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Professor Doumbo, a renowned scientist in Tropical Medicine and Para-
sitic Diseases, more specifically malaria, died on June 9th, 2018 of compli-
cations of surgery. ‘Ogo’, as we used to call him, was a talented, inspir-
ing, kind and brilliant man from the famous Dogon region of Mali, West 
Africa. He graduated with degree in Medicine and served as surgeon in 
remote and poor areas of Mali. In 1992, he founded the Malaria Research 
and Training Center (MRCT) in Bamako (the capital city of Mali) where 
he built a strong network of collaborations especially with scientists from 
the USA and France. Ogo was a researcher ‘par excellence’ bestowed with 
several national and international awards and fellowships of prestigious 
academies. In May 2017, he accepted with enthusiasm our invitation to 
participate in this book for contributing a chapter entitled “Malaria trans-
mission-blocking vaccines: Present status and future perspectives” keeping us 
abreast with the latest in this discipline of research. It is with an immense 
grief and sorrow that we learned about his demise and wish to express 
our deepest condolences to bereaved family and his close associates. In 
fond memories of this departed soul, Prof Sylvie Manguin and Dr Vas Dev 
dedicate this book to Professor Ogobara Doumbo for his great acumen for 
research and services in sharing knowledge and expertise, which would 
continue to inspire future generations of scientists in service to mankind.

Reminiscing Professor 
Ogobara K. Doumbo  

(1956-2018)





Foreword

E (for elimination) = MC2 (for malaria control squared)

‘Before the role of anophelines in the spread of malaria was known, efforts 
to control the disease were sporadic, infrequent and insignificant’ [1].

While malaria control is at crossroads [2], the book edited by Prof. Sylvie 
Manguin and Dr. Vas Dev is an important landmark in the current process 
of global malaria elimination. It is the first book that highlights so accurately 
the current situation and trends of malaria in Southeast Asia (SE Asia) and 
South America. It should be kept in mind that in some ways, the current 
malaria situation in SE Asia foreshadows what could be the situation in Af-
rica South of the Sahara (SS), within the foreseeable future, given the major 
threat of spread of artemisinin resistance and consequent increase of cases. 
Then, a long-term scenario will possibly be the decrease of transmission 
(and immunity), outdoor transmission, localized vectors, malaria in adults, 
etc. Therefore, the research and proposals developed in SE Asia are of 
paramount importance to circumvent wrong track and implement efficient 
adapted Malaria Control Programs in Africa SS countries.

While comparing a former global geographic distribution of malaria in the 
1960s (Figure 1) and the recently published CDC map (Figure 2), the follow-
ing points clearly emerged:

Malaria disappeared from Europe (as thoroughly presented in a specific 
chapter of this book) and all countries of the northern hemisphere.

Malaria almost disappeared or is in control/elimination phase in several 
countries of SE Asia and South America despite great concerns (artemisi-
nin-resistance, outdoor transmission, insecticide resistance, political instabil-
ity, poverty, etc.), as clearly demonstrated in several chapters of this book, 
and malaria was recently eliminated from all north African countries after 
decades of various control interventions including environmental manage-
ment.

Malaria is still present and vivid in almost all countries of Africa SS.



Figure 1 Global geographic structure of malaria in the late 1960s: (a) originally ma-
laria-free, (b) malaria disappeared in 1950 without specific programme, (c) malaria 
eradicated by specific programme after 1950, (d) areas in consolidation phase of 
malaria eradication and (e) areas in attack phase or without eradication programme 
(Redrawn by L.P. Arsenyeva, M.A. Shakhova and E.P. Sokolova [3]).

Figure 2. CDC Malaria distribution map (CDC, 2018).

According to the last WHO Malaria Report [2], 18 countries reached malaria 
elimination since 2000 including Algeria (2016), Argentina (2013), Armenia 
(2011), Azerbaijan (2015), Egypt (2000), Georgia (2012), Iraq (2011), Kazakh-
stan (2004), Kyrgyzstan (2013), Morocco (2007), Oman (2004), Paraguay 
(2014), Sri Lanka (2015), Syrian Arab Republic (2007), Turkey (2012), Turk-
menistan (2009), the United Arab Emirates (2000) and Uzbekistan (2013). 



Not a single country of Africa SS is in this list, although concentrating some 
90% of the burden of malaria in terms of morbidity and mortality and with a 
transmission of great intensity.

Therefore, the success and issues of malaria elimination in the ‘green coun-
tries’ of the map (Figure 2) must be used as lessons. 

Malaria control in Africa SS is confronted with three main issues: biological, 
financial and structural, and social.

Biological: in Africa SS, the most efficient vectors such as An. gambiae s.l. 
and An. funestus, along with several other local vector species, are present, 
allowing permanent and high-intensity transmission with great ecological 
and socio-economic biodiversity. The pyrethroid resistance, added to pre-
viously well-described insecticide resistance, is of major concern, while 
scaling up of LLIN is in process, which induced the striking reduction 
of malaria observed this past decade. In addition, the most predominant 
Plasmodium species, P. falciparum, the deadliest one, is already resistant to 
commonly available drugs posing great concern that artemisinin-resistant 
strains, present in the Mekong Basin, arrive and spread all over Africa SS, 
like what happened with the amino-4-quinoleins drugs.

Financial and structural: due to the well-known issues of Peripheral Health 
Centers (PHCs), which often includes lack of data reliability [4, 5], their 
coverage and actual efficiency to diagnose and correctly treat malaria 
[6]. PHCs are doing passive case detection (PCD) only, and it is clear that 
there is a need to know what happens at the community level, and for 
that, active case detection (ACD) must be done. It is possible to combine 
PCD and ACD in developing mobile teams going and surveying popula-
tions on a regular basis, doing ‘on-the-spot’ some diagnoses using rapid 
detection tests (RDT) and giving first-line adequate treatment. According 
to a recent study of the Malaria Atlas Project dealing with population 
coverage of artemisinin-based combination therapy (ACT) based on 
survey data of 2003 and 2015, the coverage in ACT for children under 5 
years old increased, but in 2015, only 19.5% of these children were likely 
to receive treatment. The likelihood of treatment was lower in poorer, 
rural populations. Indeed, the Africa Malaria Report [7] underlined that 
‘poor people are at increased risk of becoming infected with malaria and 
getting infected more frequently’. Child mortality rates are known to be 
higher in poorer households, and malaria is responsible for a substantial 
proportion of these deaths. 

Social: a special accent must clearly be given to education, as well as wide 
campaign of information, communication and involvement of the commu-
nities, along with mass distribution of long-lasting impregnated nets (LLIN) 
with follow-up to avoid as much as possible their often-noticed misusage.

Nevertheless, since 2000, due to the implementation of considerable in-
creased support and concerted integrated campaign, malaria in Africa SS 



halved. It was estimated that 663 million of clinical cases have been averted, 
and the result is largely attributable to the use of insecticide-treated nets 
(ITN) (68%), while ACT is responsible for 22% and insecticide residual 
spraying (IRS) for 10%. Thus, vector control contributed to some three-
fourths of malaria cases averted!

From the experience and issues of malaria control in SE Asia and South 
America, as they are well described in this book, it clearly appeared that 
malaria control in Africa SS must be based upon:

Research and development (R&D) of innovative tools including new drugs, 
novel insecticides, new vector control approaches [8], operational vaccines, 
improved housing, wide use of immunological markers to better evaluate 
the efficacy of the control measures [9] and intensified surveillance using 
spatial technologies. For example, it was recently demonstrated that modern 
houses with metal roof and finished walls are associated with >9% reduction 
in the odds of malaria in children of Africa SS when compared to traditional 
thatched houses [10]. Malaria elimination will need the implementation of in-
tegrated control management with better use of tools already available (LLIN, 
IRS and ACT) and new ones in development (as described in this book).

Special emphasis on education (remote learning system) and informa-
tion-communication, thanks to recently developed media, smartphones, 
widely available even at the village level.

Strengthening health structures at peripheral, median and central levels to 
get accurate data on the current situation and their evolution with malaria 
control activities, along with improved diagnosis and malaria treatment but 
also of other infectious diseases so often not diagnosed and not rightly cured 
in due time.

Actual full involvement of all, from communities to the central level, nation-
al, international and non-governmental organizations (NGO). 

Secure sustainable support at medium and long-term basis.

Actually, as it was recently well underlined, ‘we must remain vigilant 
otherwise the striking improvement observed this last decade could be a 
bright interval, if financial, logistic and training support are not maintained 
as they have to be’ [11]. Also, in the last Malaria Report [2], the WHO rings 
the alarm bell recognizing that ‘after an unprecedented period of success in 
global malaria control, progress has stalled’ in 2016 with even an increase (of 
5 millions) of malaria cases over 2015 and deaths reaching 445,000 cases, a 
similar number with the previous year.

Nevertheless, this book Towards Malaria Elimination: A Leap Forward is an 
excellent encouragement for malaria programme managers, revealing the 
malaria situations and the effectiveness of the methods implemented in SE 
Asia and South America, thus paving the way to what needs to be imple-



mented in Africa SS for a progressive but real elimination of malaria on this 
continent, as it has been possible to obtain elsewhere.

Pierre Carnevale, PhD, DRCE, Full Research Professor
Formerly with the Institute of Research for Development (IRD)

Portiragnes, France
Correspondence to: pjcarnevale2001@yahoo.fr
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Preface

Malaria, even though preventable and curable, continues to inflict insurmountable morbidi‐
ty particularly in resource-poor countries affecting equitable socio-economic development.
Over the past few decades, a lot of new information has been generated on disease distribu‐
tion and determinants in understanding parasite biology and vector bionomics aided by
molecular tools [1,2], but what ails mankind is the proper utilization of study results and
equity in healthcare services in place and time, as well as lack of unified intercountry strat‐
egies to contain the disease spread. Plasmodium parasites and their vectors are continuously
evolving in the changing disease epidemiology landscape challenging the human endeav‐
ours to conquer malaria. Human population with the expanding growth of “after popula‐
tion” movements are also increasingly functioning as ‘vectors’ of the disease. Human
malaria parasites are getting multi-resistant to available armamentarium and so do mosqui‐
to vector species to insecticides establishing outdoor transmission hard to control, evading
exposure. However, at the turn of century, the advent of new intervention tools including
Noble prize–winning discovery of artemisinin by Tu Youyou for treatment of malaria, com‐
bined with large-scale implementation of insecticide-treated netting materials for vector
containment, has once again renewed the optimism of malaria elimination globally. With
large-scale funding from international agencies/philanthropists for ‘universal coverage’ of
these intervention tools, malaria map is shrinking with more than 35 countries certified to be
malaria-free and another 21 countries that are likely to reach zero indigenous transmission
(categorized by WHO as E-2020) set to be declared malaria-free by 2020 [3,4]. Many more
countries are moving forward from control to elimination, and given the continuing declin‐
ing trends of malaria transmission, WHO has given a clarion call for ‘Malaria-Free World by
2030’ [5].  

Nevertheless, the path to malaria elimination seems to be an uphill task given the con‐
straints and myriad of challenges. After a decade of decrease of malaria cases and deaths in
all regions of the world due to roll-out of core interventions, including wide-scale use of
long-lasting insecticidal nets and improved treatments, WHO expressed the concern that
malaria control is stalling and could reverse the gains due to insufficient funding and defi‐
ciency of political will [3]. However, a number of bodies and alliances have come forward,
viz., Malaria Eradication Scientific Alliance (MESA), Malaria Eradication Research Agenda
(malERA), Multilateral Initiative on Malaria (MIM), Asia Pacific Leaders Malaria Alliance
(APLMA), Asia-Pacific Malaria Elimination Network (APMEN) and Regional Malaria Elimi‐
nation Initiative (RMEI), involved at different scales, for shared experiences and to promote
coordinated actions for decisive attack to ‘kill malaria’. In addition, after decades of the use
of routine vector control tools based on insecticides, scientists are now deploying new inno‐
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on disease epidemiology and control at the national/regional level, highlighting the con‐
straints, challenges, accomplishments and prospects in achieving the cherished goal of elim‐
ination. It is a compilation of 17 chapters, and what evolved from these contributions is that
among array of issues specific to the region, most share common denominators such as (i)
emerging multidrug-resistant malaria and pandemic risk, (ii) cross-border malaria, (iii)
asymptomatic sea of parasite reservoir, (iv) surfacing of Plasmodium vivax in the disappear‐
ing phase, (v) insecticide resistance in Anopheles vectors and outdoor malaria transmission
and (vi) emergence of the fifth human malaria parasite, P. knowlesi, making inroads in
Southeast Asia; all of which call for sustained research to develop more robust and innova‐
tive tools in addressing these issues, which continue to thwart the elimination efforts. 

The disease remains geographically entrenched in low-socioeconomic population groups
living in poverty and/or regions under political instability across tropical countries little
aware of disease prevention and cure or with no access to medical care due to chaotic eco‐
nomic situation. Southeast Asia is only second to African countries (South of Sahara), which
contribute 90% of cases; together, they account for 97% of the malaria global burden. It is the
Southeast Region, considered the epicentre of emerging drug-resistant strains, for which we
believe that larger share of global investments in this part of the world would yield rich div‐
idend in preventing next pandemic in Africa. Currently, the funding gap is too wide (less
than half of what is required) between demand and supply in strengthening healthcare serv‐
ices ensuring equity in access to prevention and treatment achieving ‘universal coverage’
[6]. Even more important are the information, education and communication activities for
keeping informed the stakeholders and the beneficiaries alike for enhanced compliance and
concerted action against the age-old scourge. No one should get sick of malaria and die in
this age of information dissemination and high technologies, and everyone has the right to
access for prevention and treatment. In keeping pace with the malaria elimination efforts, it
is the opportune time for national governments and international donors alike for firm and
sustained commitment to increased allocation of resources for ‘universal health coverage
(UHC)’ of core interventions ensuring that everyone, everywhere, can access essential quali‐
ty health services without facing financial hardship (Dr. Tedros Adhanom Ghebreyesus,
World Health Day 2018). Together, we can beat malaria and create the enabling environ‐
ment to overcome the dogma of ‘business as usual’ rather making it ‘business unusual’ acceler‐
ating towards malaria elimination [6]. We strongly believe that ‘malaria elimination’ will be
a big leap forward of this millennium in service to the mankind.

It is projected that this document would inspire, motivate and guide the programme offi‐
cials, policy-/decision-makers and stakeholders towards this objective and invigorate frater‐
nity of research scientists and students to address emerging issues and invent newer
intervention tools that are community-based and sustainable in making ‘malaria history’.

We are deeply indebted to our contributors spread across continents for sharing updated
information in understanding the biology of malaria parasite and its vectors, and presenting
newer and promising interventions in the context of malaria elimination. We are particular‐
ly grateful to Prof. Pierre Carnevale, who developed in 1983 the innovative concept of insec‐
ticide-treated nets that greatly improved malaria control efforts, for kindly accepting to
write the foreword of this book. We do sincerely hope that the next decade would be an
exciting and promising one in transforming this knowledge to spearheading technologies to
end malaria transmission for good. We are particularly grateful to Ms. Romina Skomersic,
the Author Service Manager at InTechOpen, and her team for their unstinted support, crea‐
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tivity and professionalism in making this project a reality. We also wish to thank Ms. Ana
Pantar, Senior Commissioning Editor, for her help and extended cooperation all throughout
the publication process. Finally, we do wish to acknowledge the initiative, sponsorship and
concept of the IntechOpen publishers (www.intechopen.com) to share knowledge for open
science and open minds for wider public access.
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Abstract

In 2016, 91 countries reported a total of 216 million cases of malaria, an increase of 5 mil-
lion cases over the previous year, and the estimated malaria deaths worldwide were 
445,000 like in 2015. This suggests that despite a substantial reduction in the malaria bur-
den observed since 2010, largely attributed to the scale-up of effective control measures 
(vector control interventions, efficacious antimalarial treatment), the rate of decline of both 
clinical cases and malaria deaths has stalled since 2014 and in some regions even reversed. 
Achieving universal access to standard control interventions, such as case management, 
implementation of vector control methods, seasonal malaria chemoprevention, and inter-
mittent preventive treatment for pregnant women, remains a priority. It is essential to 
contain emerging drug resistance in malarial parasite and insecticide resistance in mos-
quito vector species. Additional new interventions to accelerate interruption of transmis-
sion are in crucial need for their rapid integration within the standard control activities. 
These integrated control approaches must be implemented at community level with the 
active involvement of the local populations to reach high coverage. Finally, political and 
financial supports should be maintained and even doubled to reach the 2030 targets of the 
WHO global technical strategy for malaria.

Keywords: malaria elimination, mass drug administration, drug resistance, insecticide 
resistance

1. Introduction

In 2016, 91 countries reported a total of 216 million cases of malaria, an increase of 5 mil-
lion cases over the previous year. The estimated number of malaria deaths worldwide was 
445,000, about the same number reported in 2015 [1]. This suggests that, despite a substan-
tial reduction in the malaria burden observed since 2010, largely attributed to the scale-up 
of effective control measures, including vector control interventions and treatment with 
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 efficacious antimalarial medicines, the rate of decline of both clinical cases and malaria 
deaths has stalled since 2014 and in some regions (the Americas mainly and marginally 
in the Southeast Asia, Western Pacific, and African regions) even reversed [1]. The World 
Health Organization (WHO) has estimated that to meet the 2030 targets of global malaria 
strategy, a minimum investment of US$ 6.5 billion per year by 2020 is required [2]. In 2016, 
such investment was US$ 2.7 billion, less than half of that required amount, and since 2014 in 
many high-burden countries, investments in malaria control have declined [1]. The call for 
malaria eradication launched at the Malaria Forum in October 2007 by the Bill & Melinda 
Gates Foundation and then supported by the WHO, Roll Back Malaria (RBM) Partnership, 
and many other organizations and institutions seems to be at crossroads [3].

2. Components of malaria elimination strategy

The WHO currently considers malaria elimination at the national level as a continuum rather 
than the achievement of milestones for specific phases [2]. It is structured in 4 components 
(A–D), each of them to be implemented according to the malaria transmission intensity. 
Component “A” consists of enhancing and optimizing vector control and case management, 
which includes universal access to malaria preventions, diagnosis, and treatment for at-risk 
populations, and once elimination has been achieved, “focalized” vector control programs 
rather than scaling back these activities; component “B” aims at increasing the sensitivity 
and specificity of surveillance to detect, characterize, and monitor all cases (individual and 
in foci), namely, to transform malaria surveillance into a core intervention; component “C” 
aims at accelerating transmission reduction in which new interventions such as mass drug 
administration (MDA) or new vaccines are included; and component “D” is implemented 
when transmission intensity is low to very low, which includes the search for the few remain-
ing infections and any foci of ongoing transmission, clearing them with appropriate treatment 
and possibly additional vector control activities [2].

3. Resistance of Plasmodium falciparum to anti-malaria drugs

Resistance to first-line treatments for Plasmodium falciparum malaria and to the insecticides 
used for Anopheles vector control is threatening malaria elimination efforts [4]. Artemisinin 
and its derivatives provide the fastest parasite clearance among available antimalarial drugs 
and have been combined with an antimalarial drug of a different class in order to (i) enhance 
complete cure rates, (ii) shorten the duration of therapy for artemisinin monotherapies, and 
(iii) delay the selection and spread of resistant parasites [5, 6]. Artemisinin-based combination 
treatments (ACTs) are currently recommended for the management of uncomplicated malaria 
cases. In 2007, the first cases of delayed parasite clearance, suggesting artemisinin resistance, 
were observed at the Thailand-Cambodia border [7, 8]. Artemisinin resistance has now been 
reported in 5 countries of the Greater Mekong Subregion (GMS), which includes Cambodia, 
Myanmar, Laos, Thailand, and Vietnam, and delayed parasite clearance has been linked to 
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point mutations in the propeller region of a P. falciparum protein gene on chromosome 13 
(K13) [9]. Artemisinin resistance may have spread to or emerged in Bangladesh [10] and has 
extended across much of Myanmar with a high prevalence of P. falciparum parasites carrying 
K13-propeller mutations reported next to the north-western border of India [11]. Resistance 
may have also emerged in South America, including Guyana, Suriname, French Guiana, and 
bordering areas of Brazil and Venezuela, [12, 13] that shares several characteristics with the 
GMS, increasing the risk of selecting resistant parasites. These include higher P. falciparum 
transmission than the rest of the Amazon Basin, highly mobile populations, availability and 
widespread use of several antimalarial drugs of questionable quality, including artemisinin 
monotherapies, and poor access and use of formal malaria diagnostic and treatment facili-
ties [14]. Besides artemisinin resistance, the prevalence of molecular markers correlated to 
resistance to the partner drugs has increased. For example, changes in the prevalence of pfcrt 
and pfmdr1 alleles have been observed in many areas where ACTs including amodiaquine or 
lumefantrine have been intensively used [4]. However, outside the GMS, recommended ACTs’ 
efficacy remains acceptable (4). In Southeast Asia, the intensive use of dihydroartemisinin-
piperaquine (DP) has resulted in selection of parasites with multiple resistance mechanisms, 
and in Cambodia high levels of treatment failure to DP are now observed [15]. Resistance to 
piperaquine (clinical and in vitro) may be associated to plasmepsins 2–3, but other markers 
could be involved [4].

4. Resistance of Anopheles mosquito vectors to insecticides

Resistance of malaria vectors to the 4 insecticide classes (pyrethroids, organochlorines, 
organophosphates, and carbamates) used for vector control interventions threatens malaria 
prevention and control efforts. Of the 76 malaria endemic countries that reported standard 
monitoring data from 2010 to 2016, resistance was detected in 61 countries to at least one 
insecticide in one malaria vector from one collection site, and 50 countries had resistance 
to 2 or more insecticides [1]. Resistance to pyrethroids, insecticides used in all long-lasting 
insecticidal nets (LLINs), is widespread though its impact on LLIN effectiveness is unclear 
[16]. There was no association between malaria disease burden and the level of resistance in 
a WHO-coordinated study implemented in 5 countries (Sudan, Kenya, India, Cameroon, and 
Benin) [1]. However, given the complexity in measuring the impact of insecticide resistance, it 
is not possible to equate lack of evidence of impact with evidence for no impact [16].

5. Asymptomatic malaria infections and mass drug administration 
(MDA)

One of the major problems to achieve malaria elimination is represented by the hidden parasite 
reservoir in the human host. Microscopy (and rapid diagnostic tests (RDTs)) underestimates  
by about half the prevalence of Plasmodium infection, and this difference is greatest in low-
transmission settings—many asymptomatic infections can persist for significant periods of 
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time. The presence of P. falciparum gametocytes is positively associated with the absence of 
clinical symptoms and low asexual parasite densities; mosquitoes can become infected with 
gametocyte densities as low as 5 gametocytes/μl and theoretically as low as one gameto-
cyte/μl—children with undetectable gametocytaemia by molecular methods were still 
observed to be infectious to mosquitoes [17]. To accelerate achieving malaria elimination, 
the human reservoir of infection needs to be tackled with new approaches. There is a grow-
ing interest in MDA of at-risk populations or in malaria hot-spot areas with an effective 
antimalarial to reduce the parasite reservoir in human host [18]. MDA aims to provide full 
post-treatment courses to the whole population to clear asymptomatic infections and pro-
vide posttreatment prophylaxis to prevent reinfection. The use of MDA is recommended 
in areas approaching interruption of transmission, with good access to treatment, effective 
vector control, and surveillance systems, ensuring a minimal risk of reintroduction of infec-
tion [19]. MDAs have been conducted using a variety of drug regimens at different dos-
ages, timings, and frequency. There is evidence of substantial but short-lived reduction in  
P. falciparum parasite carriage [20]. In Zambia, a cluster-randomized control trial imple-
mented in a population of 330,000 individuals, distributed in 56,000 households, compared 
MDA with DP (2 rounds), at the household level (DP to all members of household with at 
least a RDT-positive individual) and standard control measures (case management, LLIN, 
indoor residual spraying (IRS), and intermittent preventive treatment during pregnancy). 
MDA decreased significantly malaria prevalence and incidence in low (malaria prevalence 
<10%) but not in high (malaria prevalence ≥10%) transmission areas [21]. With the grow-
ing awareness of heterogeneity and clustering in transmission, MDA approaches have been 
modified by systematic (mass screening and treatment) or focused (focal screening and treat-
ment) screening and treatment of populations in defined geographical areas. Reactive case 
detection, i.e., screening and treating positive contacts in response to a clinical event, has been 
tested and implemented in some countries [22–25]. However, its impact has been variable as 
it is affected by the sensitivity of the diagnostic tool and the radius of intervention around a 
clinical case [26–29].

The antimalarial treatment administered during MDA campaigns could be complemented 
by single low-dose of primaquine, an 8-aminoquinoline that is able to clear mature P. falci-
parum gametocytes [30], and/or ivermectin, a systemic endectocidal drug that can be admin-
istered safely to both humans and animals but proven toxic to Anopheles mosquitoes when 
they take a blood meal from a host that has recently received the drug [31, 32]. Primaquine 
may cause a dose-dependent hemolysis, mainly in individuals with deficiency of the 
enzyme glucose 6-phosphate dehydrogenase (G6PD) in red blood cells [33], and this has 
slowed down its implementation. Nevertheless, a single low-dose of primaquine can sig-
nificantly reduce gametocyte carriage in both symptomatic [33] and asymptomatic [34] indi-
viduals and reduces onward transmission from man to vector [35]. Ivermectin can be safely 
administered with an ACT [36, 37] and has been used widely against parasitic diseases 
in humans, with record of more than 2 billion doses in MDA campaigns against onchocer-
ciasis and lymphatic filariasis. In Burkina Faso, Liberia, and Senegal, one round of MDA 
with ivermectin at the standard dose of 150 μg/kg decreased substantially An. gambiae sur-
vival for 6 days and reduced the proportion of sporozoite-positive (infectious) mosquitoes 
for 2 weeks [38]. However, evidence of ivermectin as an additional tool to decrease malaria 
transmission is limited and needs to be further quantified, possibly by a cluster randomized  
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trial in a country with high coverage of standard control interventions and substantial residual 
malaria transmission.

6. Conclusions

In conclusion, achieving universal access to standard control interventions, namely, case 
management, LLIN, IRS, seasonal malaria chemoprevention, and intermittent preventive 
treatment for pregnant women, remains a priority. It is essential to contain emerging drug 
resistance in malarial parasite and insecticide resistance in mosquito vector species. There is 
a dire need of additional new interventions to accelerate interruption of transmission. These 
should be evaluated and rapidly integrated within the standard control activities. Most of 
these should be implemented at the community level, and it will be important to actively 
involve the local populations to reach high coverage. Finally, political and financial supports 
should be maintained and even increased; current financial support is less than half of that 
estimated to reach the 2030 targets of the WHO global technical strategy for malaria [1].
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cyte/μl—children with undetectable gametocytaemia by molecular methods were still 
observed to be infectious to mosquitoes [17]. To accelerate achieving malaria elimination, 
the human reservoir of infection needs to be tackled with new approaches. There is a grow-
ing interest in MDA of at-risk populations or in malaria hot-spot areas with an effective 
antimalarial to reduce the parasite reservoir in human host [18]. MDA aims to provide full 
post-treatment courses to the whole population to clear asymptomatic infections and pro-
vide posttreatment prophylaxis to prevent reinfection. The use of MDA is recommended 
in areas approaching interruption of transmission, with good access to treatment, effective 
vector control, and surveillance systems, ensuring a minimal risk of reintroduction of infec-
tion [19]. MDAs have been conducted using a variety of drug regimens at different dos-
ages, timings, and frequency. There is evidence of substantial but short-lived reduction in  
P. falciparum parasite carriage [20]. In Zambia, a cluster-randomized control trial imple-
mented in a population of 330,000 individuals, distributed in 56,000 households, compared 
MDA with DP (2 rounds), at the household level (DP to all members of household with at 
least a RDT-positive individual) and standard control measures (case management, LLIN, 
indoor residual spraying (IRS), and intermittent preventive treatment during pregnancy). 
MDA decreased significantly malaria prevalence and incidence in low (malaria prevalence 
<10%) but not in high (malaria prevalence ≥10%) transmission areas [21]. With the grow-
ing awareness of heterogeneity and clustering in transmission, MDA approaches have been 
modified by systematic (mass screening and treatment) or focused (focal screening and treat-
ment) screening and treatment of populations in defined geographical areas. Reactive case 
detection, i.e., screening and treating positive contacts in response to a clinical event, has been 
tested and implemented in some countries [22–25]. However, its impact has been variable as 
it is affected by the sensitivity of the diagnostic tool and the radius of intervention around a 
clinical case [26–29].

The antimalarial treatment administered during MDA campaigns could be complemented 
by single low-dose of primaquine, an 8-aminoquinoline that is able to clear mature P. falci-
parum gametocytes [30], and/or ivermectin, a systemic endectocidal drug that can be admin-
istered safely to both humans and animals but proven toxic to Anopheles mosquitoes when 
they take a blood meal from a host that has recently received the drug [31, 32]. Primaquine 
may cause a dose-dependent hemolysis, mainly in individuals with deficiency of the 
enzyme glucose 6-phosphate dehydrogenase (G6PD) in red blood cells [33], and this has 
slowed down its implementation. Nevertheless, a single low-dose of primaquine can sig-
nificantly reduce gametocyte carriage in both symptomatic [33] and asymptomatic [34] indi-
viduals and reduces onward transmission from man to vector [35]. Ivermectin can be safely 
administered with an ACT [36, 37] and has been used widely against parasitic diseases 
in humans, with record of more than 2 billion doses in MDA campaigns against onchocer-
ciasis and lymphatic filariasis. In Burkina Faso, Liberia, and Senegal, one round of MDA 
with ivermectin at the standard dose of 150 μg/kg decreased substantially An. gambiae sur-
vival for 6 days and reduced the proportion of sporozoite-positive (infectious) mosquitoes 
for 2 weeks [38]. However, evidence of ivermectin as an additional tool to decrease malaria 
transmission is limited and needs to be further quantified, possibly by a cluster randomized  
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trial in a country with high coverage of standard control interventions and substantial residual 
malaria transmission.

6. Conclusions

In conclusion, achieving universal access to standard control interventions, namely, case 
management, LLIN, IRS, seasonal malaria chemoprevention, and intermittent preventive 
treatment for pregnant women, remains a priority. It is essential to contain emerging drug 
resistance in malarial parasite and insecticide resistance in mosquito vector species. There is 
a dire need of additional new interventions to accelerate interruption of transmission. These 
should be evaluated and rapidly integrated within the standard control activities. Most of 
these should be implemented at the community level, and it will be important to actively 
involve the local populations to reach high coverage. Finally, political and financial supports 
should be maintained and even increased; current financial support is less than half of that 
estimated to reach the 2030 targets of the WHO global technical strategy for malaria [1].
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Abstract

Malaria remains a leading cause of mortality and morbidity in many low- and mid-
dle-income countries. Artemisinin combination therapies (ACTs) have contributed to 
the substantial decline in the worldwide malaria burden, renewing the optimism that 
malaria elimination is achievable in some regions of the world. However, this prospect is 
threatened by the emergence of artemisinin resistance in Plasmodium falciparum leading 
to clinical failure of ACTs in Southeast Asia. Historically, drug resistance in P. falciparum 
has emerged in SEA and spread to Africa. Today, resistance to ACTs could reverse all the 
achievements of control and elimination efforts globally. With no new drug available, 
P. falciparum malaria must be eliminated from the Greater Mekong before it becomes 
untreatable.

Keywords: falciparum malaria, artemisinin, ACT, resistance, malaria elimination, 
Southeast Asia

1. Introduction

The emergence of artemisinin-resistant falciparum malaria along the Thai-Cambodian bor-
der follows a familiar pattern. History shows that chloroquine resistance had arisen from 
this region in the 1950s (Table 1) and leads to the failure of the Global Malaria Eradication 
Programme [1, 2] Resistance to artemisinin with concomitant emergence of partner drug 
resistance is now causing high artemisinin combination therapy (ACT) treatment failure rates 
in Cambodia, Vietnam, Thailand, Laos and Myanmar (Table 1). The prospect of untreatable 
malaria has once again loomed and threatened the effective malaria control and elimination 
efforts.
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2. Background

Resistance in Plasmodium falciparum has already developed to all antimalarial drug classes 
deployed for treatment. Paradoxically, the number of antimalarials available or in development 
has remained small. For most of the twentieth century, chloroquine was the main drug used to 
treat or prevent malaria. The discovery of chloroquine after World War II, and the widespread 
use of DDT for vector control, had triggered hope that malaria eradication was possible [3]. 
Unfortunately, chloroquine resistance did emerge and spread to the African continent within 
two decades annihilating the prospect of malaria eradication [4]. Although several countries did 
achieve malaria elimination (in Europe and the Americas), others saw a dramatic resurgence of 
the disease [3]. Over the following period, P. falciparum developed resistance to all antimalarial 
drugs, including sulfadoxine, pyrimethamine, mefloquine, atovaquone, artemisinin derivatives 
and piperaquine [5–8]. The most accurate and up-to-date data repository of the clinical trials on 
the efficacy of antimalarials, and the temporal and geographical spread of resistance is acces-
sible at the Worldwide Antimalarial Resistance Network (WWARN: www.wwarn.org).

In 2007, the Bill and Melinda Gates Foundation announced that it was investing millions of 
dollars to revitalise the efforts of malaria elimination [9]. Ten years later, this seems to be an 
achievable goal since the global malaria burden has diminished (Figure 1), an encouraging 

Antimalarial drug Year of first 
deployment

Place of first 
deployment

Year of 
resistance 
emerged

Place of emergence of 
resistance

Quinine 1630 [34] South America [34] 1910* Brazil [28, 29]

Chloroquine 1945 Global Malaria 
Eradication 
Campaign [127]

1957 Colombia, Cambodia-
Thailand border [41, 
128–130]

Amodiaquine 1948 Americas

[131, 132]

1961 Colombia [56, 57]

Atovaquone 1996 Thailand [73] 1996 Thailand [72, 73, 75]

Proguanil 1948 Various African 
countries [133]

1949 Aden Protectorate, Yemen 
[134]

Sulfa + antifols° 1967 Thailand [135] 1967 Thailand [135]

Mefloquine 1967 Vietnam [136] 1982 Thailand [7, 8, 43]

Piperaquine 1978 China [137] 1985 China [138]

Artemisinin 1979 China [139] 2008 Cambodia [6]

Mefloquine-artesunate 1994 Thailand [140] 2002α Cambodia [141]

Artemether-lumefantrine 1994 China [142] 2006α Cambodia [143, 144]

Dihydroartemisinin-
piperaquine

2001 Cambodia [145] 2013α Cambodia [86, 146, 147]

*There is no high-grade resistance to quinine.
αTherapeutic efficacy <90% (cut-off threshold of WHO to switch the ACT policy).
°Sulfa + antifols: Sulfadoxine + antifolates.

Table 1. Different antimalarial drugs and years/places of deployment and emergence of resistance [references in bracket].
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result attributed to the widespread deployment of long-lasting impregnated nets (LLINs), 
the ACTs and increased availability of malaria diagnostic tests [10]. However, the failure of 
the ACTs, the extension of vector resistance to the insecticides and the recent increase in the 
number of malaria cases are clear reminders that malaria is a formidable foe. Without new 
strategies, the same causes will lead to the same consequences [10] .

3. Mechanisms and emergence of antimalarial drug resistance

Causal stimuli of antimalarial resistance consist of spontaneous mutations in the parasite 
genome, antimalarial pharmacokinetics and the magnitude of parasite gene pool, which is 
proportionate to transmission intensity.

Primarily, as an innate survival strategy of microorganisms, mutation(s) occur de novo, inde-
pendent of drug pressure. However, the parasite’s genome replication rate, mutation rate per 
base-pair per parasite generation and the total number of parasites at any given time are the 
principal determinants in spontaneous mutation [11, 12]. These spontaneous mutations can be 
either minor scale modification, such as insertion, deletion or variation in a nucleotide (frame-
shift mutation or single-nucleotide polymorphism), or bulky transfiguration of large chromo-
somal regions (gene amplification/deletion/copy number variations). For some drugs, a single 
genetic event may be all that is required. A single point mutation in the parasite genome 
is sufficient to confer resistance (e.g. atovaquone), while for other drugs, multiple unlinked 
events (epistatic modulation) may be necessary (e.g. triple mutant in pyrimethamine [13, 14], 
Kelch-10, Kelch-13 and background mutations [15–17] in artemisinin resistance).

