)[22]. Only results that 

met the core criteria as defined by IVART were included in the analyses.  The mean 

IC50s from patients with normal parasite clearance rate those and those with delayed 

parasite clearance were compared using Mann-Whitney U test. The correlation 

between IC50 and PCT was assessed using the partial correlation method. 

Quantitative PCR parasitemia (expressed as copy numbers/µl) were analyzed to 

describe the different clearance profiles observed. The associations between each 

qPCR clearance profile and other variables were assessed, and a multivariate logistic 

regression model was used to determine the independent association of the different 

qPCR profiles with the day 3 parasite positivity as determined by LM. The prevalence 

of the four SNPs was estimated at day 0 and the risk of delayed parasite clearance 

(PCT≥72h) was compared between the day 0 samples carrying the mutant allele and 

those carrying the wild – type allele.   
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Ethical considerations  

The study was approved by the Institutional Review Board of the ITM (Antwerp, 

Belgium), the ethical committee of University Hospital (Antwerp) and the ethical 

committee of the NIMPE (Hanoi, Vietnam).  

Results 

Trial profile and baseline characteristics  

Of the 672 patients screened, 111 (16.5%) were infected with P. falciparum, 16 (14.4%) 

of whom did not fulfill the entry criteria, resulting in 95 (85.6%) patients recruited 

(Figure 1).  

Eighty-nine (93.7%) patients completed the 3 day course of DHA-PPQ and were 

available for the primary endpoint analyses, and 88 (92.6%) patients completed the 

42-day follow-up. Males (55.8%) slightly outnumbered females, with age ranging from 

1 to 60 years (Table 1). For most (89.5%) patients, onset of fever occurred within 

previous 72h and 81% had measurable fever at time of recruitment. Gametocytes 

were found at very low densities in 18% of the patients.  

The study drug was well tolerated; one patient vomited the first dose within the first 

half an hour and was retreated with a full dose.  No serious adverse drug reaction 

was recorded.      
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Primary endpoints 

Parasite clearance rate was assessed in 87.6% (78/89) patients; the median slope half-

life was estimated at 6.2 h (interquartile range [IQR], 4.4 to 7.5h).  

The parasite clearance time ranged from 14.1 to 120.7 h, with a median of 61.7 hours 

(IQR, 47.6 to 83.2) (Table2). Almost one-third of the patients were still positive for P. 

falciparum trophozoites at day 3 and all infections were cleared by day 5 (Table 2). 

 

Figure 1. Follow chart of patients in the study 

ACPR, adequate clinical and parasite sitological response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Screened n= 672 

P.falciparum n= 111 

Enrolled n= 95 

Completed 42-day 

follow-up n=88 

 

ACPR  
n= 86 

Lost to follow up 

(day 7) n= 1 

Treatment failure  
n= 2 

P.vivax n= 2 
Gametocytes only n= 2 
Negative n= 557 

Not meeting inclusion 
criteria n= 16 

Withdrew consent (day 0-1), n= 6 
 

Available for primary 

endpoint analyses n=89 
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Table 1. Baseline characteristics of the study population at enrolmenta 

Characteristics Patient data 

Male, n (%) 53 (55.8) 

Age  (median [IQR]) (yr) 13 (6-29) 

Age group (n [%])  

1-5 yr 36(37.9) 

6-15 yr 19 (20.0) 

>15 yr 40 (42.1) 

Weight (kg) by age group, Median [IQR]  

1-5 yr 14 (9.5-15) 

6-15 yr 23 (20-24) 

>15 yr 49 (44-53.5) 

History of fever: n (%)  

≤3 days   85(89.5) 

 >3 days 10 (10.5) 

Fever (axillary temp° ≥37.5°C) (n [%]) 77 (81.1) 

Body temperature among febrile patients (median [IQR]) (° 

C)  

38.4 (37.8-39) 

Trophozoites density (geometric mean [95%CI]) (per μl) 8,233 (6,047 -

11,2010) 

Presence of gametocytes (n [%]) 18 (18.9) 

Gametocytes density (n=18) ( geometric mean [95%CI] (per 

μl) 

6.2 (3.2-11.9) 

Haemoglobin (mean ±SD) (g/dl) 12.2 ±2.4 

Heart rate (median [IQR]) (per min) 87 (82-90) 

Respiratory rate (median [IQR]) (per min) 28 (27-30) 

a n= 95 
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Table 2. Primary and secondary endpoints 

Endpointa Value 

Primary Endpoints  
Parasite clearance rate (n=78)b  

Lag phase (n=5) median [range] (h) 11 (11-38) 
Parasite clearance rate constant  median [IQR] (per 

h) 
0.11/h (0.09-0.16) 

Slope half-life, median  [IQR] (h) 6.2 (4.4-7.5) 
PCT (n=89) (h)  

PCT (median [IQR]) 61.7 (47.6-83.2) 
PC50,( median [IQR]) 8.7 (5.4- 12.1) 

Positive parasitemia from day3 onwards (n=89) (n [%])  
Day 3 first slidec 26 (29.2) 
Day 3 second slide 17 (19.1) 
Day 4 first slide 8 (9.0) 
Day 4 second slide 2 (2.2) 
Day 5 first slide 0 (0) 

Secondary Endpoints  
Treatment outcomes (n=89)  

LPF (PCR corrected) (n)                                                                                   2 
PCR Corrected Cure Rate (K-Md)  

At day 28  (n[%])                                                                                                  89 (100) 
At day42 (n[n])  [95% CI]                                                                       87 (97.7) [91.2;9.44] 

FCT (n=72), median [IQR]  (h) 12.0 h (11.1-13.6) 
Gametocyte carriage (person-weeks) 49.1/1,000 

 

a PCT, parasite clearance time. PC50, 50%  parasite clearance rate; PLF, late parasitological 
failure; FCT, fever clearance time. 
b As estimated by the PCE (WWARN) [19];  
c blood samples were taken  every 12h until parasite clearance.  
d K-M=Kaplan- Meir. 
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Secondary endpoints 

No ETF was observed; two patients had a recurrent infection, at day 38 and 42 (LPF), 

confirmed to be recrudescences by genotyping. Therefore, the PCR corrected 

adequate clinical and parasitological response was estimated at 100% at day 28 and 

97.7% (95% confidence interval [CI]: 91.2% to 99.4%) on day 42. Among the 18 patients 

with gametocytes at day 0, eight (44.4%) still had gametocytes at day 7; none of the 

patients without gametocytes on day 0 had gametocytes in the course of the follow 

up. Gametocyte carriage was estimated at 49.1/1,000 person-gametocyte-weeks 

(Table 2). 

K 13 results 

A total of 83 samples collected at enrolment were examined for the four SNPs of the 

K13 propeller domain. The overall prevalence of the mutant allele was 80.7% (67/83) 

at positions 543, 1.3% (1/78) at position 493 and none at positions 539 and 580. 

Delayed parasite clearance (PCT≥72h) was significantly higher among day 0 samples 

carrying the 543 mutant allele (47.8%) as than those carrying the wild type allele (1.8%; 

p=0.048). Taking into account only samples in which the slope half-life was accurately 

estimated by the parasite clearance estimator, the difference was even more 

significant, that is, 53% versus 21%, (p=0.04).  The sensitivity and specificity of the 

SNP543 at day 0 to identify delayed clearance (PCT≥72h) was therefore estimated at 

91.4% (32/35) and 27.1% (13/48) respectively; the positive predictive value of the 
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mutation being only 47.8% (32/67) while the negative predictive value of the wild type 

allele was 81.3% (13/16). 

In vitro results 

In vitro sensitivity testing was successfully performed in 51 (53.7%) samples, 43 

(82.3%) tested for CQ, 39 (76.5%) for DHA, and 48 (94.1%) for PPQ. The geometric 

mean IC50s was 128.65nmol/liter for CQ, 1.07nmol/liter for DHA, and 94.83nmol/liter 

for PPQ. Patients with delayed parasite clearance had a significantly higher IC50 than 

did those with normal clearance for all three drugs (Table 3). 