Spontaneous mutations, in the particular genes encoding the drug target, cause the reduction 
in drug accumulation or efflux (chloroquine, amodiaquine, quinine, mefloquine, halofantrine 

Figure 1. World atlas showing the countries with different stages of malaria endemicity [10] and status of drug resistance 
[121]. Right side: Prevalence (small pin: <10%, medium pin: 10–50%, large pin: >50% prevalence) of Pfmdr-1 CNV [25, 122], 
Plasmepsin 2–3 CNV [26, 87], K-13 mutation [101, 123, 124] and possible spread [125, 126].
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resistance) or reduced affinity of the drug target (pyrimethamine, cycloguanil, sulphonamide, 
atovaquone resistance), which finally enables the parasite to withstand the antimalarial 
treatment. Afterwards, the drug pressure facilitates the resistant parasites to propagate by 
eliminating the susceptible parasites, which are usually more fit and would outcompete the 
resistant ones in the absence of the drug. Eventually resistance becomes established and can 
persist or be reintroduced. In the absence of drug pressure, the resistant parasites have no lon-
ger any survival advantage and can be overtaken by wild-type (sensitive) parasites [18, 19]. 
But as soon as the abandoned drug is reintroduced, the resistant isolates regain their survival 
advantage and expand rendering the drug inefficient within a short time [20].

Large-scale and/or long-term distribution of several tons of medicated salt took place in many 
countries and was an important factor implicated in the emergence of both chloroquine and 
sulfadoxine/pyrimethamine (SP) resistance and accelerating their spread [21–23]. In WHO 
supported programs, the doses of antimalarial received by each individual were highly vari-
able, and constant exposure to sub-parasiticidal (or even parasiticidal) drug concentrations 
might have eliminated the highly and moderately sensitive parasites, providing a selective 
advantage for less sensitive counterparts. Thus, the speed of selection of mutant parasites 
depends principally on the pharmacokinetics of the drug (slowly eliminated drugs with a 
long tail of sub-parasiticidal concentrations generally select faster) and the magnitude of drug 
use within a population (the higher the drug pressure per parasite, the faster the selection).

With ACTs, the newly emerged drug-resistant parasite has to overcome the parasiticidal 
action of the partner drug as well as the host immunity. At this point, with compromised 
efficacy of partner drug, along with declining immunity of the population, resistance to ACT 
combination is inevitable [24]. This is the reason why artemisinin resistance has led to the 
clinical failure of mefloquine-artesunate and DHA-piperaquine combinations [25, 26].

The reason why antimalarial resistance always emerged in the same region of the world (SEA 
and specifically in Western Cambodia) is currently unknown. Some contributing factors have 
been proposed such as the low level of acquired immunity, the weak and seasonal transmis-
sion, the availability of antimalarial drugs, usage of monotherapies, sub-standard or coun-
terfeit drugs, porous borders. The answer will probably be given by studies of the parasite 
population genetics, and recent work has shown the existence of “founding populations” 
favourable to the emergence of resistant parasites [17].

The emergence of drug resistance to various antimalarial compounds is mentioned by chro-
nology in Table 1 (antimalarial drugs and years/places of deployment and emergence of 
resistance).

3.1. Quinine resistance

Quinine, initially as cinchona bark, was first used as a fever medicine and officially introduced 
into the London Pharmacopoeia in 1677 [27]. The earliest resistance to quinine was reported 
in 1910 [28, 29]. Like chloroquine, quinine has been shown to accumulate in the parasite’s 
digestive vacuole inhibiting the haem detoxification process. Quinine resistance also seems to 
be associated with reduced drug uptake by the parasite. There is a weak association between 
quinine resistance and Pfmdr-1 amplification or Pfmdr-1 SNP as well as Pf Na-H exchanger 
(Pfnhe-1) and Pfcrt [30, 31]; hence, it is probable that multiple genes are influencing suscepti-
bility and probably in a strain-dependent manner. There were only a few in vitro data in Asia 
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[32], South America [33] and Africa [34] showing diverse range of sensitivities. However, the 
review paper of over 400 clinical trials showed that the failure rates for quinine (the only 
compound besides artemisinins, derived from nature) reported over the past 30 years remain 
steady and high grade clinical resistance to quinine is very rare [35].

3.2. Chloroquine resistance

Chloroquine, considered as one of the most successful medications ever deployed, saving 
several millions of lives, was developed in 1934 [2, 36] and replaced quinine for shorter regi-
men with better adherence. Single nucleotide polymorphisms in Pfcrt gene encoding for a 
transporter, chloroquine (CHQ) resistance transporter in the food vacuole causing the efflux 
of CHQ [37, 38], and acidification of the food vacuole [39] are significantly associated to CHQ 
resistance in vitro and are sensitive markers for therapeutic failure. Phylogenetic analysis 
revealed that a single lineage of CHQ-resistant Pfcrt alleles, that is, CVIET/S (K76T and muta-
tions in three other amino acids, at positions 72, 74, 75 and 76) [40], which had emerged on 
the Thai-Cambodia border in 1957 [41], spread to India and Middle East countries between 
1977 and 1987, reached West Africa in 1987 and propagated throughout the African continent 
leading to the death of millions of children [2, 38, 42, 43].

3.3. Antifolate resistance

After the emergence of chloroquine resistance, sulfadoxine-pyrimethamine (SP) combination 
was deployed by the Thai Malaria Control Program as the first-line regimen for falciparum 
malaria in 1973. Afterwards, SP was extensively used throughout the country and was also 
available as an over-the-counter fever remedy in local dispensaries. Attributed to a number 
of reasons, including unrestricted usage, distribution of pyrimethamine medicated salt [23], 
superfluous drug pressure (prophylactic as well as presumptive use for fever) and poor 
compliance especially in migrant mobile population, the resistance to SP combination had 
emerged around 1980 in the Thai-Cambodian border [5, 44]. Then, in the early 1980s, even 
with an increased dose (i.e. three tablets of SP, instead of two tablets flat dosing), a cure rate 
of only 30–40% was achieved [44].

Point mutations at codons 51, 59, 108 and 164 in the dhfr gene [45, 46] confer resistance 
to pyrimethamine; double or triple mutant resistant strains generated from sequential 
point mutations, based upon the common S108 N allele, are associated with 100-fold rise 
of in vitro sensitivity to pyrimethamine compared to wild-type [47]. Similarly, sulfadoxine 
resistance is associated with DHPS mutations at codons 436, 437, 581, 613 and 540 [48, 49]. 
Pyrimethamine resistant double mutant alleles (S108 N plus one more mutation at position 
51 or 59) with low-level resistance of dhfr have multiple independent origins [50, 51]; by 
contrast, there were only a few or perhaps a single founding mutant lineage for the triple 
(N51I + C59R + S108 N) mutant dhfr allele, which originated from Southeast Asia (SEA) and 
spread to Africa [13, 14].

3.4. Amodiaquine resistance

Amodiaquine is structurally related to chloroquine but these amino-4-quinolines have dif-
ferent resistance patterns. Amodiaquine is effective against chloroquine-resistant isolates. 
However, parasites carrying the CVIET allele on the Pfcrt gene, as well as 86Y and 1246Y 
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polymorphisms on the Pfmdr-1 gene, are resistant to amodiaquine [52–55]. The earliest report 
of resistance was documented since 1961 [56, 57], and widespread resistance to amodiaquine 
monotherapy was seen in 1980s [58].

3.5. Mefloquine resistance

Mefloquine was first produced in 1969 by the US Army Antimalarial Drug Development 
Program, primarily for the chemoprophylaxis in the military. The early therapeutic efficacy 
trial of mefloquine in Thailand showed 100% efficacy in 1976 [59] and in combination with 
SP where 97% efficacy was proven in a large-scale trial during 1983–1985 [60, 61]. Then, in 
1991, mefloquine monotherapy was used as the first line regimen for P. falciparum malaria in 
Thailand [62]. Even with the stringent regulatory measures in Thailand, the therapeutic effi-
cacy of mefloquine fell hastily especially in the border areas [7, 63]: because of the difficulties 
in restricting all access to the drug which was available across neighbouring porous borders. 
Then, in 1992, the cure rate of mefloquine monotherapy had fallen to 49% with 16% of high-
grade failures in children [7, 63].

Resistance to mefloquine was proven to be mediated by Pfmdr-1 gene amplification. Pfmdr-
1 is the gene encoding a transporter pump, P-glycoprotein homologue 1 (Pgh1), localised at 
the surface of the digestive vacuole of parasite (Figure 2). It confers drug resistance through 
both gene copy number variation (CNV) and point mutation (at nucleotide level). Altering the 
gene copy number provides a modest way to change gene expression without affecting the 

Figure 2. Pfmdr-1 gene and mechanism of Pgh-1 pump. MFQ – mefloquine, LMF – lumefantrine, CHQ – chloroquine 
and RBC – red blood cell.
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 nucleotide sequence [64]. Increased Pfmdr-1 copy number is a significant independent risk fac-
tor for recrudescence in patients treated with mefloquine containing therapy [65–67] as well as 
in vitro mefloquine resistance [68]. Pfmdr-1 gene amplification can be selected in vitro by expos-
ing the parasites to stepwise increasing concentrations of mefloquine [69]. Reciprocally, reduc-
ing the copy number from isolates with multiple copies resulted in increased in vitro sensitivity 
of isolates to mefloquine, lumefantrine, halofantrine, quinine and artemisinin due to reduced 
transcription and encoding of Pgh-1 pump [70]. This is also true for the clinical efficacy since the 
rise and fall of amplified Pfmdr-1 prevalence is temporally associated with the deployment of 
mefloquine in Cambodia [65, 71]. Along the Thailand-Myanmar border, patients infected with 
parasites having both Pfmdr-1 multiple copy number and K-13 mutation were 14 times more 
likely to get recrudescence compared to the patients infected with wild-type infections [25].

3.6. Atovaquone resistance

Atovaquone was trialled as a monotherapy as well as in combination with proguanil between 
1990 and 1996 in Thailand, and the therapeutic efficacy of atovaquone-proguanil was proven 
to be superior to mefloquine monotherapy, chloroquine, amodiaquine monotherapy and SP 
[72, 73]. A single point mutation (codon 268 in the cyt-b gene) in the ubiquinol oxidation 
region of cytochrome b confers atovaquone resistance in vivo [74, 75]. Generally, resistance 
conferred by a single point mutation can be rapidly acquired both in vivo and in vitro, and 
once the mutation is acquired, resistance becomes complete. Thus, not very long after deploy-
ment, atovaquone-resistant parasites could be selected in vitro after 5 weeks of continuous cul-
ture [76, 77]. In addition, atovaquone-resistant parasites were also resistant to the synergistic 
effects of proguanil [78], suggesting that once atovaquone resistance arises, the atovaquone-
proguanil combination (Malarone) will be ineffective since cycloguanil (proguanil) resistance 
is already established in most malaria endemic areas.

3.7. Pyronaridine resistance

Pyronaridine is a quinoline derivative compound with similar molecular structure as chloro-
quine and amodiaquine. There was a strong correlation between in vitro sensitivity of pyro-
naridine and that of amodiaquine and halofantrine [79]. Ex vivo data indicated that there is an 
association between reduced susceptibility to pyronaridine and K76 T polymorphism in Pfcrt 
gene. However, there are scanty data on clinical trials and no confirmed report of molecu-
lar marker of pyronaridine resistance has been documented. Pyronaridine-artesunate com-
bination had been granted a positive scientific opinion by the European Medicines Agency, 
removing all restrictions on repeat dosing with a condition to use only in areas of high resis-
tance and low transmission, and has been included in WHO’s list of prequalified medicines 
[80]. However, day-42 cure rate of <90% in Western Cambodia has challenged the expediency 
of the pyronaridine-artesunate combination in ACT resistance setting [81].

3.8. Piperaquine resistance

Piperaquine (PPQ) has no cross resistance with chloroquine, and susceptibility is not associ-
ated with mutations on the Pfcrt gene [82, 83]. PPQ resistance is inversely correlated with 
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mefloquine resistance in vitro and hence with Pfmdr-1 copy number amplification [84–86]. 
Later findings have shown that the amplification of Plasmepsin-2 gene (probably Plasmepsin-3 
as well) on chromosome 14 is significantly associated with piperaquine resistance in vitro as 
well as in vivo [26, 87]. Worryingly, a recent study in Cambodia has demonstrated the pres-
ence of parasite isolates with amplification of both Pfmdr-1 and plasmepsin-2 genes [20]. This 
finding indicates that the parasite has successfully adapted to acquire concomitant mutations 
related to resistance to these two different antimalarial partner drugs [20].

3.9. Artemisinin resistance

Artemisinins are thought to be inhibitor of P. falciparum phosphatidylinositol-3-kinase 
(PfPI3K), which phosphorylates phosphatidylinositol to produce phosphatidylinositol 
3-phosphate involved in cell survival pathways. Hence, inhibition of PfPI3K activity causes 
a reduction in PI3P level, which subsequently leads to parasite death. After the introduction 
of artemisinins in the 1990s, the unanimous opinion by the experts was that resistance was 
unlikely to emerge because of inherent pharmacokinetic-dynamic property of the molecule. 
However, artemisinins were not everlasting drugs and the artemisinin resistance did emerge 
in 2008 [6].

There are two main proposed pathways for artemisinin resistance with the involvement of 
Kelch (K-13) mutations, that is, a cell survival signalling pathway with PfPI3K and an unfolded 
protein response pathway (UPR) [88].

In Kelch (propeller) mutant alleles, the mutations may alter the topology of the Kelch protein 
probably by modification of surface charges that disrupt interactions with other enzymes 
such as PfPI3K [89]. This leads to a reduced amount of ubiquitination, as well as degrada-
tion of PfPI3K associated with increased levels of both the enzyme PfPI3K and the substrate 
PI3P [90, 91]. The PI3P facilitating the host remodelling is present in the apicoplast and food 
vacuole and contributes to the cell survival pathways either through redox, transcriptional or 
DNA repair [90–94]. All of which have been implicated in artemisinin resistance [90, 95–98].

Possible mechanisms proposed by transcriptomic study [99] is through upregulation of genes 
involved in the UPR pathway (especially two putative chaperonin complexes, Plasmodium 
reactive oxidative stress complex/PROSC and TCP-1 ring complex/TRiC) which enhances the 
capacity of parasites to quickly repair or degrade proteins or other cellular components. (The 
UPR pathway is usually damaged by brief artemisinin exposures in patients, but these genes 
are upregulated in artemisinin resistant parasites) and/or downregulation of genes involved in 
DNA replication, which is associated with developmental arrest and dormancy [100].

The role of Kelch non-propeller mutation (before the amino acid position 441) is still unclear. 
Some SNPs like E252Q emerged earlier along the Thai-Myanmar border and associated with 
reduced efficacy of ACT [25] but are being taken over by the propeller SNPs particularly C580Y 
[101]. All these findings indicate that artemisinin resistance is likely to be multi-locus and that 
other genetic changes, such as P623T polymorphism in Kelch-10 gene [15] and background muta-
tions (arps10-apicoplast ribosomal protein S10, Pfmdr-2, ferredoxin, Pfcrt [17], etc.), are providing 
compensatory fitness for K-13 mutant parasites or perhaps conferring partner drug resistance.
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4. Resistance facilitates the transmission potential

For the newly selected resistant parasites to be propagated, the recrudescent infection is 
essential [102]. The threshold for successful transmission of malaria is around six viable 
gametocytes in one blood meal [103]. Post-treatment gametocytaemia is a composite of ongo-
ing gametocytogenesis despite treatment (especially with ineffective drug) and the release 
of sequestered gametocytes, which is enhanced by drug-induced stress [104]. If the malaria 
infection is treated with partially effective drugs, post-treatment gametocytaemia is more 
likely. This was clearly shown for drugs such as CHQ and SP [105] as evidenced in patients 
with slower parasite clearance after artesunate treatment [106]. Moreover, mutant isolates 
were also related to pre- and post-treatment gametocytaemia [107–110] and hence possess 
transmission advantage (Figure 3).

Figure 3. Postulated flow chart of emergence/spread of drug resistance (copyright permission from Prof Francois 
Nosten).
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5. Prospects of elimination

With the declining transmission of malaria, the geographic clustering of both clinical and 
asymptomatic infections has become more apparent. Asymptomatic carriers represent a “reser-
voir” of parasites that are difficult to detect because the density of parasites is often below the 
sensitivity threshold of conventional diagnostic tools (Rapid Diagnostic Tests and microscopy). 
The size of these reservoirs of sub-microscopic infections (also called “hot-spots”) can vary 
from a few households to large geographical areas. Clustering of these hotspots becomes more 
pronounced as transmission declines [111]. While considering malaria elimination, radical 
depletion of parasite reservoir (asymptomatic carriers with sub-microscopic parasitaemia) and 
gametocytes is a necessity. This can be achieved by two functional components: (1) early diag-
nosis with treatment (EDT) of the symptomatic patients (preferably within 48 hour of symptoms 
before the development of gametocytaemia) and (2) early detection and treatment targeting the 
reservoirs of sub-microscopic infections through Mass Drug Administration (MDA) [112, 113].

The intervention for the first element is to set up or reinforce and sustain malaria control pro-
gram hence reducing the number of clinical episodes as much as possible through increased 
access to EDT where the use of efficacious antimalarial regimen is critical [114]. As the drug 
resistance worsen, the rising number of clinical cases due to increasing gametocyte carriage in 
the community will be inevitable. MDA or mass screening and treatment (MSAT) is only acceler-
ating the malaria elimination alongside EDT, by eliminating the sub-microscopic reservoir [115]. 
The effectiveness of MDA or MSAT significantly relies on the therapeutic efficacy of the drug in 
use, the coverage and the total number of rounds of MDA. In turn, this means that a careful and 
well-conducted community engagement is primordial for enhanced coverage [115, 116].

6. Choice of drug for malaria elimination: is the pipeline empty?

The current malaria elimination program along the Thai-Myanmar border is using artemether-
lumefantrine (AL) for treating the clinical cases at the village malaria posts or by malaria 
workers [114], whereas dihydroartemisinin-piperaquine (DP) is deployed in MDA activities 
[117]. In this area, the third ACT, mefloquine-artesunate combination, is already failing [25], 
and the prospect of elimination program is highly dependent on the therapeutic efficacy of 
AL and DP. Recent emergence of piperaquine resistance following the artemisinin resistance 
has depleted the available ACTs to be deployed in malaria elimination programs. High failure 
rates of AL in Laos PDR and DP in Vietnam and Cambodia have cast doubts on the optimism 
of malaria elimination [10, 26, 87, 118].

There are very few new compounds in the development pipeline. The front runners are 
OZ439, a synthetic endoperoxide, structurally related to artemisinin, and KAF156 belonging 
to a new class of antimalarial (imidazolopiperazines) and the spiroindolone cipargamin (for-
merly KAE609). However, these short-acting drugs will have to be deployed in combination 
therapies and their full development will take many years.
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As a stopgap measure, two triple ACTs (mefloquine plus DP and amodiaquine plus AL) are 
under multicentre trial, using the inverse correlation between susceptibility to amodiaquine 
and lumefantrine as well as between piperaquine and mefloquine. The trial has completed 
the patient recruitment and the results are promising with high cure rates. However, recent 
increasing prevalence of parasite isolates with potential resistance to both mefloquine and 
piperaquine has questioned the longevity of the triple ACT [20].

7. Drug resistance in P. vivax

For the P. vivax, chloroquine remains the first line of treatment in majority of the endemic 
countries. However, after the first report from Papua New Guinea in 1989, chloroquine 
resistance has reached northern Papua and Indonesia. Later on, data with recurrences (by 
day-28 of chloroquine treatment) greater than 10% have also been reported from Myanmar, 
Thailand, Cambodia, India, Vietnam, Turkey, South America, Ethiopia and Madagascar 
[119]. Resistance in P. vivax is more difficult to document than for P. falciparum because of 
the relapses from liver stages. The most robust proof of resistance is given when a circulat-
ing parasite is detected in the peripheral blood in the presence of therapeutic chloroquine 
concentrations (i.e. >100 ng/ml). The absence of long-term parasite culture for P. vivax further 
complicates the efficacy testing in the laboratory, but short-term assays have been developed 
in recent years.

8. Regional artemisinin resistance initiative (RAI)

The six countries of the Greater Mekong Subregion (GMS), Thailand, Myanmar, Cambodia, 
Laos, Vietnam and China (Yunnan Province), are part of a larger community, the Association 
of Southeast Asian Nations (ASEAN). Despite political pledges to fight artemisinin resistance 
and eliminate malaria, coordination remains hampered by deep political, economic and geo-
graphical gaps. The WHO strategic plans to counter artemisinin resistance failed to prevent its 
spread to the entire sub-region. In 2013, the Global Fund launched the Regional Artemisinin-
resistance Initiative to provide financial support to the five countries affected by this new 
treat. This initiative came in addition to the contributions of the Global Fund to the Malaria 
National Program and contributed to the decrease in malaria-related mortality and morbid-
ity in the region. However, these efforts have been compromised by the fragmentation in the 
public health policies, the disparities in the infrastructures and human resources as well as 
corruption. In terms of treatment policies, all GMS countries had already adopted ACTs long 
before the emergence of resistance, but poor monitoring in some countries meant that mono-
therapies and sub-standard or counterfeit drugs continued to circulate until recently. The 
relative absence of entomological data in some parts of SEA explains that there is no coher-
ent strategy for containment of local disease vectors. Large budgets continue to be spent on 
long-lasting impregnated nets (LLINs) despite the absence of evidence of their effectiveness.
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9. Conclusions

Artemisinin resistance in P. falciparum has emerged 10 years ago in SEA and spread in the 
entire GMS. Parasite populations resistant to all ACTs are now circulating in Cambodia, trig-
gering a resurgence of the disease. Current gains in malaria control/elimination program are 
heavily relying upon the efficacy of ACTs. The emergence of artemisinin and partner drug 
resistance is a serious threat to the global prospect of malaria elimination. The recent decline 
in the number of clinical cases in the region is encouraging but by no means a victory. Current 
resurgence of malaria in Cambodia and the existence of large reservoirs of sub-microscopic 
infections must be seen as warnings that malaria could make a devastating comeback. Efforts 
must continue and accelerate to eliminate the parasite and this will only be possible with 
stronger political will and sustained financial support. The three main programmatic com-
ponents are EDT, elimination of the reservoirs and adapted vector control measures. The few 
antimalarials in the development pipeline are promising, though these compounds will not 
be ready on time to replace the ACTs [120]. The spread of the ACT-resistant malaria has so 
far outpaced the malaria containment measures and time is running out. There are not many 
options but to accelerate the current malaria elimination efforts.
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Abstract

Global investments have had great impact on malaria—these are now at risk of being 
reversed. Cambodia is where drug resistance historically emerges and spreads globally to 
drive resulting pandemics—we are currently watching history repeat itself. Despite large 
investments and recent success in driving down overall rates of malaria, high levels of resis-
tance to nearly all antimalarial drugs are now widespread in Cambodia. Malaria cases are 
again rising in both Cambodia and Vietnam. Nearly incurable malaria in this region is a real 
and present threat. Critical actions to prevent further spread of the emerging incurable para-
sites are: (1) Commitment and real sense of urgency through declaration of a “Public Health 
Emergency of International Concern” or a similar set of directives; (2) Establish leadership 
with sufficient authority, respect, expertise and operational funding; (3) Engage affected 
security forces to stop disease transmission and support elimination operations; (4) Utilize 
surveillance as a core intervention with result-based funding targeting malaria transmission 
foci with rapid and effective action. Immediate decisive action is needed in Southeast Asia 
to prevent the next malaria pandemic. This chapter highlights persistent gaps in the region 
with methods to address them. In 2015–2016, our collaboration with NIMPE pilot tested 
tools to intervene in actual forest transmission foci. Our study district saw a 96% decrease 
in malaria from 2014 to 2017, with the entire province seeing the largest decrease in Central 
Vietnam in this same timeframe. We describe methods to tackle transmission foci, with 
both an integrated prevention and treatment package. We call on all stakeholders to make 
changes to current investments to address this critical challenge.
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1. Introduction

Considerable global and domestic investments have averted millions of malaria-attributable 
deaths since 2000 [1, 2]. Nevertheless, one person (usually a child) still dies every 1.2 min-
utes from this disease, with no reduction in mortality between 2015 and 2016 [1]. Progress is 
further threatened by failure to contain artemisinin resistance, as confirmed by the Regional 
Artemisinin Initiative (RAI) mid-term review [3]. In Cambodia, between mid-2014 and mid-
2015, Plasmodium falciparum (Pf) malaria increased by 65%, with further substantial rise in 
2017, especially along the border with Vietnam [4]. High rates of clinical treatment failures 
to nearly all antimalarial drugs—including artemisinin derivatives—are now widespread 
in the country [3] and there is evidence of its spread into southern Vietnam (from western 
Cambodia) [5]. Multidrug-resistant malaria parasites could cause a global health catastro-
phe if they were to spread to other countries, particularly malaria-endemic nations in Africa 
[4, 6–9]. Spread may be facilitated by international peacekeeping missions and migration for 
work [10–13]. Given available evidence of this current threat, urgent and decisive action is 
essential.

We are currently watching history repeat itself. In the late 1950s, resistance to the antimalarial 
chloroquine emerged in Cambodia. It eventually spread to and throughout Africa during 
the 1980s [14, 15], resulting in a two- to six-fold increase in malaria-related mortality [14]. 
Subsequent waves of resistance to two other antimalarial drugs followed the same pattern of 
spread [6]. It was not until the early 2000s, when international bodies finally took affirmed 
action against malaria, that mortality rates began to decrease globally. But as the World 
Malaria Report 2017 states: “although malaria case incidence has fallen globally since 2010, the rate 
of decline has stalled and even reversed in some regions since 2014; mortality rates have followed a 
similar pattern” [1].

Today, a two-fold increase in mortality [14] would cause in the order of 7 million malaria 
deaths over a decade. The threat will also be magnified by widespread resistance to insecti-
cides already reported in Africa [16] (again history is repeating itself, in the “malaria eradi-
cation” era of 1955–1972, it was DDT resistance [17]). The concomitant threat of insecticide 
resistance, particularly as it affects the efficacy of insecticide-treated bed nets (ITNs) and 
household spraying, is widely recognized.

Drug-resistant strains of malaria will likely spread to Africa much faster in the current era. 
Some security forces in Southeast Asia (SEA) are a reservoir of multidrug-resistant (MDR) 
malaria parasites due to their occupational risk. In 2010, 5% of Cambodian army person-
nel, screened for research purposes, tested positive for Pf [18] using DNA (PCR) screening. 
Additional testing revealed failure to the latest artemisinin-based combination therapy (ACT) 
used at that time [18]. Despite investment by the Bill and Melinda Gates (BMGF) to stop 
malaria transmission in these troops, the positive cases for Pf malaria had doubled to 10% by 
2016 [19, 20]. During this same time frame, more than 3300 Cambodian soldiers were deployed 
on UN peacekeeping missions—without prior adequate (PCR) screening for malaria—to 
eight countries, including five in sub-Saharan Africa [10, 21]. Such missions could lead to 
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rapid spread of resistance across the endemic areas of the world. Despite being an obvious 
conduit for the spread of multidrug-resistant (MDR) malaria, the use of standard malaria 
prevention measures has not yet been put into practice by most militaries in SEA. This is due, 
in part, to the fact that they are a neglected population receiving little aid [22].

The spread of disease by peacekeepers is well documented. For example, following the 2010 earth-
quake in Haiti, United Nations troops from Nepal were the source of a cholera epidemic with over 
730,000 cases and 8700 deaths, and an estimated economic cost of US$2.2 billion [10]. A single 
infected peacekeeper could potentially serve as the source for the next malaria pandemic [10].

A similar threat is posed by migration of workers from SEA to sub-Saharan Africa. For exam-
ple, nearly 20,000 Vietnamese are legally working in Angola [23], and an unknown number 
are there illegally. These migrants are importing malaria from Angola into Vietnam [13]; the 
converse could also happen. Chinese workers are employed in mining and construction indus-
tries in the forests of Cambodia. They are hard to access, and malaria prevention and treatment 
practices are of uncertain quality (CO, personal communications). It is quite probable that 
some workers will move on to the African continent, where there is huge Chinese investment 
in these industries. Due to the high burden of malaria in Africa, it is likely that malaria strains 
originating from Asia would go undetected until the next pandemic is underway.

With immediate decisive action, we believe the transmission of the MDR strains can be inter-
rupted approaching the 2020 target (see box, Table 1) [24]. The World Health Organization 
(WHO)’s declaration of a Public health emergency of international concern (PHEIC) led to 
impressive increases in resources for both Ebola and Zika epidemics, and may be essential to 
address the current MDR malaria threat. Together, Ebola and Zika claimed fewer than 12,000 
lives [25]. Yet, with MDR malaria, millions of lives are at stake. In 2015, WHO published 
a document warning that MDR malaria “…has reached alarming levels in several areas of the 
GMS” and that malaria “…could become untreatable with currently available drugs within a few 
years” [24]. In 2014, Bill Gates commented: “There’s the potential for a real nightmare scenario 
here. If a strain of malaria that’s resistant to artemisinin were to spread to Africa”… “it would be the 
worst ever disaster in malaria control” [7]. Chris Plowe, former president of American Society 
of Tropical Medicine and Hygiene, argues that, “The danger of untreatable malaria is real and 

Recommendations for rapid elimination of emerging incurable malaria

The world needs to focus efforts to eliminate incurable malaria strains by 2020. The critical remaining actions are:

1. Commitment and real sense of urgency through declaration of multidrug-resistant malaria as a “Public health 
emergency of international concern” or similar set of directives;

2. Establish response leadership with sufficient authority, respect, expertise and operational funding;

3. Engage affected security forces to stop disease transmission and support elimination operations;

4. Utilize surveillance as a core intervention with result-based funding to drive the targeting malaria transmission foci 
with rapid, localized and effective action.

Table 1. Critical actions to eliminate emerging incurable malaria strains.
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present” [6]. If the WHO’s call for “urgent action” is to be answered, a PHEIC or similar set 
of directives would be hugely important. The definition of PHEIC is “an extraordinary event 
which is determined to constitute a public health risk to other States through the interna-
tional spread of disease and potentially require a coordinated international response” [26–28]. 
We argue that almost incurable malaria in Cambodia, and now Vietnam, with the threat to 
other countries and regions, undoubtedly fits this definition. WHO contends the regulations 
were designed to address acute public health conditions and the public health community 
has known of the emergence and spread of multidrug resistance for a number of years [29]. 
We claim that if a PHEIC had been declared in 2014, when WHO first learned of high ACT 
treatment failure rates crossing into Vietnam, malaria would be nearly eliminated now in 
these countries. The new “extraordinary event” is a marked increase in malaria in eight prov-
inces of Cambodia in 2017, which is continuing in five provinces in early 2018 (CO, personal 
communication) despite substantial Global Fund resources in the region. Furthermore, in 
the province where parasites crossed into Vietnam, malaria was up 2.5 fold in 2017, with an 
extraordinary annual parasite index of about 55. It is not too late to call a PHEIC. If a PHEIC 
declaration is politically not achievable, a set of similar instructions could generate both com-
mitment and urgency. One example would be a US Department of Defense (DoD) directive 
[30]—this should be achievable, as malaria is the number one infectious disease threat for US 
troops [31] and the US DoD continues to invest large sums of money in new antimalarial drug 
and vaccine development. We are currently at risk of losing all drugs for both malaria prophy-
laxis and treatment, which should prompt a major investment in direct support of elimination 
of these strains. The current Defense Malaria Elimination Program [32] was intended by the 
lead author to be modeled after the DoD Human Immunodeficiency Virus/Acquired Immune 
Deficiency Syndrome Prevention Program (DHAPP) to Support Foreign Militaries directive 
[30]; instead it turned out to be just more research funding (CO, unpublished observations).

In the SEA context, the artemisinin-based drugs are only one of several classes of previously 
effective drugs. Over time, malaria parasites in Cambodia have accumulated multiple resis-
tance mechanisms against all of these drug classes. Global health stakeholders and donors 
must learn from past experience, and urgently recognize the continually evolving malaria 
parasites in Cambodia as an emergency that must be halted.

A short-term solution to the challenge is the return of malaria sensitivity to the prior artemisinin 
combination treatment (ACT) partner drug mefloquine (Lariam®) following its reintroduction 
in Cambodia. One expert predicts that continued mefloquine efficacy will be short-lived [33]. 
When used as a monotherapy, mefloquine remained efficacious for <5 years in the Thailand–
Cambodia border areas [34]; now, two years after its reintroduction in Cambodia as part of drug 
combinations, it fortunately appears to remain efficacious (CO, unpublished observations). It 
is currently being paired with artesunate, to which resistance has emerged, essentially leaving 
mefloquine again as monotherapy. Moreover, mefloquine is a drug greatly challenged because 
of both gastrointestinal and neuropsychiatric side-effects, which will undoubtedly affect com-
pliance (adherence, or people completing the recommended three-day regimen), as effective 
monitoring of adherence is lacking (CO, unpublished observations in northern and eastern 
Cambodia). Additional solutions are currently undergoing research, including one with a com-
bination of three drugs that are or were failing in other combinations [35]. In addition, molecular 
marker evidence reveals that the theory of reciprocal cross-resistance is probably not a factor 
[36]. Another proposed solution is to return to the use of drug combinations that previously 
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proved inefficacious in initial clinical trials in Cambodia [37]. However, these are unlikely to be 
more than very temporarily solutions. When international leaders and policy-makers, ministries 
of health, donors and the philanthropic and scientific communities understand the gravity of this 
situation, only then can there be a concerted, effective push to finally eliminate malaria in SEA.

Under the late Alan Magill’s previous leadership, the BMGF made great strides in its ambi-
tious goal to eradicate malaria; tragically, Dr. Magill passed away before his plan was fully 
implemented [38, 39]. Two of his key concepts are presented in Figures 1 and 2.

In 2014, Bill & Melinda Gates, Alan Magill and a team visited the epicenter of MDR malaria in 
western Cambodia. In Gates’ notes from that trip, they reported the threat as outlined above [7].

Recently, Mr. Gates has proposed a global strategy to prepare for “the next epidemic” [41]. 
We developed “Recommendations for rapid elimination of emerging incurable malaria” 
(Table 1) based on his article. A key recommendation of Mr. Gates is that it should be “coor-
dinated by a global institution given enough authority and funding to be effective…”. He also noted 
that cooperation among various nations’ militaries should be a priority. In 2014, SEA military 

Figure 1. Three potential future trajectories for malaria as per the late Alan Magill from his “Accelerate to Zero” 
presentation [40]. He recommended to “bend the curve.” One of his specific goals was Pf elimination “East of Bangkok” 
by 2020. 1 and 2 in circles represent additional reduction of malaria cases in the timeframe represented (reproduced with 
permission from the Bill & Melinda Gates Foundation). We are currently on the resurgence curve in Cambodia and may 
soon be worldwide if effective action is not taken.

Figure 2. Mobilize for action. How to accelerate the trajectory to malaria eradication by concurrently achieving three 
goals: (1) identifying the human reservoir of infection in asymptomatic persons + (2) eliminating the human parasite 
reservoir + (3) combined with geographically and temporally targeted transmission prevention and strengthened 
surveillance and response [40] (reproduced with permission from the Bill & Melinda Gates Foundation).
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proved inefficacious in initial clinical trials in Cambodia [37]. However, these are unlikely to be 
more than very temporarily solutions. When international leaders and policy-makers, ministries 
of health, donors and the philanthropic and scientific communities understand the gravity of this 
situation, only then can there be a concerted, effective push to finally eliminate malaria in SEA.

Under the late Alan Magill’s previous leadership, the BMGF made great strides in its ambi-
tious goal to eradicate malaria; tragically, Dr. Magill passed away before his plan was fully 
implemented [38, 39]. Two of his key concepts are presented in Figures 1 and 2.

In 2014, Bill & Melinda Gates, Alan Magill and a team visited the epicenter of MDR malaria in 
western Cambodia. In Gates’ notes from that trip, they reported the threat as outlined above [7].

Recently, Mr. Gates has proposed a global strategy to prepare for “the next epidemic” [41]. 
We developed “Recommendations for rapid elimination of emerging incurable malaria” 
(Table 1) based on his article. A key recommendation of Mr. Gates is that it should be “coor-
dinated by a global institution given enough authority and funding to be effective…”. He also noted 
that cooperation among various nations’ militaries should be a priority. In 2014, SEA military 

Figure 1. Three potential future trajectories for malaria as per the late Alan Magill from his “Accelerate to Zero” 
presentation [40]. He recommended to “bend the curve.” One of his specific goals was Pf elimination “East of Bangkok” 
by 2020. 1 and 2 in circles represent additional reduction of malaria cases in the timeframe represented (reproduced with 
permission from the Bill & Melinda Gates Foundation). We are currently on the resurgence curve in Cambodia and may 
soon be worldwide if effective action is not taken.

Figure 2. Mobilize for action. How to accelerate the trajectory to malaria eradication by concurrently achieving three 
goals: (1) identifying the human reservoir of infection in asymptomatic persons + (2) eliminating the human parasite 
reservoir + (3) combined with geographically and temporally targeted transmission prevention and strengthened 
surveillance and response [40] (reproduced with permission from the Bill & Melinda Gates Foundation).
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leaders met twice and indicated their willingness to support malaria elimination efforts [42], 
but there has not been effective funding forthcoming to protect troops from malaria nor for 
them to assist with the much needed effective response. Another meeting was held in 2016, 
but the only available funding was for research (P. Smith, personal communication), not for 
an effective treatment and prevention package at scale, nor the needed direct support for 
malaria elimination operations that militaries can provide. A well-led military response to the 
MDR malaria crisis would be a large part of the solution to achieve WHO goals.

Gates also called for a warning and response system to enable fast decision-making. A surveil-
lance/information system of the sort envisioned in a recent background paper [43] should be 
rapidly implemented across the SEA region. This is not an untested assertion, as a simple 
smart phone-based system has already been successfully pilot tested in central Vietnam [44]. 
A key 2016 finding was that each household had received an average of 4.3 treated bed nets; 
despite very high coverage at the household level (where there is little or no transmission), 
only 16% reported using a treated net when traveling to areas of elevated risk [9]. Similarly, 
low rates of treated net usage have been anecdotally observed by authors in four provinces 
in Cambodia recently and in other SEA countries [45, 46]. A smart phone-based system can 
provide quality monitoring including picture and video evidence to help leadership ensure 
that those in need of treated bed nets are actually using them and that treatments are being 
completed [44].

The mechanisms underlying emergence of drug resistance are not fully understood and 
are believed to be multifactorial [47]. A key factor leading to resistance may be incomplete 
treatment—effective adherence monitoring is still not in place and must be a priority. Until 
recently, Vietnam made standby ACT-treatment available to forest-goers, during which par-
tial treatment may frequently occur. The same problem arises when people with symptoms of 
fever are provided antimalarial drugs by individuals who do not stress the need for complete 
treatment (e.g., private drug sellers and others). As artemisinin-derivative components have 
decreased efficacy in the GMS, a greater selection pressure is placed on the partner drugs. 
Whenever possible, all combination therapies should include a fully curative dose of each 
component, which, for short half-life drugs, requires seven days of therapy. Seven days of 
monitored treatment is feasible in the region if patients are renumerated for lost work time.

The role of mosquito vectors in the spread of drug-resistant malaria is also not fully under-
stood. In the GMS, it is clear that malaria transmission is closely associated with the forest and 
forest-fringe vectors, i.e., An. dirus s.l. and An. minimus s.l. Fortunately, extensive insecticide 
resistance has not yet emerged to these vectors. Humans are likely the main transmission res-
ervoir as they can infect mosquitoes for months if not cured of their malaria infection, while 
mosquitoes are relatively short-lived (lifespan of Anopheles female: three to four weeks) [48].

Lastly, no child should currently die from malaria in Africa, as all strains there are fully curable 
with ACT treatments. The high death rates are due to ineffective prevention and/or delayed/
inappropriate treatment as a result of weak health infrastructure. Targeted and decisive action 
should be taken in Africa to reduce the overall public health impact of malaria while the most 
commonly used antimalarial drugs remain effective. This can be done using modifications 
of the same approaches outlined in this chapter. Because of the threat to Africa, where the 
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combination of both ineffective drugs and weak health infrastructure will lead to another 
public health emergency, decisive actions must be taken immediately in Asia.

2. Achieve both local and international commitment and a real sense 
of urgency—a “Public Health Emergency of International Concern 
(PHEIC) or similar set of directives”

In the 1980s, nearly incurable malaria parasites emerged on the Thailand-Cambodia border. 
Mefloquine failed four years after introduction in 1985 [34]. The only treatment option at the time 
was quinine-tetracycline [49]. Quinine is a very poorly tolerated drug requiring three daily doses 
for seven days—meaning almost no one completes it (e.g., poor adherence or compliance) unless 
every dose is monitored. Fortunately, artemisinin derivatives and other drugs became available—
all of which either did not work at the time of their introduction (e.g., lumefantrine, pyronaridine 
[50–52]) or have lost therapeutic efficacy (e.g., piperaquine [53]). Presently, the pipeline of new 
antimalarial drugs is not keeping pace with the emergence of drug resistant strains [37]. Now in 
Cambodia, mefloquine sensitivity has returned, but is likely to be short-lived (e.g., two more years 
or less), by which time we may be back to quinine-doxycycline (a tetracycline derivative). We 
have recently learned that the Vietnam Border Guard Forces have provided doxycycline prophy-
laxis to more than ½ million people over the last decade (CO, personal communication)—which 
means this drug might as well be rendered ineffective by now. Identification of the combination 
partner drugs or the new seven-day regimens must be a priority. Ineffective or incomplete treat-
ment will result in people carrying malaria parasites, an increased transmission reservoir, cases 
and deaths. The US Center for Disease Control and Prevention (CDC) reported the direct costs 
for malaria (e.g., illness, treatment, premature death) to be at least $12 billion per year. The cost 
in lost economic growth is many times more than that [54]. If key leadership does not act rapidly 
and effectively now, these costs will be much higher. If a PHEIC was declared, these emerging 
incurable parasites can be rapidly eliminated using the approaches presented here. If not, we will 
likely have a slight upgrade of “business as usual” with this critical window of opportunity lost.

As advocated early in this chapter and by others [4, 55] (Rear Admiral C. Chinn, personal 
communication), we believe that the best way to handle this threat is to declare a PHEIC or 
similar directives. The failure of nearly all drugs in Cambodia, the crossing of these para-
sites into Vietnam and current increasing Pf malaria in Cambodia arguably constitute such 
an “extraordinary event” based on the three prongs identified by the International Health 
Regulations (IHRs). First, the failure of standard treatment options for deadly communicable 
disease constitutes a public health threat. While all forms of malaria are still currently treatable, 
the imminent failure of last ACT poses a public health risk, especially for sub-Saharan Africa. 
This situation would make the deadliest form of malaria untreatable, which would at least be 
comparable to the “events” that have triggered previous PHEIC declarations [56, 57]. Second, 
drug-resistant malaria is at risk of spreading internationally as a result of the substantial 
presence of security personnel from the GMS in sub-Saharan Africa such as Cambodian and 
military personnel and workers traveling to Africa. There is greater risk that these challenging 
new parasites will reach both India and Bangladesh soon. These countries have substantial 
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combination of both ineffective drugs and weak health infrastructure will lead to another 
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and deaths. The US Center for Disease Control and Prevention (CDC) reported the direct costs 
for malaria (e.g., illness, treatment, premature death) to be at least $12 billion per year. The cost 
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incurable parasites can be rapidly eliminated using the approaches presented here. If not, we will 
likely have a slight upgrade of “business as usual” with this critical window of opportunity lost.

As advocated early in this chapter and by others [4, 55] (Rear Admiral C. Chinn, personal 
communication), we believe that the best way to handle this threat is to declare a PHEIC or 
similar directives. The failure of nearly all drugs in Cambodia, the crossing of these para-
sites into Vietnam and current increasing Pf malaria in Cambodia arguably constitute such 
an “extraordinary event” based on the three prongs identified by the International Health 
Regulations (IHRs). First, the failure of standard treatment options for deadly communicable 
disease constitutes a public health threat. While all forms of malaria are still currently treatable, 
the imminent failure of last ACT poses a public health risk, especially for sub-Saharan Africa. 
This situation would make the deadliest form of malaria untreatable, which would at least be 
comparable to the “events” that have triggered previous PHEIC declarations [56, 57]. Second, 
drug-resistant malaria is at risk of spreading internationally as a result of the substantial 
presence of security personnel from the GMS in sub-Saharan Africa such as Cambodian and 
military personnel and workers traveling to Africa. There is greater risk that these challenging 
new parasites will reach both India and Bangladesh soon. These countries have substantial 
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numbers of their troops in Northeast India and Eastern Bangladesh, where these parasites will 
first arrive, and are currently the 2nd and 3rd largest contributors to international peacekeep-
ing missions [58]. Third, a coordinated international response is absolutely required to manage 
this risk. In SEA, there are now fortunately few deaths from malaria. Leadership here has other 
pressing health issues to address, with malaria now becoming a low priority. Both interna-
tional leadership and assistance for the countries involved, especially with security forces, is 
needed to ensure proper response to this peril most directly threatening Africa.

3. Establish mission leadership with enough authority, respect, 
expertise and functional funding

We urge Bill & Melinda Gates Foundation, the US government and the Asian Development 
Bank to fill the leadership vaccuum at the operational level, as the newly resistant parasites, 
if they reach Africa, will make the goal of malaria eradication very much more challenging. 
We believe these are the only organizations with the authority, resources, and respect to make 
this happen. Local governmental personnel with the responsibility for the mission must be 
empowered. Future, on-the-ground non-govermental leadership must be carefully selected 
to ensure they have the needed commitment, authority, respect, and expertise to be effective 
[41]. The WHO Emergency Response to Artemisinin Resistance (ERAR) in the GMS hub was 
established in 2013 [59] to strengthen the response to artemisinin resistant malaria by coor-
dinating action, technical leadership and catalyzing resource mobilization. The ERAR hub 
was “transitioned” to the Mekong Malaria Elimination program in 2016 [60]. Why contain-
ment failed must be objectively evaluated to insure that the new leadership is effective. Public 
Health Emergency Operations Centers could be a good solution [61].

The elimination of malaria is not as difficult as it appears on the surface. It boils down to pre-
vention and effective treatment of malaria patients in or traveling from the actual transmission 
foci. GMS original forest areas are now shrinking, which is making the mission easier. Bill Gates 
himself and others have effectively outlined the actions needed [41, 55]. Cambodia is the epicen-
ter of emerging incurable malaria; the needed policies and guidelines are now in place in this 
country [24, 62]. What is needed now is quality implementation of relatively straightforward 
interventions in the field. In 2013, the RAI, a three-year $100 million grant, was launched by the 
Global Fund (GF) to contain artemisinin-resistant malaria (http://www.raifund.org/). Many of 
the key impediments were clearly outlined in the 2015 RAI mid-term report [3]. Unfortunately, 
we were denied permission by Global Fund leadership to publish the conclusions and recom-
mendations from their report in this chapter (A Joubert, personal communication). We were 
allowed to publish only the map, which revealed Pf was going up at that time (Figure 3).

With a new leadership team, given a passion for the mission, along with authority, expertise 
and sufficient/effective funding, we strongly believe that Pf elimination goals can be achieved 
near to the WHO targets in the GMS [24]. Determining if the RAI mid-term review results have 
been effectively addressed should be top priority [3]. The results of routine, truly independent 
quality monitoring from the field must be a key component. Quality monitoring must focus on 
what is most important (e.g., effective prevention and treatment in actual transmission foci). 
Targeted supportive supervision for partners experiencing implementation challenges is also 
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essential to achieve elimination targets. Our new “Red-to-Green, Keep-It-Green” Information 
System is an example of the ability to provide near real-time feedback to leadership with 
image and video documentation of what is really happening in the field (see Section 5.1.1) for 
both independent quality monitoring and supportive supervision.

GF is by far the largest investor in malaria in the region; their funding, however, is not nearly 
as effective as it could be for malaria in the GMS, especially in Cambodia. GF has evolved to be 
a mega-donor. As with all large organizations, this brings bureaucracy; in addition, it has the 
added challenge of accountabilty for very large sums of money. Malaria in the GMS represents 
only a small part of the overall portofolio, but has the same rules that apply to all funding, 
impacting timely and effective intervention implementation. For example, a sub-contractor 
receiving Presidential Malaria Initiative (PMI) funding reports PMI funds are hard to use, but 

Figure 3. Pf caseload increase between July 2014–June 2015 [3]. Malaria was again rising in 2017–2018 in several 
provinces of Cambodia.
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GF funds are 10 times worse (CO, person communication). GF funding is focused on process 
and financial accountability, not on timely, effective and quality implementation of interven-
tions in transmission foci despite WHO’s call for “urgent action” [24]. For example, in a province 
in Eastern Cambodia where malaria increased 2.5 fold in 2017, nets were first delivered to the 
lower risk villagers in early 2018 and the high risk mobile and migrant populations will not 
receive nets until at least mid-2018 following the set process. Furthermore, in the villages, a fixed 
number of treated nets are being provided, resulting in households with more than one forest-
goer often not having enough nets. Response to new cases is in the village, which does not make 
sense with transmission being in the forest. Malaria in the region is an occupational disease 
for those working in the forest, while most programs have been designed around presumed 
household exposure. Lastly, Cambodia returned more GF funds unused than any other country 
in the region in the cycle that ended in December, 2017 (CO, unpublished observation).

Available financial resources must be used much more effectively. Despite large amounts of 
funding in the region, basic intervention coverage in forest transmission foci is poor. There 
is markedly disproportionate financial support provided for partner organizations in the 
region. Each international support staff often costs hundreds of thousands of dollars per per-
son per year, including overhead and allowances. Yet, incentives for good performance are not 
allowed for malaria-endemic country government staff who have salaries that are not enough 
for subsistence. For example, district-level health staff typically make $200–$300/month, while 
salaries for NMCEP staff at the national level are in the range of $300–$1200/month. While GF 
guidelines do allow for incentives to government employees [63], we have been informed 
that this policy does not apply in the GMS (CO, personal communications). Undoubtedly, 
this leads to resentment by those expected to execute malaria elimination operations, which 
are often beyond their normal duties and may put their own job security at risk. A main 
argument against incentives is “sustainability in the context of decreasing external financing 
for malaria” (The RAI-Regional Steering Committee, personal communication), despite 7+ 
million lives being at risk. Malaria “East of Bangkok” can be rapidly eliminated, making long-
term sustainability a non-issue if the recommendations in this chapter are followed.

Leadership must also address many conflicts of interest, which are often subtle in this setting, 
especially with research. As per the former Pacific Command Surgeon, “[elimination of malaria] 
is an action problem, not a research problem” (Rear Admiral C. Chinn, personal communica-
tion), yet the US Army continues to do only research with substantial increases in funding for 
malaria. Researchers, to be successful, must enhance their own curriculum vitae and malaria 
research usually requires substantial disease transmission, resulting in disincentives to facili-
tate elimination. The lead author is most familiar with the malaria research being conducted 
by the US military, which is expensive, frequently wasteful, often duplicative, many times 
not impactful and sometimes actually counterproductive (CO, unpublished observations). A 
mechanism must be in place for research prioritization, independent review by experts who 
understand the needs and challenges, and for timely action based on important findings [20].

The lead author of this chapter helped to identify funding to protect security forces in the GMS 
from malaria. His intent was for this to be modeled after the DoD directive to prevent and treat 
HIV-AIDS [30]. Following the realization that new funding was more for research, the follow-
ing feedback was received … “I am aware that you’re in disagreement… want to see us more 
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aggressively target malaria elimination. As we’ve discussed, we see this ultimately as a host 
country responsibility…” (M. Fukuda, personal communication). Many in the region are being 
misled that researchers are actually helping to protect host country militaries from malaria, when 
in practice, only small research studies are being conducted to fund research staff and to generate 
publications, with no action being taken based on the results. Leadership must take corrective 
action as militaries are both a key malaria transmission reservoir and can direclty support elimi-
nation operations (see Section 4). Malaria is the largest infectious disease threat for the US DoD 
and action can be taken as exemplified by an HIV prevention program to support foreign militar-
ies and a DoD directive [30]. The US Army should engage with an institution that is not research-
focused to rapidly help eliminate the emerging incurable parasites and ensure than any malaria 
research funding in the region is focused on rapidly stopping falciparum malaria transmission.

Vietnam can serve as an example for effective leadership and health system strengthen-
ing leading to rapid reduction and preparation for elimination of malaria. With intensive 
implementation of malaria control measures over the past decades, the burden of malaria is 
decreasing rapidly, and the disease is becoming increasingly focal. Between 2000 and 2016, 
the number of malaria cases was reduced by 94.4% (74,316 down to 4161) and number of 
deaths reduced by 97.9% (142 down to 3) [64] (Figure 4).

Key factors leading to the success of the program are as follows: (1) strong commitment and sub-
stantial investments by the Government of Vietnam and its international development partners, 
(2) a strong and comprehensive health network from central to community levels, (3) a vertical, 
well organized and functional program (e.g., health staff specialized in malaria control activities 
are working effectively at all levels down to village), (4) extensive vector control measures with 
high coverage of ITNs and indoor residual spraying (IRS), (5) availability of highly effective medi-
cines for malaria treatment at all levels, (6) engagement of multisectoral partners (see Section 4.2).

Although great success towards malaria elimination has been made, Vietnam is now faced 
with a critical window of opportunity to achieve the elimination of malaria as mandated in 

Figure 4. Decreasing malaria transmission trends in Vietnam between 2000 and 2016.
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HIV-AIDS [30]. Following the realization that new funding was more for research, the follow-
ing feedback was received … “I am aware that you’re in disagreement… want to see us more 

Towards Malaria Elimination - A Leap Forward50

aggressively target malaria elimination. As we’ve discussed, we see this ultimately as a host 
country responsibility…” (M. Fukuda, personal communication). Many in the region are being 
misled that researchers are actually helping to protect host country militaries from malaria, when 
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ies and a DoD directive [30]. The US Army should engage with an institution that is not research-
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research funding in the region is focused on rapidly stopping falciparum malaria transmission.

Vietnam can serve as an example for effective leadership and health system strengthen-
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implementation of malaria control measures over the past decades, the burden of malaria is 
decreasing rapidly, and the disease is becoming increasingly focal. Between 2000 and 2016, 
the number of malaria cases was reduced by 94.4% (74,316 down to 4161) and number of 
deaths reduced by 97.9% (142 down to 3) [64] (Figure 4).

Key factors leading to the success of the program are as follows: (1) strong commitment and sub-
stantial investments by the Government of Vietnam and its international development partners, 
(2) a strong and comprehensive health network from central to community levels, (3) a vertical, 
well organized and functional program (e.g., health staff specialized in malaria control activities 
are working effectively at all levels down to village), (4) extensive vector control measures with 
high coverage of ITNs and indoor residual spraying (IRS), (5) availability of highly effective medi-
cines for malaria treatment at all levels, (6) engagement of multisectoral partners (see Section 4.2).

Although great success towards malaria elimination has been made, Vietnam is now faced 
with a critical window of opportunity to achieve the elimination of malaria as mandated in 
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the “National Strategy for Malaria Control and Elimination 2011-2020 and Vision for 2030” 
[65]. This critical window includes the following factors: (1) efficacious antimalarial combina-
tions still exist but are failing fast; (2) potent tools for vector control are available but could be 
undermined quickly by the development of insecticide resistance; and (3) financial support 
from external funding partners continues to flow but is likely time bound. The Government of 
Vietnam will also need to take bold steps and intensify national malaria elimination efforts to 
ensure that malaria is eliminated from Vietnam for good before this window of opportunity 
closes.

In summary, with a new leadership team, given a passion for the mission, along with author-
ity, expertise and sufficient/effective funding, we believe WHO’s Pf elimination goals can be 
achieved near the set target date of 2020. Vietnam is an example of a success story, which can 
serve as a model for other country programs. However, Vietnam cannot eliminate malaria 
until neighboring countries also do so. We urge BMGF, Asian Development Bank (ADB), PMI, 
the US military and other philanthropists to take action to address the challenges presented 
here in order to drive malaria elimination in the region.

4. Engage security forces to prevent disease spread and support 
elimination operations

4.1. Security forces as a neglected population contributing to the malaria 
transmission reservoir and spread of drug-resistant parasites

The GMS security forces are a neglected population group that are at greater risk of con-
tracting malaria, [22, 63] and serving as a transmission reservoir [20, 66]. They are certainly 
spreading the disease in the region and are the most obvious direct conduit of the current 
parasites to Africa [10]. In Africa, peacekeeping forces, deployed from many malaria endemic 
countries, work together, which could cause rapid spread of the new drug-resistant parasites. 
PCR-based screening of UN peacekeeping troops from Cambodia was initiated in 2015 (PCR 
is the only method sensitive enough to detect asymptomatic parasite carriers). In 2017, it was 
learnt that this practice had been discontinued at some point, but with inputs from key lead-
ers to WHO, this was fortunately re-initiated. This process must be monitored so that lapses in 
screening do not recur. It must also be extended to include other militaries in the region that 
soon will also be at risk of spreading these parasites.

We have evidence that the Cambodian army has high malaria infection rates, and not been 
receiving optimal malaria prevention or treatment, and are serving as the primary malaria 
transmission reservoir in an area of Northwestern Cambodia [67, 68]. In 2010, 5% of troops 
were reported positive for Pf by PCR during a malaria screening [68]. The study for which the 
screening was done provided direct evidence, although with small numbers, early warning 
that dihydroartemisinin-piperaquine was failing as treatment. The lead author urged the US 
Army to act to stop transmission in these troops, but to no avail. He then contacted BMGF 
in 2012 to provide funding to stop transmission in these troops; funding was awarded, but 
not used until 2016, by which time the number positive for Pf had doubled to 10% [20]. It is 
unclear why the US Army does not act much more quickly given the threat to US troops.
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In the 2016 intervention study, Pf transmission was stopped, providing direct evidence that 
the Cambodian army was the primary Pf transmission reservoir in the area of the study [20]. 
We believe there is sufficient evidence to scale the interventions that were proven to be effec-
tive (e.g., permethrin-treated uniforms, see Table 2). The impressive results from the study, 
however, have unfortunately not yet been acted upon.

Additional evidence of security forces being a transmission reservoir comes from the area 
where the most resistant parasites cross-border into Vietnam. Forest rangers in the Bu Gia 
Map National Park screened positive for Pf malaria at about ~11% for Pf (very similar to the 
Cambodian army in Northwestern Cambodia, see above) [66]. This population is probably 
a significant malaria transmission reservoir in this area. From the publication, the rangers 
appear neither to be receiving effective prevention measures nor routine screening and treat-
ment. No funding in the GF 2018–2020 budget was allocated for such activities in this popula-
tion. The only way it will be possible is to request unused GF year-end funding be reallocated, 
which is not an easy process (CO, personal communication). Furthermore, since permethrin-
treated uniforms are not yet WHO-prequalified (despite standard of care in Western militar-
ies and recent impressive evidence in the Cambodian army), GF funding may not be able to 
be used for this intervention (CO, personal communications).

Permethrin is very inexpensive, well-tolerated, and widely used for uniform treatment by 
Western militaries for malaria prevention [69]. The evidence for efficacy of treated uniforms/
clothing is summarized in Table 2. Based on available evidence, and in light of emerging incur-
able parasites and pyrethroid sensitivity of the main transmitting mosquitoes (M. Macdonald, 
personal communication), we believe treated uniforms should be rapidly scaled up for all 
security forces in the GMS as one component of an integrated vector control package.

In Cambodia, there are three types of government security personnel working in the forest—
army, forest rangers, and border police; each falling under different ministries. We are aware 
of a pilot project in Northwestern Cambodia where an ADB-funded project is working with 
all of these groups for malaria prevention and treatment (CO, personal communications). We 
believe this initiative should be taken to scale as quickly as possible in the region.

4.2. GMS security forces can provide direct support if given a mission and properly 
resourced

The Vietnam People’s Army, including the Vietnam Border Defense Force, provides an excel-
lent model for security personnel supporting health interventions. From 2005 to 2015, the 
Combined Military Medical Program contributed to improve health, hunger elimination and 
poverty reduction [75]. Example accomplishments for health include: (1) vaccination of 5.1 
million children with Ministry of Health-recommended vaccines, (2) family planning for more 
than 3.7 million people, (3) malaria prevention education for more than 1.8 million people, 
and (4) IRS of nearly 26 million square meters of housing with National Malaria Control 
Program with provided pyrethroids.

More than 1300 health stations were strengthened with military staffing, including 1044 
health stations in remote and isolated areas (>10% of all nationwide; in locations where it is 
hard to recruit civilian staff). The system includes 152 border clinics, which also serves as a 
border surveillance system for early detection of epidemics.
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spreading the disease in the region and are the most obvious direct conduit of the current 
parasites to Africa [10]. In Africa, peacekeeping forces, deployed from many malaria endemic 
countries, work together, which could cause rapid spread of the new drug-resistant parasites. 
PCR-based screening of UN peacekeeping troops from Cambodia was initiated in 2015 (PCR 
is the only method sensitive enough to detect asymptomatic parasite carriers). In 2017, it was 
learnt that this practice had been discontinued at some point, but with inputs from key lead-
ers to WHO, this was fortunately re-initiated. This process must be monitored so that lapses in 
screening do not recur. It must also be extended to include other militaries in the region that 
soon will also be at risk of spreading these parasites.

We have evidence that the Cambodian army has high malaria infection rates, and not been 
receiving optimal malaria prevention or treatment, and are serving as the primary malaria 
transmission reservoir in an area of Northwestern Cambodia [67, 68]. In 2010, 5% of troops 
were reported positive for Pf by PCR during a malaria screening [68]. The study for which the 
screening was done provided direct evidence, although with small numbers, early warning 
that dihydroartemisinin-piperaquine was failing as treatment. The lead author urged the US 
Army to act to stop transmission in these troops, but to no avail. He then contacted BMGF 
in 2012 to provide funding to stop transmission in these troops; funding was awarded, but 
not used until 2016, by which time the number positive for Pf had doubled to 10% [20]. It is 
unclear why the US Army does not act much more quickly given the threat to US troops.
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clothing is summarized in Table 2. Based on available evidence, and in light of emerging incur-
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of a pilot project in Northwestern Cambodia where an ADB-funded project is working with 
all of these groups for malaria prevention and treatment (CO, personal communications). We 
believe this initiative should be taken to scale as quickly as possible in the region.

4.2. GMS security forces can provide direct support if given a mission and properly 
resourced

The Vietnam People’s Army, including the Vietnam Border Defense Force, provides an excel-
lent model for security personnel supporting health interventions. From 2005 to 2015, the 
Combined Military Medical Program contributed to improve health, hunger elimination and 
poverty reduction [75]. Example accomplishments for health include: (1) vaccination of 5.1 
million children with Ministry of Health-recommended vaccines, (2) family planning for more 
than 3.7 million people, (3) malaria prevention education for more than 1.8 million people, 
and (4) IRS of nearly 26 million square meters of housing with National Malaria Control 
Program with provided pyrethroids.
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health stations in remote and isolated areas (>10% of all nationwide; in locations where it is 
hard to recruit civilian staff). The system includes 152 border clinics, which also serves as a 
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In conclusion, we urge donors and NMCEPs to help supporting security forces take action. This 
should include first to make sure security forces are using appropriate prevention and treatment 
packages. GMS security forces absolutely can directly support elimination operations. They best 
understand the mobile and migrant populations (MMPs) and terrain of the remaining forest 
in the region, understand military planning and have a structured workforce in many of the 
challenging areas. We call on donors to provide the leadership and funding by making sure that 
security forces are not a transmission reservoir and are engaged in the fight against malaria.

5. Utilize surveillance as a core intervention linked to results-based 
funding (SCI-RBF) to achieve rapid and effective action in actual 
transmission foci

5.1. Development of an innovative information (surveillance) system to eliminate 
emerging incurable malaria

In 2015–2016, our research team worked in two provinces in Vietnam (Figure 5) to field test 
a surveillance/information system envisioned in a background paper written for the BMGF 
[43]. We partnered with National Institute of Malariology, Parasitology and Entomology 
(NIMPE) and the Phu Yen Provincial Health Department (PHD) to develop and pilot test the 
information system linked to a pay-for-performance system. We also developed concepts to 
target forest malaria transmission foci and/or people traveling to these locations with effective 
integrated prevention and treatment.

5.1.1. 2015 results

We defined transmission locations, intervention usage, risk groups/factors and desired inter-
ventions. This was first done with a household survey of the identifiable malaria patients 
from the most recent 100 cases and a sample of nearby houses (Table 3). This table illustrates 
total cases and risk by work-type and that the reported use of program-provided long lasting 
insecticidal nets (LLINs) in actual transmission areas was very low [9]. For example, most 
malaria cases (49%) were coming from paper plantations, but farmers and charcoal produc-
ers were at higher risk (75 and 80%, respectively). LLIN and overall treated nets in use were 
only 6 and 19%, respectively. Households with malaria were ~three-fold less likely to use 
treated nets, Odds Ratio 3.2; p < 0.01) [76]. The actual transmission locations were determined 
by where people reported sleeping one to two weeks before they developed fever (malaria 
incubation period). The lack of transmission at the village level was confirmed by the lack of 
malaria patients who remained in the village during the incubation time for malaria.

These results were next confirmed and extended through geographic reconnaissance of sleep-
ing sites of malaria patients (Figure 6) [8, 9, 44]. At each sleeping site, GPS coordinates, with 
images the sleeping structure and the nets being used (if any), were captured (Figure 6). The 
pictures were used to validate self-reported data (e.g., Figures 7 and 8). Interviews revealed 
forest rangers reported taking partial malaria treatment when ill, malaria infection was com-
mon and lack of prevention measures for work in the forest at night. Based on this information, 
we suspected this population was the primary transmission reservoir in this area, similar to 
that recently reported from forest rangers in a nearby province [66].

Towards Malaria Elimination - A Leap Forward56

Figure 6 illustrates that actual forest transmission locations were readily identifiable; 80% 
were accessible within one hour by motorcycle. For the remaining 20%, the optimal placement 
of malaria posts to access those at risk was determined. The primary factors for low treated 
net use were the fact that 92% desired a hammock net (with few provided) and 83% desired 
a zip-type hammock net [76]. The hard-type LLINs that were provided were a type that was 
strongly disliked by 85% of those surveyed. Of the forest-goers surveyed, 89% reported they 
would be willing to use mosquito repellent and 91% malaria prophylaxis [76]. Based on these 
results, we believe the provision of nets of a type that people want to use, net retreatment 

Figure 5. Vietnam study districts in Quang Tri (Hung Hoa District) and Phu Yen Provinces (Dong Xuan District) (blue 
outlined areas).
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In conclusion, we urge donors and NMCEPs to help supporting security forces take action. This 
should include first to make sure security forces are using appropriate prevention and treatment 
packages. GMS security forces absolutely can directly support elimination operations. They best 
understand the mobile and migrant populations (MMPs) and terrain of the remaining forest 
in the region, understand military planning and have a structured workforce in many of the 
challenging areas. We call on donors to provide the leadership and funding by making sure that 
security forces are not a transmission reservoir and are engaged in the fight against malaria.

5. Utilize surveillance as a core intervention linked to results-based 
funding (SCI-RBF) to achieve rapid and effective action in actual 
transmission foci

5.1. Development of an innovative information (surveillance) system to eliminate 
emerging incurable malaria

In 2015–2016, our research team worked in two provinces in Vietnam (Figure 5) to field test 
a surveillance/information system envisioned in a background paper written for the BMGF 
[43]. We partnered with National Institute of Malariology, Parasitology and Entomology 
(NIMPE) and the Phu Yen Provincial Health Department (PHD) to develop and pilot test the 
information system linked to a pay-for-performance system. We also developed concepts to 
target forest malaria transmission foci and/or people traveling to these locations with effective 
integrated prevention and treatment.

5.1.1. 2015 results

We defined transmission locations, intervention usage, risk groups/factors and desired inter-
ventions. This was first done with a household survey of the identifiable malaria patients 
from the most recent 100 cases and a sample of nearby houses (Table 3). This table illustrates 
total cases and risk by work-type and that the reported use of program-provided long lasting 
insecticidal nets (LLINs) in actual transmission areas was very low [9]. For example, most 
malaria cases (49%) were coming from paper plantations, but farmers and charcoal produc-
ers were at higher risk (75 and 80%, respectively). LLIN and overall treated nets in use were 
only 6 and 19%, respectively. Households with malaria were ~three-fold less likely to use 
treated nets, Odds Ratio 3.2; p < 0.01) [76]. The actual transmission locations were determined 
by where people reported sleeping one to two weeks before they developed fever (malaria 
incubation period). The lack of transmission at the village level was confirmed by the lack of 
malaria patients who remained in the village during the incubation time for malaria.

These results were next confirmed and extended through geographic reconnaissance of sleep-
ing sites of malaria patients (Figure 6) [8, 9, 44]. At each sleeping site, GPS coordinates, with 
images the sleeping structure and the nets being used (if any), were captured (Figure 6). The 
pictures were used to validate self-reported data (e.g., Figures 7 and 8). Interviews revealed 
forest rangers reported taking partial malaria treatment when ill, malaria infection was com-
mon and lack of prevention measures for work in the forest at night. Based on this information, 
we suspected this population was the primary transmission reservoir in this area, similar to 
that recently reported from forest rangers in a nearby province [66].

Towards Malaria Elimination - A Leap Forward56

Figure 6 illustrates that actual forest transmission locations were readily identifiable; 80% 
were accessible within one hour by motorcycle. For the remaining 20%, the optimal placement 
of malaria posts to access those at risk was determined. The primary factors for low treated 
net use were the fact that 92% desired a hammock net (with few provided) and 83% desired 
a zip-type hammock net [76]. The hard-type LLINs that were provided were a type that was 
strongly disliked by 85% of those surveyed. Of the forest-goers surveyed, 89% reported they 
would be willing to use mosquito repellent and 91% malaria prophylaxis [76]. Based on these 
results, we believe the provision of nets of a type that people want to use, net retreatment 

Figure 5. Vietnam study districts in Quang Tri (Hung Hoa District) and Phu Yen Provinces (Dong Xuan District) (blue 
outlined areas).
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for self-purchased products, repellent availability, along with on-going education and use 
monitoring will enable high usage of an integrated prevention package.

Figure 6 also illustrates the smart-phone based information system, which greatly improved 
our ability to conduct near-real time data capture and quality control from Hanoi, while the 
team was working in the field. Information was captured using a smartphone app with the 
data fed into an on-line server when Internet access was available to the field staff. Ona.io 
server, KoboToolbox (http://www.kobotoolbox.org/) and other systems are inexpensive, 
easy-to-program/use, powerful new tools for the fight against malaria.

In Table 4, we outline the interventions we believe are needed for rapid malaria elimination. 
We illustrate linking of successful execution of the interventions to incentive pay, which was 
successfully pilot tested. Data captured from each intervention can constitute “surveillance as 
core intervention (SCI).” Incentive payments can be linked to the smartphone-captured data 
following quality checks. We believe surveillance as an intervention with results-based fund-
ing (SCI-RBF) will motivate staff to make sure patients complete antimalarial treatment and 
effectively intervene in transmission foci (both of which are still largely lacking).

Main work 
type

n Percent 
interviewed

Number 
of 
malaria 
cases

Percent 
total 
malaria 
(n = 93)

Percent 
risk 
malariaa

Nets currently 
used (n = 186)

Net types currently 
used (n = 189)

Any 
netb

At 
least a 
treated 
net 
typed

At least 
a zip 
hammock 
type

At least 
a LLIN 
type

Paper 
plantation

94 49% 44 47% 47% 65% 11% 41% 2%

Agarwood 
harvesting

39 21% 14 15% 36% 95% 15% 36% 8%

Farmer 16 8% 12 13% 75% 80% 80% 0% 38%

Trapper 16 8% 6 6% 38% 44% 25% 13% 6%

Charcoal 
production

10 5% 8 9% 80% 70% 0% 50% 0%

Timber 
harvesting

9 5% 4 4% 44% 33% 11% 11% 0%

Hunter 3 2% 3 3% 100% 0% 0% 0% 0%

Other 3 2% 2 2% 67% 67% 67% 0% 0%

Total or mean 190 100% 93 100% 49% 68%c 19% 32% 6%

aCases of malaria/people interviewed.
bNumber reporting any net reported being used at forest sleeping site/number interviewed in work type.
cNumber reporting any net reported being used at forest sleeping site/total interviewed.
dProgram was providing annual net retreatment accounting for the difference between 6% for LLIN.