Pairwise comparisons between the three drugs showed a significant positive 

correlation between the IC50s of CQ and those of PPQ (p=0.007). No correlation was 

found between PCT and IC50s values for DHA (p=0.31) while such correlation was 

significant for both PPQ (p=0.05) and CQ (p=0.04), even after controlling for parasite 

density at enrollment.  
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Table 3: IC 50S of CQ, DHA and PPQ overall and comparison by PCTa 

Drug 
Overall IC50 Comparison by PCT 

IC50 Geometric mean [95%CI) (nM) by PCT of: 

 
n 

IC50 Geometric 

mean [95% CI] (nM) 
n <72h ≥72h P valueb 

CQ  43 128.65 

(98.70-167.70) 

41 90.92 

(61.76-133.83) 

166.83 

(115.26- 241.47) 

0.015 

DHA 39 1.07 

(0.78-1.46) 

36 0.83 

(0.51- 1.35) 

1.60 

(1.05- 2.45) 

0.010 

PPQ 48 94.83 

(65.87- 136.53) 

45 53.54 

(31.18-  91.95) 

149.37 

(91.19- 244.66) 

0.008 

 

a IC50, 50% inhibitory concentration; CQ, chloroquine, DHA, dihydroartemisinin; PPQ, parasite 
clearance time. 
bMann-Whitney U test   
 

qPCR results 

A total of 88 patients were analyzed by qPCR assay. The prevalence and mean parasite 

density (copy numbers/µl) during the first week after treatment are shown in Figure 

2.  

Compared to microscopy, qPCR detected increasingly more infections over time, and 

the difference became significant at day 3 when the prevalence by PCR was 2.5 times 

higher than by LM (77.3% (68/88) versus 29.5% (26/88); risk ratio (RR) =2.61, 95%CI 

[1.86; 3.68]; p<0.001). When taking into account the infections (identified by LM) 

carrying only gametocytes at day 3 (n=4), the RR remained significant (RR=2.27; 

p<0.001), and this was also the case at day 7 (29.5% (26/88) versus 9.1% (8/88); 
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RR=3.25 [95% CI 1.56 to 6.78], p<0.001).  Three main profiles of qPCR density until day 

7 were identified: i) individuals who cleared infection by day 3 (group1); ii) those who 

cleared between day 4 and 6 (group2); and iii) those positive until day 7 (group 3). 

Associations between the three qPCR profiles and potential risk factors are shown in 

Table 4.  

qPCR positivity at days 4 to 6 (group 2) was significantly associated with higher LM 

parasite density, higher PCT and temperature at enrollment, as compared to group 1 

and 3. Nevertheless, the qPCR positivity at day 7 was associated with a higher 

prevalence of gametocytes at enrollment (p=0.01) and with gametocyte carriage 

(p=0.003).  After adjusting for the effect of parasite density, fever and gametocytes at 

enrollment, the delayed parasite clearance by LM was strongly associated with the 

qPCR positivity at day 3 (adjusted odds ratio [OR], 9.55, [95%CI 1.79 to 50.93], 

p=0.008) but not at day 7 (adjust OR, 1.34, p=0.76) or during the weekly follow-up 

visits (p=0.87).   

External quality control 

External quality control for standard microscopy at ITM and for microscopy of in vitro 

slides at SMRU showed comparable results.  
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Figure 2. Parasite prevalence and mean density determined by quantitative PCR 

(qPCR) from day 0 to 3 then weekly from day 7 to 42.  

Left y-axis, parasite prevalence determined by qPCR (% positive samples); right y-axis, mean 
parasite density expressed as the geometric mean of copy numbers/µl (red squares) with error 
bars showing the upper and lower limits of the 95% CIs.  
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Table 4.  Characteristics of patients by qPCR profiles during the first weeka 

Data for infection  

Times and 
characteristics 

Cleared by 

day3  

(n=18) 

Cleared  

day 4-6 

(n=44) 

Not cleared 

by day 7 

(n=26) 

p-value 

At day 0     

Age (yr) 20 

(5-32) 

12 

(5.5- 28) 

11.5 

(5-16) 

0.26 

Gender (% females) 55.6 45.5 38.5 0.5 

Temperature (°C) 37.7 

(37.0-38.3) 

38.9 

(38.0- 39.4) 

37.8 

(37.6- 38.5) 

0.006 

Hemoglobin (g/dl)  12.2 

(9.8- 13.4) 

13.3 

(11.1-14.3) 

11.3 

(9.6-12.6) 

0.17 

Trophozoite density 
(LM)b 

3,187 

(1,533-6,622) 

15,746 

(10,816-22,922) 

5,373 

(3,002-9,620) 

<0.05 

Gametocyte 
prevalence (%)  

22.2 9.1 38.5 0.010 

IC50 DHA, (nmol/liter)c 0.44 

(0.39- 2.36) 

1.1 

(0.72- 2.34) 

0.58 

(0.50- 2.73) 

0.10 

IC50 PPQ, (nmol/liter)d 101.6 

(41.6-400.1) 

101.1 

(37.7- 391.1) 

44.8 

(21.0-149.9) 

0.63 

During follow-up     

PCT (h) 52.4 

(34.9- 60.3) 

82.5 

(61.4- 96.5) 

37.3 

(24.1-62.3) 

<0.001 

Gametocyte carriagee  37.7 26.5 96.2 0.003 

Pf  infections by PCR 

after day 7 (%)  

33.3 38.6 92.3 <0.001 

a Data are presented as median (IQR) unless  otherwise specified.  
b Geometric mean of trophozoites density [95%CI];  
cTotal samples analyzed n=5, 19, and 19 for group 1, 2, and 3 respectively (p-value for group 2 
vs group1 & 3);  
dTotal samples analyzed n=6, 28, 11, for group 1,2 and 3, respectively. 
egametocyte carriage per 1000person-weeks (group 1 and 2 were compared to group3; 
incidence rate ratio 0.31; 95%CI 0.13 to 0.72, p=0.003);  
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Discussion 

Considering 30% of enrolled patients were still parasitaemic at day 3, this area of 

Central Vietnam fulfills the WHO definition of suspected artemisinin resistance [8].  

Earlier studies from Southern Vietnam reported a 48-h PCT after 3 day DHA-PPQ 

treatment (DHA 2.4mg/kg/day, PPQ 19.2mg/kg/day) and a clearance half-life of 2.98 

h [13]. This is considerably shorter than the PCT and clearance half- life time found in 

our study, in which we used the dosage recommended by the Vietnamese Ministry of 

Health [14]. As this dosing scheme is based on age, the risk of underdosage is high and 

could have resulted in a less-than-optimal treatment efficacy. However, when 

computing the average dosage according to the actual patients’ bodyweight, this was 

4.4mg/kg and 2.2mg/kg for DHA and 28.4mg/kg and 14.2mg/kg for PPQ on day 0 and 

days 1 and 2, respectively. In addition, there was no difference in dosage between 

patients with delayed clearance and others (data not shown). When considering that 

our dosing scheme resulted in a higher total dosage per patient than in a previous 

study carried out in Binh Phuoc Province [13], it is unlikely that under-dosage was the 

cause of the observed delayed parasite clearance.  

The significantly higher IC50s values for CQ, DHA and PPQ in isolates obtained from 

patients with delayed clearance provide an additional argument for a true increased 

tolerability of local parasite isolates. Moreover, the significant correlation between CQ 

and PPQ IC50s found in our study might indicate the presence of cross-resistance 

between the two drugs. The absence of correlation between PCT and IC50s of DHA 
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confirms earlier results from Cambodia [4, 5] and corroborates recent findings on the 

ability of P. falciparum artemisinin resistant strains to arrest their development at 

early ring stage [23]. 

Previous studies have suggested that SNPs in the propeller region of the Kelch 13 

protein may be used as molecular markers for artemisinin resistance [24, 25] and 

recent field studies have confirmed an association between the mutation and slow 

clearance [26]. In our study, despite the high prevalence of the 543 mutation, infection 

with the mutant allele had a significantly longer parasite clearance time (PCT≥72h) 

than did wild- type infections. Most of patients with delayed parasite clearance carried 

the mutation, hence the high sensitivity, while specificity was low because of the 

mutation’s high prevalence among all patients. Mutations in other positions may 

contribute to the observed delayed clearance. Sequencing of day 0 samples and of 

infection detected at day 3 is currently ongoing and may yield information on the 

importance of additional mutations.  