Table 3. Malaria-risk populations and bed net use in Phu Yen Province, Vietnam in 2015.
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Lastly, a concept was developed for a malaria elimination task force (METF) led and implemented 
by PHD staff, implemented by mobile malaria workers (MMWs). The METF should routinely have 
challenge-solving workshops with NMCEP staff to improve the quality of data and responses.

5.1.2. Conclusions

Despite very high household insecticide-treated net coverage, their use in risk areas is very 
low. Forest transmission sites are identifiable and targetable directly and/or at forest pathway 
points. The described transformative smart-phone based information technology will facili-
tate rapid malaria elimination allowing near real-time monitoring to improve the quality and 
targeting of interventions. Urgent action must be taken to improve the selection of interven-
tions of products benefitting people at risk and for those working in actual transmission areas.

5.1.3. Broader impact

Based in part on our work in 2015–2017, Phu Yen Province saw the largest drop (89%) in malaria 
of any province in the region of the south-central coast and central highlands in this time frame. 
In 2016, as cases decreased, the cases spatially clustered into two areas to prioritize (pink dots 
in Figure 9). In our study district, malaria reduction is striking. In 2017, only 13 cases were 
reported, compared to 52 (Figure 9), 133, 292, and 291 in the years 2016–2013, respectively, a 

Figure 6. Baseline malaria transmission location map with insecticide treated net (ITN) usage in Phu Yen Province, 
2015. The turquoise color represents 4700 households. In 2016, provincial health records showed 4.3 treated nets per 
household. Dots are the forest sleeping locations 1–2 weeks earlier, including 95% of 2015 cases. The color of the dots 
reveals very low use of nets in actual transmission areas, despite very high coverage in the village (where there was 
no transmission). The light purple circles are transmission foci, defined here as two cases within a 1 km radius, which 
captured 80% of all cases.
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for self-purchased products, repellent availability, along with on-going education and use 
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96% reduction from baseline. The malaria lead for Phu Yen Province reported our contribution, 
noting the health staff “operated more effectively” during and following our project.

5.2. New approaches to “leap forward” to achieve more rapid malaria elimination

5.2.1. Development of a “Red-to-Green, Keep-it-Green” information system to achieve high 
adherence with both integrated vector control and treatment interventions

Based on what we learned in 2015, an information system using the “Red light-Green light” 
approach, as envisioned by Alan Magill, was developed. Based on 2015 case mapping 
(Figure 6), a simple system was developed to prioritize actual transmission areas for target-
ing interventions (Figure 10). The dot in each circle represents prevention status and the 
triangle treatment status in each focus. Those presented are treated net usage (dots) and time 
to ACT treatment (triangles), but must be enhanced to include both an integrated prevention 
and treatment package (Table 5).

Figure 7. Example use of smart phone technology to capture information, images and video linked to GPS coordinates. 
A. Smart phones with good data coverage are becoming ubiquitous, Ona.oi smartphone data capture; B. Ona.io internet 
interface; C. Transmission focus map with global positioning system (GPS) coordinates of sleeping locations of malaria 
patients; D-F. Pictures linked to GPS coordinates for quality control, D. Forest ranger station, E. How the net should look 
not how did it look, F. Tag on the net to confirm if it is an LLIN or not; G. Example of key data. All will allow for near-real 
time monitoring of intervention quality with regularly updated maps to allow malaria elimination staff, donors, and key 
leaders to understand what is happening where and when, from anywhere with internet access for the first time—this 
technology “changes the game”.

Towards Malaria Elimination - A Leap Forward60

One can visualize the low usage of treated bed nets (red dots). In addition, all but two sites 
are within one hour by motorcycle of a health center for ACT treatment (green triangles). The 
green triangles also reflect that most of the forest transmission sites are directly accessible for 
both responses to new cases and for on-going monitoring. The sites with an orange and a red 
triangle need proper placement of malaria posts or mobile malaria workers to capture people 
going deeper into the forest.

The map on the bottom of Figure 10 illustrates perfect, 100% “Green” status. We believe 
60–70% “Green” targets will be sufficient to rapidly eliminate malaria. These maps can be 

Figure 8. Image evidence of LLIN usage. A–C represent probable use and D-F, non-use. Note in E, chickens inside.
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regularly updated in an on-line information system for donors, national programs and imple-
menters to monitor progress near real-time.

5.2.2. Mitigation of forest malaria transmission with more effective and complete prevention/
treatment packages

We believe a more comprehensive prevention and treatment package targeting malaria trans-
mission foci, and the people working or traveling there, will have rapid impact, especially 
when those constituting the primary transmission reservoir are targeted. Pf must be the prior-
ity as this species is causing the public health emergency. Both Pf and Pv are transmitted by 
the same vector species. Pv remains a challenge for cure because of the dormant liver stage 
(hypnozoites). All of the prevention interventions will also be efficacious for control of Pv, and 
will drive down transmission in parallel. Pv residual transmission will often remain when Pf 
has been eliminated. The same resources can be used to mop up residual Pv transmission, 
which will also ensure that Pf has been truly eliminated.

ITNs are the cornerstone for malaria prevention worldwide, but have inadequate efficacy (e.g., 
in areas of unstable malaria transmission, 62 and 43% efficacy is reported with no or untreated 
nets for Pf prevention, respectively [77]). ITNs lack effect when not in use as illustrated by 

No. Intervention/item Descriptiona Cost/formb Cost/intervention/
caseb

Results-based 
funding (cost/year)b

1 Rapid case report, 
initial investigations 
and initial response

Full interview and 
interventions at initial 
patient encounter

$ 4.15 $ 4.15 $ 4149

2 Treatment plan and 
follow-up

Document adherence and 
late treatment success

$ 20.47 $ 51 $ 51,182

3.1 Foci response (Village) Screen & treat, treat nets, 
new nets, BCC

$ 3.75 $ 113 $ 67,500

3.2 Foci response (Forest) Screen & treat, treat nets, 
new nets, BCC, IT-ASSBA

$ 15.26 $ 305 $ 122,054

3.3 Foci response 
(Cross-border)

Screen & treat, treat nets, 
new nets, BCC, IT-ASSBA

$ 30.51 $ 610 $ 61,027

4 Foci monitoring Screen & treat, treat nets, 
new nets, BCC, IT-ASSBA

$ 7.63 $ 76 $ 76,284

5 Forest entry point/
work place monitoring

Screen & treat, treat nets, 
new nets, BCC, IT-ASSBA

$ 3.75 $ 38 $ 37,500

6 On-going provider 
quality monitoring

Routine visits to document 
diagnosis, treatment, 
prevention and reporting

$ 16.00 $ 2500 $ 30,000

Total $ 449,696

aScreen: screening with new highly sensitive rapid diagnostic tests (hsRDTs); BCC: behavior change communication; 
IT-ASSBA: insecticide treatment around sleeping, sitting, sleeping and bathing areas (most sleeping structures are huts 
without walls).
bThese are example costs; true costs will be estimated in the field in Cambodia from May–August 2018. Some of these 
costs are currently provided as travel incentives and monthly stipends for field staff which are not focused on results; 
the estimates do not include commodities.

Table 4. Example of surveillance as an intervention with results-based funding (SCI-RBF) for the first year of imple-
mentation.
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Durnez and Coosemans [78] (Figure 11). Additional tools are available—achieving adherence 
with all prevention tools is the critical challenge, which we believe can be addressed with 
SCI-RBF (see Section 5.1.1).

In Table 5, immediately available prevention and treatment measures are outlined. We believe 
the use of treated nets can be greatly increased in actual transmission areas with smart phone 

Figure 9. Actual malaria transmission locations by year in Dong Xuan District, Phu Yen Province, Vietnam. Please note 
the marked clustering of the pink dots as malaria transmission decreased in 2016 to 52 cases from 133 in 2015. Based 
in part on our effort to demonstrate actual transmission locations and lack of treated nets at these sites, malaria cases 
continued to decrease to 13 cases in 2017 (a 96% reduction from baseline in 2013-2014).

Prevention Treatment

>90% using a treated net Complete treatment and follow-up

Treated clothing Targeted malaria posts to forest entry points

Mosquito repellent Mobile malaria workers to access hot-spots

Safer sleeping, sitting and bathing areas Screening with highly sensitive RDTs

Each of these measures has partial efficacy—they must be used in combination with adherence monitoring to achieve 
high effectiveness. With all drugs soon to be lost, a focus must be placed on use of an integrated vector control package. 
New vector control products are also in the pipeline, which should be added when effectiveness is demonstrated.

Table 5. Immediately available interventions for integrated prevention and treatment in transmission foci.
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monitoring. The SCI-RBF will also allow iterative testing and improvement of methods until 
high usage is achieved, both with ITNs and an integrated vector control package. There is 
now direct evidence of substantial efficacy of permethrin-treated uniforms in the Cambodian 

Figure 10. “Red-to-Green, Keep-it-Green” information system (see https://ConsortiumHA.org); (a) the blue circles are 
transmission areas to prioritize; here classified as 2 cases within a 1 km radius, which captured 80% of cases.  Within 
the blue circles, a small circle represents the prevention package and a triangle represents the treatment package.  The 
top of this figure represents the actual status of Dong Xuan District, Phu Yen Province, Vietnam in 2015. The prevention 
package was only the use of a treated net or not, and the treatment package was only time to access effective malaria 
treatment.  As you can see, treated net use is poor, but all but two triangles are green, illustrating that all but two 
transmission foci are within one hour of a health center by motorcycle.  This also means they are directly accessible 
for interventions, both when a new case occurs and for on-going monitoring of use of malaria elimination tools. (b) the 
theoretical desired 100% green status. 100% will never by achieved – we believe perhaps 60-70% usage of an integrated 
prevention and treatment package will be enough to rapidly reduce transmission.
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military, including contributing to the interruption of Pf transmission [20]. The literature-
based evidence of efficacy of permethrin-treated clothing is presented in Table 2. Based on the 
available data and the growing body of evidence that those working in the forest at night in 
the GMS are a significant transmission reservoir, we believe treated uniforms/clothing should 
be scaled up as rapidly as possible. We believe retreatment of clothing, self-purchased nets and 
insecticide treatment around sleeping, sitting and bathing areas (IT-ASSBA) should be routine 
in hot-spots. Re-treatment will also allow for on-going education and monitoring. Treated net-
ting when used with partial coverage in sleeping areas has been shown to reduce An. dirus (the 
main forest vector in the GMS) bites by 50% in Eastern Vietnam (Marchand R, unpublished 
data). Some efficacy has also been seen for other insecticide-treated products [79, 80].

Topical insect repellent clearly prevents mosquito bites when used correctly, especially for 
outdoor biting mosquitoes such as An. dirus that are otherwise hard to control with traditional 
indoor methods (ITN, IRS); however, getting people to regularly use the product in risk areas 
(be adherent or compliant) is the challenge, probably being the primary factor leading to a 
lack of efficacy in recent trials in the GMS [81]. Locally available DEET-containing repellent 
was well accepted and prevented An. dirus bites in forest transmission areas all night in a 
single application in Eastern Vietnam (Marchand R, unpublished data).

Prompt, complete and correct treatment is the cornerstone for malaria therapy. The effective ACT 
regimen should be used for both Pf and Pv blood stages. Primaquine in standard dosages should 
be used for Pf gametocytes and Pv hypnozoites in countries where these doses are already being 
used as standard of care (e.g., Vietnam) or low-dose [82] for Pf gametocytes in areas where there 
are safety concerns. We believe that all patients in the GMS should have visits on days 28 and 
42 to detect late-treatment failure, as well as to have malaria patients and their work groups be 
transmission-stopping ambassadors. In addition, improved tools are just becoming available to 

Figure 11. Protection “gap” when only indoor insecticide-based vector control measures are applied. Anopheles 
mosquitoes bite between 6 PM and 6 AM. A “gap” exists while people are not sleeping (A) and for people conducting 
night-time outdoor activities (B) (courtesy of Durnez and Coosemans [78]). Additional note: even the green part of the 
figure is also often red in the GMS because of lack of use of ITNs in risk areas (see Figures 6 and 10).
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identify asymptomatic malaria carriers through active case detection (ACD). The BMGF funded the 
development of a highly sensitive rapid diagnostics test (hsRDT), which is specific for Pf [83]. It is 
much more sensitive than standard rapid diagnostic tests (RDT), but not as sensitive as PCR (which 
is probably not necessary) [84, 85]. Alere (www.alere.com, now Abbott) has made these hsRDTs 
commercially available for $0.95/each; approvals in GMS are in process. The same company also 
markets a malaria antibody-based RDT for both Pf and Pv [86]. The usefulness of these new tools 
can be rapidly demonstrated during scale-up; the hsRDT will hopefully obviate the need for mass 
drug administration [87]. Both of these new RDTs should facilitate defining risk populations.

If the package of available tools does not rapidly stop malaria transmission, other more aggres-
sive tools can be added as they become available [85]. Currently available drugs are problematic 
for prophylaxis—primaquine and doxycycline require daily dosing; doxycycline has already 
been widely used along the Vietnam border—its current efficacy is unknown. Mefloquine is 
poorly tolerated and its use for prophylaxis may accelerate its demise. Tafenoquine [88, 89] and 
RTS,S malaria vaccine [90] should be accelerated to play a role for prevention in the region.

The last remaining parasites will be the most drug-resistant—alternative regimens are urgently 
needed. Tafenoquine [91] (unpublished observations for Pf), azithromycin and methylene blue 
[92–95] are currently under recognized, but could also play a role in combination treatment 
when no alternatives remain, which may be very soon. New regimens should be urgently evalu-
ated; all should be seven days, as some or all of the drugs will have short half-lives. With seven-
day regimens, adherence will be very challenging. Hospitalization with appropriate incentives 
should become the norm to achieve very high treatment adherence in the near future, including 
the current three-day regimens in areas where outpatient treatment monitoring is not successful.

6. Conclusion/call to action

Emerging incurable malaria in the GMS is a grave public health threat. We call for targeted, 
immediate decisive action by international and host country governments to establish mission 
leadership, enough authority, respect, and expertise at each operational level. Security forces 
must be engaged. Commitment and a real sense of urgency will be most effectively achieved 
with a PHEIC. We call on the major donors (BMGF, United States Agency for International 
Development, ADB, the US military) and other philanthropists/donors to fulfill the need for 
efficient funding. In this chapter, we have proposed the methodology to achieve elimination 
of the nearly incurable malaria parasites “East of Bangkok” near the WHO target of 2020 [24]. 
With the currently available tools, each partially effective, but when used together with smart 
phone-based quality monitoring of appropriate use in the actual transmission areas—we 
believe the mission can be accomplished near the target date. We call for the critical actions, 
focusing resources to where they will have most impact to help prevent the next pandemic.
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Abstract

The human malaria parasite Plasmodium vivax imposes unique challenges to its control 
and elimination. Primary among those is the hypnozoite reservoir of infection in endemic 
communities. It is the dominant source of incident malaria and exceedingly difficult to 
attack due to both inability to diagnose latent carriers and the potentially life-threatening 
toxicity of primaquine in patients with an inborn deficiency of G6PD, the only therapeu-
tic option against hypnozoites. Large segments of endemic populations are not eligible 
for primaquine, and alternative strategies for managing the threat of relapse in any group 
have not been optimized or validated. Association of risk of primaquine failure against 
latent P. vivax with impaired alleles of P450 2D6 exacerbates the substantial pool of pri-
maquine ineligibles. Resistance to chloroquine against acute P. vivax malaria commonly 
occurs; alternative therapies like ACTs are effective but seldom evaluated as a partner 
drug to primaquine in the essential radical cure. Many of the Anopheles mosquito vector 
of P. vivax in South and Southeast Asia, where >90% of infections occur, thrive in a diver-
sity of habitats and exhibit wide ranges of feeding and breeding behavior. This chapter 
explores many of these challenges and possible approaches in controlling and eliminat-
ing endemic vivax malaria.

Keywords: Plasmodium vivax, malaria, latent malaria, hypnozoites, glucose-6-phosphtate 
dehydrogenase (G6PD), Anopheles mosquitoes, species-sanitation, control

1. Introduction

Human malaria caused by Plasmodium vivax currently has the widest geographical distri-
bution among all malaria parasites with about 35% of the world population living at risk 
of this physically debilitating and sometime lethal infection [1–3]. Figure 1 illustrates this 
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global distribution most heavily weighing upon South and Southeast Asia (SEA) [1]. In most 
endemic countries, chloroquine (CQ) remains the first-line therapy for acute vivax malaria 
after more than 70 years of continuous use. CQ-resistant P. vivax, documented nearly 
30 years ago, now commonly occurs across much of SEA [4, 5]. Unlike the other dominant 
species causing human malaria, P. falciparum, some sporozoites (called bradysporozoites) 
of P. vivax develop into dormant forms in the liver called hypnozoites. This single feature—
latency—defines and distinguishes the prevention, treatment, and control of vivax malaria. 
Other sporozoites (called tachysporozoites) immediately develop into actively dividing 
hepatic schizonts over the 7-day to 18-day incubation period and cause the primary parasit-
emia and acute attack of patent vivax malaria. Hypnozoites activate weeks, months, or even 
years later, causing a renewed clinical attack called relapses [6].

In natural endemic settings, it may not be known if any given patient presenting with patent 
acute vivax malaria is experiencing a tachysporozoite-borne primary attack or a bradysporo-
zoite-borne relapse. This uncertainty poses a fundamental problem of interpretation of para-
sitemia that may follow therapy [5–8]. The origin of the parasitemia may be a consequence of 
new primary attack (reinfection), therapeutic failure against blood stages (recrudescence), or 
renewed latent malaria (relapse). These ambiguities may not be addressed by molecular geno-
typing techniques because relapses may be either homologous or heterologous to the primary 
infection event [9, 10]. Estimating the efficacy of blood schizonticidal therapy may thus be 
complex and difficult [11].

Another drug, a hypnozoitocide, is necessary to treat latent vivax malaria and prevent future 
attacks. Primaquine (PQ) has been the only available therapeutic option to kill hypnozoites 
since 1952. A single dose of 30 mg PQ within 48 hours of infection appears sufficient to kill 
stages of P. vivax or P. falciparum attempting to develop into hepatic schizonts or hypnozo-
ites [12]. Beyond that period, presumably after formation of dormant hypnozoites, relatively 
large doses totaling 210 to 420 mg of PQ (delivered over 7 to 56 days) are required to prevent 

Figure 1. Distribution of Plasmodium vivax malaria in the world.
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relapse [13]. Pharmacokinetic or pharmacodynamic interaction of blood schizonticidal and 
hypnozoitocidal therapies combined for the radical cure of vivax malaria has been observed 
and requires consideration in assessing the safety and efficacy of either or both in clinical 
use [14].

This chapter reviews the challenges vivax malaria poses in efforts to control and eliminate malaria 
in accordance with the Global Technical Strategy of the WHO [15] as they occur in many parts of 
the world. Experts advising the WHO formulated “Plasmodium vivax Control and Elimination: 
A Technical Brief” [16] highlighted the distinct character of this species in the context of control 
and elimination strategy. Conventional control aimed at diagnosing and treating of the acute 
attack and minimizing exposure to biting Anopheles mosquitoes will not suffice, largely due to 
the scale and importance of the latent hypnozoite reservoir in endemic communities. Decades 
of scientific, clinical, and public health neglect of this specific feature of vivax malaria leaves us 
poorly equipped to attack it safely and effectively. The biological basis of this problem is detailed 
with the aim of guiding discovery and development of sustainable solutions.

2. Biology of Plasmodium vivax

The broad and prolonged neglect of research on P. vivax has been highlighted by many 
researchers [17–20]. Although this lack of research certainly derives from complex and mul-
tiple factors, the misperception of this species as intrinsically benign perhaps dominates 
among them [21]. Today, we accept that a diagnosis of vivax malaria is sometimes associ-
ated with severe disease syndromes associated with fatal outcomes [16, 22]. The manner 
in which P. vivax threatens life with such typically low-grade parasitemias (usually tenfold 
lower than P. falciparum) is an important and relatively new question. Nonetheless, some 
researchers suggest that vivax malaria may be primarily an infection of hematopoietic tissues 
rather than of the vascular sinuses per se [21, 23, 24]. If most P. vivax biomass in the human 
host resides within tissues of the bone marrow and spleen, it would have far-reaching scien-
tific, clinical, and public health implications with respect to measuring and combatting the 
threats imposed.

We already know the likely importance of the latent hypnozoite reservoir and sub-patent/
asymptomatic parasitemias [25–27]. Adding an as-yet unacknowledged sequestered tro-
phozoite reservoir—very few or no asexual parasites in vascular sinuses but many in the 
extravascular spaces of erythropoietic tissues—would greatly amplify concerns regarding the 
effectiveness of diagnosis and treatment in control and elimination. It is possible that most 
P. vivax parasites—certainly hypnozoites but perhaps also trophozoites—occur beyond the 
vascular sinuses in both asymptomatic and acutely ill patients and, therefore, also beyond the 
reach of standard diagnostics.

Although the Duffy antigen on the surface of the red blood cell has long been considered 
essential to P. vivax invasion—and its absence in many African populations thought to explain 

Challenges in the Control and Elimination of Plasmodium vivax Malaria
http://dx.doi.org/10.5772/intechopen.77082

79



global distribution most heavily weighing upon South and Southeast Asia (SEA) [1]. In most 
endemic countries, chloroquine (CQ) remains the first-line therapy for acute vivax malaria 
after more than 70 years of continuous use. CQ-resistant P. vivax, documented nearly 
30 years ago, now commonly occurs across much of SEA [4, 5]. Unlike the other dominant 
species causing human malaria, P. falciparum, some sporozoites (called bradysporozoites) 
of P. vivax develop into dormant forms in the liver called hypnozoites. This single feature—
latency—defines and distinguishes the prevention, treatment, and control of vivax malaria. 
Other sporozoites (called tachysporozoites) immediately develop into actively dividing 
hepatic schizonts over the 7-day to 18-day incubation period and cause the primary parasit-
emia and acute attack of patent vivax malaria. Hypnozoites activate weeks, months, or even 
years later, causing a renewed clinical attack called relapses [6].

In natural endemic settings, it may not be known if any given patient presenting with patent 
acute vivax malaria is experiencing a tachysporozoite-borne primary attack or a bradysporo-
zoite-borne relapse. This uncertainty poses a fundamental problem of interpretation of para-
sitemia that may follow therapy [5–8]. The origin of the parasitemia may be a consequence of 
new primary attack (reinfection), therapeutic failure against blood stages (recrudescence), or 
renewed latent malaria (relapse). These ambiguities may not be addressed by molecular geno-
typing techniques because relapses may be either homologous or heterologous to the primary 
infection event [9, 10]. Estimating the efficacy of blood schizonticidal therapy may thus be 
complex and difficult [11].

Another drug, a hypnozoitocide, is necessary to treat latent vivax malaria and prevent future 
attacks. Primaquine (PQ) has been the only available therapeutic option to kill hypnozoites 
since 1952. A single dose of 30 mg PQ within 48 hours of infection appears sufficient to kill 
stages of P. vivax or P. falciparum attempting to develop into hepatic schizonts or hypnozo-
ites [12]. Beyond that period, presumably after formation of dormant hypnozoites, relatively 
large doses totaling 210 to 420 mg of PQ (delivered over 7 to 56 days) are required to prevent 

Figure 1. Distribution of Plasmodium vivax malaria in the world.

Towards Malaria Elimination - A Leap Forward78

relapse [13]. Pharmacokinetic or pharmacodynamic interaction of blood schizonticidal and 
hypnozoitocidal therapies combined for the radical cure of vivax malaria has been observed 
and requires consideration in assessing the safety and efficacy of either or both in clinical 
use [14].

This chapter reviews the challenges vivax malaria poses in efforts to control and eliminate malaria 
in accordance with the Global Technical Strategy of the WHO [15] as they occur in many parts of 
the world. Experts advising the WHO formulated “Plasmodium vivax Control and Elimination: 
A Technical Brief” [16] highlighted the distinct character of this species in the context of control 
and elimination strategy. Conventional control aimed at diagnosing and treating of the acute 
attack and minimizing exposure to biting Anopheles mosquitoes will not suffice, largely due to 
the scale and importance of the latent hypnozoite reservoir in endemic communities. Decades 
of scientific, clinical, and public health neglect of this specific feature of vivax malaria leaves us 
poorly equipped to attack it safely and effectively. The biological basis of this problem is detailed 
with the aim of guiding discovery and development of sustainable solutions.

2. Biology of Plasmodium vivax

The broad and prolonged neglect of research on P. vivax has been highlighted by many 
researchers [17–20]. Although this lack of research certainly derives from complex and mul-
tiple factors, the misperception of this species as intrinsically benign perhaps dominates 
among them [21]. Today, we accept that a diagnosis of vivax malaria is sometimes associ-
ated with severe disease syndromes associated with fatal outcomes [16, 22]. The manner 
in which P. vivax threatens life with such typically low-grade parasitemias (usually tenfold 
lower than P. falciparum) is an important and relatively new question. Nonetheless, some 
researchers suggest that vivax malaria may be primarily an infection of hematopoietic tissues 
rather than of the vascular sinuses per se [21, 23, 24]. If most P. vivax biomass in the human 
host resides within tissues of the bone marrow and spleen, it would have far-reaching scien-
tific, clinical, and public health implications with respect to measuring and combatting the 
threats imposed.

We already know the likely importance of the latent hypnozoite reservoir and sub-patent/
asymptomatic parasitemias [25–27]. Adding an as-yet unacknowledged sequestered tro-
phozoite reservoir—very few or no asexual parasites in vascular sinuses but many in the 
extravascular spaces of erythropoietic tissues—would greatly amplify concerns regarding the 
effectiveness of diagnosis and treatment in control and elimination. It is possible that most 
P. vivax parasites—certainly hypnozoites but perhaps also trophozoites—occur beyond the 
vascular sinuses in both asymptomatic and acutely ill patients and, therefore, also beyond the 
reach of standard diagnostics.

Although the Duffy antigen on the surface of the red blood cell has long been considered 
essential to P. vivax invasion—and its absence in many African populations thought to explain 

Challenges in the Control and Elimination of Plasmodium vivax Malaria
http://dx.doi.org/10.5772/intechopen.77082

79



the relative rarity of P. vivax on that continent—recent evidence from a variety of African 
locales has shown patent P. vivax parasitemia in patients who are negative for that molecule 
[28]. Moreover, P. vivax has been shown to be present in parts of Africa where it is not preva-
lent [29] and is indeed prevalent in other areas of that continent like Madagascar, the Horn, 
and across the northern Sahel [30].

3. Chloroquine-resistant acute P. vivax

Resistance to CQ by the asexual stages of P. vivax has been documented in most endemic 
regions [4, 5]. Resistant strains dominate the malarious Western Pacific and Indonesian archi-
pelago and nations there have adopted highly efficacious ACTs [11] as first-line therapy. With 
the possible exception of artesunate combined with sulfadoxine-pyrimethamine, all ACTs 
have shown superb efficacy in killing asexual blood stages of P. vivax [31]. The safety and 
efficacy of PQ against relapse when combined with partner blood schizonticides other than 
CQ, quinine, or dihydroartemisinin-piperaquine [32, 33] require validation in clinical trials 
[14]. Elsewhere, for now, resistance appears sporadically and at relatively low frequencies. 
Despite substantial efforts to identify molecular markers of P. vivax resistance to antimalarial 
drugs, none have yet been validated. In vivo testing in patients or relatively difficult ex vivo 
drug testing procedures remain necessary [34]. The monitoring of antimalarial efficacy offers 
possible relief from risk of failure due to parasite resistance to specific therapies, but this is 
carried out relatively infrequently.

4. Latent and sub-patent P. vivax

The latent and sub-patent parasitemia caused by P. vivax is difficult or impractical to detect 
using available technologies. These unnoticed or invisible infections probably represent a 
dominant majority in most endemic settings. Thus, the primary blow to therapeutic effec-
tiveness (the proportion of patients needing a particular therapy and receiving high-quality 
drug in a full and adequately absorbed dose) is simply the inability to identify those in need 
of therapy.

The human host also imposes important barriers to the effectiveness of antimalarial therapies 
in the real world. Clinical contraindications, patient adherence, provider prescribing practices, 
provider and patient access to the drug, and its quality and availability; all further chip away the 
realizable effectiveness of any given antimalarial agent. The contraindications are particularly 
important in the case of P. vivax and the crucial therapy against relapses with PQ, the only cur-
rent therapeutic option for that clinical indication. Primaquine (and all other 8-aminoquinoline 
compounds evaluated) invariably provokes an acute hemolytic anemia in patients receiving 
therapeutic doses against relapse and having an inherited X chromosome-linked deficiency in 
glucose-6-phosphate dehydrogenase (G6PD) enzymatic activity [35]. This abnormality affects 
approximately 400 million people or 8% of people residing in malaria endemic countries [36]. 
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Safe access to PQ for radical cure of vivax malaria may require access to point-of-care diagnos-
tics for G6PD deficiency [37]. Even with such testing, however, there remains the problem of 
treating those diagnosed as G6PD-deficient, pregnant or lactating women, and infants below 
the age of 6 months [38]. There are no optimized or validated means of preventing relapse 
without 8-aminoquinoline drugs, e.g., by chemopreventive or presumptive periodic preventive 
therapeutic strategies [39, 40]. The 8-aminoquinoline drug, called tafenoquine, is in late clinical 
development and will likely soon offer a single-dose option to PQ, virtually eliminating the 
important adherence problem with that therapy [41, 42].

Another potential problem in the human host may be the inability to metabolize PQ to 
its active hypnozoite-killing metabolite by cytochrome P450 2D6 (CYP2D6) [43]. Natural 
polymorphism in the gene expressing CYP2D6 leads to a range of metabolic activities 
ranging anywhere between far above normal and null. Patients in need of PQ anti-relapse 
therapy and having significantly impaired or null CYP2D6 activity may relapse even with 
full compliance to good quality drug. We do not yet know the extent of this problem with 
regard to the frequencies of CYP2D6 alleles associated with PQ therapeutic failure, but the 
significantly impaired CYP2D6 *10 allele (a particular genetic variant of CYP2D6 gene) is 
relatively common among Southeast Asians, at about 35% frequency [44]. It may be that 
many Asians will be unable to adequately metabolize PQ and achieve successful radical 
cure [45].

The ambiguity of geographically variable frequency and timing of relapse—along with rein-
fection and recrudescence in recurrent P. vivax malaria after PQ therapy—makes estimat-
ing PQ efficacy in endemic settings very difficult. This is true even with directly observed 
therapy using high-quality drug. After decades of recommending a 5-day regimen of PQ 
against relapse, on the basis of observed low rates of relapse following therapy, investigators 
in India ultimately included a relapse control group (placebo) and discovered that efficacy 
to be nil [46]—the low rate of relapse was naturally occurring. John et al. [47] systematically 
reviewed recurrence rates after standard 0.25 mg/kg daily for 14-day regimen with rates of 
recurrence averaging about 8% at 1 month, 10% at 2–3 months, 14% at 4–6 months, and 20% at 
7–12 months. In two randomized controlled trials of PQ given at high dose (0.5 mg/kg) to 257 
Indonesian soldiers infected by P. vivax in eastern Indonesia and followed for a year where 
reinfection was not possible, 35 (14%) experienced at least one relapse [32, 33]. Among the 
21 subjects whose CYP2D6 genotype and phenotype were examined, 20 showed evidence of 
significant functional impairment of CYP2D6 [48].

Evidence supports the notion of providing presumptive anti-relapse therapy to all patients 
diagnosed with any species of malaria agents, especially P. falciparum. In a retrospective 
analysis of over 10,000 research subjects naturally infected by P. falciparum in Thailand or 
Myanmar, 912 were treated with rapidly excreted blood schizonticides, and within 2 months, 
just over 50% experienced a P. vivax attack [49]. The people infected by one species in any 
given community must be considered at high risk of harboring latent and perhaps sub-pat-
ent infections of the other co-endemic species. Species-specific therapies, especially in an 
age of dominant CQ resistance among the plasmodia, may not be sensible in an elimination 
context.
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Effective diagnosis and treatment represents the cornerstone of current control and elimi-
nation strategies, and the obstacles described here require consideration in realizing gains 
against this tenacious endemic problem. Indeed, such gains have been achieved both his-
torically and recently. At the turn of the twentieth century, endemic vivax malaria occurred 
across much of southeastern North America, northern and southern Europe, the Middle East, 
and northern Australia—areas where it no longer appears. Much of this success was achieved 
applying environmental modifications against local Anopheles vectors, but more recent elimi-
nation successes using principally diagnosis and treatment strategy have occurred in nations 
like Turkey, Azerbaijan, and Sri Lanka, as examples [50]. The same had been achieved on 
the Korean Peninsula during the 1970s, but endemic vivax malaria transmission reappeared 
during the 1990s and persists today [51]. Post-elimination vigilance that includes not only 
diagnosis and treatment services but also vector control may be essential to protecting and 
sustaining the elimination of endemic vivax malaria [50].

5. Vector control in vivax malaria

Vector control of endemic vivax malaria may not have immediate impacts due to the 
hypnozoite reservoir contributing >80% of acute attacks of vivax malaria in low or high 
endemic settings [52, 53]. Success in reducing malaria incidence and local transmis-
sion to zero in a malaria endemic area, particularly where sympatric P. falciparum and 
P. vivax occur, may require greater sustainability of vector control measures. Vivax 
malaria transmission will outlast falciparum malaria, and reestablishment of local 
transmission may occur without imported cases, i.e., by local hypnozoites. Prevention 
of the seeding of new hypnozoites in liver cells by biting Anopheles mosquitoes obvi-
ously may contribute positively to the control and elimination of vivax malaria in the 
long term, but no randomized controlled trials yet affirm this. In one large cluster-ran-
domized trial in Myanmar, insecticide-treated bed netting (ITN) had no impact what-
soever on the risk of malaria [54], an outcome attributed to the dominant Anopheles 
vector, A. dirus s.s., feeding predominantly outdoors and early in evening or morning 
[55]. Relatively modest effects were reported from a similarly cluster-randomized trial in 
Vietnam, again attributed to mosquito behaviors unfavorable to control by this means [56].  
The main Asian vector species tend to feed early in the evening and outdoors where they 
also rest [57], minimizing their exposure to household insecticides. In other studies of 
strategies for minimizing exposure to Anopheles, much greater impacts against falciparum 
malaria were demonstrated relative to those against vivax malaria [58–60].

Over the last decade, attempts of using spatial repellents (SRs) to minimize exposure to biting 
insects have shown some success in diverse settings [61]. Repellency is distinct from the kill-
ing action of insecticides in more than one way, i.e., no direct contact is required, and lacking 
lethality does not select for resistance. SRs are effective irrespective of indoor or late-night 
feeding and resting behavior like conventional netting or indoor spraying. SRs should be 
evaluated for added benefit in areas where traditional long-lasting insecticidal net (LLIN) or 
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indoor residual spraying (IRS) of insecticides interventions may not offer full protection or 
have reached their efficacy limits—especially in areas with residual transmission or in areas 
where elimination may be considered feasible. Control of disease in these areas will require 
new approaches, and possibly spatial repellency would be practical and effective [62, 63]. SRs 
may be useful as stand-alone tools of personal or household protection where other interven-
tions may not reach. Also, they may be combined with conventional interventions to augment 
their impacts.

Another vector control strategy for eliminating P. vivax in the Asian-Pacific region may be 
the method of environmental modification called “species sanitation.” This approach offers 
prevention independently of the myriad problems and challenges of diagnosis and treat-
ment or the limitations of insecticidal strategies. Species sanitation is simply sanitizing the 
environment against specific incriminated vector species by exploiting detailed knowledge 
of their bionomics (behavior and ecology) [64]. Malcolm Watson in British Malaya, along 
with Nicholas Swellengrebel and Raden Soesilo in the East Indies, invented, optimized, and 
validated species sanitation in malaria control [65]. A systematic analysis of 16 such inter-
ventions (most conducted before 1945) showed an average 88% reduction of malaria bur-
den [66]. As new cases occur by relapse, reinfection, or importation, making the subsequent 
infection of mosquitoes improbable (by simply reducing their numbers) eventually suffocates 
transmission.

Although the implementation of LLIN, IRS, and species sanitation in different environmen-
tal settings rendered significant success rates [67], it is evident that the key determining fac-
tors for the success of any vector intervention selected is a thorough knowledge of the vector 
bionomics, local malaria transmission dynamics, and residual efficacy of choice insecticide. 
Knowledge of vector bionomics includes ascertaining breeding and resting preferences and 
feeding behavior of incriminated vector species. Transmission dynamics include informa-
tion related to entomological inoculation rates, sibling species composition of vectors (based 
on reliable PCR identification assays), seasonality of malaria prevalence, and risk factors 
that may support the human-mosquito contact, while suitable insecticide means any avail-
able insecticide that renders knockdown effect and/or mortality to the incriminated vector 
population.

Another important issue to be considered is the ability of the Anopheles mosquitoes to 
adapt to the ongoing vector interventions by changing host-seeking behavior, such as from 
indoor to outdoor or vice versa, and selection of insecticide-resistant strain [68]. With cur-
rent trends in globalization and population migration, deforestation, and resettlement of 
populations, reintroduction of malaria into areas that have been declared free from trans-
mission is a clear and present risk. Therefore, no single intervention method may guarantee 
long-term efficacy; thus, regular monitoring of vector density and behavior should be a 
routine operation wherever this risk occurs. Most malaria control programs no longer have 
the entomological expertise needed to carry out these important tasks—addressing this 
problem may be the greatest and most important challenge within the context of a malaria 
elimination agenda.
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6. Vaccination

A vaccine that prevents the seeding of human livers by both active schizonts and dormant 
hypnozoites of P. vivax would provide a conspicuously useful tool in eliminating this spe-
cies. Mass or routine vaccination now seems impractical with non-sterilizing vaccines of 
short-lived immunity needing 3 or 4 doses. These may improve in the future, but even now 
a malaria vaccine could be applied in geographically or demographically narrowed set-
tings to potentially great impacts. For example, high-risk and hard-to-reach populations like 
migrant workers or soldiers having sterile immunity to malaria (even if for just a season 
or two) may not only protect those people from harm but also greatly slow importation 
of malaria into receptive areas where transmission has been interrupted. Likewise, people 
living in areas prone to reintroduction of endemic malaria by high volumes of immigration 
from high-risk areas may be immunized and protected against very dangerous outbreaks 
and epidemics [69].

Today, there is no vaccine available that can prevent infection by P. vivax with high levels 
of sterilizing immune protection. That is also true for all other plasmodial species. The 
half-century-long efforts to develop a vaccine against P. falciparum—greatly aided by the 
ability to cultivate this species in continuous laboratory cultures since the late 1970s—
culminated in the molecular subunit vaccine called RTS,S ASO1 (mimicking a protein-
coating infectious sporozoites) [70] with the registered trademark name Mosquirix™ 
(GlaxoSmithKline). The vaccine did not prevent infection in the African infants and young 
children vaccinated but had the modest effects against higher parasitemias and signs of ill-
ness [67]. The modest efficacy combined with worrying and puzzling signals like increased 
risk of pneumococcal meningitis and significantly higher all-cause mortality among vac-
cinated females apparently explains the WHO position to withhold a favorable opinion on 
the vaccine until further studies involving targeted and limited rollout in several African 
nations are completed [71]. Molecular subunit vaccines targeting P. vivax molecules have 
not progressed beyond Phase 2a and show similar inability to achieve high levels of steril-
izing protection [72].

Over the past decade, investigators applying live-attenuated sporozoites of P. falciparum have 
shown high levels of durable (~12 months) sterilizing protection in malaria-naïve adult vol-
unteers in controlled human malaria infection (CHMI) experiments using a challenge strain 
homologous to the vaccine strain [73]. This approach relies on laboratory harvest of infectious 
sporozoites from laboratory-reared aseptic anopheline mosquitoes infected by P. falciparum 
maintained in the laboratory. Deriving live-attenuated sporozoites of P. vivax is possible 
[74] but exceedingly difficult, not strain-specific, and not sustainable as a source of vaccine. 
Nonetheless, immunization by irradiated sporozoites of the murine species Plasmodium ber-
ghei cross-protected against the murine species Plasmodium yoelii and vice versa in murine chal-
lenge models [75]. The possibility of sporozoites of P. falciparum cross-protecting against P. 
vivax challenge has not been examined directly, but proteomic analyses showed that these 
two human plasmodia species shared substantially more common probable T-cell epitopes 
than that between P. berghei and P. yoelii. A vaccine derived from laboratory-kept P. falciparum 
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systems offering protection against P. vivax would represent a quantum leap forward for vac-
cination against this species by effectively sidestepping the requirement for continuous labo-
ratory cultivation for a live vaccine.

7. Challenges and recommendations

The greatest challenge in eliminating vivax malaria—the hypnozoite reservoir—may also 
be the greatest opportunity to accomplish the task. If >80% of incident malaria cases indeed 
derive from hypnozoites, then surely attacking and shrinking that reservoir would deliver 
substantial reductions in the burden of morbidity and mortality. Despite the availability of 
PQ for over 65 years, sustained and systematic assault on that reservoir has not been accom-
plished in the endemic tropics—largely due to the unsolved clinical problem of its hemolytic 
toxicity in G6PD-deficient patients.

Eliminating P. vivax malaria will require accepting the inadequacy of conventional falciparum 
malaria-focused control strategy, tactics, and tools and committing to the optimizing and vali-
dating of interventions suited to this stubborn parasite. This effectively means striving to 
solve the wrenchingly difficult problem of the hemolytic toxicity of PQ in G6PD-deficient 
patients by almost any means. The obstacles presented in managing populations and individ-
ual patients carrying this infection emphasize the great advantage of preventing it in the first 
place with an effective vector control strategy. In this context, species sanitation has proven 
highly effective against endemic Asian malarias a century ago [54] and would probably do 
so again.

Taking all these factors into considerations, we recommend the following measures for elimi-
nating endemic vivax malaria:

1. Active case detection and early treatment are essential steps, fundamental to eliminating 
any endemic malaria; however, this measure alone will not lead to elimination—too many 
infections are latent, sub-patent, sequestered, and asymptomatic.

2. Adoption of safe and universal access to radical cure for cases of vivax malaria along with 
universal access to alternative means of relapse prevention for people ineligible for thera-
py with 8-aminoquinolines would accelerate progress to elimination. Achieving that will 
likely also require better diagnostics for both the parasite and G6PD deficiency than are 
currently available.

3. Adoption of radical cure with an 8-aminoquinoline and ACT with diagnosis of any species 
of malaria where P. vivax also occurs as a means of targeting likely carriers of hypnozoites.

4. Reduce new vivax infections/seeding of the liver with hypnozoites by substantially re-
ducing human contact with malaria vectors, effectively stranding extant parasites in all 
stages of human infection—latent, sub-patent, patent, and eventually vanishing without 
Anopheles contact and onward transmission. Interrupting transmission by species sanita-
tion measures may be the most durable and effective means of achieving this goal.
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5. Examine the possibility of sterilizing immune protection against P. vivax provided by at-
tenuated P. falciparum sporozoite vaccines providing an immediately highly relevant tool 
for eliminating endemic P. vivax.

8. Conclusion

Plasmodium vivax passes substantial challenges that may hinder achievement of global malaria 
elimination by 2030. The most challenging evidence is the lack of technology to detect the 
latent infection caused by hypnozoite. Therefore, the only tool to prevent P. vivax transmis-
sion originated from reactivation of hypnozoites is by vector control.
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Abstract

In recent years malaria initiatives have increasingly shifted from malaria control to a 
focus on achieving malaria elimination in the Southeast Asia region. However, this 
region experiences unique challenges in this transition due to its distinctive malaria 
ecosystem (mainly related to forests) and high volume of population movement (both 
within and between countries). These bioenvironmental factors increase the exposure of 
populations at higher risk due to their close association with forest, and contributes to 
outdoor and residual transmission. Given that this region has also historically been the 
source of resistance to anti-malarial drugs, the potential spread of artemisinin resistance 
via global transportation routes would pose a major threat to malaria control and elimi-
nation efforts worldwide. In addition, other factors also hinder the malaria elimination 
goal such as importation of parasite infection, uncontrolled monkey malaria (Plasmodium 
knowlesi), or the fact that many countries in this region experience mixed infections 
where P. vivax becomes a more predominant species as overall malaria transmission 
decreases. This chapter addresses these challenges in detail and provide recommenda-
tions and key priorities to overcome these obstacles to accelerate efforts for achieving 
malaria elimination.
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1. Introduction

In the Greater Mekong Subregion (GMS)1, malaria is still a substantial public health prob-
lem, especially along international borders and forested areas, adversely putting popula-
tions such as migrants, refugees, and forest workers most at risk. In 2013, there were 447,800 
malaria cases and 342 deaths in the GMS, with close to 700 million people living in risk areas 
[1]. Between 2012 and 2016, the reported number of malaria cases in the GMS fell by 74% 
(Figure 1) and malaria deaths by 91% in the same period (Figure 2).

Mid-year estimates for 2017 point to a further decline in cases [2]. Contributing to these 
impressive results, all six countries of the Subregion are making significant headway towards 
a common target: eliminating malaria by the year 2030 at the latest.

1Cambodia, The People’s Republic of China (specifically Yunnan Province), the Lao People’s Democratic Republic (Lao 
PDR), Myanmar, Thailand, and Vietnam.

Figure 2. Declining trend of malaria deaths in the Greater Mekong Subregion (GMS) since 2012 (source: [2]).

Figure 1. Declining trends of malaria transmission in the Greater Mekong Subregion (GMS) since 2012 (source: [2]).
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These goals will not be easy to achieve. Despite these reductions and the subsequent move 
towards elimination, malaria remains an important cause of morbidity for an estimated 32 
million inhabitants, especially in remote areas with low population densities and limited 
healthcare services and infrastructure, located in and near forested areas, which often lie close 
to international borders [3, 4]. In many places, the population groups most affected are ethnic 
minorities and forest-goers who are rapidly becoming the most important source of transmis-
sion in areas where main vectors are present. Within these groups, cultural and linguistic 
barriers often constrain malaria control efforts due to their high mobility and low access to 
interventions to prevent, diagnose and treat malaria.

In some areas the malaria situation has deteriorated by armed conflict affecting access to 
malaria control services. Population movements are a key feature in the GMS and are largely 
occupationally/economically driven; occur within borders and across borders; involve mul-
tiple factors and complex dynamics of movement; and affect different subsets of moving pop-
ulations [5], thus further complicating the epidemiology and control of the disease [6]. The 
rapid increase in the number of large infrastructure and agricultural development projects 
in the region is also having a significant impact on the epidemiology of communicable dis-
eases in general, and malaria in particular [7]. This chapter addresses several key challenges 
faced by elimination programmes to contain the unacceptably high disease burden against 
the background of rapidly declining incidence.

2. Resistance to artemisinin and ACT: current and future approaches

Antimalarial drug resistance is not a new biological phenomenon. In the 1970s and 1980s, 
Plasmodium falciparum—the parasite species responsible for the most common and deadliest 
form of malaria—developed widespread resistance to previous antimalarial medicines, such as 
chloroquine and sulfadoxine-pyrimethamine (SP) [8]. Artemisinin based combination therapies 
(ACTs), introduced in the 1990s, are currently the most effective antimalarial drugs [9] and rep-
resent the first line-treatment for uncomplicated falciparum malaria in all endemic countries.

Although artemisinin usually kills all malaria parasites, the use of a combination of drugs—
as opposed to monotherapy—helps ensure that any remaining parasites will be killed by 
the partner drug before the resistant parasites can spread. According to the World Health 
Organisation (WHO), clinical artemisinin (and its derivatives) resistance is defined as delayed 
parasite clearance and represents a partial/relative resistance that has thus far only affected 
ring-stage malaria parasites [10]. In Southeast Asia, however, some malaria parasites have 
already developed resistance to artemisinin-based drugs; a recent report of a single multi-
drug resistant malaria parasite lineage (PfPailin) with associated piperaquine resistance in 
Vietnam and its implications of subsequent transnational spread is of international concern 
[11]. Artemisinin resistance was first reported along the Thailand-Cambodia border in 2008 
[12, 13] and has continued to spread in all Greater Mekong Subregion countries [14–18]. In 
addition, artemisinin resistance has been involved in selecting for resistance to ACT partner 
drugs, resulting in high late treatment failure rates with dihydroartemisinin-piperaquine in 
Cambodia [14, 19–25] and with artesunate-mefloquine on the Thai-Myanmar border [26].
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drug resistant malaria parasite lineage (PfPailin) with associated piperaquine resistance in 
Vietnam and its implications of subsequent transnational spread is of international concern 
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There are many factors that are thought to have contributed to the emergence and spread of 
artemisinin resistance in the GMS. One important factor is thought to be the use of oral artemis-
inin monotherapy (AMT) in place of WHO-recommended ACTs (as unregulated artemisinin 
or artesunate monotherapy has been available since mid-1970s in the region). In Myanmar, pri-
vate healthcare facilities and healthcare providers who prioritize consumers’ demand instead 
of recommended practices were more likely to stock oral AMT [26, 27]. Malaria elimination 
strategies should include targeted interventions to effectively reach these outlets. Fortunately, 
a major achievement during the resistance containment (and more recently elimination) activi-
ties has ceased the use of artemisinin monotherapies. ACT watch methods are monitoring dis-
placement of oral AMTs, a major objective of the resistance containment strategy [28], and data 
will feed into regional score cards such as the Asia Pacific Leaders Malaria Alliance Access 
to Quality Medicines Task Force and the World Health Organisation (WHO) Emergency 
Response to Artemisinin Resistance (ERAR), which are vested in supporting national programs 
in tracking progress towards halting the availability and use of oral AMTs [28]. In Southeast 
Asia, where malaria transmission is generally low and emergence of resistance has been docu-
mented in multiple independent locations [29]; containment programmes have been converted 
into elimination of P. falciparum strategies to ensure halting the spread of resistance entirely.

Other contributing factors are the use of substandard and counterfeit anti-malarial drugs and the 
difficulty of controlling malaria within migrant and hard-to-reach populations [30]. Given the 
transnational nature of this problem, the establishment of effective mechanisms for cross-country 
surveillance, information exchange and coordinated action is also necessary. This includes reinforc-
ing existing institutional frameworks for regional health cooperation, particularly the Association 
of Southeast Asian Nations, and their potential to support enhanced capacities and cooperation to 
address this challenge [31]. Lastly, selection pressure—genetic mutations of wild-type genes in the 
parasite render them insusceptible to antimalarial drug treatment—is also thought to be impor-
tant. The use of antimalarial drugs in patients with parasites containing mutations can eliminate 
susceptible parasites but leave resistant mutants to survive and reproduce [32].

More recently another potential contributing factor has been hypothesized. Given that there are 
parasite isolates that do not infect some Anopheles species, it is thought that artemisinin-resistant 
parasites are spreading so fast in Southeast Asia because they infect most or all native Anopheles 
species (e.g., Anopheles dirus and An. minimus), including African vector counterparts such as An. 
coluzzii (formerly Anopheles gambiae M form) [33]. The ability of artemisinin-resistant parasite 
clones to infect three highly genetically diverse vectors suggests that these resistant parasites 
have enhanced their transmission in the region and could effectively spread in sub-Saharan 
Africa, where most of the world’s malaria mortality, morbidity, and transmission occurs [33, 34].

Since there are no equally effective alternative drugs to treat malaria, the spread of artemis-
inin resistance through India (Asia) to Africa and beyond could be a catastrophic setback to 
global efforts to control and eliminate the disease. Infection and mortality rates could dra-
matically increase in both regions, reversing the progress made towards malaria control and 
elimination efforts. The spread of artemisinin resistance would in turn expose the partner 
drugs in ACTs to greater selection pressure for the development of resistance and increased 
failure rates for the treatment of uncomplicated malaria. For severe malaria, the recent change 
in recommended treatment from quinine to artesunate [35] increased survival by 25%, and 
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many endemic countries have adopted (or are adopting) this policy [36, 37]. Reverting back 
to quinine because of artemisinin resistance would also jeopardise all these gains achieved in 
the management of severe malaria.

The spread of ACT resistance requires constant and comprehensive monitoring across 
regions. Continuous monitoring of drug resistance in malaria-endemic countries along with 
contributing factors is a key and will enable health authorities and practitioners to prevent 
drug resistance from spreading. WHO issues regular reports about the status of artemisinin 
resistance in malaria endemic countries [38], provides updates on the status of resistance to 
artemisinins and ACT, and maintains a network of sentinel sites performing therapeutic effi-
cacy studies of first and second-line antimalarial drugs [38, 39].

3. Targeting interventions in hard-to-reach population groups

Although most of malaria endemic countries in Southeast Asia have incorporated malaria 
elimination goals in their national strategic plans, yet this region experiences high volume 
of population movement (both within and between countries) causing a great hindrance in 
achieving their elimination targets given the increased risk of importation of infection, spread 
of drug resistance, and challenges in providing healthcare services to mobile populations at 
higher risk of malaria [40, 41].

It is the movement of populations that results in importation of new infections leading to a 
source of local transmission [42, 43]. Cross-border movement of populations has contributed 
to establishment of “hot-spots” of high transmission along international borders [44, 45], and 
spread of drug resistance [6], because mobile populations often experience delays in receiv-
ing diagnosis and treatment, have improper health-seeking behaviour or self-medicate [88], 
and are subject to lower levels of surveillance [41, 46, 47]. Population mobility in the GMS is 
strongly associated with shifting land use, including large rural infrastructure projects and 
agricultural industries that attract migrant labor and influence human-vector contact. With 
the recent Association of Southeast Asian Nations (ASEAN) Economic Community agree-
ment, allowing free movement of goods, services and labor between ASEAN countries [48]; 
population movement is expected to rise even more in the coming years [6].

In addition, the epidemiology of malaria in many parts of Southeast Asia is shifting toward 
migratory labor force that gets exposed to vectors in the forest, construction sites, and has 
variable access to healthcare services [46, 47, 49–53]. Since forested regions are concen-
trated along borders and much of the cross-border movement is from the migrant labor 
population, malaria prevalence in these pockets was hypothesized to represent foci of hot-
spots. Following this rationale, the increased malaria risk in these groups was recently 
documented in a cross-border malaria project conducted in the Thai-Cambodian, Lao-
Cambodia and Vietnam-Cambodian borders. In this study [45], it was observed that the 
odds of infection in security/armed forces and forest-goers was 8 and 13 times higher com-
pared to low-risk occupations (e.g., teachers, traders, salesmen, etc.). Mechanisms and risk 
reduction strategies should be in place to appropriately cover these special occupational 
high-risk groups.
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contributing factors is a key and will enable health authorities and practitioners to prevent 
drug resistance from spreading. WHO issues regular reports about the status of artemisinin 
resistance in malaria endemic countries [38], provides updates on the status of resistance to 
artemisinins and ACT, and maintains a network of sentinel sites performing therapeutic effi-
cacy studies of first and second-line antimalarial drugs [38, 39].

3. Targeting interventions in hard-to-reach population groups

Although most of malaria endemic countries in Southeast Asia have incorporated malaria 
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spread of drug resistance [6], because mobile populations often experience delays in receiv-
ing diagnosis and treatment, have improper health-seeking behaviour or self-medicate [88], 
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strongly associated with shifting land use, including large rural infrastructure projects and 
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spots. Following this rationale, the increased malaria risk in these groups was recently 
documented in a cross-border malaria project conducted in the Thai-Cambodian, Lao-
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Therefore, although population mobility is a key factor to take into account when address-
ing drug resistance, it suffers from a range of challenges that limit countries’ capacity to 
effectively engage and deliver interventions to migrant and mobile populations (MMPs). In 
addition, outdoor biting mosquitoes represent a major challenge for vector control for MMPs 
working during the night or sleeping outdoors, as well as forest-fringe communities.

Another challenge is the large proportion of asymptomatic infections within geographi-
cal clusters of high malaria transmission (hot-spots), where infections with low and sub-
microscopic parasite densities are highly prevalent in MMP and other risk groups [54]. 
Asymptomatic carriers can repeatedly fuel transmission to surrounding areas as the vector 
population expands during the wet season [55–57]. Whilst groups of homesteads consisting 
of asymptomatic carriers can act as stable clusters over several years [7], it is likely that the 
flight range of 800 m for An. dirus may account for increased probability of repeated mos-
quito feeding in the same house and clustering of cases over the dry season in Southeastern 
Thailand [58]. Recent clusters of malaria infection among the parasite reservoir responsible 
for preserving malaria over the dry season in Ratanakiri Province (northeastern Cambodia) 
may also explain recurrent transmission at the onset of the rainy season when the vector 
populations expand [59]. This reservoir is often not (completely) covered by control strategies 
[60] and parasite specific approaches are non-existent [61]. Programmatic interventions to 
interrupt transmission in “hidden” asymptomatic reservoir must focus on individuals with 
malaria infection at early stage, as asexual parasitemia left untreated will eventually produce 
gametocytes, and diagnostics for the sexual stage are limited [62].

This represents an important hindrance to malaria elimination as these infections are unlikely 
to be detected by passive surveillance and conventional diagnostic tools, and therefore require 
additional approaches to effectively reach all infections [63]. A combination of methods, or new 
diagnostics, may be required to detect infections in these asymptomatic parasite reservoirs. Also, 
a cross-sectoral response, involving non-health government agencies and the private sector 
addressing the links between malaria transmission, mobility and labor, will play an important 
role in responding to drug resistance and achieving elimination in the Southeast Asia region. 
Preliminary studies of the use of peer outreach workers to conduct screening of suspected cases, 
providing health education, and distributing nets in hot-spot areas in or near the forest, suggest 
that it is feasible to target high-risk populations in a culturally appropriate and evidence-based 
manner to reach the goal of elimination in Pursat Province, Cambodia [64]. Mobile Malaria 
Workers or peer outreach activities often face logistic challenges including muddy roads, river 
crossings, and transportation difficulties that make it hard to quickly respond to all infections. 
The recent President Malaria Initiative (PMI) studies show this is a potential resource that can 
be piloted or replicated across GMS countries (John Hustedt, personal communication).

Lastly, persisting low health-care coverage and access in remote locations remains an important 
challenge for mobile populations and migrant workers in some Southeast Asian countries, lim-
iting the ability of malaria programmes to effectively capture these groups through the routine 
surveillance system, but most importantly to adequately provide the necessary preventive mea-
sures and care needed [65]. It is encouraging, however, to see that malaria infection rates in peo-
ple who had sought treatment, or blood-smear examined in a previous malaria episode, and/or 
who knew how to prevent malaria (e.g., sleeping under a mosquito net), tend to be lower than 
those that did not seek treatment or had inadequate malaria knowledge [45]. This highlights the 
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importance of scaling up and expanding the reach of point of access care and dissemination of 
information, such as through border posts or at large development or construction areas that 
are likely to host high-risk malaria occupational groups. These posts can potentially be used 
as effective channels to target and deliver specific interventions such as Behavioral Change 
Communication (BCC) materials, insecticide-treated uniforms or hammock nets.

Therefore, there is an urgent need to develop appropriate and sustainable malaria services for 
MMPs in different settings, in the context of the spread of artemisinin resistance and malaria 
elimination in the GMS. Different types of mobility require different malaria control interven-
tions and therefore elimination strategies that should be based on an in-depth understanding 
of malaria risk in each group [66]. A population movement framework can assist in improved 
targeting of malaria (and other public health interventions) by going beyond a simple labeling 
of risk groups to develop a better understanding of risk behaviour and vulnerabilities. The 
implementation of the framework should be carefully evaluated to identify the changes in 
coverage, access, and effectiveness of the programme efforts to serve MMPs [67].

4. Residual and outdoor transmission: how much and where?

In 2012, global malaria transmission was reported as mainly attributable to 51 Anopheles 
species, with an average of about 3 major species per country [68]. Biological factors that 
determine whether a species becomes a major local threat are its competence for transmitting 
human malaria parasites, its anthropophilic versus zoophilic preference, and its abundance 
in relation to its ability to multiply, survive, and compete for resources with other Anopheles 
species. The third of these factors is regulated by the ecosystem’s carrying capacity for potent 
vectors depending on their ecological niches [69]. Species of several Anopheles complexes are 
either major or secondary malaria vectors depending on their geographical range of distri-
bution [70]. The peculiarity of these sibling species within a complex is that they cannot be 
distinguished using morphological criteria. However, several Asian malaria vectors within 
the Dirus, Leucosphyrus, Minimus, Maculatus, Culicifacies, Sundaicus, Subpictus complexes 
or groups show similar morphological characteristics, different ecological traits and vector 
competencies and overlapping geographical distribution with other vectors and non-vectors 
[70, 85, 92]. As some of these sibling species occur sympatrically and differ in their ability to 
transmit malaria and in their behaviour, the use of molecular tools to differentiate the vectors 
from the non-vectors is essential to target the correct species in vector control programs.

Malaria vector control relies largely on Long-Lasting Insecticidal Nets (LLINs) and Indoor 
Residual Spraying (IRS), along with Larval Source Management (LSM) as a supplementary 
measure appropriate in certain settings. These core interventions are highly efficacious for 
control of susceptible malaria vectors when implemented at universal coverage; LLINs and 
IRS contributed to a 48% reduction in malaria infection prevalence and 47% reduction in 
mortality worldwide between 2000 and 2013 [71]. However, malaria transmission can persist 
even when LLINs and/or IRS are effectively implemented and malaria vectors are susceptible 
to the insecticides used. This may be due to a combination of vector and human behaviour 
and bionomical characteristics, which compromise inadequate control measures against early 
and/or outdoor biting mosquitoes, and human activity away from protected houses or places 
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Therefore, although population mobility is a key factor to take into account when address-
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at peak biting times. With current efforts focusing on malaria elimination [72], there is consid-
erable interest in vector behaviour that is not influenced by application of core interventions 
(i.e., conventional IRS and Insecticide Treated Nets (ITNs)), such as feeding earlier and resting 
outdoors when humans are not protected. For example, an unprecedented malaria outbreak, 
related to illegal rosewood logging, occurred in 2014 with a seven-fold increase of cases in 1 
year in Ubon Ratchathani Province, Northeastern Thailand [73]. Insecticide-susceptible and 
exophilic An. dirus s.l. were collected from a forested area in Ban Pakla and Chong Ta Ou Thai 
border control station, including An. maculatus s.l. collected remote villages with potentially 
low insecticide pressure [73]. These susceptible vector species are less amenable to control 
interventions due to their behaviour and their interactions with humans contribute to persis-
tent residual transmission and represent barrier to success [74, 75].

From a geographical perspective, residual malaria parasite transmission has been reported 
across numerous transmission settings, even with good access and usage of LLINs or well-
implemented IRS [76–80]. From the programmatic perspective, residual malaria transmission 
(RMT) is defined as the persistent malaria transmission that occurs once universal coverage 
of LLINs and maximal coverage of IRS have been achieved. Identification and elucidation of 
RMT requires the following pre-conditions: (a) comprehensive and up-to-date LLIN and IRS 
coverage data, where coverage is defined as 100% access and usage of ITN/LLIN or IRS [81]; 
(b) outdoor human activity or behaviour to allow identification of outdoor sites and “gaps” 
in protection, not only before sleeping time, but also for people that remain outdoors dur-
ing the night. In many countries of the GMS, LLIN and IRS distribution data are sparse or 
not readily available. Where these data are available, it is often compiled at a relatively high 
administrative level, such as district or province. Malaria transmission at the community level 
can vary considerably within a small area and thus to investigate RMT at this level, LLIN and 
IRS coverage data by village are necessary. Furthermore, LLIN coverage figures quoted at 
the province or district level often do not match the actual situation at the community level, 
perhaps due to inequities in distribution, inaccurate population estimates, and calculation 
of procurement need, limited replacement of outdated and damaged LLIN; the outcome of 
which could lead to an underestimation of the magnitude of RMT.

As malaria is becoming more and more restricted to hard-to-reach population groups, alter-
native or adapted control strategies are required who are somehow marginalised, poor, on 
the fringes of the public health system, living in dwellings that are either very close to the 
forest or harbour people who are exposed to the forest through their occupation (e.g., devel-
opment sites and seasonal labour areas) or mobility behaviour. As shown in Table 1, the 
risk of RMT in the malaria foci is spread over the entire night, from dusk-to-dawn, requiring 
a combination of complementary vector control measures, such as long-lasting insecticide 
hammock nets (LLIHN) that can be used during different periods of the night. However, the 
use of LLIHN, single LLIN/ITN or topical repellents in the field may not be acceptable due to 
cultural and linguistic barriers of ethnic minorities and MMPs for which specific acceptability 
studies should be conducted to guide the feasibility of these vector control tools.

Another driver of RMT is mega and micro-development projects impacting the forest or cre-
ating new conditions suitable for vector species, and often attracting a substantial workforce 
from various horizons across borders and cultural boundaries [6]. Their sleeping or residen-
tial places can have additional vulnerabilities if they are remote, comprising mainly ethnic 
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minorities, or in conflict areas, all of which can hinder access to the public health system. 
Another key concern is to restrict or mitigate the widespread dispersal of parasites by these 
elusive population groups.

Just as forest workers often stay in the forests for several days and sleep exposed to vectors 
[84], rubber tappers also work in plantations at night with higher likelihoods of being bitten by 
Anopheles mosquitoes, in particular vector species of the Dirus Complex [3, 85]; they all have 
poor access to healthcare services [86]. Plantation work is seasonal, and manpower is often 
composed of highly mobile seasonal migrants, but little is known about their patterns of move-
ment. More malaria infections were observed in people with temporary labour positions and 
plantation workers at the Thailand-Myanmar border [87], but this was not confirmed due to a 
very high proportion of the study participants opting to perform forest or field activities, and a 
very low number opting to work in rubber plantation [59]. Many migrants that arrive for rubber 
tapping settle beyond the harvest season [87] and go on to work on other cash crops (e.g., rice, 

District, province, 
country

Ecotype % Access to LLIN % Use of 
LLIN

Proportion of 
Anopheles bites or 
infective bites in 
relation to sleeping 
time

Reference

Eastern region: Borkeo 
& O’Chum districts, 
Rattanakiri Province; 
Western region: Pailin 
& Pursat Provinces; 
Cambodia

Forest plots & 
villages

68.4% (Ratanakiri) 70.7% (forest 
workers)

After 22:00 h 71% [53, 102]

Forest plots 69.2% (Pailin); 
81.8% (Pursat)

66.3% (forest 
workers)

Before 22:00 h 29%

Ma Noi and Phuoc Binh 
communes, Ninh Thuan 
Province, south-central 
Vietnam

Village NA 85% Before 22:00 h 45% 
(bites only)

[83]

Way to the 
forest

NA NA Before 19:00 h 13% 
(bites of An maculatus)

Forest plots NA 53% Before 21:00 h 64% 
(bites only)

Tha Song Yang, Tak 
Province, Thailand

Villagea 78% 80% Before 21:00 h and 
05:00 h

20.0% Suan Oi

33.7% Pha Man

37.6% farm huts

[82]

Hamletsb 100% 75–95%

Farm huts NA NA

Son Thai commune, Khan 
Hoa Province, central 
Vietnam

Village 78% 95% Before 20:00 and 05:00 h

26% farm huts

37% forest
Farm huts NA 62.7%c

Forest NA 25%c

NA: not available.
aSuan Oi village.
bPha Man & Komonae hamlets, Thailand [82].
cRegular use of LLIN.

Table 1. Overview of residual malaria parasite transmission (RMT) in various ecological settings in Greater Mekong 
Subregion.
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at peak biting times. With current efforts focusing on malaria elimination [72], there is consid-
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tent residual transmission and represent barrier to success [74, 75].
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(b) outdoor human activity or behaviour to allow identification of outdoor sites and “gaps” 
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IRS coverage data by village are necessary. Furthermore, LLIN coverage figures quoted at 
the province or district level often do not match the actual situation at the community level, 
perhaps due to inequities in distribution, inaccurate population estimates, and calculation 
of procurement need, limited replacement of outdated and damaged LLIN; the outcome of 
which could lead to an underestimation of the magnitude of RMT.

As malaria is becoming more and more restricted to hard-to-reach population groups, alter-
native or adapted control strategies are required who are somehow marginalised, poor, on 
the fringes of the public health system, living in dwellings that are either very close to the 
forest or harbour people who are exposed to the forest through their occupation (e.g., devel-
opment sites and seasonal labour areas) or mobility behaviour. As shown in Table 1, the 
risk of RMT in the malaria foci is spread over the entire night, from dusk-to-dawn, requiring 
a combination of complementary vector control measures, such as long-lasting insecticide 
hammock nets (LLIHN) that can be used during different periods of the night. However, the 
use of LLIHN, single LLIN/ITN or topical repellents in the field may not be acceptable due to 
cultural and linguistic barriers of ethnic minorities and MMPs for which specific acceptability 
studies should be conducted to guide the feasibility of these vector control tools.

Another driver of RMT is mega and micro-development projects impacting the forest or cre-
ating new conditions suitable for vector species, and often attracting a substantial workforce 
from various horizons across borders and cultural boundaries [6]. Their sleeping or residen-
tial places can have additional vulnerabilities if they are remote, comprising mainly ethnic 
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cassava, fruit orchards). On return to their usual settlements, they contribute to the spread of 
malaria within and across international borders [41, 43]. By creating hot-spots of malaria and 
disproportionately affecting people with certain high-risk occupations [86, 89], residual trans-
mission under these circumstances has so far hindered progress towards elimination.

5. Correct identification of malaria vectors and Plasmodium 
detection

High levels of malaria transmission occurring in forest-fringe areas of Southeast Asia is explained 
by movements of people in search of forest products and exposure to many highly efficient 
vector species that have adapted to forest ecotypes [66, 85, 102, 103]. The wide diversity of both 
the deep-forest (e.g., Leucosphyrus Group of mosquitoes), forest-fringe and deforested area 
main vectors (e.g., An. minimus, An. maculatus s.l., An. culicifacies s.l., An. fluviatilis s.l., An. letifer,  
An. donaldi), as well as their great potential to adapt to habitat changes, means that the conse-
quences of deforestation on malaria transmission in Southeast Asia are difficult to predict and 
unlikely to be unidirectional [104]. Whilst An. dirus and An. baimaii, main vectors of the Dirus 
complex, can find tree-crop plantations suitable for breeding, a close association between 
malaria and rubber plantations has been demonstrated [4, 105–108], contributing to high lar-
val and pupal density during the rainy season [90, 91] and low numbers during the cool-dry 
season [92, 109], or provide conditions that are similar to this vector’s natural habitat [110]. 
This ecological adaptation in human settlements and shaded plantations contributes to out-
door transmission among rubber tappers.

The identification of secondary or incidental vector species poses new challenges as shown by 
mixed results of sporozoite-positivity using nested Polymerase chain reaction (PCR) and routine 
circumsporozoite enzyme-linked immunosorbent assay (CSP-ELISA) (Table 2). Confirmation 
of all positive CSP-ELISA results by a second CSP-ELISA test on the heated ELISA lysate, 
especially in zoophilic species showed a relatively high proportion of false positives (40%) [93]. 
On the other hand, PCR analysis of Deoxyribonucleic acid (DNA) extracted from the head and 
thorax alone, along with sequence data, revealed five Anopheles species (An. hyrcanus, An. barbi-
rostris s.s., An. barbirostris clade III, An. nivipes, and An. peditaeniatus) infected with Plasmodium 
falciparum, which are not considered major vectors in the GMS [94]. Similarly, out of 11  
P. falciparum CSP positive samples from Bangladesh, seven turned out to be positive by PCR 
suggesting that An. maculatus, An. jeyporiensis and An. nivipes play important roles in malaria 
transmission in Kuhalong District [95]. In Vietnam, the role of a secondary vector, An. pampanai 
infected with P. vivax, was also reported in the Binh Phuoc Province [96]. Morphological mis-
identification of the closely related sympatric species, such as An. aconitus, An. pampanai and 
An. varuna are common [99, 100]. Morphological identification of Anopheles specimens prior to 
PCR assays allows them to be sort out at the group or complex level but does not permit spe-
cies identification [85]. PCR assays must be applied for a reliable identification to the species 
level, which ensures that data received by malaria vector control programmes are suitable for 
targeting the correct vector species [101]. Given the low infection rates among many of these 
species especially in elimination phase, it is important for field entomologists to assess various 
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species’ role in malaria transmission in the eco-epidemiological context. When changing 
objectives from control to elimination of malaria in Southeast Asia, the need to focus not only 
in the so-called main vector species, but also on secondary vectors is increasingly important.