As expected, more patients were positive by qPCR than by LM during the course of the 

follow up. PCR positivity at day 3 was significantly associated with delayed parasite 

clearance by LM and submicroscopic infections during the weekly follow-up were not 

associated with delayed clearance. We therefore hypothesize that this might 

represent circulating gametocytes as shown in other studies [27]. This is plausible 

when considering that patients positive by qPCR at day 7 were more likely to carry 

gametocytes before treatment and during the follow-up. Treatment with DHA-PPQ 
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has been associated with a higher production of gametocytes than that of other ACTs, 

though it is unclear whether these persisting gametocytes are still viable and 

infectious to the vector [28]. In Kenya, residual parasitaemia was associated with a 2-

fold longer duration of gametocyte carriage in children [27]. Although ACTs have a 

moderate effect on gametocytemia, submicroscopic gametocyte carriage occurs 

frequently and is sufficient to affect post-treatment transmission in a setting in which 

malaria is highly endemic [29].  To what extent submicroscopic infections contribute 

to the transmission and spread of resistant parasite strains needs to be addressed. 

This was an observational study with only one treatment arm, not an ideal design to 

distinguish between resistance to artemisinin derivatives and the partner drug. A 

randomized trial comparing DHA-PPQ with artesunate monotherapy would have 

provided the opportunity to exclude the interference of the partner drug and to 

confirm artemisinin resistance in the study area. Plans for such a study are underway. 

Correlating DHA in vitro and in vivo results is difficult since standard ex-vivo assays 

measure schizont maturation while artemisinin resistant parasites can block their 

development at the early ring stage. Ring-stage survival assays would have been more 

appropriate to measure ring stage survival under high DHA concentration [30] or 

similarly, a trophozoite maturation assay might have been more suitable to detect 

resistant parasites [31]. However, at the time the study was conducted, those tests 

were not yet available. Further comparison between in vitro results obtained in 

different laboratories has to be interpreted with caution. 



251 
 

In conclusion, our study shows that, though efficacy of DHA-PPQ is still satisfactory, 

one-third of the P. falciparum infections were not cleared at day 3, defining the study 

area as highly suspicious for artemisinin resistance. Analyses of potential mutations in 

the PF3D7_1343700 kelch propeller domain (‘K13) propeller domain [16] are ongoing 

and will be reported separately. Though resistance has yet to be confirmed, our results 

prompted the National Malaria Control Program (NMCP) together with WHO to 

declare Quang Nam province as a Tier I area since May 2013 [32] as part of the Global 

Plan for Artemisinin Resistance Containment (GPARC). After similar reports from Binh 

Phuoc, Gia Lai and Dak Nong, this is the fourth province and the first one in a non-

bordering area in Central Vietnam reporting suspected artemisinin resistance. These 

reports raise serious concerns on the emergence or spread of multidrug-resistant 

strains in the Great Mekong sub-region.  
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Abstract  

Resistance to artemisinin derivatives, the most potent antimalarial drugs currently 

used, has emerged in South-East Asia and threatens to spread to Africa. We report a 

case of malaria in a man who returned to Vietnam after 3 years in Angola that did not 

respond to intravenous artesunate and clindamycine or an oral artemisinin-based 

combination.  
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Artemisinin derivatives are used in combination with other drugs for the treatment of 

Plasmodium falciparum malaria. Nevertheless, P. falciparum resistance to 

artemisinins has been recently detected in four countries (Cambodia, Thailand, 

Myanmar, and Vietnam) of the Greater Mekong sub-Region [1]. Artemisinin resistance 

could spread from other countries to other regions, including sub-Saharan Africa 

where the incidence of malaria is the highest, and where artemisinin resistance would 

have devastating consequences. Increased and uncontrolled travel between Asia and 

Africa might contribute to the spread of artemisinin – resistance malaria parasite.  

An estimated 40,000 Vietnamese workers travel annually to Angola [2] where P. 

falciparum malaria is the leading cause of illness and death [3, 4]. Over the past year, 

an increasing number of severe malaria cases have been identified among Vietnamese 

migrants returning from Angola [5]. During March-mid- April 2013, five deaths from 

malaria among Vietnamese workers in Angola have been reported [6-8]. We report a 

case of Vietnamese man who returned from Angola and did not respond to 

intravenous artesunate or oral artemisinin based combination therapy.  

The study  

In April 2013, a 58 year-old Vietnamese man was admitted to Bach Mai Hospital in 

Hanoi, Vietnam because of high fever, jaundice and lack of consciousness. Eleven days 

before hospitalization, he had returned from Saurimo city in Angola, where he had 

been working in the construction industry for the past three years, to his home village 

in the malaria free province of Nam Dinh province, 80 kilometers from Hanoi. Four 
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days after returning from Angola, he reported fatigue, fever with chills, and a cough. 

Two days later, he went to the local district hospital where he was given a diagnosed 

of bronchitis and received a third-generation cephalosporin antibiotics (cefixime) and 

antipyretics for 3 days. Ten days after his arrival in Vietnam, the patient came to the 

emergency department of Bach Mai hospital because of continuous high fever (body 

temperature 39-40ºC), dyspnea, and urinary incontinence. He was given fosfomycin 

for pyelonephritis.  

Because his clinical condition worsened rapidly, the patient was transferred the next 

day to the Infectious Diseases Department in the same hospital because of cerebral 

malaria was diagnosed. At admission to the department, the patient (weight 58kg) was 

in a confused state and had a Glasgow coma score of 13/15, generalized convulsions, 

jaundice, and tachypnea (respiration rate 25 breaths/min), a body temperature of 

38.5°C, a blood pressure of 130/80mmHg and pulse rate of 121 beats/min. Clinical 

examination detected hepatomegaly and cracklings in both lungs. Blood tests showed 

following results: leukocyte count 13.3 x109 cells/l; hemoglobin 153 g/l; platelet count 

20.9 x109/l; blood urea nitrogen 19.8 mmol/l; serum creatinin 135 mmol/l; aspartate 

aminotransferase 125 IU/l; alanine aminotransferase 45 IU/l, C-reactive protein 16 

mg/l; procalcitonin>120 ng/ml; total bilirubin 116µmol/l; direct bilirubin 11.5µmol/l; 

and a standard levels of electrolytes. 

 Parasite density/microliter of blood was calculated after counting the total number 

of P.falciparum trophozoites/200 leukocytes and assuming a leucocyte concentration 
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of 8000 cells/μl. Microscopy identified P. falciparum trophozoites at a concentration 

of 378,470/µl and some schizonts. A chest radiograph showed bilateral pneumonia.  

Analysis of cerebrospinal fluid and a computed tomographic scan of the brain showed 

standard results. Test results for  HIV andhepatitis B surface antigen were negative. 

The patient was given a diagnosis of P. falciparum cerebral malaria and treated with 

intravenous (IV) artesunate (batch N°511004; Pharbaco, Hanoi, Vietnam) (60mg every 

12h, loading dose 120mg at admission and IV clindamycin (600mg every 12h). After 

24h of hospitalization, the patient had a Glasgow coma score of 11, a body 

temperature of 39.7°C and a parasite density of 329,411/µl (Figure 1), a blood pressure 

of 70/40 mmHg, and a respiration rate of 30 breaths/min. An ultrasound examination 

showed hepatomegaly and bilateral pleural effusion. At day 2 of hospitalization, the 

patient was treated with intubation and mechanical ventilation. At day 4, the 

hemoglobin level had decreased to 9.3g/dl and the patient was given a blood 

transfusion. After 5 consecutive days of treatment with IV artesunate and clindamycin, 

the patient remained comatose and had continuous fever (39°C) and high parasite 

density (148,000 parasites/µl). 

 At day 6 of hospitalization, artesunate and clindamycin were discontinued and oral 

treatment with dihydroartemisinin (40mg/tablet)/ Piperaquine (320mg/tablet) was 

administered through a nasogastric tube for 3 days (4 tablets/day the first day then 2 

tablets/day). After 3 days of treatment, the patient was still febrile (38.5°C) and had a 

Glasgow coma score of 12 and a parasite density of 113,409 parasites/µl (Figure 1). 
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Quinine (1,750mg/day) and doxycyclin (200mg/day) were then administered at day 9 

through a nasogastric tube (injectable quinine was not available). Twelve hours after 

the first dose of quinine, parasite density was 55,558 parasites/µl. It decreased to 

9,668/µl 72h at day 11 after starting quinine treatment when fever eventually 

subsided. Two days later, the patient regained consciousness, and at day 15 of 

hospitalization, blood slides were negative for parasites (Figure 1). The patient 

eventually recovered and discharged 35 days after admission.  