Deforestation may deplete the populations of deep-forest vectors and so initially reduce malaria 
transmission; in some localities this depletion may be followed by the invasion of other efficient 
vector species resulting in increased transmission. With the exception of two longitudinal stud-
ies examining the effects of progressive land use changes from pre-development forest to oil 
palm cultivation on the distribution of disease vectors and malaria incidence [111], there is a 
striking lack of primary research directly measuring the impact of deforestation on malaria in 
Southeast Asia [104]. Recent studies showed that An. dirus s.l. was abundant in rubber planta-
tions in Myanmar [109] and An. baimaii (molecularly identified) adults were caught from human 
landing collections in Wae Kha Mi, Mon State, the site of an acceptability study of permethrin-
treated clothing [110]. In Lao PDR, a total of 46 An. dirus s.l. were collected, of which 31 were 

Morphological 
Anopheles 
species*

Nested PCR, 
Cambodia [93]

Circumsporozoite 
ELISA, Thailand [97]

Prior heating of eluate 
and circumsporozoite 
ELISA, Bangladesh 
[98]

PCR confirmation 
of ELISA-positives 
Bangladesh [95]

Total 
collection 
(%)

Positive/
total

Total 
collection 
(%)

Positive 
/total

Total 
collection 
(%)

Positive 
/total

Total 
collection 
(%)

Positive /
total

An. maculatus 
s.l

21.43 4/640 4.3 2/97

An. annularis 
s.l.

14.43 3/431 0.78 1/19

An. kochi 0.93 1/44

An. barbirostris 
s.s.

6.6 3/55 3.52 1/105 2.9 1/140 7.4 1/186

An. 
peditaeniatus

5.08 3/139

An. hyrcanus 0.09 2/2

An. nigerrimus 0.87 1/21 4.1 1/104

An. 
philippinensis

3/219 24.7 25/1169

An. vagus 41.9 25/1978

An. nivipes 10.8 1/264

An. jeyporiensis 3.1 1/142 18.9 2/479

An. karwari 5.16 11/244 1.7

*Molecular identification was specifically conducted on Anopheles barbirostris s.s. and An. barbirostris clade III; An. hyrcanus 
and An. hyrcanus s.s; An. peditaeniatus and An. nivipes, and morphological identification for the other Anopheles species.

Table 2. Sporozoite infectivity rates of less known (secondary) vectors along the Bangladesh-Thailand-Cambodia 
corridor.
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from immature rubber plantations, nine from mature rubber plantations, five from secondary 
forests and one from the rural village [105] (Tangena Julie-Ann, personal communication).

6. Plasmodium knowlesi: an additional challenge to malaria 
elimination

Plasmodium knowlesi, a simian malaria parasite, is now considered the 5th parasite affecting 
humans [112]. All countries in Southeast Asia have reported cases of P. knowlesi with the exception 
of Lao PDR and Timor Leste [113]. Since most countries are now working towards malaria elimi-
nation, it is pertinent to pay serious attention to malaria cases especially in areas where malaria 
has been reduced to very low levels. A good example is Sabah, Malaysian Borneo where large 
numbers of P. knowlesi were diagnosed in areas where P. falciparum and P. vivax were occurring 
in very low numbers [114]. Malaysia is working towards malaria elimination by 2020 and cur-
rently more than 60% of the malaria cases are due to P. knowlesi (MOH personal communication).

Recently, an increasing number of cases of P. knowlesi were reported from Kalimantan and 
Ache in Indonesia [115, 116] where malaria was in process of being eliminated. In Northern 
Sumatra, Indonesia where they are working towards malaria elimination, they recorded 
only 614 (16.5%) positive malaria cases by microscopy out of 3731 people examined [117]. 
However, PCR detected malaria parasites in 1169 (31.3%) individuals. Of these, 74.9% were 
mono-infection and 25.1% were multiple infection. P. falciparum constituted 24.8%, P. vivax 
33.9%, P. malariae 9.3%, and P. knowlesi 32% [114] of the cases. It was also found that the prim-
ers developed from the SICAvar gene were more sensitive than the SSU rRNA gene [117]. It is 
obvious that parasite species are being mis-identified and many people who are asymptom-
atic are also missed by conventional microscopy [117, 118]. Thus, it is important to develop 
Rapid Diagnostic Tests (RDTs) that can be used by field workers to detect accurately malaria 
parasite species, especially P. knowlesi, and also additional laboratories should be established 
to conduct molecular assays for malaria diagnosis in the context of malaria elimination.

Deforestation and changes in the environment are the key factors leading to a surge of P. knowlesi 
malaria [119]. This parasite occurs in Macaca fascicularis (long-tailed) and Macaca nemestrina (pig-
tailed) monkeys and its distribution is limited by some species of the Leucosphyrus Group of 
Anopheles mosquitoes [120]. These species are found biting in greater abundance in forest and 
farms compared to villages [121, 122]. However, in Sabah, Malaysian Borneo, it was found that 
An. balabacensis was abundant in villages as well [123], and sporozoite-positive specimens were 
reported in addition to farms and forest [123], while infective mosquitoes were found only in 
the forested sites and farms in Sarawak (Borneo) and Pahang (Peninsular), Malaysia [121, 122]. 
In addition, vector studies have also been conducted in Vietnam [124, 125] where the species  
An. dirus has been incriminated as the simian malaria vector in Khanh Phu—South Central 
Vietnam. Studies were conducted in the forest and forest-fringe areas near Nga Hai village where 
both human malaria parasites, P. falciparum and P. vivax, were found along with P. knowlesi in 
order to determine the potential role of An. dirus as bridge vectors of Plasmodium parasites from 
monkeys to humans [126]. Based on these studies, it was possible for An. dirus to pick up infec-
tion from humans and macaques during the mosquito’s lifespan. However, since there have 
been no reports of epidemics of P. knowlesi, it is believed that humans are infected by mosquitoes 
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which acquired infection from the macaques. Perhaps even likely given that confirmed vectors of 
human plasmodia in Southeast Asia also become naturally infected by the monkey malaria spe-
cies [127]. A recent case control study conducted in Sabah revealed that the age group >15, pre-
dominantly males, working in farms, plantations, forested areas, and with travel history, were 
independently associated with the risk of acquiring knowlesi malaria [128]. It also highlighted 
that IRS was associated with decrease of risk [128].

There are only few investigations on record in understanding bionomics of vectors transmit-
ting P. knowlesi malaria. In order to implement vector control activities, the bionomics of the 
vectors must be understood. Based on few studies, it has been shown that the vectors are bit-
ing in the early part of the night from 18:00 h to 21:00 h and mostly outdoors [121–123, 129]. In 
these rural areas, people go to bed by 22:00 h and they are up by 05:00 h. The results showed 
that only 39.79% of An. balabacensis [123], 43.8% of An. latens [121] and 12.8% of An. cracens [122] 
were found biting during this sleeping time. Thus, current vector control measures like IRS 
and ITNs are not appropriate for the exophagic and exophilic vectors. The forests in Southeast 
Asia is providing a favorable environment with high percentage of macaques being positive for  
P. knowlesi [130–132], and with the presence of the vectors, it is going to be a daunting task to 
eliminate malaria. On a global scale, malaria has been reduced to low levels due to the scaling 
up of ITNs, IRS, ACTs, and intermittent preventive treatment to infants and pregnant women 
[133]. Thus, it is obvious that new tools are urgently required for successful malaria elimination.

It is known that the two human malaria species (P. falciparum and P. vivax), which infects mil-
lions of people actually were of zoonotic origin (from the African apes), which evolved thou-
sands of years ago [134, 135]. Thus, there is always a possibility that in the future P. knowlesi 
and other simian malarias may become established in humans, especially when human 
malaria is eliminated. However, currently human-to-human transmission of knowlesi malaria 
by mosquitoes has not been established. This is crucial in the light of malaria elimination and 
more focused research is needed on this topic if we are to succeed with malaria elimination.

Changing landscape affects Anopheles distribution, mosquito density and diversity in Malaysia, 
and more globally Southeast Asia [105, 111, 136–138]. It has been shown that with loss of forest 
cover, cases of P. knowlesi have increased in Sabah [119]. Land use change has also led to increase 
of malaria cases due to various factors such as increase of macaques in small forest patches 
along with the colonization of the main vectors [119, 136]. It is interesting to note that An. balaba-
censis, the predominant vector of human and simian malaria, was found in great abundance in 
logged forest, followed by thinly logged virgin jungle reserve and was lowest in primary forest 
[136]. This vector was also found to be biting humans more at ground level compared to canopy 
level [136]. It is therefore important to include both the public health and agro-forestry sectors in 
controlling malaria vectors in the country. Studies from Thailand also indicate that if landscape 
management should be used for malaria control in northern Thailand, large-scale reduction and 
fragmentation of forest cover would be needed [139, 140]. Such drastic actions, however, do not 
align with current global objectives concerning forest and biodiversity conservation.

The vectors of simian malaria described to date were An. hackeri (Leucosphyrus Group) [141] 
recorded biting mainly the macaques and large numbers were collected resting on Nipah palm 
trees in Selangor in 1960s; An. cracens (Dirus Complex) [122] biting both macaques and humans 
and found mainly in the forest and farms; An. latens (Leucosphyrus Complex) [121] was the 
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from immature rubber plantations, nine from mature rubber plantations, five from secondary 
forests and one from the rural village [105] (Tangena Julie-Ann, personal communication).

6. Plasmodium knowlesi: an additional challenge to malaria 
elimination

Plasmodium knowlesi, a simian malaria parasite, is now considered the 5th parasite affecting 
humans [112]. All countries in Southeast Asia have reported cases of P. knowlesi with the exception 
of Lao PDR and Timor Leste [113]. Since most countries are now working towards malaria elimi-
nation, it is pertinent to pay serious attention to malaria cases especially in areas where malaria 
has been reduced to very low levels. A good example is Sabah, Malaysian Borneo where large 
numbers of P. knowlesi were diagnosed in areas where P. falciparum and P. vivax were occurring 
in very low numbers [114]. Malaysia is working towards malaria elimination by 2020 and cur-
rently more than 60% of the malaria cases are due to P. knowlesi (MOH personal communication).

Recently, an increasing number of cases of P. knowlesi were reported from Kalimantan and 
Ache in Indonesia [115, 116] where malaria was in process of being eliminated. In Northern 
Sumatra, Indonesia where they are working towards malaria elimination, they recorded 
only 614 (16.5%) positive malaria cases by microscopy out of 3731 people examined [117]. 
However, PCR detected malaria parasites in 1169 (31.3%) individuals. Of these, 74.9% were 
mono-infection and 25.1% were multiple infection. P. falciparum constituted 24.8%, P. vivax 
33.9%, P. malariae 9.3%, and P. knowlesi 32% [114] of the cases. It was also found that the prim-
ers developed from the SICAvar gene were more sensitive than the SSU rRNA gene [117]. It is 
obvious that parasite species are being mis-identified and many people who are asymptom-
atic are also missed by conventional microscopy [117, 118]. Thus, it is important to develop 
Rapid Diagnostic Tests (RDTs) that can be used by field workers to detect accurately malaria 
parasite species, especially P. knowlesi, and also additional laboratories should be established 
to conduct molecular assays for malaria diagnosis in the context of malaria elimination.

Deforestation and changes in the environment are the key factors leading to a surge of P. knowlesi 
malaria [119]. This parasite occurs in Macaca fascicularis (long-tailed) and Macaca nemestrina (pig-
tailed) monkeys and its distribution is limited by some species of the Leucosphyrus Group of 
Anopheles mosquitoes [120]. These species are found biting in greater abundance in forest and 
farms compared to villages [121, 122]. However, in Sabah, Malaysian Borneo, it was found that 
An. balabacensis was abundant in villages as well [123], and sporozoite-positive specimens were 
reported in addition to farms and forest [123], while infective mosquitoes were found only in 
the forested sites and farms in Sarawak (Borneo) and Pahang (Peninsular), Malaysia [121, 122]. 
In addition, vector studies have also been conducted in Vietnam [124, 125] where the species  
An. dirus has been incriminated as the simian malaria vector in Khanh Phu—South Central 
Vietnam. Studies were conducted in the forest and forest-fringe areas near Nga Hai village where 
both human malaria parasites, P. falciparum and P. vivax, were found along with P. knowlesi in 
order to determine the potential role of An. dirus as bridge vectors of Plasmodium parasites from 
monkeys to humans [126]. Based on these studies, it was possible for An. dirus to pick up infec-
tion from humans and macaques during the mosquito’s lifespan. However, since there have 
been no reports of epidemics of P. knowlesi, it is believed that humans are infected by mosquitoes 
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which acquired infection from the macaques. Perhaps even likely given that confirmed vectors of 
human plasmodia in Southeast Asia also become naturally infected by the monkey malaria spe-
cies [127]. A recent case control study conducted in Sabah revealed that the age group >15, pre-
dominantly males, working in farms, plantations, forested areas, and with travel history, were 
independently associated with the risk of acquiring knowlesi malaria [128]. It also highlighted 
that IRS was associated with decrease of risk [128].

There are only few investigations on record in understanding bionomics of vectors transmit-
ting P. knowlesi malaria. In order to implement vector control activities, the bionomics of the 
vectors must be understood. Based on few studies, it has been shown that the vectors are bit-
ing in the early part of the night from 18:00 h to 21:00 h and mostly outdoors [121–123, 129]. In 
these rural areas, people go to bed by 22:00 h and they are up by 05:00 h. The results showed 
that only 39.79% of An. balabacensis [123], 43.8% of An. latens [121] and 12.8% of An. cracens [122] 
were found biting during this sleeping time. Thus, current vector control measures like IRS 
and ITNs are not appropriate for the exophagic and exophilic vectors. The forests in Southeast 
Asia is providing a favorable environment with high percentage of macaques being positive for  
P. knowlesi [130–132], and with the presence of the vectors, it is going to be a daunting task to 
eliminate malaria. On a global scale, malaria has been reduced to low levels due to the scaling 
up of ITNs, IRS, ACTs, and intermittent preventive treatment to infants and pregnant women 
[133]. Thus, it is obvious that new tools are urgently required for successful malaria elimination.

It is known that the two human malaria species (P. falciparum and P. vivax), which infects mil-
lions of people actually were of zoonotic origin (from the African apes), which evolved thou-
sands of years ago [134, 135]. Thus, there is always a possibility that in the future P. knowlesi 
and other simian malarias may become established in humans, especially when human 
malaria is eliminated. However, currently human-to-human transmission of knowlesi malaria 
by mosquitoes has not been established. This is crucial in the light of malaria elimination and 
more focused research is needed on this topic if we are to succeed with malaria elimination.

Changing landscape affects Anopheles distribution, mosquito density and diversity in Malaysia, 
and more globally Southeast Asia [105, 111, 136–138]. It has been shown that with loss of forest 
cover, cases of P. knowlesi have increased in Sabah [119]. Land use change has also led to increase 
of malaria cases due to various factors such as increase of macaques in small forest patches 
along with the colonization of the main vectors [119, 136]. It is interesting to note that An. balaba-
censis, the predominant vector of human and simian malaria, was found in great abundance in 
logged forest, followed by thinly logged virgin jungle reserve and was lowest in primary forest 
[136]. This vector was also found to be biting humans more at ground level compared to canopy 
level [136]. It is therefore important to include both the public health and agro-forestry sectors in 
controlling malaria vectors in the country. Studies from Thailand also indicate that if landscape 
management should be used for malaria control in northern Thailand, large-scale reduction and 
fragmentation of forest cover would be needed [139, 140]. Such drastic actions, however, do not 
align with current global objectives concerning forest and biodiversity conservation.

The vectors of simian malaria described to date were An. hackeri (Leucosphyrus Group) [141] 
recorded biting mainly the macaques and large numbers were collected resting on Nipah palm 
trees in Selangor in 1960s; An. cracens (Dirus Complex) [122] biting both macaques and humans 
and found mainly in the forest and farms; An. latens (Leucosphyrus Complex) [121] was the 

Human and Simian Malaria in the Greater Mekong Subregion and Challenges for Elimination
http://dx.doi.org/10.5772/intechopen.76901

107



predominant mosquito in the forest compared to farm and village, and was biting macaques at 
ground level and at six meters in the canopy compared to three meters. The biting ratio of mon-
key versus human for An. latens was 1:1.3 [121]. An. introlatus (Leucosphyrus Complex)  [142]
was biting in the early part of the night from 19:00 h to 21:00 h and was the predominant mos-
quito in Hulu Selangor where cases of P. knowlesi were reported. Most recently, An. balabacensis 
(Leucosphyrus Complex) has been incriminated as vector of P. knowlesi in Sabah [123], as well 
as human malaria and Bancroftian lymphatic filariasis due to Wuchereria bancrofti [143–145].

Although an increased number of countries are successfully eliminating human malaria in recent 
years, no country has yet eliminated non-human malaria, which adds another layer of complex-
ity to be addressed. The complex situation of malaria is Southeast Asia is very unique from the 
rest of the tropical countries. More effort is needed to study the host switching mechanisms 
between the parasites in humans, macaques and vectors. A series of review papers have been 
published over the years and all these have indicated the importance of addressing the problem 
caused by P. knowlesi, if malaria elimination is to be successful in the region [113, 146–151].

7. Targeting vivax malaria: a bottleneck to malaria elimination

As opposed to P. falciparum infection, which does not have latency (dormant), P. vivax causes 
two distinct infection syndromes, one that actively proliferates and the other latent due to 
hypnozoites. Each of these P. vivax forms requires distinct therapeutic treatments and the 
latent form cannot be diagnosed [152]. Most acute attacks of P. vivax in endemic areas origi-
nate from hypnozoites, and unless that reservoir is aggressively attacked, elimination of 
transmission may be an unrealistic goal.

Treatment of latent vivax represents an important challenge as the only known therapies are 
8-aminoquinoline drugs, which results in acute hemolytic anemia in patients deficient in glu-
cose-6-phosphate dehydrogenase (G6PD)—a highly polymorphic inherited disorder affecting 
1–30% of residents of malaria-endemic nations [153]. The single low dose of primaquine against 
gametocytes of P. falciparum does not threaten the G6PD deficient subjects [154]. Another 
challenge is that the parasitemia of vivax malaria patients is typically an order of magnitude 
lower than falciparum malaria, causing larger proportions of parasitemia to fall below diagnos-
tics detection thresholds [152]. In addition, vivax malaria patients may exhibit very low parasit-
emia, and yet become severely ill. These fundamental distinctions between the two dominant 
human malarias explain why P. vivax is relatively unaffected by interventions tailored to con-
trol P. falciparum calling for new strategies needed for combatting vivax malaria [155].

In addition, P. vivax has the ability to develop at lower temperature than P. falciparum and has a 
shorter sporogonic cycle in the vector, which results in P. vivax extending beyond tropical climates 
into temperate regions. This ability, combined with its early-biting, outdoor-feeding and outdoor-
resting behavior of vector mosquito species, also makes them less susceptible to vector control 
measures such as IRS, which have proven effective against transmission of P. falciparum [156]. Also 
having dormant forms in the liver (hypnozoites) mean that one successful infection will generate 
a number of parasitological and clinical episodes without reinfection. Therefore, recurrent cases 
cannot be prevented via vector control, though, paradoxically, successful transmission control of 
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vivax malaria could reduce the disease burden more than that of P. falciparum, because avoiding 
one infection will result in preventing a number of clinical episodes over several years [155].

Vivax malaria is diagnosed late, because infected people get ill with low parasite densities, 
which cannot be detected with current diagnostics, such as RDTs and microscopy. Delayed 
diagnosis means not only delayed treatment (hence prolonged morbidity, especially anemia) 
but also ability to transmit over an extended period. This is further amplified by the fact that 
mature gametocytes appear simultaneously with asexual forms—hence transmission occurs 
before diagnosis and treatment [157, 158].

As recently described [156], an effective P. vivax control and elimination toolbox should 
include:

i. Practical point-of-care G6PD deficiency diagnostics allowing wider access to safe pri-
maquine therapy or with tafenoquine—a related single dose hypnozoitocide recently de-
veloped by GSK and Medicines for Malaria Venture (MMV); the latter has been submitted 
to the United States Food and Drug Administration (FDA) seeking approval of single-
dose tafenoquine for the radical cure (prevention of relapse) of vivax malaria in patients 
16 years of age and older [159];

ii. More sensitive point-of-care diagnostics for detecting intrinsically lower parasitemia, in-
cluding sub-patent and asymptomatic infections;

iii. Validated strategies for relapse prevention in special population groups, i.e., pregnant 
women, young infants, G6PD deficient and G6PD unknowns in which 8-aminoquinoline 
is contraindicated;

iv. Clinical care algorithms acknowledging risk of severe and threatening syndromes de-
spite seemingly non-threatening levels of parasitemia; and

v. Interventions of proven efficacy to minimize human contact with often zoophilic, ex-
ophagic and exophilic Anopheles species of great diversity.

In conclusion, the malaria community needs to address these challenges and create a via-
ble strategy to achieve vivax elimination goals, providing novel solutions for overcom-
ing critical bottlenecks. This process needs to begin now to enhance treatment practice for 
8-aminoquinoline drugs based radical cure. Highlighting the benefits of radical cure for 
the patient and community will improve prescription practice and patient adherence [160]. 
Coupling this with improved access to adequate G6PD testing will pave the way for the intro-
duction of tafenoquine, with huge potential to accelerate the elimination of P. vivax.

8. Socio-ecological and adaptive management of malaria ecosystem 
in areas approaching malaria elimination

WHO has recently proposed sustainable prevention and control of diseases emerging 
within complex, dynamic, adaptive systems, such as malaria, based on interdisciplinary and 
approaches addressing environmental and social health determinants holistically [161]. More 
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predominant mosquito in the forest compared to farm and village, and was biting macaques at 
ground level and at six meters in the canopy compared to three meters. The biting ratio of mon-
key versus human for An. latens was 1:1.3 [121]. An. introlatus (Leucosphyrus Complex)  [142]
was biting in the early part of the night from 19:00 h to 21:00 h and was the predominant mos-
quito in Hulu Selangor where cases of P. knowlesi were reported. Most recently, An. balabacensis 
(Leucosphyrus Complex) has been incriminated as vector of P. knowlesi in Sabah [123], as well 
as human malaria and Bancroftian lymphatic filariasis due to Wuchereria bancrofti [143–145].

Although an increased number of countries are successfully eliminating human malaria in recent 
years, no country has yet eliminated non-human malaria, which adds another layer of complex-
ity to be addressed. The complex situation of malaria is Southeast Asia is very unique from the 
rest of the tropical countries. More effort is needed to study the host switching mechanisms 
between the parasites in humans, macaques and vectors. A series of review papers have been 
published over the years and all these have indicated the importance of addressing the problem 
caused by P. knowlesi, if malaria elimination is to be successful in the region [113, 146–151].

7. Targeting vivax malaria: a bottleneck to malaria elimination

As opposed to P. falciparum infection, which does not have latency (dormant), P. vivax causes 
two distinct infection syndromes, one that actively proliferates and the other latent due to 
hypnozoites. Each of these P. vivax forms requires distinct therapeutic treatments and the 
latent form cannot be diagnosed [152]. Most acute attacks of P. vivax in endemic areas origi-
nate from hypnozoites, and unless that reservoir is aggressively attacked, elimination of 
transmission may be an unrealistic goal.

Treatment of latent vivax represents an important challenge as the only known therapies are 
8-aminoquinoline drugs, which results in acute hemolytic anemia in patients deficient in glu-
cose-6-phosphate dehydrogenase (G6PD)—a highly polymorphic inherited disorder affecting 
1–30% of residents of malaria-endemic nations [153]. The single low dose of primaquine against 
gametocytes of P. falciparum does not threaten the G6PD deficient subjects [154]. Another 
challenge is that the parasitemia of vivax malaria patients is typically an order of magnitude 
lower than falciparum malaria, causing larger proportions of parasitemia to fall below diagnos-
tics detection thresholds [152]. In addition, vivax malaria patients may exhibit very low parasit-
emia, and yet become severely ill. These fundamental distinctions between the two dominant 
human malarias explain why P. vivax is relatively unaffected by interventions tailored to con-
trol P. falciparum calling for new strategies needed for combatting vivax malaria [155].

In addition, P. vivax has the ability to develop at lower temperature than P. falciparum and has a 
shorter sporogonic cycle in the vector, which results in P. vivax extending beyond tropical climates 
into temperate regions. This ability, combined with its early-biting, outdoor-feeding and outdoor-
resting behavior of vector mosquito species, also makes them less susceptible to vector control 
measures such as IRS, which have proven effective against transmission of P. falciparum [156]. Also 
having dormant forms in the liver (hypnozoites) mean that one successful infection will generate 
a number of parasitological and clinical episodes without reinfection. Therefore, recurrent cases 
cannot be prevented via vector control, though, paradoxically, successful transmission control of 
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vivax malaria could reduce the disease burden more than that of P. falciparum, because avoiding 
one infection will result in preventing a number of clinical episodes over several years [155].

Vivax malaria is diagnosed late, because infected people get ill with low parasite densities, 
which cannot be detected with current diagnostics, such as RDTs and microscopy. Delayed 
diagnosis means not only delayed treatment (hence prolonged morbidity, especially anemia) 
but also ability to transmit over an extended period. This is further amplified by the fact that 
mature gametocytes appear simultaneously with asexual forms—hence transmission occurs 
before diagnosis and treatment [157, 158].

As recently described [156], an effective P. vivax control and elimination toolbox should 
include:

i. Practical point-of-care G6PD deficiency diagnostics allowing wider access to safe pri-
maquine therapy or with tafenoquine—a related single dose hypnozoitocide recently de-
veloped by GSK and Medicines for Malaria Venture (MMV); the latter has been submitted 
to the United States Food and Drug Administration (FDA) seeking approval of single-
dose tafenoquine for the radical cure (prevention of relapse) of vivax malaria in patients 
16 years of age and older [159];

ii. More sensitive point-of-care diagnostics for detecting intrinsically lower parasitemia, in-
cluding sub-patent and asymptomatic infections;

iii. Validated strategies for relapse prevention in special population groups, i.e., pregnant 
women, young infants, G6PD deficient and G6PD unknowns in which 8-aminoquinoline 
is contraindicated;

iv. Clinical care algorithms acknowledging risk of severe and threatening syndromes de-
spite seemingly non-threatening levels of parasitemia; and

v. Interventions of proven efficacy to minimize human contact with often zoophilic, ex-
ophagic and exophilic Anopheles species of great diversity.

In conclusion, the malaria community needs to address these challenges and create a via-
ble strategy to achieve vivax elimination goals, providing novel solutions for overcom-
ing critical bottlenecks. This process needs to begin now to enhance treatment practice for 
8-aminoquinoline drugs based radical cure. Highlighting the benefits of radical cure for 
the patient and community will improve prescription practice and patient adherence [160]. 
Coupling this with improved access to adequate G6PD testing will pave the way for the intro-
duction of tafenoquine, with huge potential to accelerate the elimination of P. vivax.

8. Socio-ecological and adaptive management of malaria ecosystem 
in areas approaching malaria elimination

WHO has recently proposed sustainable prevention and control of diseases emerging 
within complex, dynamic, adaptive systems, such as malaria, based on interdisciplinary and 
approaches addressing environmental and social health determinants holistically [161]. More 
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insights into transmission dynamics and the possibility of intersectoral ecosystem management 
programs for malaria elimination and control are urgently needed. An ecosystem approach to 
successful reduction of vector-borne disease burden [162, 163] can lead to considerable health 
gains [Available at: http://www.maweb.org/documents/document.317.aspx.pdf].

Once local entomological inoculation rates (EIRs) have been reduced to a level of unstable trans-
mission the infectious reservoir can be eliminated via several approaches without a threat of 
malaria re-emergence from reintroduction of parasites. At this point, use of time-limited mass 
drug administrations (MDA) campaign at high coverage should be sufficient to effectively clear 
the majority of remaining P. falciparum cases, and may be considered for epidemic control as 
part of the initial response, along with the urgent introduction of other interventions [164]. This 
can be supplemented by screening and treatment programmes based on WHO Global Malaria 
Programme’s T3: Test, Treat, Track initiative supporting malaria-endemic countries in their 
efforts to achieve universal coverage with diagnostic testing and antimalarial treatment, as well 
as in strengthening their malaria surveillance system [WHO T3: Test, Treat, Track. Scaling up 
diagnostic testing, treatment and surveillance for malaria. World Health Organisation; 2012. 
http://www.who.int/malaria/publications/atoz/t3_brochure/en/]. Healthcare workers or locally 
trained and supervised community volunteer networks can apply this method to effectively 
limit reintroduction of parasites from other areas to a minimum, and apply additional active 
case management, e.g., the systematic detection and treatment of parasitemia using highly sen-
sitive RDTs can reduce the risk attributed to any unscreened or asymptomatic cases.

Depending on the local situations, supplementary measures, in addition to LLINs or IRS, 
such as repellents or treated clothing for high-risk individuals, offer special precautionary 
preventive protection [1, 110, 165, 166]. Passive case management should suffice for treat-
ing any symptomatic infections as they may occur. This, however, assumes at least a peri-
odic provision of health services at all locations, including remote ones. A transdisciplinary 
approach integrates different scientific perspectives [167, 168] and provides a formal platform 
for stakeholder participation in the research and development of new information, ideas and 
strategies, their testing and eventual application.

Participatory approaches that engage local communities in a complex social-ecological mapping 
process are a vital starting point for identifying community-applicable solutions and leveraging 
community capacity for local interventions [169, 170] and promoting integrative and equitable 
collaboration within partnership of researchers and communities [170, 171]. Ownership of con-
tinuous surveillance, monitoring, treatment and preventive efforts should be transferred to mem-
bers of local communities, assuming collective responsibility for their continuous well-being.

9. Conclusions

This review attempts to consolidate the challenges of operational research for innovations 
in designing interventions [172], according to the current situation and progress made, for 
achieving malaria elimination in Southeast Asia. As the entry of artemisinin resistant para-
sites to India could be the first step in their spread to Africa, the current priority must be to 
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address this problem in Southeast Asia before it can become a threat in Africa. Continuous 
monitoring of drug resistance in conjunction with analysis and proper interpretation is criti-
cal to guide the appropriate action for effective treatment. While P. falciparum elimination 
in the GMS is realistic, feasible and particularly urgent in the context of drug resistance, the 
main challenges are to ensure community participation and plan for the preservation of ACT 
potency so that the dosing regimens and surveillance for resistance are rigorously pursued to 
sustain their efficacy for as long as possible [172].

We support a priority focus on MMP and other high-risk groups to contain the spread of 
artemisinin resistance and new hot-spots, however, implementation challenges should be 
considered when planning future interventions. More efforts are needed in documenting the 
malaria risk among different types of MMPs, innovative tools and interventions, as well as 
designing implementation in a way that can be evaluated, lessons learned, and programmes 
adapted in an on-going process [172]. New ways of evaluating MMP interventions (including 
highly sensitive RDTs) are needed, as routine health information systems have limitations 
and might not allow capturing the information and data needed, and existing type of surveys 
might not be sufficient for monitoring interventions for MMP.

Malaria programmes need to heed the recent revised WHO recommendations for achieving 
universal coverage with LLINs or IRS for populations at risk [173]. The coverage of key inter-
ventions is critically low in some countries and sub-optimal in most others, threatening prog-
ress across the region as a whole [174]. Malaria programmes are encouraged to evaluate the 
magnitude (and drivers) of the residual transmission in their country, regarding both mosquito 
and human behavior. This information will provide a boost for industry and academic partners 
to develop new vector control methods and paradigms for outdoor and residual transmission.

The current precarious funding situation could undermine elimination efforts and result in a 
resurgence of disease. The threat posed to regional and global malaria control and elimination 
efforts by artemisinin resistant P. falciparum parasites is imminent and potentially severe. In many 
Asian countries, operational feasibility of P. vivax elimination is lower than that for P. falciparum 
[27]. Therefore, creating a viable strategy to achieve vivax elimination goals should include 
improvements in access to safe treatment to 8-aminoquinoline drugs based radical cure together 
with improved access to adequate G6PD testing in P. vivax endemic countries.

Whilst human P. knowlesi is still largely a zoonosis, all indications suggest that human-to 
human transmission can take place, and probably is taking place in some situations [175]. 
More research is required to substantiate the body of evidence for human-to-human transmis-
sion, laboratory diagnosis and clinical management, and mapping vectors of P. knowlesi and 
environmental risk factors.

The challenge for elimination programmes is dealing with dynamic, social-ecological systems 
for which an entirely different kind of thinking and scientific framework is required. The 
retooling for this next phase is more challenging this time since it requires malaria experts and 
managers to understand complex systems, thinking and practices. This thinking and actions 
are more or less contrary to conventional understandings of disease control, which tend to be 
top down and not guided by concepts like resilience and adaptive management developed as 
part of so-called ecosystem approach/management.
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insights into transmission dynamics and the possibility of intersectoral ecosystem management 
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malaria re-emergence from reintroduction of parasites. At this point, use of time-limited mass 
drug administrations (MDA) campaign at high coverage should be sufficient to effectively clear 
the majority of remaining P. falciparum cases, and may be considered for epidemic control as 
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Programme’s T3: Test, Treat, Track initiative supporting malaria-endemic countries in their 
efforts to achieve universal coverage with diagnostic testing and antimalarial treatment, as well 
as in strengthening their malaria surveillance system [WHO T3: Test, Treat, Track. Scaling up 
diagnostic testing, treatment and surveillance for malaria. World Health Organisation; 2012. 
http://www.who.int/malaria/publications/atoz/t3_brochure/en/]. Healthcare workers or locally 
trained and supervised community volunteer networks can apply this method to effectively 
limit reintroduction of parasites from other areas to a minimum, and apply additional active 
case management, e.g., the systematic detection and treatment of parasitemia using highly sen-
sitive RDTs can reduce the risk attributed to any unscreened or asymptomatic cases.

Depending on the local situations, supplementary measures, in addition to LLINs or IRS, 
such as repellents or treated clothing for high-risk individuals, offer special precautionary 
preventive protection [1, 110, 165, 166]. Passive case management should suffice for treat-
ing any symptomatic infections as they may occur. This, however, assumes at least a peri-
odic provision of health services at all locations, including remote ones. A transdisciplinary 
approach integrates different scientific perspectives [167, 168] and provides a formal platform 
for stakeholder participation in the research and development of new information, ideas and 
strategies, their testing and eventual application.

Participatory approaches that engage local communities in a complex social-ecological mapping 
process are a vital starting point for identifying community-applicable solutions and leveraging 
community capacity for local interventions [169, 170] and promoting integrative and equitable 
collaboration within partnership of researchers and communities [170, 171]. Ownership of con-
tinuous surveillance, monitoring, treatment and preventive efforts should be transferred to mem-
bers of local communities, assuming collective responsibility for their continuous well-being.

9. Conclusions

This review attempts to consolidate the challenges of operational research for innovations 
in designing interventions [172], according to the current situation and progress made, for 
achieving malaria elimination in Southeast Asia. As the entry of artemisinin resistant para-
sites to India could be the first step in their spread to Africa, the current priority must be to 
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address this problem in Southeast Asia before it can become a threat in Africa. Continuous 
monitoring of drug resistance in conjunction with analysis and proper interpretation is criti-
cal to guide the appropriate action for effective treatment. While P. falciparum elimination 
in the GMS is realistic, feasible and particularly urgent in the context of drug resistance, the 
main challenges are to ensure community participation and plan for the preservation of ACT 
potency so that the dosing regimens and surveillance for resistance are rigorously pursued to 
sustain their efficacy for as long as possible [172].

We support a priority focus on MMP and other high-risk groups to contain the spread of 
artemisinin resistance and new hot-spots, however, implementation challenges should be 
considered when planning future interventions. More efforts are needed in documenting the 
malaria risk among different types of MMPs, innovative tools and interventions, as well as 
designing implementation in a way that can be evaluated, lessons learned, and programmes 
adapted in an on-going process [172]. New ways of evaluating MMP interventions (including 
highly sensitive RDTs) are needed, as routine health information systems have limitations 
and might not allow capturing the information and data needed, and existing type of surveys 
might not be sufficient for monitoring interventions for MMP.

Malaria programmes need to heed the recent revised WHO recommendations for achieving 
universal coverage with LLINs or IRS for populations at risk [173]. The coverage of key inter-
ventions is critically low in some countries and sub-optimal in most others, threatening prog-
ress across the region as a whole [174]. Malaria programmes are encouraged to evaluate the 
magnitude (and drivers) of the residual transmission in their country, regarding both mosquito 
and human behavior. This information will provide a boost for industry and academic partners 
to develop new vector control methods and paradigms for outdoor and residual transmission.

The current precarious funding situation could undermine elimination efforts and result in a 
resurgence of disease. The threat posed to regional and global malaria control and elimination 
efforts by artemisinin resistant P. falciparum parasites is imminent and potentially severe. In many 
Asian countries, operational feasibility of P. vivax elimination is lower than that for P. falciparum 
[27]. Therefore, creating a viable strategy to achieve vivax elimination goals should include 
improvements in access to safe treatment to 8-aminoquinoline drugs based radical cure together 
with improved access to adequate G6PD testing in P. vivax endemic countries.

Whilst human P. knowlesi is still largely a zoonosis, all indications suggest that human-to 
human transmission can take place, and probably is taking place in some situations [175]. 
More research is required to substantiate the body of evidence for human-to-human transmis-
sion, laboratory diagnosis and clinical management, and mapping vectors of P. knowlesi and 
environmental risk factors.

The challenge for elimination programmes is dealing with dynamic, social-ecological systems 
for which an entirely different kind of thinking and scientific framework is required. The 
retooling for this next phase is more challenging this time since it requires malaria experts and 
managers to understand complex systems, thinking and practices. This thinking and actions 
are more or less contrary to conventional understandings of disease control, which tend to be 
top down and not guided by concepts like resilience and adaptive management developed as 
part of so-called ecosystem approach/management.
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Abstract

In recent years, the use of more sensitive diagnostic techniques has demonstrated a 
significant number of malaria infections at densities beneath the limit of detection of 
conventional microscopy and rapid diagnostic tests (RDT). These low-density infections 
are almost always asymptomatic, found in all endemic settings, including those nearing 
elimination, and in all ages of the population. They typically account for a high propor-
tion of all infections and since they have also been shown to be infectious to mosquitoes, 
low-density infections are thought to be important contributors to maintaining malaria 
transmission. However, there is currently no direct evidence that specifically targeting 
this low-density parasite reservoir will hasten progress towards elimination. In this 
chapter we review the data to date and identify knowledge gaps. We present potential 
scenarios for the causes of low-density infections, if and how these might drive transmis-
sion, and the likely impact of specifically targeting them.
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of infections than those identified with more conventional diagnostics, such as microscopy 
[1] and rapid diagnostic tests (RDT) [2], with most of these previously undetected infections 
being asymptomatic. Indeed, the association between clinical disease and relatively high para-
site levels [3–5] implies that most asymptomatic infections are also low-density, although par-
asitaemias above the microscopy detection limit are common in seemingly healthy infected 
individuals in endemic areas [3]. Of particular relevance, in light of the renewed interest in 
malaria elimination, is that in areas with low levels of transmission, often a high proportion of 
infections detected during prevalence surveys have sub-patent parasite densities (below the 
detection threshold of conventional diagnostics) [1].

For malaria elimination, a major consideration is how much the following different types of 
infections contribution to onwards transmission to mosquitoes: (1) clinical symptomatic and 
patent, (2) asymptomatic and patent, (3) asymptomatic and sub-patent, and what are the rela-
tive proportions of these infections in different endemic settings. Broadly speaking, the proba-
bility of a mosquito becoming infected after feeding on an infected human is dependent on the 
density of gametocytes. At an individual level, this probability of infection is higher from those 
with higher density symptomatic infections than those individuals with low-density asymp-
tomatic infections [6], provided there has been enough time for gametocytes to fully mature 
(8–12 days). At a population level, contributions to malaria transmission from each of the three 
types of infections detailed above may be more balanced as there will be more individuals with 
low density infections than high density infections. In the context of control and elimination, 
symptomatic infections often have a very short duration because symptomatic individuals are 
more likely to seek and receive treatment and have their infections curtailed. This is more pro-
nounced if treatment is given early after establishment of blood stage infection as gametocytes 
will be at relatively low densities and may not reach highly infectious levels.

Much of the data on asymptomatic infections is from community cross-sectional surveys. 
However, these snapshots are less informative on the dynamics of parasitaemia over time in 
individual infections. For example, an individual with a sub-patent infection today has several 
different potential infection outcomes (Figure 1). S/he may have been recently infected and 
will develop patent infection and clinical symptoms shortly afterwards, or alternatively may 
become a chronic parasite carrier, remaining asymptomatic for weeks or months. Conversely, 
individuals with sub-patent infections identified in cross-sectional surveys may also be at the 
tail end of an infection and will only remain minimally infectious for a short period of time 
(Figure 1). The contributions to onwards transmission from sub-patent infections that are 
only briefly asymptomatic [7] (all symptomatic infections invariably have a pre-clinical incu-
bation period) and those that are chronic are likely to be very different. In community mass 
treatment campaigns that aim to interrupt transmission, clearing the infections of individuals 
who would otherwise go on develop symptoms, seek and obtain effective treatment a few 
days later, will reduce morbidity but is likely to have a smaller impact on reducing onwards 
transmission than treating infections in individuals who remain asymptomatic for several 
months. Estimations of the duration of malaria infections are necessary to understand the 
consequences of imperfect coverage during these interventions. However, quantifying infec-
tion duration in endemic settings is complicated because individuals are frequently super-
infected with different falciparum clones, which means that periods of continuous parasite 
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carriage often represent overlapping infections with different clones. A longitudinal study in 
Ghana using msp-2 genotyping to distinguish parasite strains showed that naturally occur-
ring infections last on average 5–6 months [8]. In Myanmar, in an area with transmission 
approaching elimination levels and consequently low probability of super-infection, falci-
parum carriage of at least 6–9 months was observed [9]. A study in Cambodia, which followed 
24 adults with asymptomatic falciparum infections monthly, found that 13% carried parasites 
for 2–4 months, whereas the remaining 87% had cleared their parasitaemia after 1 month [10]. 
Finally, in a recent cohort study in Vietnam, nearly 10% of infected individuals carried para-
sites for 4 months or longer [11]. These studies vary in design such that a mean duration is 
hard to estimate, however, the data demonstrate that chronic carriage occurs in a wide range 
of endemicities, although its frequency and duration is likely context-specific.

Identifying the factors that moderate parasite growth to make an infection asymptomatic, 
(and untreated [3]) rather than symptomatic, is necessary to better understand the likelihood 

Figure 1. Hypothesised infection trajectories for sub-patent infections. An individual that has low-density asymptomatic 
infection on a given day can have several potential outcomes: s/he could continue to have long- (orange curve) or short-
lasting (yellow curve) low-density infection, with limited infectiousness to mosquitoes and never developing symptoms 
or seeking treatment. The same individual could also be very recently infected and in the pre-symptomatic stage (dark 
blue line), or experience a slower increase in parasite density to a level where symptoms develop (light blue line). Another 
possible outcome is that parasitaemia fluctuates between detectable and undetectable levels by microscopy (green line). 
Any of these scenarios could be perturbed by re-infection, which could result in either continued asymptomatic infection 
or development of symptoms. RDT, rapid diagnostic test; NAAT, nucleic acid amplification techniques.
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bation period) and those that are chronic are likely to be very different. In community mass 
treatment campaigns that aim to interrupt transmission, clearing the infections of individuals 
who would otherwise go on develop symptoms, seek and obtain effective treatment a few 
days later, will reduce morbidity but is likely to have a smaller impact on reducing onwards 
transmission than treating infections in individuals who remain asymptomatic for several 
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consequences of imperfect coverage during these interventions. However, quantifying infec-
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of transmission from these infections. This will allow an assessment of whether specific indi-
viduals with asymptomatic infections need to be targeted and, if so, how this might be done, 
for example by enhanced coverage efforts or more sensitive infection detection tools targeted 
at those individuals who have a higher probability of being chronically infected.

In Sections 2 and 3, we consider factors that influence the establishment of asymptomatic infec-
tions and their parasite and gametocyte carriage levels. Specifically, we discuss how different 
factors might relate to the different archetypes of parasite dynamics described in Figure 1: 
chronic infections with fluctuating patent and sub-patent levels; chronic sub-patent infections; 
clinical episodes with short incubation period; clinical episodes with long incubation period; 
and short asymptomatic infections. Additionally, we discuss how blood sampling for parasite 
detection can influence estimates of prevalence of sub-microscopic infections. In Section 4, we 
use malariotherapy data and validated mathematical models to assess the benefits of targeting 
the asymptomatic reservoir of parasites.

2. Human factors influencing the duration of infection

The development of asymptomatic and low-density infections is intimately related to an indi-
vidual’s tolerance to parasites [12]. Several host characteristics have been linked to differential 
clinical expression of malaria infection, as well as to modulation of parasite levels, including 
genetic factors [13], acquired immunity [14, 15], co-infections with non-falciparum malaria 
parasites [16], iron status [17], among others. In this section, we discuss two widely prevalent 
factors that are likely to influence the frequencies of asymptomatic and low-density infec-
tions in various settings: haemoglobinopathies, which are genetically determined and conse-
quently whose effects on parasites might remain unchanged with decreases in transmission, 
and acquired immunity, that varies with cumulative exposure to parasites and will wane as 
exposure drops or ceases.

Both haemoglobin S (HbS) and haemoglobin C (HbC) mutations are protective against clin-
ical malaria [18], and evidence from a longitudinal study performed in Uganda [19] sug-
gests that HbS reduces progression of infection to disease. This protective effect suggests 
that these mutations are associated with chronic infections or clinical episodes with delayed 
onset (Figure 1; light blue, green or orange line). Data also suggest that the parasite densities 
observed in individuals with sickle cell trait [20] are lower compared to densities in HbAA 
individuals and thus presumably more likely to be sub-patent and not necessarily detected 
in population surveys. Given the high prevalence of haemoglobinopathies in many malaria 
endemic countries, particularly those in Africa for HbS [21, 22], and the potential for carriage 
of sub-patent infections, the contribution of this group of individuals to the transmission res-
ervoir should be considered. Determining how often parasite densities in heterozygous indi-
viduals are below the lower limit of detection of standard diagnostics would be informative. 
This is particularly relevant as haemoglobinopathies have been associated with increased 
gametocyte positivity and duration of gametocyte carriage [19, 23–25], which could amplify 
the infectivity of asymptomatic individuals with these mutations. Unlike naturally acquired 
immunity, these genetic traits will persist for several generations even after reductions in 
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malaria transmission and they have the potential to influence transmission phenotypes in the 
whole spectrum of endemicities, including in areas approaching malaria elimination.

Another cause of variation in the risk of symptoms and in parasite burden is acquired immu-
nity against asexual blood stage parasites, which develops with cumulative exposure and con-
sequently age. Asymptomatic adults have lower parasitaemias compared to children [4], and a 
higher proportion of their infections are sub-patent [26]. Adults are also less likely to develop 
symptoms, especially in highly endemic areas, and when they do, the parasite densities asso-
ciated with fever are on average lower than the corresponding densities in children [27]. On 
the other hand, estimates based on clone-specific carriage show that in highly endemic areas, 
asymptomatic infection duration is higher in schoolchildren compared to adults [8] though the 
differential detectability of clones may affect observations. Together, these studies suggest that 
infections in adults most commonly correspond to the archetype parasite dynamics of short 
duration asymptomatic infection or chronic infections with sub-patent carriage (Figure 1, yel-
low and orange lines). In settings where transmission intensity approaches elimination levels, 
depending on how fast transmission decreases, acquired immunity in adults would still be 
effective against parasitaemia and symptoms, while in young children with limited cumula-
tive exposure to falciparum parasites, this might not be the case. In this scenario, the epide-
miological differences between these demographic groups could be enhanced. Interestingly, 
in an area of Papua New Guinea with recent declines in transmission, reductions in parasite 
prevalence have been associated with an increase in the proportion of infections that are sub-
patent [28], indicative, perhaps of persisting immune responses that control parasitaemia in a 
setting where the incidence of super infection is reduced.

Short-term changes in immunity might also be relevant. For example, recent malaria infection 
might modulate immune responses to subsequent infections [29], which suggests that dynam-
ics of parasitaemia might differ at the start versus peak of transmission season, and so might 
the proportion of infected individuals that remain asymptomatic. Indeed, several epidemio-
logical studies using different methodologies have shown that the risk of clinical symptoms 
during infection varies during a transmission season: Mueller and colleagues [30] observed 
that after adjusting for the incidence of new infections, defined by molecular identification of 
individual clones, the risk of clinical malaria per infection was higher at the beginning of the 
transmission season. In Mali, the ratio of asymptomatic to symptomatic infections was higher 
during the low transmission season compared to the rainy season [31]. Whether this is due 
to modulation of host immune responses or to changes in parasite phenotype, it may result 
in longer infections at the end of the transmission season that would be advantageous for fal-
ciparum parasite populations to persist over the often long dry seasons. Furthermore, short-
term immunological changes might also directly affect infectivity of asymptomatic infections: 
in Burkina Faso, experimental mosquito infections indicate that short-lived immunity that 
reduces transmission is boosted after season-long exposure to parasites [32].

Of note, high-density infections in the absence of symptoms have been described, in par-
ticular in young children [3, 33, 34]. The relevance of these infections to transmission is 
unknown, although it could be anticipated that unless commitment to sexual development 
is reduced, these infections will produce high numbers of gametocytes and be potentially 
highly infectious.
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individuals and thus presumably more likely to be sub-patent and not necessarily detected 
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endemic countries, particularly those in Africa for HbS [21, 22], and the potential for carriage 
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viduals are below the lower limit of detection of standard diagnostics would be informative. 
This is particularly relevant as haemoglobinopathies have been associated with increased 
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the infectivity of asymptomatic individuals with these mutations. Unlike naturally acquired 
immunity, these genetic traits will persist for several generations even after reductions in 
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malaria transmission and they have the potential to influence transmission phenotypes in the 
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Another cause of variation in the risk of symptoms and in parasite burden is acquired immu-
nity against asexual blood stage parasites, which develops with cumulative exposure and con-
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the other hand, estimates based on clone-specific carriage show that in highly endemic areas, 
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depending on how fast transmission decreases, acquired immunity in adults would still be 
effective against parasitaemia and symptoms, while in young children with limited cumula-
tive exposure to falciparum parasites, this might not be the case. In this scenario, the epide-
miological differences between these demographic groups could be enhanced. Interestingly, 
in an area of Papua New Guinea with recent declines in transmission, reductions in parasite 
prevalence have been associated with an increase in the proportion of infections that are sub-
patent [28], indicative, perhaps of persisting immune responses that control parasitaemia in a 
setting where the incidence of super infection is reduced.

Short-term changes in immunity might also be relevant. For example, recent malaria infection 
might modulate immune responses to subsequent infections [29], which suggests that dynam-
ics of parasitaemia might differ at the start versus peak of transmission season, and so might 
the proportion of infected individuals that remain asymptomatic. Indeed, several epidemio-
logical studies using different methodologies have shown that the risk of clinical symptoms 
during infection varies during a transmission season: Mueller and colleagues [30] observed 
that after adjusting for the incidence of new infections, defined by molecular identification of 
individual clones, the risk of clinical malaria per infection was higher at the beginning of the 
transmission season. In Mali, the ratio of asymptomatic to symptomatic infections was higher 
during the low transmission season compared to the rainy season [31]. Whether this is due 
to modulation of host immune responses or to changes in parasite phenotype, it may result 
in longer infections at the end of the transmission season that would be advantageous for fal-
ciparum parasite populations to persist over the often long dry seasons. Furthermore, short-
term immunological changes might also directly affect infectivity of asymptomatic infections: 
in Burkina Faso, experimental mosquito infections indicate that short-lived immunity that 
reduces transmission is boosted after season-long exposure to parasites [32].
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ticular in young children [3, 33, 34]. The relevance of these infections to transmission is 
unknown, although it could be anticipated that unless commitment to sexual development 
is reduced, these infections will produce high numbers of gametocytes and be potentially 
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3. Parasite factors associated with infection duration

After inoculation of sporozoites and the subsequent release of merozoites from the liver, there is 
a period of time when parasites are present in the blood at concentrations undetectable by con-
ventional diagnostics. In many individuals, parasites then multiply to reach detectable densi-
ties, however in other individuals, parasites may remain at low densities that are undetectable. 
Human challenge studies on non-immune individuals in which parasites are monitored both 
by molecular methods and by microscopy have estimated that infections are detectable by PCR 
an average of 3.7 days (range 2–4 days) [35] or 3.1 days (range 0–4) [36] before being detectable 
by microscopy. Controlled human infections also suggest that the parasite stages that precede 
blood invasion might influence asexual blood stage dynamics. For example, Churcher and col-
leagues [37] observed that the inoculum size (the estimated number of sporozoites injected by 
infected Anopheles mosquitoes) influences the time it takes for infections to become patent: indi-
viduals receiving five bites from mosquitoes with more than 1000 sporozoites have detectable 
parasitaemia at least 2 days earlier than those volunteers infected by mosquitoes with 11–101 
sporozoites. Quantification of sporozoite counts in wild-caught mosquitoes is necessary to con-
firm the relevance of this finding in natural settings. In Papua New Guinea, it was estimated 
that infected malaria vectors had on average (geometric mean) 4000 sporozoites [38], which is of 
the same order of magnitude as sporozoite counts in mosquitoes used in controlled infections.

Microscopy has limited sensitivity to quantify low parasite densities and this will affect its utility 
for studying any chronicity in infection dynamics. Histidine rich protein 2 (HRP-2), a protein the 
parasite secretes in the plasma, is considered to be a more accurate measure of total falciparum para-
site burden [39], however, this measure does not distinguish between monoclonal and multiclonal 
infections. Molecular tools are more sensitive and allow discrimination of different parasite geno-
types. They have been used to assess the effects of super-infection and exposure to different parasite 
clones on clinical malaria risk. A study that involved daily blood sampling of children with ini-
tially asymptomatic infections [40] suggests that development of symptoms is often associated with 
appearance of a new parasite strain in the blood and increases in parasite levels. Correspondingly, 
recent data from Papua New Guinea [16] showed that incidence of infections by new clones cor-
relates with clinical malaria risk. This indicates that clinical malaria is often associated with new 
infection, presumably by a parasite clone with a previously unencountered antigenic profile.

Consistent with this, genetic analysis of malaria parasite populations in Zambia [41] found 
that in some settings individuals with symptomatic infections had different parasite strains 
compared to asymptomatic individuals. One hypothesis for this is that symptomatic infec-
tions originated from imported or recently introduced strains and that immunity to these 
strains is insufficient. This indicates that the rate of importation may play a role in the propor-
tion of infections that are asymptomatic and symptomatic, especially in areas approaching 
elimination. An infection with a clone to which immunity has been acquired might lead to 
infections with shorter duration (e.g., Figure 1, yellow line).

3.1. Gametocytes in asymptomatic infections

Gametocytes derive from a small percentage of asexual parasites that commit to sexual 
development; therefore, asymptomatic infections with low asexual levels may also have low 
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gametocyte densities. Data from epidemiological studies confirm that most asymptomatic 
infections with patent or sub-patent asexual stage parasite levels have sub-patent gametocy-
taemia [42], only detectable by RNA-based molecular methods. However, a few asymptom-
atic individuals with low-density infections have relatively high gametocyte densities, which 
could be related to symptomless fluctuations in parasitaemia that result in higher gametocy-
taemia a few days later. The rate of commitment of asexually replicating parasites to sexual 
development is another factor that influences gametocyte levels in malaria infections. Adults, 
who on average carry lower asexual stage parasite densities, have a higher sexual to asexual 
density ratio [43]. This could be related to an unequal increase in clearance rates of asexual 
and sexual parasites with age, or potentially to changes in commitment to gametocytogenesis 
[43]. Consistent with the latter, parasite investment in transmission stages has been shown to 
vary in areas with different transmission levels, being higher in settings with lower endemic-
ity. Recent data suggest that parasite variations in commitment to gametocytes are epigeneti-
cally imprinted and higher in parasites in lower endemicity settings [44].

As articulated above, the importance of asymptomatic infections for malaria transmission 
does not lie in their average sexual stage parasite densities but in the durations of gameto-
cyte carriage and infectiousness over time. A mathematical model [45] fitted to both asexual 
parasite and gametocyte malariotherapy data estimated infectivity over the course of an 
infection based on gametocyte density data. This analysis concluded that the majority of 
infectivity was usually concentrated early in infection, although some patients were signifi-
cantly infectious later on. However, in this model, it was assumed relatively low infectiv-
ity of low gametocyte densities compared with other analyses [46]. While these data are 
extremely detailed, it is not known whether these dynamics are similar to those in naturally 
infected individuals who have immunity. Furthermore, specific P. falciparum strains were 
selected for malariotherapy because they were ‘benign’ and may not exhibit the same behav-
iour in terms of parasite multiplication rates and gametocyte commitment as parasites in 
endemic areas.

Although asymptomatic infections do not prompt treatment-seeking behaviour, during com-
munity mass treatment campaigns that involve treatment regardless of symptomatology 
(e.g., mass drug administration (MDA) or mass screening and treatment), these infections 
are cleared with antimalarials. In a meta-analysis of trials with gametocyte density data [47], 
the combinations artesunate-mefloquine and artemether-lumefantrine were more effective 
in preventing the appearance of gametocytes and in clearing existing sexual stage parasites 
compared to dihydroartemisinin-piperaquine. The choice of drugs to be used during con-
trol interventions thus may be important to limit residual transmission from these infections. 
In Section 4, we discuss the impact of different interventions that target asymptomatic and 
symptomatic infections.

3.2. Underestimations of parasitaemia linked to sampling

Two variables linked to blood sampling for parasite detection can influence prevalence and 
density estimates: volume and timing. Even sensitive molecular assays will not detect low 
parasite densities in samples if nucleic acids are isolated from small blood volumes. High-
volume PCR has been used in epidemiological studies in Southeast Asia to circumvent 
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3. Parasite factors associated with infection duration
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gametocyte densities. Data from epidemiological studies confirm that most asymptomatic 
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parasite densities in samples if nucleic acids are isolated from small blood volumes. High-
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this problem and less than 30% of all falciparum infections are estimated to be missed by 
this method [48]. The timing of blood sampling in parasitological surveys might also affect 
parasite detection and quantification because asexual falciparum parasites do not circulate 
continuously; sequestration of falciparum schizonts starts 12-18 hours after merozoite inva-
sion and during this period they might not be detectable. An intensive longitudinal study in 
Tanzania showed that periodic changes in parasite densities are common. The periodicity 
of clone-specific detectability indicates that in natural infections, synchronised sequestration 
of clonal parasite populations occurs [49]. A study [50] that collected samples on two con-
secutive days found a prevalence disparity of approximately 25% between the two samples. 
Periodic changes in parasite levels could have a direct impact on the selection of diagnostics, 
for example by favouring assays that detect more persistent markers, such as HRP-2.

The detection of either asexual or sexual stage parasites is sufficient to establish the diagno-
sis of infection. Although gametocytes are not known to periodically sequester, there is evi-
dence of periodic variation in gametocyte levels [51] in peripheral blood. For several decades 
now [52], accumulation of mature gametocytes in the skin [53] has been hypothesised as a 
possible mechanism of transmission enhancement. If confirmed, this would imply that sub-
patent gametocytaemias in peripheral blood might be associated with higher-than-expected 
infectivity.

4. Contribution of low-density asymptomatic infections to 
transmission

In the previous sections, we discussed factors influencing the duration and average density 
of individual infections. In this section, our goal is to understand the significance and con-
tribution of low-density asymptomatic infections to local transmission. This question is par-
ticularly important in areas where control efforts have pushed transmission towards near 
elimination levels – in this case it has been hypothesised that chronic low density asymptom-
atic infections could maintain local transmission.

4.1. Should we detect and treat low-density asymptomatic infections?

Since identifying the reservoir of low-density infections, there has been interest in develop-
ing more sensitive rapid diagnostics in order to detect and treat these infections. However, 
the benefit of treating such infections, both at the individual level and in terms of preventing 
onward transmission to others, remains unclear. The impact of treating a low-density infection 
depends not only on its current infectiousness to mosquitoes, but the future course of infection 
and infectiousness that is prevented (Figures 1 and 2). If low-density infections most com-
monly represent the tail end of an infection, which will clear rapidly without treatment, then 
the benefit of treatment would be small (Figure 2, yellow bar). However, if such infections 
commonly become chronic and lead to future periods of higher parasite densities, infectious-
ness, and possibly also symptoms, the benefit of treating such infections would be greater 
(Figure 2, green and light blue bars). Consistent with this second scenario, longitudinal data 
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from Vietnam suggest that chronic sub-patent infections can lead to high parasitaemias, 5–6 
orders of magnitude higher [11].

The relative proportions of low density infections which go on to rapidly clear versus those 
which become higher density infections are unknown and likely depends on many of the 
factors highlighted in Sections 2 and 3, such as age, immunity and host genetics. Studying 
variations in detectability over the course of a single naturally acquired infection is difficult 
for a few reasons: (i) super- and co-infections: in high transmission settings, most individuals 
are infected with more than one parasite clone [54] and standard techniques do not indicate 
the density of each parasite genotype (therefore the density of older versus newer infections 
cannot be distinguished); (ii) even using molecular methods, parasite densities often fluctu-
ate below detection limits before the end of an infection and it is difficult to distinguish this 
from clearance of infection; (iii) long follow up is needed: even in endemic areas where indi-
viduals have immunity, specific parasite genotypes have been shown to persist for more than 
6 months [55]. Here, we use a simple modelling framework to explore how the duration and 
infectiousness of an infection affect the impact of different intervention strategies.

4.2. Model framework

Four archetypal parasite density trajectories are identified from the malaria therapy data [57, 58] 
to represent broadly four potential outcomes of a new infection (Figure 3): (1) initially symptom-
atic before becoming asymptomatic and fluctuating between patent and sub-patent levels for a 
long time (~300 days); (2) initially symptomatic before becoming asymptomatic and fluctuating 

Figure 2. Estimated infectiousness to mosquitoes over course of infection and cumulative relative contribution to onwards 
infectiousness for each type of infection. The infectiousness of each parasite density trajectory from Figure 1 is estimated 
by assuming that individuals with very high parasite densities (associated with being febrile) are three times as infectious 
as individuals with microscopy-detectable asymptomatic infection, who are then in turn three times as infectious as 
individuals with sub-microscopic asymptomatic infection [32, 56]. The cumulative infectivity of an individual is simply 
the area under the infectiousness curve (left panel). This area under the curve of each type of infection is compared in 
the right panel.
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this problem and less than 30% of all falciparum infections are estimated to be missed by 
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possible mechanism of transmission enhancement. If confirmed, this would imply that sub-
patent gametocytaemias in peripheral blood might be associated with higher-than-expected 
infectivity.
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In the previous sections, we discussed factors influencing the duration and average density 
of individual infections. In this section, our goal is to understand the significance and con-
tribution of low-density asymptomatic infections to local transmission. This question is par-
ticularly important in areas where control efforts have pushed transmission towards near 
elimination levels – in this case it has been hypothesised that chronic low density asymptom-
atic infections could maintain local transmission.

4.1. Should we detect and treat low-density asymptomatic infections?

Since identifying the reservoir of low-density infections, there has been interest in develop-
ing more sensitive rapid diagnostics in order to detect and treat these infections. However, 
the benefit of treating such infections, both at the individual level and in terms of preventing 
onward transmission to others, remains unclear. The impact of treating a low-density infection 
depends not only on its current infectiousness to mosquitoes, but the future course of infection 
and infectiousness that is prevented (Figures 1 and 2). If low-density infections most com-
monly represent the tail end of an infection, which will clear rapidly without treatment, then 
the benefit of treatment would be small (Figure 2, yellow bar). However, if such infections 
commonly become chronic and lead to future periods of higher parasite densities, infectious-
ness, and possibly also symptoms, the benefit of treating such infections would be greater 
(Figure 2, green and light blue bars). Consistent with this second scenario, longitudinal data 
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from Vietnam suggest that chronic sub-patent infections can lead to high parasitaemias, 5–6 
orders of magnitude higher [11].

The relative proportions of low density infections which go on to rapidly clear versus those 
which become higher density infections are unknown and likely depends on many of the 
factors highlighted in Sections 2 and 3, such as age, immunity and host genetics. Studying 
variations in detectability over the course of a single naturally acquired infection is difficult 
for a few reasons: (i) super- and co-infections: in high transmission settings, most individuals 
are infected with more than one parasite clone [54] and standard techniques do not indicate 
the density of each parasite genotype (therefore the density of older versus newer infections 
cannot be distinguished); (ii) even using molecular methods, parasite densities often fluctu-
ate below detection limits before the end of an infection and it is difficult to distinguish this 
from clearance of infection; (iii) long follow up is needed: even in endemic areas where indi-
viduals have immunity, specific parasite genotypes have been shown to persist for more than 
6 months [55]. Here, we use a simple modelling framework to explore how the duration and 
infectiousness of an infection affect the impact of different intervention strategies.

4.2. Model framework

Four archetypal parasite density trajectories are identified from the malaria therapy data [57, 58] 
to represent broadly four potential outcomes of a new infection (Figure 3): (1) initially symptom-
atic before becoming asymptomatic and fluctuating between patent and sub-patent levels for a 
long time (~300 days); (2) initially symptomatic before becoming asymptomatic and fluctuating 

Figure 2. Estimated infectiousness to mosquitoes over course of infection and cumulative relative contribution to onwards 
infectiousness for each type of infection. The infectiousness of each parasite density trajectory from Figure 1 is estimated 
by assuming that individuals with very high parasite densities (associated with being febrile) are three times as infectious 
as individuals with microscopy-detectable asymptomatic infection, who are then in turn three times as infectious as 
individuals with sub-microscopic asymptomatic infection [32, 56]. The cumulative infectivity of an individual is simply 
the area under the infectiousness curve (left panel). This area under the curve of each type of infection is compared in 
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between patent and sub-patent levels for a short time (~120 days); (3) always asymptomatic and 
fluctuating between patent and sub-patent densities for a long time (~300 days); and (4) always 
asymptomatic and fluctuating between patent and sub-patent for a short time (~90 days). Note 
how these relate to the hypothesised profiles in Figure 1.

An age-structured population of individuals is simulated whereby individuals have a daily 
probability of acquiring a new infection. Upon being infected, an individual’s probability of 
developing symptoms is based on their age and the intensity of transmission (fitted estimates 
taken from [56]) (Table 1). In a single simulation, infections are assumed to be either all long 
(300 days) or all short (120 or 90 days). Infected individuals will follow one of the parasite den-
sity trajectories shown in Figure 3 unless they are treated or re-infected. Febrile individuals have 
a 50% probability of receiving treatment. Treated individuals are assumed to clear their asexual 
parasites after being febrile for 3 days, they then become non-infectious after 6 days. These indi-
viduals are also assumed to be protected from reinfection for 14 days after treatment.

The model is simulated with either high transmission (20% slide prevalence) or low trans-
mission (5% slide prevalence) and the daily probability of infection is fitted to achieve these 
prevalence levels. Infected individuals can be reinfected (unless they received treatment in the 

Figure 3. Parasite density trajectories from four infected individuals. The arrows represent the estimated time to clear 
infection (assuming a period of sub-patent infection after the last patent day of infection). The upper panel shows two 
symptomatic patients (red points indicate the days on which the patients were febrile) and the lower panel shows 
asymptomatic patients. The horizontal dotted line indicates the limit of detection of field microscopy (100 parasites/μl).
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last 14 days) at any time and will start at the beginning of a new parasite density trajectory 
selected based on their age-specific probability of developing symptoms. The impact of two 
interventions is simulated: increasing treatment coverage among febrile individuals to 90% 
or delivering a single round of MDA to a random 80% of the population. The effect of each 
intervention is assessed by calculating the percentage reduction in the combined onwards 
infectiousness of the whole population in the following year, which depends on whether they 
are in a patent and symptomatic, patent and asymptomatic or sub-patent state. Parasite den-
sity is translated to infectiousness according to assumptions described in Figure 2. After an 
intervention the infection risk is reduced proportionally with the reduction in the proportion 
of the population that are infected to account for the population-level impact of these inter-
ventions on transmission.

MDA is predicted to be more effective at reducing the infectious reservoir than increasing treat-
ment coverage among febrile individuals in low transmission settings with both short and long 
infection durations and high transmission settings with long infection durations only (Figure 
4). In these scenarios the rebound of infection is slow, meaning over the course of a year, MDA 
prevents a higher number of infected/infectious days than increasing treatment coverage of 
febrile individuals. In high transmission settings with a short duration of infection, a higher 
force of infection is needed to achieve a given prevalence. Therefore, the effect of any interven-
tion is reduced because the population become reinfected quicker. In this scenario, increas-
ing treatment coverage is more effective because it is a sustained intervention. It is important 
to note that the outcome metric considered here is the reduction in the infectious reservoir—
increasing treatment coverage is likely to always have the greatest impact on reducing malaria 
morbidity and mortality in all transmission scenarios. The model simply illustrates how our 
uncertainties about the duration of untreated infection affect estimates of intervention impact.

5. Conclusions

Since asymptomatically infected individuals do not actively seek antimalarial treatment, their 
infections may last longer than symptomatic episodes. In this chapter, we discussed human 
and parasite factors that influence the dynamics of parasitaemia and the duration of game-
tocyte circulation in these infections. These factors result in a range of infection profiles, the 
relative combinations of which in a population will define not only the composition of the 
infectious reservoir but the likelihood of success of intervention measures. For example, our 
calculations suggest that MDA is most effective if infections have long durations. In a high 
transmission setting, MDA might have been expected to be more effective than increasing 

Age range (in years)

0–5 5–15 15+

High transmission (20% slide prevalence) 66% 52% 38%

Low transmission (5% slide prevalence) 78% 70% 59%

Table 1. Probability of developing symptoms upon being successfully inoculated (estimates from [56]).
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how these relate to the hypothesised profiles in Figure 1.

An age-structured population of individuals is simulated whereby individuals have a daily 
probability of acquiring a new infection. Upon being infected, an individual’s probability of 
developing symptoms is based on their age and the intensity of transmission (fitted estimates 
taken from [56]) (Table 1). In a single simulation, infections are assumed to be either all long 
(300 days) or all short (120 or 90 days). Infected individuals will follow one of the parasite den-
sity trajectories shown in Figure 3 unless they are treated or re-infected. Febrile individuals have 
a 50% probability of receiving treatment. Treated individuals are assumed to clear their asexual 
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infectiousness of the whole population in the following year, which depends on whether they 
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sity is translated to infectiousness according to assumptions described in Figure 2. After an 
intervention the infection risk is reduced proportionally with the reduction in the proportion 
of the population that are infected to account for the population-level impact of these inter-
ventions on transmission.

MDA is predicted to be more effective at reducing the infectious reservoir than increasing treat-
ment coverage among febrile individuals in low transmission settings with both short and long 
infection durations and high transmission settings with long infection durations only (Figure 
4). In these scenarios the rebound of infection is slow, meaning over the course of a year, MDA 
prevents a higher number of infected/infectious days than increasing treatment coverage of 
febrile individuals. In high transmission settings with a short duration of infection, a higher 
force of infection is needed to achieve a given prevalence. Therefore, the effect of any interven-
tion is reduced because the population become reinfected quicker. In this scenario, increas-
ing treatment coverage is more effective because it is a sustained intervention. It is important 
to note that the outcome metric considered here is the reduction in the infectious reservoir—
increasing treatment coverage is likely to always have the greatest impact on reducing malaria 
morbidity and mortality in all transmission scenarios. The model simply illustrates how our 
uncertainties about the duration of untreated infection affect estimates of intervention impact.
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Since asymptomatically infected individuals do not actively seek antimalarial treatment, their 
infections may last longer than symptomatic episodes. In this chapter, we discussed human 
and parasite factors that influence the dynamics of parasitaemia and the duration of game-
tocyte circulation in these infections. These factors result in a range of infection profiles, the 
relative combinations of which in a population will define not only the composition of the 
infectious reservoir but the likelihood of success of intervention measures. For example, our 
calculations suggest that MDA is most effective if infections have long durations. In a high 
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treatment coverage, because higher immunity reduces the probability of developing symp-
toms and the proportion of infections getting treated. However, when transmission is high, 
the reduction in prevalence after an MDA is temporary, due to the drug half-life and imper-
fect coverage levels, and individuals are likely to become reinfected quickly, therefore in the 

Figure 4. Simulated impact of increasing treatment coverage or mass drug administration (MDA) on the proportion of 
mosquitoes infected by a population: influence of transmission setting and infection duration. The grey lines represent 
continuing 50% treatment coverage and no MDA, and the blue and red lines as shown in the legend.
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absence of repeated rounds of MDA, increasing treatment coverage may in fact be more effec-
tive in the long term (Figure 4). However, the model assumes no seasonality, when in reality 
many malaria endemic regions transmission is highly seasonal; this could underestimate the 
impact of MDA. As discussed above, seasonal changes in infection duration represent another 
aspect of the epidemiology of asymptomatic infections that could be explored to target inter-
ventions. Indeed, where transmission is seasonal, infections persisting during the dry season 
correspond to long-term asymptomatic carriage since incidence of new infections is thought 
to be negligible. This means that during this period, infections are likely to be missed by pas-
sive surveillance, while active approaches, such as MDA, might be more efficacious.