Species-specific PCR [9] of a blood sample obtained on day 3 of hospitalization 

confirmed the diagnosis of P.falciparum mono-infection. Further genotyping by using 

nested PCR (merozoite surface protein 1 and 2 repeat markers) and capillary 

electrophoresis [10] of several filter paper blood spots obtained during the 23 days of 

hospitalisation confirmed that the patient had a polyclonal P. falciparum infection with 

≥2 clone. These clones might have persisted from admission through day 10 of 

hospitalization (Figure 2).  

The quality of IV artesunate used was determined by using high-performance   liquid 

chromatography according to USP34 NF29 specifications at National Institute of Drug 

Quality Control (Hanoi, Vietnam) (http://nidqc.org.vn/).  The drug was found to be 

acceptable. 

 

 

http://nidqc.org.vn/
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Figure 1. Evolution of Plasmodium falciparum parasite density (log scale) by day 

after start of antimalarial treatments for man with severe malaria who returned 

from Angola to Vietnam in April 2013. 

 Values are parasites/microliter of blood. IV, intravenous. 
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Figure 2.  Clonal complexity of Plasmodium falciparum strain that cause severe 

malaria in man who returned from Angola to Vietnam after treatment, as 

determined by merozoite surface protein (MSP1) and MSP2 repeat length molecular 

typing. Allele sizes were detected by capillary electrophoresis of amplified MSP 

repeat regions and shown for each follow up sample. 

 
 

Conclusion 

This clinical case of suspected artemisinin resistance originating from sub-Saharan 

Africa is of concern because the patient had probably been infected in Angola and 

because clinical presentation which differs delayed parasite clearance reported in 

Southeast Asia [1]. The patient never had malaria and had worked continuously in 

Angola for the past 3 years before his return (direct flight to Hanoi then directly by car 

to his home village) to a malaria free area in Vietnam. Given the onset of symptoms 

only 4 days after his return, the patient was most likely infected in Luanda Sul province, 
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Angola, to which malaria is hyperendemic and where Vietnamese workers have 

reportedly died of malaria [6-8].  

Five days of treatment with intravenous artesunate and clindamycin and a 3-day 

regimen of dihydroartemisinin/piperaquine did not clear the infection because 

parasite density remained high (>100,000 parasites/µl) until the eighth day of 

hospitalization. Parasite density showed a logarithmic decrease only after treatment 

was changed to quinine and doxycycline.  

An external quality control of all blood slides was performed by an expert microscopist 

at the National Institute of Malariology, Parasitology and Entomology, Hanoi; the 

parasite densities were confirmed.  Therefore, this case is suggestive of P. falciparum 

tolerance to artemisinin derivatives; however because no blood samples for 

pharmacokinetic or in vitro studies were collected, resistance could not be confirmed.  

Identification of P. falciparum malaria parasites tolerant to arteminins raises serious 

concerns that artemisinin-resistant strains have emerged or spread in Africa. This 

finding would be a major public health disaster and needs to be urgently confirmed by 

larger treatment efficacy studies in Angola. 
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We agree with Ringwald and Dondorp [1] that our report of a Vietnamese worker 

returning from Angola with severe Plasmodium falciparum malaria not responsive to 

artemisinins [2] is unlikely to indicate that artemisinin resistance has reached Angola. 

Nevertheless, this case, for its unusual clinical manifestation and response to 

treatment, had raised alarm in Vietnam, where the number of imported malaria cases 

and deaths among Vietnamese workers returning from Africa has recently increased 

[3, 4]. After our report was published in July 2014, we collected additional information 

that may be useful in putting such a case in perspective. 

The results of an external quality control study by Sigma-Tau Pharmaceuticals on 10 

vials of the same batch (no. 511002) of intravenous artesunate as administered to our 

case-patient (report available on request) confirmed acceptable drug concentration 

and showed that the opalescence observed after reconstitution was caused by 

precipitation of an impurity (representing 0.12% of the preparation) identified as an 

active metabolite of artesunate. Therefore, the treatment administered to the patient 

was of acceptable quality. The blood concentrations of artesunate and 

dihydroartemisinin may have been 20% lower than ideal (as predicted by a 

pharmacokinetic model), but this finding cannot explain why the parasite density 

remained >200,000/μl for several days. 

Ringwald and Dondorp also mention functional asplenia as a possible cause of delayed 

parasite clearance. We argue that this would have resulted in a much longer 

(weeks/months) parasite clearance [5] than the observed sharp decrease after quinine 
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and tetracycline administration. Moreover, we did not observe any accumulation of 

circulating dead parasites (Howell-Jolly bodies), which is against the hypothesis of 

functional asplenia. Furthermore, sharp decline of parasite density immediately after 

quinine and doxycycline administration by nasogastric tube is not consistent with the 

proposed hypothesis of reduced intestinal absorption. 

In hindsight and after consideration of additional information, we agree that it is 

unlikely this patient harbored several resistant parasite clones. However, the reasons 

for the lack of response to arteminins in this patient remain unknown and are under 

continued investigation. 

The discussion triggered by the publication of our case report raises the question of 

what should be reported to the attention of the scientific community and public health 

authorities. Besides being an obligation for clinical physicians, reporting unusual 

treatment failures such as our case is also an essential component of antimalarial 

resistance surveillance. As mentioned by Ringwald and Dondorp, “vigilant monitoring 

is pivotal” for the detection of possible foci of resistance. For early detection of 

artemisinin resistance, we would rather have a more sensitive than specific system, 

because the latter would probably miss the first emerging cases of resistance. 

Reporting cases similar to the one we published should be encouraged. 
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Chapter 9 

General discussion  

In this thesis, we have combined different types of epidemiological studies. We used 

molecular tools, in order to quantify the human reservoir of malaria accurately and to 

investigate genetic diversity and population structure of P.vivax parasite populations 

in central Vietnam. We confirmed the spread of P. falciparum parasites resistant to 

ACT in the region and generated relevant knowledge not only to better understand 

the current challenges of malaria elimination efforts in the region, but also to inform 

health authorities and contribute to the implementation and use of molecular tools in 

elimination campaigns, epidemiological research and surveillance efforts in the 

country.  

Translation of research outcomes into health policies 

Several outcomes of this thesis have contributed to changes in the country’s health 

policies. First, P.knowlesi treatment was included in the national treatment guidelines 

[1] after the description of the first detection of P.knowlesi infections in humans in 

Ninh Thuan province [Chapter 4]. In addition, our report describing an important rate 

of P.malariae and P.ovale infections and mixed infections usually non-detectable by 

LM prompted the NMCP to reinforce LM training with the aim of improving skills to 

identify non-falciparum Plasmodium species (P.vivax, P.malariae, P.ovale and 

P.knowlesi) and mixed infections (Chapters 4 and 5) [2, 3]. Since 2014, the NMCP has 

also incorporated ss-PCR in its surveillance programme, in order to accurately monitor 
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malaria transmission in Vietnam [4-7]. In 2016, the Molecular Biology Department at 

the NIMPE received ISO15189 accreditation for the ss-PCR technique  [8, 9]. 

Furthermore, our report on P.falciparum resistance to artemisinins in Quang Nam in 

2013, prompted the NMCP and WHO to declare this province as a “Tier I area”, i.e. an 

area with “credible evidence of artemisinin resistance” [10]. Consequently, the 

financial support received by the Quang Nam provincial malaria center (from different 

projects) increased from 150,000 USD in 2013 to 786,379 USD in 2014. This additional 

funding supported the implementation of intensified control strategies based on 

vector control activities (ITNs and IRS), PCD at community level, reactive case 

detection and treatment, as well as regular drug efficacy studies supported by WHO 

in sentinel sites. These efforts were followed by a strong reduction of malaria 

morbidity, with a 75% reduction within one year [2, 11, 12]. 

Finally, the case report of a lack of response to intravenous artesunate and DHA-PPQ 

treatment of a Vietnamese worker with severe malaria returning from Angola  urged 

the NMCP to introduce WHO recommendations in national guidelines for the 

treatment of severe malaria and to strength quality control of anti-malaria drugs [1]. 

High proportion of asymptomatic and sub-microscopic infections 

In terms of epidemiology, our study in Ninh Thuan evidenced the high sensitivity of 

PCR in detecting malaria infections compared to LM, in a region where malaria 

transmission has greatly decreased in recent years and where a majority of infections 

are now asymptomatic and harbour low parasite densities [Chapter 5] [2, 7]. Using a 
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SnM-PCR [Chapter 2], we detected an overall prevalence of malaria by PCR of 29.1% 

compared to 14.4% by LM, while the majority of PCR-detected-infections were 

asymptomatic (~80%). In addition, PCR revealed a non-negligible prevalence of 

P.malaria and P.ovale infections (4.1% and 0.8%, respectively) that were not 

previously detected by LM and 7.1% of mixed infections. PCR detected high 

proportions of asymptomatic infections in Quang Nam province in 2009 (N=327) and 

Quang Tri province in 2010 (N=1,390) accounting for 75.4% and 98.1% of all infections 

respectively [13, 14]. In addition, a P.malaria prevalence of 1.2% as detected by PCR 

was observed in Quang Binh province (2004-2005) when analysing 3,627 individuals 

positive by LM; this study did not detect P. ovale infections [15]. On the other hand, 

several cross-sectional surveys, conducted from 2003 to 2014 in provinces from 

Central and Southern Vietnam used PCR-based methods to measure species 

distribution among LM patent infections and fever cases and reported variable PCR-

based prevalence of P.malariae and P.ovale infections; this was respectively, i.e. 0.37% 

and 0.07% in Binh Phuoc (N=2,635), 0.5 and 0% in Ninh Thuan (N=3,405), 2.03%  and 

0.41% (N=2,167) in Gia Lai between 2003-2007 [16] or 6.7% for both P. malariea and 

P. ovale in Quang Tri (N=1,390) in 2010 [14] and 2.9% and 1.4% in Southern Vietnam 

in 2014 (N=494) [17]. A high proportion of asymptomatic infections have been 

detected in several provinces in Vietnam [13, 14] and the prevalence of mixed 

infections and of the minor Plasmodium species (P. malariae and P. ovale) varied 

between studies and provinces [13, 14, 16]. Some of these differences can be 

attributed to different study designs, individual inclusion criteria [14-18] and the use 
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of different diagnostic tools as mentioned above. Most of the studies conducted at 

the local level and by the NMCP relied heavily on LM or RDTs missing an important 

proportion of asymptomatic, mixed and P.malariae and P.ovale infections [2, 3, 7, 19, 

20]. While our study in Ninh Thuan screened a large population (n=2,303) from several 

communities (10 communes and 30 villages), thus warranting a high 

representativeness and precision of our prevalence estimates. A high proportion of 

asymptomatic infections and thus a large parasite reservoir were also observed in 

other GMS countries i.e. Cambodia, Thailand and Myanmar, where malaria 

transmission is low, and NMCPs are also moving into malaria elimination strategies 

[21-23].  

Malaria cases in Vietnam are now concentrated in 10 provinces from the centre of the 

country and the highlands, which is associated with behavioral risk factors in particular 

populations [2, 7]. On the other hand, even in provinces where malaria transmission 

has been greatly reduced [13, 14], there is a non-negligible population of malaria 

vectors (i.e. An. dirus, An. minimus, An. maculatus etc.) [24], which poses a risk of 

resurgence in these areas.  

In addition, detection of submicroscopic infections is a challenge to current 

elimination efforts, as the most common used diagnostics tools are LM and RDT. 

Furthermore, quality of LM results varies within different levels of the health system 

with most experienced microscopists located in central laboratories in major cities, 

while the majority of malaria cases concentrate in rural areas. Lack of proper 
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infrastructure in peripheral health posts confront patients with unacceptable delays 

in diagnosis [25, 26]. On the other hand, RDTs are useful tool for case management in 

rural areas where LM is not available. Since 2005, the NMCP has used diferent type of 

RDTs, e.g. Paracheck F test (Orchid Biomedical Systems, Goa, India), ParaSight F test 

(Becton Dickinson Diagnostic Systems, Cockeysville, Md.), SD Bioline, malaria Ag Pf/Pv 

(Standard diagnostic, INC, Korea) and ICT P.f/P.v (ICT-Amrad, Sydney, Australia)  [27, 

28].  

Even though high sensitivity RDTs for the detection of P. falciparum infections have 

been developed and are now in the testing phase [29, 30], RDTs used in Vietnam are 

are less sensitive than LM and thus, miss most infections with parasite densities under 

100 parasites/µl [27], while unable to detect P.malariae and P.ovale infections [27, 

28]. Consequently, malaria infections are underreported at the NMCP level. This 

confirmed in several studies showing a high proportion of sub-patient infections in 

several provinces in Vietnam such as Ninh Thuan (50.7%) [Chapter 5], Quang Nam 

(58.7%) [13] and Quang Tri (98.1%) [14].  Pf-HRP2 deficient parasites leading to false 

negative RDT results, have not been reported in Vietnam [31], however, an exhaustive 

analysis with a representative samples size and geographical areas or regular 

monitoring is urgently needed after deficient parasites have been reported in South 

East Asia  [32]. 

A systematic review of studies carried out between 1998 to 2012 in 39 sites across 22 

countries showed that the proportion of P.falciparum and P.vivax asymptomatic 
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infections detected by PCR ranged from 0% to 16.8% in low-, 9.6% to 58.9% in 

moderate-, and 16.3% to 82.5% in high transmission areas, with all age groups affected 

[33]. A review of 44 cross-sectional surveys showed that an average of 55.7% of P. 

falciparum and 69.5% of P. vivax infections are only able to be detected by PCR in low 

transmission settings [34]. Another large cross-sectional survey in the Thailand–

Myanmar border areas, Cambodia, and Vietnam also showed that only 4% and 5% of 

malaria infections were detected by RDT and LM, respectively, while the number 

reached 20% when using high volume ultra-sensitive real-time polymerase chain 

reaction [35]. A review of 106 different surveys estimated that asymptomatic and 

submicroscopic infections account for 20–50% of all human-to-mosquito 

transmissions [36]. In our study [Chapter 5], the prevalence of LM-positive samples 

harboring gametocytes was estimated at 6.3% (144/2,303), which is underestimated 

due to the limited sensitivity of LM-based gametocyte detection compared to 

molecular tools. Indeed, studies using RT-qPCR tools can detect P. falciparum 

gametocyte densities as low as 0.3 gametocytes/μl [37], estimating gametocyte 

prevalence 10-20 times higher than those detected by LM [38, 39]. Previous studies 

have demonstrated that mosquitos can be infected with P.falciparum gametocyte 

densities as low as 5 gametocytes/µl or even undetectable gametocyte densities (by 

QT-NASBA), which in naturally infected Kenyan children contributed to infect up to 

10% of all infected mosquitos [40]. In a recent study from Colombia on the infectivity 

of P.vivax to mosquitoes, the majority of P.vivax infections (including asymptomatic 

and submicroscopic) harboured gametocytes, and the highest proportions of mature 
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gametocytes were observed in asymptomatic patients (presumably long-lasting 

infections), who were as infective as acutely ill patients [41].  

Thus, to better understand malaria transmission in a given area it is important to 

accurately characterize the human parasite reservoir (including submicroscopic 

infections and species distribution) and determine the proportion of infections 

carrying gametocytes, as well as to identify the risk factors for gametocyte carriage in 

the population. To this aim, molecular diagnosis tools are much more sensitive 

methods to detect malaria infections, identify species and sexual stages than still 

routinely used RDT and LM, which miss a high proportion of infections and lead to an 

unreported malaria burden [36]. 

In summary, the modified SnM-PCR [Chapter 2] demonstrated to be a suitable method 

for the identification of the five human Plasmodium species in Vietnam, with high 

sensitivity and an acceptable cost. It is, however, still difficult to perform as a Point of 

Care test (POC) due to the lack of laboratory equipment and scientific staff [13, 14]. 

Even at the central level, funds are still limited to run molecular tests systematically 

on large population surveys in sentinel sites (only filter paper blood samples collected 

from suspected and confirmed malaria patients in 7/64 provinces are analysed by ss-

PCR [4-7]). Current strategies of the NMCP in Vietnam have changed to active case 

detection, even though the diagnostic tool of use continues to be RDT/LM; our results 

show that inclusion of molecular tools in the NMCP will increase the impact of the 

intervention. 
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In this regard, the development of a LAMP diagnostic tool that can be performed at 

the point of care (POC), and with a sensitivity equal to or higher than PCR-based 

methods, may become a promising tool for malaria elimination campaigns [42]. 

Different versions of the LAMP assay (including recent ones with a high throughput 

format) have been evaluated in malaria pre-elimination regions such as Zanzibar [43, 

44], and are currently under evaluation in Vietnam (NIMPE-FIND collaboration). If field 

evaluation is successful, LAMP could become an interesting alternative to PCR for the 

active detection of malaria infections in remote-rural areas as part of malaria 

elimination campaigns in Vietnam.  

Finally, though not mentioned in the different chapters of this thesis, NIMPE is 

currently implementing RT-qPCR methods for the detection and quantification of P. 

falciparum and P. vivax gametocytes, both in clinical trials and epidemiological studies.  

P. knowlesi in Vietnam  

Our first identification in 2009 [Chapter 4] of P. knowlesi infections in three young 

asymptomatic patients in a Rag lai (minority) community of Ninh Thuan province, 

together with three other reports of P. knowlesi infections both in An. dirus and in 

asymptomatic humans (also from the Raglai minority group) in the neighboring Khanh 

Hoa province [45-47], raises the issue of simian malaria transmission among ethnic 

minorities living in forested areas of Central Vietnam, and its threat to current 

elimination efforts. Indeed, even if human malaria could be eliminated, the zoonotic 

transmission of P. knowlesi will be maintained by the presence of the main vector An. 
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dirus and the macaque monkeys. Given the permanent close contact between some 

indigenous populations and the forest, the re-introduction of P. knowlesi into the 

human population will remain a permanent threat. Though P. knowlesi infections have 

not yet been identified in Vietnamese monkeys, P. inui, another simian species 

infecting humans, was identified in one pig-tailed macaque and one long-tailed 

macaque in Binh Phuoc province [48], where A. dirus is the predominant vector 

species [24].  

Further large-scale surveys are urgently needed in forested areas of Central Vietnam 

to assess the geographical extent, clinical and parasitological characteristics of P. 

knowlesi infections in the human host. To this aim, (molecular) diagnostic tools able 

to accurately identify P. knowlesi infections and that could be implemented in 

surveillance systems are urgently needed due to the limited sensitivity and specificity 

of LM and RDTs [49]. 

As part of this PhD [Chapter 3], we extended a previously designed SnM-PCR for the 

detection of 4 human malaria species [50] to specifically detect P.knowlesi. Therefore, 

a two stage SnM-PCR for the detection of the five human malaria species has been 

validated and is currently implemented at the NIMPE as part of the malaria 

surveillance system in sentinel sites or within research projects. We used this protocol 

to investigate the prevalence of P.knowlesi in previous malariometric surveys carried 

out in Gia Lai (2008) and Quang Nam (2009) provinces, but no new cases were 

detected (N.V. Hong, unpublished data). Alternative tools include surface protein 
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containing an altered thrombospondin repeat domain (SPATR), considered as a 

biomarker for immunoblot and ELISA-based assays [51] and the LAMP assay for 

detecting P. knowlesi malaria parasites in the field is also available [52]. P.knowlesi 

infections in humans, have also been reported in Thailand and Myanmar, which have 

similar forested environments [53, 54], in the Philippines [55], Singapore [56], 

Indonesian Borneo [57], Malaysia [58] and Cambodia [59], raising concerns regarding 

the spread of this pathogen in humans in Southeast Asia. Therefore, control and 

elimination programmes in the Greater Mekong Sub-Region should take into account 

P.knowlesi infections and its zoonotic reservoir in their elimination goals.  

Population genetics 

The high prevalence of sub-microscopic infections identified in several endemic areas 

of Central Vietnam [Chapter 5] [13, 14] reflects the decrease in malaria transmission 

as a result of the continued and comprehensive control interventions applied since 

1992 following the WHO recommendations.  

There are some key biological differences between P.falciparum and P.vivax parasites 

that makes the latter species more difficult to control with conventional methods [60]. 

These include the occurrence of relapsing liver forms, the early gametocyte 

production before the onset of symptoms [61] as well as the usually low parasitemias, 

all of which facilitate the undetected transmission of P. vivax and challenge its 

effective treatment and control [60]. It is now clear that malaria elimination efforts 

cannot progress further without an in-depth knowledge of the epidemiology of both 
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parasite species and respective host-parasite-vector interactions. In addition, tools to 

accurately measure the differential impact of intensified interventions on both P.vivax 

and P.falciparum transmission are needed [62].  

Molecular epidemiology studies aiming at understanding genetic diversity, 

transmission dynamics and population structure of parasite populations both at local 

and global levels, can greatly contribute to our understanding of the evolution of 

parasite populations, their interactions with human hosts, to measure changes in 

transmission, and guide the development and implementation of new interventions 

[63-67]. 

Our study [Chapter 6] describes in detail the genetic diversity, population structure of 

P. vivax infections identified in 4 rural communities of Central Vietnam before radical 

treatment and inclusion in a 2-year follow-up study. We found moderate levels of 

heterozygosity (He=0.68) and little population structure. These results contrast with a 

previous study conducted in neighboring Binh Thuan province, where levels of genetic 

diversity were higher (He ranged from 0.84 to 0.86) [68] despite similarly low levels of 

malaria transmission [66, 68]. On the other hand, similar levels of genetic diversity and 

little population structure have also been described in other GMS countries now 

aiming to eliminate malaria, such as Cambodia (He=0.87), Lao PDR (He=0.83), Thailand 

(He=0.89) as well as in India (He=0.9) [66, 69]. 

In areas of low transmission, P.falciparum populations often display a low proportion 

of polyclonal infections and a high linkage disequilibrium (LD) [70, 71]. However, 
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P.vivax parasite populations do not follow this correlation, and high proportions of 

polyclonal infection are also found in areas of low transmission and in parasite 

populations with significant LD [68, 72, 73]. In Vietnam, P.vivax population structure 

studies are scarce but high levels of inbreeding and significant LD were reported from 

both Quang Nam and Binh Thuan provinces [Chapter 6] [68]. High P.vivax genetic 

diversity found in countries with relatively low transmission highlights the complexity 

of the parasite populations and consequent challenges to elimination [66, 68, 69, 74].  

In 2014, the genetic diversity of P.vivax isolates collected in four different continents 

was analyzed using a common panel of MS that were chosen after testing by Lositan 

software. The highest genetic diversity was found in Southeast Asia, while 

intermediate diversity was found in the South Pacific and the lowest in South America 

and Central Asia [66]. This study highlights that in areas such as Southeast Asia and 

South America with similar malaria transmission intensity, the level of genetic diversity 

varies substantially, indicating that besides climatic and topographical factors, similar 

intervention policies and strategies e.g. impregnated bed-nets, insecticide spraying, 

ACT treatment etc. [75] may affect parasite populations of distinct geographical 

regions differently [69].  

Our study [Chapter 6] showed that the P.vivax population in this remote forested area 

of Central Vietnam presented a high level of relatedness and a high rate of polyclonal 

infections (71.3%). High polyclonality increases the probability of genetic 

recombination during the sexual cycle in the mosquitoes, resulting in sporozoites with 



287 
 

novel but related genotypes [76]. As in vivax populations, some variants in the 

complex mixture are more prone to relapse than others [77]; the high genetic 

relatedness may help us to recognize genotypic patterns of relapsing parasite 

populations and identify individuals at greater risk for relapsing malaria [77, 78]. A 

preliminary analysis of the monthly follow up samples of our P.vivax cohort have 

shown a high rate of recurrent vivax infections, which will be further analyzed in terms 

of genetic relatedness. 

P.vivax hypnozoites can produce multiple relapse during which individuals even with 

low parasite densities may still remain infectious to mosquitos [79]. Currently available 

diagnostic tools cannot detect hypnozoite stages. Therefore, P.vivax relapses are 

important contributors to the maintenance of malaria transmission [80, 81]. This was 

also suggested in our study in central Vietnam, where a high MOI was found, 

contrasting with what would be expected in an area of low transmission, and this was 

also the case in previous reports from low transmission areas such as central Thailand 

(MOI=1.69) [61, 82], northwest Thailand (MOI=3.0), southern Cambodia (MOI=2.9) 

[83] or Myanmar (MOI=1.87) [61]. Asymptomatic infections and relapses may 

contribute to this high rate of polyclonal infections, as has been described in different 

regions of the world [84, 85]. 

In a high transmission area such as Papua New Guinea, it was estimated that four of 

every five P.vivax infections in children from 5 to 10 years was due to relapses [80]. 

The relapse rate of P.vivax varies across geographic regions and is partially dependent 
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on immunity of the subjects [79, 86]. Currently, the only available treatment for 

P.vivax radical cure is a full 14–day PQ course [87]. Unfortunately, this treatment poses 

great challenges for P.vivax elimination efforts in countries like Vietnam, due to low 

adherence to the 14-day regimen and the risk of hemolysis in G6PD deficient patients 

while G6PD POC diagnosis is not available in the country [88].  

In our study, we genotyped P.vivax MS by PCR amplification followed by capillary 

electrophoresis (CE). This method has the advantage compared to agarose gel analysis 

of a higher resolution, since differences of 1-2 bp can be identified. On the other hand, 

disadvantages of this method are the difficulty to detect minority clones in a single 

infection or non-perfect identification of clones due to low parasite density [66]. It was 

shown in our analysis on recurrent infections that MS positivity was reduced due to a 

high rate of asymptomatic and submicroscopic infections (unpublished data). This 

phenomenon can be partially improved by analyzing a second sample from the same 

patient 24h after the first one, which has been shown to increase the number of clones 

that can be detected [89]. The study showed that only markers with balanced diversity 

should be used for decoding population diversity, and structure as well as population 

comparisons in different regions and the markers that have extreme excess diversity, 

can provide meaningful properties for MOI studies [90]. In order to differentiate 

between relapse and new infections in drug efficacy trials, highly polymorphic markers 

with many alleles at moderate frequencies are required [91]. Our study, together with 

the study in Binh Thuan province, can be considered as pilot studies to assess 
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individual marker profiles before conducting large-scale genotyping studies in malaria 

endemic areas in Vietnam. Instead of 14 MS, later studies can reduce the panel of 

markers (from 2 to 9 MS, depending on the purpose of the studies) [66, 90] but still 

have the ability to decipher population structure in different areas as well as parasite 

migration and evolution in Vietnam.  

Although new technologies for genotyping and genome analysis are developing 

quickly, they still require sophisticated laboratory facilities and bioinformatics skills 

that are not yet available in most research institutes in limited resource settings, such 

as the NIMPE in Vietnam. Therefore, MS genotyping remains a useful tool for 

investigating genetic diversity and population structure of Plasmodium populations in 

Vietnam. However, the choice of MS is dependent on the research question and 

should be done in accordance with local genetic diversity data, and if possible MS 

should be tested in a pilot study with local samples. In the near future, population 

genetic studies and surveillance on drug resistant markers should be implemented as 

molecular surveillance tools to continuously evaluate the impact of elimination efforts 

in the country and inform and support current strategies and challenges [92, 93]. For 

the NMCP in Vietnam, we recommend the use of MS markers to re-evaluate P. vivax 

in Binh Thuan or Quang Nam, in order to establish how genetic diversity and 

population structure changes in the condition of decreasing transmission.  
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Drug resistance 

Vietnam’s current malaria elimination efforts, as in most GMS countries, are being 

threatened by the development of P. falciparum resistance to artemisinin derivatives  

[94, 95]. Alarming rates of D3 positivity (15.6%) were reported for the first time in Binh 

Phuoc province in 2009 [96, 97], and by 2016 up to six provinces in Central Vietnam 

were classified as a delayed parasite clearance area [98]. In 2012, our study in Quang 

Nam province [Chapter 7] identified a high D3-positivity rate (29.2%), an extended 

parasite clearance slope (6.2h), as well as a significant association between delayed 

parasite clearance and the presence at day0 of the SNP 543 of the K13 propeller 

domain. Interestingly, the I543T mutation was found in the majority of infections 

(80.7%) while the C580Y was absent, a somewhat different picture than what was 

found in Binh Phuoc province in 2014 or 2015 where the C580Y mutation was the 

predominant allele (47.69% [98, 99] and 72.73%, respectively [95]). In addition, 

another study conducted in Binh Phuoc and Dak Nong provinces from 2010 to 2014, 

reported 13.89% of C580Y, 52.87% of P553L and 33.33% of V568G mutations [100] or 

79.1% and 63% of C580Y in Binh Phuoc and Gia Lai province in the study conducted in 

2009-2016 [101]. In Ninh Thuan province, the area has only recently (2015) confirmed 

a delayed parasite clearance of >10% [98],  the  K13 mutation accounting for 6% 

(including I543T, T493H and C580Y) [101]. The difference in K13 mutation rate in Binh 

Phuoc may have been due to this province having the highest malaria prevalence, as 
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well at it being the area where artemisinins have been used for the longest period in 

Vietnam [7, 94]. Moreover, Binh Phuoc and Gia Lai has long borders with Cambodia 

where artemisinin resistance is endemic, and regular cross-border movements by 

migrant workers are likely to favor the spread of resistant parasite strains [97, 102] 

while Quang Nam and Ninh Thuan province, population often travel to forest inside of 

provinces [13, 101]. In 2016, piperaquine resistance was confirmed in Binh Phuoc [95, 

98], and this might be another contributor to the development of artemisinin 

resistance [97]. In fact, the analysis showed that P553L parasite might have originated 

independently in Binh Phuoc [101]. In addition, this province attracts annually 

thousands of seasonal workers from various provinces in Vietnam, and before 2013, 

self-treatment was encouraged by the NMCP for these migrants into a malaria 

endemic area [103, 104]. It has been reported by the NMCP that self-treatment with 

anti-malarial drugs purchased from private pharmacies was more frequent in Binh 

Phuoc than in other provinces [2, 7]. This may result in repeated inadequate treatment 

regimens and use of poor quality medicines, practices that favor the development and 

spread of resistant parasites.   

The level of K13 mutation is quite different in the different regions. Among five 

countries that confirmed artemisnin resistance in SEA, a high prevalent of C580Y 

mutation was found in Cambodia, Myanmar and eastern and western Thailand, while 

the F446I mutation is predominant in China-Myanmar border regions as well as in 

Myanmar [105-108]. Some K13 mutations (examples A578S, K189) have a low 
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frequency in SEA but presented a high prevalence in Africa [109-111]. However, the 

most common k13 mutant alleles (C580Y, I543T, R539T, and Y493H) were found in 

countries in SEA, indicating that cross-border movement of P.falciparum may have 

already occurred [105]. If study sites were located near international borders, larger 

population movement across these border areas is possible, which may assist in the 

spread to a larger extent. In our study in Quang Nam province, the study site is quite 

isolated with no international border hence parasite resistance might rise 

independently. Therefore, besides clinical and laboratory investigations to 

complement sentinel surveillance, the implementation of molecular surveillance to 

monitor the spread and emergence of resistant parasites is required in Quang Nam.  

A recent study in Northwest Cambodia showed that treatment failure was associated 

with the presence of a triple mutant (including the Kelch 13 C580Y) [102], and the 

presence of increasing numbers of K13 mutations was associated with high survival 

rates in novel piperaquine in vitro assays. In our study [Chapter 7], isolates with 

delayed parasite clearance had a significantly higher PPQ-IC50 (ex vivo maturation 

assays) than those with normal clearance times, although PPQ-IC50 remained below 

the cut off of >300 nM for piperaquine resistance [112, 113]. Among six provinces that 

were considered as foci of delayed parasite clearance in Vietnam, a high treatment 

failure rate (28%) after treatment with DHA-PPQ was only found in Binh Phuoc 

province, with other provinces having low LTFs (0% in Gia lai, 4% in Ninh Thuan [95], 

2.27% in Quang Nam [Chapter 7], 4.3% in Khanh Hoa [114], and 0% in Dack Nong 
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[115]). This strongly suggests that piperaquine resistance has arisen upon a 

background of artemisinin resistance reported recently from Cambodia [116]. An in 

vitro and molecular study in Binh Phuoc reported the piperaquine survival assay rate 

as being much higher in the parasites from recrudescent infections (39.2%) compared 

with 0.17% in patients cured with DHA- PPQ and all LTFs related to K13 mutations [95]. 

It is worth noting that artemisinin-resistant K13 mutants with ex vivo PSA survival 

rates ≥10% were associated with a 32-fold higher risk of recrudescence [117]. In 

Vietnam, confirmatory artemisinin resistance studies that include both K13 

prevalences and ex vivo data are only available in Binh Phuoc [95, 101] and Quang 

Nam provinces [Chapter 7], molecular markers of piperaquine resistance also only 

involve screening in this province; therefore, a large-scale surveillance of parasite 

fitness and in vitro drug sensitivity is urgently required. 

Although most patients with delayed parasite clearance are cured with ACTs in most 

of the GMS countries, artemisinin resistance has not been contained despite 

increasing regional containment efforts. Indeed, resistance to artemisinin continues 

to spread rapidly across Southeast Asia [118]. The main concern is that artemisinin 

resistance, with the current increasing population movements, will follow the same 

path as for other drugs (chloroquine, Sulfadoxine-pyrimethamine etc.) and spread to 

the African continent, which would be a public health disaster [107, 119].  

Although DHA-PPQ remains efficacious in some malaria endemic areas in Vietnam, 

however effectively of drug associated with artemisinin resistance and this places 
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greater selection pressure on the partner drug. The NMCP has only recently (2016) 

added a combination of artesunate and mefloquine as the first-line treatment for 

P.falciparum in 5 provinces that have evidence of artemisinin resistance (except Ninh 

Thuan) [120]. However, due to financial constraints, this policy has not been brought 

into practice. Therefore, strategies for deployment of multiple first-line therapies are 

required when effective alternatives are available on the market [121]. Since the 

currently used first-line treatment (DHA -PPQ) in Vietnam does not meet the WHO 

criteria of being “based on an average cure rate of >95%, as assessed in clinical trials”, 

there is an urgent requirement to evaluate alternative treatments with other available 

forms of ACT to replace DHA-PPQ in the near future.  

Case report from Angola  

The case report discussed in Chapter 8, despite the fact that artemisinin resistance 

could not be confirmed, illustrates well the current situation of this permanent threat 

over the African continent, and how the first emerging cases of artemisinin resistant 

P.falciparum malaria might sooner or later be reported. Indeed, the globalized 

economic market and facilitated international transport means that in the past twenty 

years, Asian countries, especially China [122] but also Vietnam [123], are increasingly 

investing and driving their own labor forces into the African continent. This generates 

a regular flux of overseas workers returning to their homeland from malaria endemic 

areas, representing an increasing source of imported malaria cases and deaths [124]. 

In Vietnam, overseas imported malaria cases especially from Africa have been 
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increasing since 2013, representing up to 2.22% (210) of all malaria cases in 2015 [2, 

7]. Conversely, this situation is also ideal for the potential spread of artemisinin 

resistant falciparum strains from SEA to Africa. 

Our Vietnamese patient returning from Angola [Chapter 8] with severe malaria 

presented a slow response (above 100 h) to ACTs, and initially multiple genotypes 

(later corrected) were found in the environment of the wild type K13-propeller gene. 

The lack of pharmacokinetic analysis and in vitro testing prevented the confirmation 

of artemisinin resistance, even though early treatment failure was reported. 

Concomitant to our case report, one 28-day in-vivo drug efficacy study from Angola 

(Zaire province) confirmed very high efficacy of DHA-PPQ (100% ACPR) in children 

under 5 years of age [125]. Subsequent to our report, the CDC initiated a sentinel site 

in Luanda province to monitor the in-vitro and in-vivo efficacy of DHA-PQ (including 

K13 mutations) and other ACTs (Plucinsky, unpublished data).  

There are several potential explanations why artemisinin resistance has developed 

later in Africa than in SEA, such as a lower selective pressure due to artemisinin 

derivatives having been introduced more recently in Africa as compared to SAE, and a 

lower rate of infective malaria being treated with ACTs [126-128]. In addition, absence 

of a favorable genetic background may have led to the lack of selection of K13 

mutations in Africa to date [129]. 

Even though most of the studies investigating delayed parasite clearance after ACTs 

treatment in Africa did not report  association with K13 mutations [98, 106, 109, 130-
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134], a recent article from Lu et al., reports a case of P. falciparum artemisinin-

resistance in a Chinese patient infected in Equatorial  Guinea with a confirmed African 

strain [135]. In addition, another study found no relationship between K13 mutations 

and treatment failure [125] and Ugandan children with severe malaria showed a 

prolonged parasite clearance and half–life in infections with parasites harboring the 

SNP A578S [136]. Computational modelling using the beta-propeller domain of the 

btb-kelch protein krp1 suggested that the A578S mutation would induce a structural 

change with a potentially disruptive effect on normal K13 function [111]. In addition, 

the LTF after treatment with artemether – lumefantrine has been reported in 4 four 

patients after travelling to Africa, with no patients containing K13 mutations [137]. 

Another study in Uganda in 2012–14 showed a low rate of crude ACPR (60.5% and 

56.2%, respectively) in P. falciparum infected patients (60.5% in retreatment ACT and 

56.2% in alternate ACT groups, respectively) [138]. It has also been suggested that 

three days of ACT treatment is insufficient to clean all parasite genotypes [139, 140]. 

Therefore, besides the fear of immigration of resistant parasites, such parasites might 

develop independently in Africa and the adaptive genotype might develop using a 

different mechanism with parasites in SEA [137].  Thus, even though the presence of 

K13 mutations and artemisinin resistance seems still negligible in Sub-Saharan Africa, 

further and continuous investigations should monitor not only K13 mutations but also 

other mutations associated with the partner drugs. 

Our case report raised awareness on the importance of strengthening collaborations 
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among GMS countries, between the NMCP, the Ministry of Health and other ministries 

(i.e. transport, international cooperation, foreign affairs, etc.) to better track human 

population movements and prevent malaria among overseas workers  [2, 7, 141]. 

In the current scenario, where both P.vivax resistance to chloroquine and P. 

falciparum resistance to artemisinins and piperaquine has been confirmed in Vietnam 

[97, 98, 142], containment efforts need to be prioritized while alternatives to ACTs are 

developed [143]. On the other hand, malaria therapeutic efficacy studies that have 

clearly been useful for monitoring resistance during moderate and high transmission 

intensity are becoming difficult to sustain as malaria transmission decreases, given the 

paucity of infected patients. More efficient methods that can be sustained at country 

level and that are able to monitor resistance in all malaria endemic areas in Vietnam, 

such as molecular surveillance tools, should be implemented and would be useful for 

supporting containment strategies and advancing malaria elimination in Vietnam.  

 

Conclusion and perspectives 

Microscopy and RDTs continue to be very useful tools for the diagnosis of malaria 

infections in Vietnam, while increased quality control of slide reading and RDT 

performance, especially at the community level, should be regularly performed 

following the recommendation of WHO/FIND to ensure the quality of diagnosis and 

prompt treatment. However, as malaria transmission continues to be reduced and the 

proportion of asymptomatic and submicroscopic infections is increasing, more 
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sensitive diagnostic tools should be incorporated in active detection campaigns to 

detect all malaria infections. PCR-based techniques are sensitive tools for detecting 

malaria infections with low parasite density; however, their use outside research 

projects and laboratory centers is still unfeasible due to the lack of infrastructure in 

most malaria endemic provinces. Thus, field PCR techniques such as the LAMP should 

urgently be developed and validated as a highly sensitive, cost effective and user 

friendly tool for the accurate detection of all malaria infections in the remaining 

endemic and remote areas of Vietnam.   

In addition, our study has shown that despite the decrease of malaria transmission in 

Vietnam, genetic diversity of P.vivax parasites is still high. Surveillance of parasite 

populations including drug resistance markers should become part of malaria 

molecular surveillance system implemented in sentinel sites to inform treatment 

policies and elimination strategies. This work has contributed to the understanding of 

malaria epidemiology in Central Vietnam, and to the development and 

implementation of molecular tools that will support control and elimination strategies 

in Vietnam. Conclusions could be useful and extrapolated to other countries in the 

GMS to support the regional elimination of malaria.  

In the near future, malaria might remain a significant health problem in Vietnam due 

to the development of resistance, imported malaria cases and the absence of 

alternative affordable antimalarial drugs. In order to shift from control to elimination 

in the whole country, besides securing the necessary funds, Vietnam needs more 
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research to understand the contribution of submicroscopic infections to malaria 

transmission, test new antimalarial drugs, validate field PCR techniques, and identify 

new cost effective elimination strategies. A good malaria surveillance system, 

supported by molecular tools, is essential for accelerating malaria elimination in 

Vietnam. 
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