Determining the optimal control strategy, and moreover, whether asymptomatic/sub-patent 
infections actually need to be identified and treated, will require careful analysis of local epi-
demiological data. The three key metrics that need to be determined are: (1) the proportion 
of individuals that develop symptoms and seek treatment, (2) the distribution of durations of 
asymptomatic infections, and (3) the relative infectivity of different infections. These factors are 
in turn driven by the complex interplay of host immunological factors, such as strain-specific 
immunity, intrinsic parasite growth factors and population characteristics (e.g. prevalence 
of HbAA versus HbAS, variation in demographic risk within a community). The relative high 
prevalence of asymptomatic and low-density infections in areas with low transmission and high 
treatment coverage might indicate that either these infections are contributing towards transmis-
sion and enabling malaria to persist or that they reflect the tail end of infections with transmission 
maintained by the few highly infectious symptomatic cases. This will vary in different settings 
and whilst the rapid identification and treatment of symptomatic malaria infections remains key 
to all control approaches, a better understanding of the nature of asymptomatic infections will 
determine if and what additional measures are required for malaria elimination.
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tive in the long term (Figure 4). However, the model assumes no seasonality, when in reality 
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asymptomatic infections, and (3) the relative infectivity of different infections. These factors are 
in turn driven by the complex interplay of host immunological factors, such as strain-specific 
immunity, intrinsic parasite growth factors and population characteristics (e.g. prevalence 
of HbAA versus HbAS, variation in demographic risk within a community). The relative high 
prevalence of asymptomatic and low-density infections in areas with low transmission and high 
treatment coverage might indicate that either these infections are contributing towards transmis-
sion and enabling malaria to persist or that they reflect the tail end of infections with transmission 
maintained by the few highly infectious symptomatic cases. This will vary in different settings 
and whilst the rapid identification and treatment of symptomatic malaria infections remains key 
to all control approaches, a better understanding of the nature of asymptomatic infections will 
determine if and what additional measures are required for malaria elimination.
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Abstract

Malaria remains the deadliest vector-borne disease in the world. With nearly half of the
world’s population at risk, 216 million people suffered from malaria in 2016, with over
400,000 deaths, mainly in sub-Saharan Africa. Important global efforts have been made to
eliminate malaria leading to significant reduction in malaria cases and mortality in Africa
by 42% and 66%, respectively. Early diagnosis, improved drug therapies and better health
infrastructure are key components, but this extraordinary success is mainly due the use of
long-lasting insecticidal nets (LLINs) and indoor residual sprayings (IRS) of insecticide.
Unfortunately, the emergence and spread of resistance in mosquito populations against
insecticides is jeopardising the effectiveness of the most efficient malaria control interven-
tions. To help establish suitable resistance management strategies, it is vital to better
understand the distribution of resistance, its mechanisms and impact on effectiveness of
control interventions and malaria transmission. In this chapter, we present the current
status of insecticide resistance worldwide in main malaria vectors as well as its impact on
malaria transmission, and discuss the molecular mechanisms and future perspectives.

Keywords: malaria, mosquito, insecticide resistance, pyrethroids, bed nets,
metabolic resistance, cytochrome P450, knockdown resistance

1. Introduction

In 1993, Steven Spielberg produced ‘Jurassic Park’, one of the most internationally acclaimed
movies at that time. This science-fiction story is based on the cloning of dinosaurs using its DNA
from mosquitoes that had been preserved in amber. Although the idea is brilliant, the technical
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limitations to get entire genome of dinosaurs from ancient DNA make it impossible [1]. How-
ever, the movie is right on one fact that mosquitoes existed at the same time as
dinosaurs probably biting them as other animals before evolving to become human biters [2].
But only few mosquitoes have specialised in biting humans (anthropophily), although those
that succeeded have caused devastating consequences to mankind. From all diseases that
mosquitoes can transmit, malaria has been and still is the one with the greatest health and
socioeconomic impact, from the ancient Egypt to present time [3]. For example, malaria has
been suggested as one of the causes of the death of the great Tutankhamun [4], one of the
Egypt’s famous pharaoh. Malaria remains the deadliest vector-borne disease in the world.
With nearly half of the world’s population at risk, 216 million people suffered from malaria in
2016, with over 400,000 deaths, mainly in sub-Saharan Africa [5]. Recent global efforts have
been made to control and eliminate malaria leading to significant reduction in malaria cases
and mortality in Africa by 42% and 66%, respectively. Early diagnosis, improved drug thera-
pies and better health infrastructure are key components, but this success is mainly due the use
of insecticide-treated nets (ITNs), long-lasting insecticidal nets (LLINs) and indoor residual
sprayings (IRS) of insecticide [6]. Unfortunately, the emergence and spread of resistance in
mosquito populations against insecticides is jeopardising the effectiveness of the most efficient
malaria control interventions [7]. Insecticide resistance is spreading globally. Currently, of
73 countries with ongoing malaria transmission that provided data, 60 countries reported
resistance to at least one class of insecticides, while 50 reported resistance to two or more
insecticide classes [5]. In this chapter, we present the current status of insecticide resistance
worldwide in main malaria vectors, as well as its impact on the epidemiology, and discuss the
molecular mechanisms and future perspectives.

2. Insecticide resistance in malaria vectors

The term insecticide resistance is defined as the ability of an insect to withstand the effects of
an insecticide by becoming resistant to its toxic effects by means of natural selection and
mutations [8]. Repeated exposure to insecticides selects individuals possessing biochemical
machineries that can detoxify the insecticides more rapidly or are less sensitive to it [9]. These
individual survivors could then pass the resistance mechanism to the successive generations
resulting in pest populations that are more resistant.

2.1. Development of the insecticide resistance

Resistance has been observed in more than 500 insect species worldwide [10], including
malaria mosquitoes. Mosquitoes are typical R-strategists (animals that reproduce fast and
produce a large number of offspring), and can adapt fast to environmental changes. As a
consequence of this and the widespread use of insecticides in agriculture and public health,
resistance has arisen relatively rapidly in malaria vectors. Insecticide-resistant phenotypes are
favoured where mosquitoes are exposed to sub-lethal doses of the insecticide. Under these
conditions, resistant individuals have a better chance to survive and reproduce; this means
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selection pressure towards resistant populations. Such conditions can result from vector con-
trol through insecticide decay (on treated walls or nets) or bad spraying technique. Insecticide
resistance was first reported in malaria vectors in the 1950s [11], and resistance to dichlorodi-
phenyltrichloroethane (DDT) and pyrethroids is now widespread [12]. Resistance is predicted
to impair malaria control efforts but evidences from field studies remain limited and poten-
tially conflicting [7]. To date, malaria vectors have developed resistance to the main chemical
classes used in public health, i.e., pyrethroids (PYs), organochlorines (OCs), carbamates (CAs)
and organophosphates (OPs). Although public health use of insecticide has an impact on the
development of resistance in mosquitoes, one key source of resistance in malaria vectors
remains the massive use of insecticides for control of agricultural pests [13]. Other chemicals
and factors aside from insecticides may create a selective environment, which favours build-up
of resistant populations [14].

2.2. Monitoring of insecticide resistance

Surveillance to monitor the emergence and spread of resistance is an essential step in insecti-
cide resistance management (IRM) providing baseline data for programme planning and
choice of insecticide [15, 16]. Effective resistance monitoring can improve the efficacy of vector
control and may also delay or prevent the onset and spread of resistance. Insecticide resistance
is commonly assessed by exposing mosquitoes to a diagnostic dose using standard protocols
published by WHO [17]. However, if resistance alleles are partially or fully recessive, like kdr
[18], bioassays will only detect resistance when alleles have already reached a frequency high
enough for resistant homozygotes to occur. Detection of resistance at the molecular level is
more sensitive and can provide early warning of target-site and metabolic resistance.

2.3. Worldwide pattern of insecticide resistance

The worldwide distribution of the dominant malaria vectors is represented in Figure 1.

2.3.1. Sub-Saharan Africa

Malaria morbidity in sub-Saharan Africa represents 90% of the total cases reported worldwide
[5, 19]. Many vectors play an important role in malaria transmission across Africa, notably the
four major malaria vector species, i.e.,Anopheles gambiae (including An. gambiae sensu stricto (s.s.)
and An. coluzzii), An. arabiensis and An. funestus s.s. [20]. In the past decade, PY resistance in
these major malaria vectors has spread across the continent being prevalent in west, central,
east and southern Africa [12]. As far as we know, south-western Africa (Namibia and
Botswana) remains the only region where PY-resistant Anopheles populations have not yet
been reported (Figure 2A; data source: irmapper.com, 2017). The PY resistance is a great
concern because PYs are the main insecticide class recommended for LLINs impregnation
[21]. Resistance to LLIN exposure increases mosquito survival, which may lead to rising
malaria incidence and fatality in Africa [22]. However, insecticide resistance of malaria vectors
is not limited to PYs only but also exists to the other three classes of insecticides used in public
health, such as CAs, OCs and, to a lesser extent, OPs [12]. However, some differences have
been observed in the distribution of resistance among regions across the continent. For
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example, resistance to DDT, the most common OC used in IRS, has been reported in An.
gambiae and An. funestus in western, central and eastern Africa [23–28], whereas it is practically
absent in southern Africa (Figure 2B), with the exception of an An. funestus s.s. population in
southern Malawi [29]. DDT resistance has been also reported in An. arabiensis in southern
Africa, specifically in Madagascar, Mozambique and South Africa [30–32]. In addition, resis-
tance to CA, especially bendiocarb, which is commonly used in IRS, has been reported across
Africa (data source: irmapper.com, 2017), although the regions with widespread CA resistance
are focused in west and southern Africa (Figure 2C). So far, resistance to OP is less prevalent,
limited to few reports in West and East Africa for An. gambiae s.s. and An. arabiensis, respec-
tively (Figure 2D) [33, 34], whereas An. funestus s.s. populations remain fully susceptible
across the continent.

2.3.2. Southeast Asia and Western Pacific Region

After Africa, Southeast Asia is the area with a higher incidence of malaria, with 7% of the cases
reported [5]. A good number of vectors (belonging to complexes or groups of species that are
difficult to distinguish) are involved in transmission, presenting an extraordinary biodiversity,
heterogeneity in distribution, linked with a high variety in host feeding and ecological habitat
preferences, as well as high differences in vector competence [35–37]. Currently in Southeast
Asia, PY resistance has been detected in An. epiroticus in Vietnam [38], An. minimus in Thailand
and Vietnam [35, 38], An. sinensis in China and Vietnam [39, 40] and An. vagus in Cambodia
and Vietnam [38]. Similarly, DDT resistance has been detected in An. minimus in Cambodia

Figure 1. Global distribution of the dominant vector species of malaria [137].
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and Laos [40], An. dirus and An. minimus in Thailand [35] and possibly An. epiroticus in
Vietnam [38]. Alarming, high level of multiple resistance to all classes of insecticides used in
public health has been reported recently in An. sinensis in malaria endemic areas of China,
including permethrin, deltamethrin, bendiocarb, DDT, malathion and fenitrothion, among
others [41–43]. In South Asia, represented mainly by India, An. baimaii and An. minimus are
also present but geographically restricted to East and Northeast regions and are fully suscep-
tible to all classes of insecticides [44, 45]. An. stephensi, An. culicifacies species E and An.
fluviatilis species S are the other predominant vectors responsible for malaria transmission in
mainland India [36]. An. stephensi, prime urban vector in India, has shown resistance to PY,
DDT and OPs in Goa State [46]. In addition, resistance to DDT was also detected in An.
stephensi populations from Gujarat and Rajasthan [47]. PY-resistant populations of An.
culicifacies s.l., present mainly in rural areas, have been reported in almost all the regions
[48, 49]. In the last few years, resistance of An. culicifacies s.l. is increasingly being spread in
many States such as Chhattisgarh, Odisha and Tamil Nadu. Also, high resistance to DDT and

Figure 2. Distribution of resistance to all four classes of insecticides in the major malaria vectors belonging to An. gambiae
complex and An. funestus group in Africa from 1985 to 2017. The green dots represent full susceptibility, orange is for
suspected resistance and red for confirmed resistance. (A)Widespread resistance to pyrethroids. (B) Widespread resistance
to DDT (organochlorines) although susceptibility is observed in southern Africa in An. funestus populations. (C) Profile of
resistance to carbamate with significant areas of resistance in west and southern Africa. (D) Broad susceptibility to
organophosphates across the continent but with pockets of resistance in West Africa and Ethiopia in An. gambiae s.l.
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example, resistance to DDT, the most common OC used in IRS, has been reported in An.
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southern Malawi [29]. DDT resistance has been also reported in An. arabiensis in southern
Africa, specifically in Madagascar, Mozambique and South Africa [30–32]. In addition, resis-
tance to CA, especially bendiocarb, which is commonly used in IRS, has been reported across
Africa (data source: irmapper.com, 2017), although the regions with widespread CA resistance
are focused in west and southern Africa (Figure 2C). So far, resistance to OP is less prevalent,
limited to few reports in West and East Africa for An. gambiae s.s. and An. arabiensis, respec-
tively (Figure 2D) [33, 34], whereas An. funestus s.s. populations remain fully susceptible
across the continent.

2.3.2. Southeast Asia and Western Pacific Region

After Africa, Southeast Asia is the area with a higher incidence of malaria, with 7% of the cases
reported [5]. A good number of vectors (belonging to complexes or groups of species that are
difficult to distinguish) are involved in transmission, presenting an extraordinary biodiversity,
heterogeneity in distribution, linked with a high variety in host feeding and ecological habitat
preferences, as well as high differences in vector competence [35–37]. Currently in Southeast
Asia, PY resistance has been detected in An. epiroticus in Vietnam [38], An. minimus in Thailand
and Vietnam [35, 38], An. sinensis in China and Vietnam [39, 40] and An. vagus in Cambodia
and Vietnam [38]. Similarly, DDT resistance has been detected in An. minimus in Cambodia

Figure 1. Global distribution of the dominant vector species of malaria [137].
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and Laos [40], An. dirus and An. minimus in Thailand [35] and possibly An. epiroticus in
Vietnam [38]. Alarming, high level of multiple resistance to all classes of insecticides used in
public health has been reported recently in An. sinensis in malaria endemic areas of China,
including permethrin, deltamethrin, bendiocarb, DDT, malathion and fenitrothion, among
others [41–43]. In South Asia, represented mainly by India, An. baimaii and An. minimus are
also present but geographically restricted to East and Northeast regions and are fully suscep-
tible to all classes of insecticides [44, 45]. An. stephensi, An. culicifacies species E and An.
fluviatilis species S are the other predominant vectors responsible for malaria transmission in
mainland India [36]. An. stephensi, prime urban vector in India, has shown resistance to PY,
DDT and OPs in Goa State [46]. In addition, resistance to DDT was also detected in An.
stephensi populations from Gujarat and Rajasthan [47]. PY-resistant populations of An.
culicifacies s.l., present mainly in rural areas, have been reported in almost all the regions
[48, 49]. In the last few years, resistance of An. culicifacies s.l. is increasingly being spread in
many States such as Chhattisgarh, Odisha and Tamil Nadu. Also, high resistance to DDT and

Figure 2. Distribution of resistance to all four classes of insecticides in the major malaria vectors belonging to An. gambiae
complex and An. funestus group in Africa from 1985 to 2017. The green dots represent full susceptibility, orange is for
suspected resistance and red for confirmed resistance. (A)Widespread resistance to pyrethroids. (B) Widespread resistance
to DDT (organochlorines) although susceptibility is observed in southern Africa in An. funestus populations. (C) Profile of
resistance to carbamate with significant areas of resistance in west and southern Africa. (D) Broad susceptibility to
organophosphates across the continent but with pockets of resistance in West Africa and Ethiopia in An. gambiae s.l.
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OP has been reported in most districts of Odisha, a State with high prevalence of malaria, as
well as in other regions with lower endemicity. An. fluviatilis S, the other major malaria vector
in Odisha, remains fully susceptible to all insecticides [49].

2.3.3. Eastern Mediterranean

Malarial morbidity in this region accounts for only 2% of reported cases world over [5].
Afghanistan, Pakistan, Sudan, South Sudan and Yemen account for the majority of the malaria
cases. In Afghanistan, a 2016 study done in five different locations reported that An. stephensi is
the main vector, followed by An. culicifacies s.l. and An. superpictus, and other marginal species
such as An. subpictus, An. splendidus and An. nigerrimus [50]. Different populations of three
most abundant vectors, An. culicifacies s.l., An. superpictus and An. subpictus, showed resistance
to the PY class II, deltamethrin. However, only populations of An. culicifacies s.l. and An.
superpictus showed resistance to the PY class I permethrin and the OC insecticide DDT, while
An. subpictus remained susceptible to both insecticides. Furthermore, An. stephensi showed
resistance to the OP insecticide malathion, whereas An. culicifacies s.l. and An. superpictus were
susceptible to this insecticide. Finally, these three species remained susceptible to the CA
insecticide bendiocarb. Similarly, in Pakistan, a neighbouring country of Afghanistan, An.
stephensi and An. subpictus are the main malaria vectors [51]. Populations of An. subpictus and
An. stephensi showed resistance to the PY insecticide class I permethrin, the PYs class II
deltamethrin and lambda-cyhalothrin and the OC insecticide DDT, while susceptible to the
OP insecticide malathion, with the only exception of the populations of southern districts of
the Punjab, resistant to malathion [52–54]. In Sudan, An. arabiensis is the major malaria vector
reported from all parts of the country, coexisting sympatrically with An. gambiae s.s. and An.
funestus [55]. An. arabiensis populations in Sudan are resistant to all the insecticides used in
public health: PYs [56–60], CAs [58], OCs [57, 59–61] and OP [57, 58]. Limited data, however,
are available in South Sudan, where resistance to the PY deltamethrin has been reported in An.
arabiensis in two localities, Juba Payam and Northern Bari Payam [62].

2.3.4. Latin America

Malaria cases have declined considerably in this region in the past two decades, with many of
the countries going into pre-elimination phase [63]. However, with 562,000 cases reported
during 2015–2016, malaria is still a high burden, especially in countries in the Amazonia region
such as Brazil, Colombia, Peru and most recently Venezuela [5], that showed an alarming
increase over 76% of the reported cases (from 136,402 to 240,613) between 2015 and 2016,
displaying an unprecedented 365% increase in malaria cases between 2000 and 2015 [5]. This
country now encompasses Brazil as the larger contributor to the malaria burden in the
Americas. An. darlingi is the primary malaria vector in the Amazonia region [64]. Fortunately,
An. darlingi has shown susceptibility to all the insecticides across most of its distribution range,
with exception of one population in western Colombia, which showed resistance to PY and
DDT, but susceptibility to OPs [65–67]. However, studies to track the insecticide resistance and
the available data are scanty. Thus, we cannot discard that resistance to insecticides in An.
darlingi, as well as other malaria vectors, does not exist but rather could be more widespread in
the Amazon region [63]. Similarly, the insecticide resistance of the secondary malaria vectors,
often zoophilic but occasionally anthropophilic, is likely induced by the insecticide selection
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pressure from agriculture activities. Field populations of An. albimanus have been reported
resistant to PY in Colombia, Panama and Peru [67–69]. An. albimanus population in the north-
western coast of Peru have shown cross-resistance to all classes of insecticides used in public
health for being resistant to PYs, CAs, OCs and OPs [70]. Nevertheless, this is not the only case
of cross-resistance reported for An. albimanus. Another population in southern Mexico has
shown low resistance to PY and OP, linked with high resistance to DDT [71]. Similarly, a
population of An. nuneztovari, secondary malaria vector distributed mainly in Colombia and
Venezuela, showed cross-resistance to DDTand OPs in one specific location of Colombia, close
to the border with Venezuela [72]. Other malaria vectors, such as An. benarrochi and An.

Figure 3. Worldwide view of the escalation of insecticide resistance in malaria vectors: (A) resistance profile in malaria
vectors between 1985 and 2000 with limited resistance reported in West Africa and Southeast Asia; (B) significant increase
of resistance in African and in other regions from 2000 to 2017.
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OP has been reported in most districts of Odisha, a State with high prevalence of malaria, as
well as in other regions with lower endemicity. An. fluviatilis S, the other major malaria vector
in Odisha, remains fully susceptible to all insecticides [49].

2.3.3. Eastern Mediterranean

Malarial morbidity in this region accounts for only 2% of reported cases world over [5].
Afghanistan, Pakistan, Sudan, South Sudan and Yemen account for the majority of the malaria
cases. In Afghanistan, a 2016 study done in five different locations reported that An. stephensi is
the main vector, followed by An. culicifacies s.l. and An. superpictus, and other marginal species
such as An. subpictus, An. splendidus and An. nigerrimus [50]. Different populations of three
most abundant vectors, An. culicifacies s.l., An. superpictus and An. subpictus, showed resistance
to the PY class II, deltamethrin. However, only populations of An. culicifacies s.l. and An.
superpictus showed resistance to the PY class I permethrin and the OC insecticide DDT, while
An. subpictus remained susceptible to both insecticides. Furthermore, An. stephensi showed
resistance to the OP insecticide malathion, whereas An. culicifacies s.l. and An. superpictus were
susceptible to this insecticide. Finally, these three species remained susceptible to the CA
insecticide bendiocarb. Similarly, in Pakistan, a neighbouring country of Afghanistan, An.
stephensi and An. subpictus are the main malaria vectors [51]. Populations of An. subpictus and
An. stephensi showed resistance to the PY insecticide class I permethrin, the PYs class II
deltamethrin and lambda-cyhalothrin and the OC insecticide DDT, while susceptible to the
OP insecticide malathion, with the only exception of the populations of southern districts of
the Punjab, resistant to malathion [52–54]. In Sudan, An. arabiensis is the major malaria vector
reported from all parts of the country, coexisting sympatrically with An. gambiae s.s. and An.
funestus [55]. An. arabiensis populations in Sudan are resistant to all the insecticides used in
public health: PYs [56–60], CAs [58], OCs [57, 59–61] and OP [57, 58]. Limited data, however,
are available in South Sudan, where resistance to the PY deltamethrin has been reported in An.
arabiensis in two localities, Juba Payam and Northern Bari Payam [62].

2.3.4. Latin America

Malaria cases have declined considerably in this region in the past two decades, with many of
the countries going into pre-elimination phase [63]. However, with 562,000 cases reported
during 2015–2016, malaria is still a high burden, especially in countries in the Amazonia region
such as Brazil, Colombia, Peru and most recently Venezuela [5], that showed an alarming
increase over 76% of the reported cases (from 136,402 to 240,613) between 2015 and 2016,
displaying an unprecedented 365% increase in malaria cases between 2000 and 2015 [5]. This
country now encompasses Brazil as the larger contributor to the malaria burden in the
Americas. An. darlingi is the primary malaria vector in the Amazonia region [64]. Fortunately,
An. darlingi has shown susceptibility to all the insecticides across most of its distribution range,
with exception of one population in western Colombia, which showed resistance to PY and
DDT, but susceptibility to OPs [65–67]. However, studies to track the insecticide resistance and
the available data are scanty. Thus, we cannot discard that resistance to insecticides in An.
darlingi, as well as other malaria vectors, does not exist but rather could be more widespread in
the Amazon region [63]. Similarly, the insecticide resistance of the secondary malaria vectors,
often zoophilic but occasionally anthropophilic, is likely induced by the insecticide selection
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pressure from agriculture activities. Field populations of An. albimanus have been reported
resistant to PY in Colombia, Panama and Peru [67–69]. An. albimanus population in the north-
western coast of Peru have shown cross-resistance to all classes of insecticides used in public
health for being resistant to PYs, CAs, OCs and OPs [70]. Nevertheless, this is not the only case
of cross-resistance reported for An. albimanus. Another population in southern Mexico has
shown low resistance to PY and OP, linked with high resistance to DDT [71]. Similarly, a
population of An. nuneztovari, secondary malaria vector distributed mainly in Colombia and
Venezuela, showed cross-resistance to DDTand OPs in one specific location of Colombia, close
to the border with Venezuela [72]. Other malaria vectors, such as An. benarrochi and An.

Figure 3. Worldwide view of the escalation of insecticide resistance in malaria vectors: (A) resistance profile in malaria
vectors between 1985 and 2000 with limited resistance reported in West Africa and Southeast Asia; (B) significant increase
of resistance in African and in other regions from 2000 to 2017.
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pseudopunctipennis, have shown susceptibility to PY across most range of their distribution
with only two exceptions: one An. benarrochi population at the border between Peru and Brazil
resistant to permethrin, and one An. pseudopunctipennis population in the northwest Peru
resistant to permethrin, cypermethrin, deltamethrin and lambda-cyhalothrin [36], the latter
population also showed cross-resistance to OP (malathion).

In conclusion, resistance to insecticide is steadily spreading worldwide in most vectors as
shown by the comparison of resistance profile between 1985 and 2000 (Figure 3A) and 1985
to 2017 (Figure 3B) from IR mapper (http://www.irmapper.com/). This represents a serious
challenge to malaria control, which relies heavily on insecticide-based tools.

3. Insecticide resistance mechanisms

A proportion of insect populations can tolerate doses of insecticides which have been proved
lethal to the majority of the individuals in a normal population of the same species through
various mechanisms such as: (i) insecticide can be broken down or detoxified much faster in
the resistant mosquitoes than in the susceptible ones, hence quickly eliminated from their body
(metabolic resistance); (ii) the target of the insecticide can be genetically altered to prevent
the insecticide from binding thereby reducing the insecticide effect (target-site resistance); or
(iii) resistant mosquitoes may absorb the toxin slower than susceptible insects (penetration
resistance). An illustration of these mechanisms is represented in Figure 4.

Figure 4. Illustration of the physiological insecticide resistance mechanisms in mosquitoes. (1) Reduced penetration:
physiological changes to the cuticle of the mosquitoes prevent the absorption or penetration of insecticide. (2) Target-site
resistance: insecticides have a target site within the mosquito. This site can become modified so that the insecticide no
longer binds to it. (3) Metabolic resistance: enhanced enzyme systems break down insecticides before they can have a
toxic effect on the mosquito.
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3.1. Methods used to study resistance mechanisms

Insecticide resistance monitoring is essential to understand the actual threat and how resis-
tance is spreading among malaria vectors [7]. Once resistance has reached very high levels
(fixed in the population), most insecticide resistance management strategies, which are based
to restore susceptibility, would not work. Thus, regular monitoring is crucial. Three detection
methods (Table 1) can be used to monitor insecticide resistance, each method providing
different information. Bioassays are the most popular way to monitor resistance where mos-
quitoes are exposed fixed doses of insecticides for a fixed time and the percentage mortality is
recorded 24 h post-exposure [73]. Even though they are simple to perform, bioassays have
several disadvantages such as requiring a large number of mosquitoes, affected by variations
in humidity, temperature and time of the day [74]. Some authors argue that bioassays should
be supplemented with DNA markers or even partially replaced by these DNA markers [75]. It
should be noted that DNA markers are usually specific to certain mechanisms hence the need
to perform them is to avoid unknown mechanisms going undetected. Until now, no assay has
been developed that is suitable to monitor cuticular or behavioural resistance.

3.2. Target-site resistance

One of the mechanisms mosquito becomes resistant is by altering the target site of the insecti-
cide thereby preventing it from binding effectively hence the insecticide has little or no effect
on the insect. Most insecticide targets are found within the nervous system and mutations in
these target sites (mainly receptors) lead to reduced sensitivity. For example, PYs and DDT act
on the voltage-gated sodium channels (VGSCs) and mutation in the amino sequence of this
gene results in reduced sensitivity of the channels preventing PYs and DDT from binding [76].
Insects with this mutation can withstand prolong exposure to insecticide without being
knocked down, hence the name “knockdown resistance” (kdr) [77]. The replacement of the
leucine residue for a phenylalanine or a serine at position 1014 in the VGSC is one of the most
common amino acid substitution associated with PY resistance in malaria vector [77]. Also an
alanine to serine substitution at position 302 (or 296) of the γ-amino-butyric acid (GABA)
receptor is found in the dieldrin-resistant (rdl) insect species including An. gambiae [78] and
An. funestus [79]. Similarly, mutations in the gene coding for the neurotransmitter acetyl-
cholinesterase (ace-1), the target site of OPs and CAs, have been found [80], which reduces the
inhibition effect of the insecticide on the enzyme [81, 82]. Substitution of glycine to serine at
position 119 has been reported in An. albimanus and An. gambiae, and this mutation confers
resistance to OPs and CAs [83]. Duplication of the ace-1 gene has been reported in the An.
gambiae and An. coluzzii [84]. However, in species such as An. funestus, other mutations were
detected in ace-1 including the N485I shown to be associated with bendiocarb resistance in
southern African populations [85].

3.3. Metabolic resistance

Metabolic resistance is the most common and challenging of all insecticide resistance mecha-
nisms. Mosquitoes have enzyme systems that protect them from xenobiotic compounds and
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pseudopunctipennis, have shown susceptibility to PY across most range of their distribution
with only two exceptions: one An. benarrochi population at the border between Peru and Brazil
resistant to permethrin, and one An. pseudopunctipennis population in the northwest Peru
resistant to permethrin, cypermethrin, deltamethrin and lambda-cyhalothrin [36], the latter
population also showed cross-resistance to OP (malathion).

In conclusion, resistance to insecticide is steadily spreading worldwide in most vectors as
shown by the comparison of resistance profile between 1985 and 2000 (Figure 3A) and 1985
to 2017 (Figure 3B) from IR mapper (http://www.irmapper.com/). This represents a serious
challenge to malaria control, which relies heavily on insecticide-based tools.

3. Insecticide resistance mechanisms

A proportion of insect populations can tolerate doses of insecticides which have been proved
lethal to the majority of the individuals in a normal population of the same species through
various mechanisms such as: (i) insecticide can be broken down or detoxified much faster in
the resistant mosquitoes than in the susceptible ones, hence quickly eliminated from their body
(metabolic resistance); (ii) the target of the insecticide can be genetically altered to prevent
the insecticide from binding thereby reducing the insecticide effect (target-site resistance); or
(iii) resistant mosquitoes may absorb the toxin slower than susceptible insects (penetration
resistance). An illustration of these mechanisms is represented in Figure 4.

Figure 4. Illustration of the physiological insecticide resistance mechanisms in mosquitoes. (1) Reduced penetration:
physiological changes to the cuticle of the mosquitoes prevent the absorption or penetration of insecticide. (2) Target-site
resistance: insecticides have a target site within the mosquito. This site can become modified so that the insecticide no
longer binds to it. (3) Metabolic resistance: enhanced enzyme systems break down insecticides before they can have a
toxic effect on the mosquito.
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3.1. Methods used to study resistance mechanisms

Insecticide resistance monitoring is essential to understand the actual threat and how resis-
tance is spreading among malaria vectors [7]. Once resistance has reached very high levels
(fixed in the population), most insecticide resistance management strategies, which are based
to restore susceptibility, would not work. Thus, regular monitoring is crucial. Three detection
methods (Table 1) can be used to monitor insecticide resistance, each method providing
different information. Bioassays are the most popular way to monitor resistance where mos-
quitoes are exposed fixed doses of insecticides for a fixed time and the percentage mortality is
recorded 24 h post-exposure [73]. Even though they are simple to perform, bioassays have
several disadvantages such as requiring a large number of mosquitoes, affected by variations
in humidity, temperature and time of the day [74]. Some authors argue that bioassays should
be supplemented with DNA markers or even partially replaced by these DNA markers [75]. It
should be noted that DNA markers are usually specific to certain mechanisms hence the need
to perform them is to avoid unknown mechanisms going undetected. Until now, no assay has
been developed that is suitable to monitor cuticular or behavioural resistance.

3.2. Target-site resistance

One of the mechanisms mosquito becomes resistant is by altering the target site of the insecti-
cide thereby preventing it from binding effectively hence the insecticide has little or no effect
on the insect. Most insecticide targets are found within the nervous system and mutations in
these target sites (mainly receptors) lead to reduced sensitivity. For example, PYs and DDT act
on the voltage-gated sodium channels (VGSCs) and mutation in the amino sequence of this
gene results in reduced sensitivity of the channels preventing PYs and DDT from binding [76].
Insects with this mutation can withstand prolong exposure to insecticide without being
knocked down, hence the name “knockdown resistance” (kdr) [77]. The replacement of the
leucine residue for a phenylalanine or a serine at position 1014 in the VGSC is one of the most
common amino acid substitution associated with PY resistance in malaria vector [77]. Also an
alanine to serine substitution at position 302 (or 296) of the γ-amino-butyric acid (GABA)
receptor is found in the dieldrin-resistant (rdl) insect species including An. gambiae [78] and
An. funestus [79]. Similarly, mutations in the gene coding for the neurotransmitter acetyl-
cholinesterase (ace-1), the target site of OPs and CAs, have been found [80], which reduces the
inhibition effect of the insecticide on the enzyme [81, 82]. Substitution of glycine to serine at
position 119 has been reported in An. albimanus and An. gambiae, and this mutation confers
resistance to OPs and CAs [83]. Duplication of the ace-1 gene has been reported in the An.
gambiae and An. coluzzii [84]. However, in species such as An. funestus, other mutations were
detected in ace-1 including the N485I shown to be associated with bendiocarb resistance in
southern African populations [85].
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some of these enzyme systems can break down insecticide before it can reach its site of action.
In metabolic resistance, enzymes that detoxify the insecticide can be overexpressed or alter
the affinity of the enzyme for the insecticide through amino acid substitutions [86]. Over-
expression of insecticide resistance genes is the most frequent mechanism in resistant mosqui-
toes. This increased expression of insecticide resistance genes can be due to cis- or trans-acting
elements in the promoter or gene amplification [87, 88]. This overexpression results in the high
level of enzyme production in the resistant mosquitoes that enables them to break down the
insecticide at a faster rate before it reaches the target site. Cytochrome P450 monooxygenases,

Susceptibility bioassay tests Biochemical assays Molecular assays

Description Description Description

Vectors are exposed to fixed
insecticide concentrations, and
the level of vector mortality is
subsequently recorded. The results
are expressed as the percentage of
vectors knocked down, alive or
dead. Susceptibility testing
requires samples of at least 100 live
mosquitoes per testing site. These
susceptibility tests are generally
used for routine monitoring, as
they can be applied in the field.
They provide standardised data
that are relatively easily
interpreted. Either WHO paper
bioassays or CDC bottle bioassays
can be used. The results obtained
with the two methods are not
comparable. In order to observe
longitudinal or temporal patterns
in resistance, countries and
academic institutions in all
regions must therefore use the
same method consistently over
time.

Biochemical assays detect the
presence of a particular resistance
mechanism or an increase in
enzyme activity. They require fresh
mosquitoes, but much fewer than
for bioassays. Unlike bioassays,
biochemical assays can identify
some specific resistance
mechanisms and indicate an
increase in metabolic enzyme
activity. Biochemical assays are
normally used in conjunction with
synergist and molecular assays.

Molecular tests are used on the
actual gene, allowing detailed and
direct analysis of resistance genes.
Testing can be done with
straightforward polymerase chain
reaction techniques (30) with DNA
or in more elaborate microarray
tests with RNA. More advanced
molecular methods can provide
complex genetic information
including whether the mutation is
unique or has spread. These are the
most accurate tests for measuring
resistance frequency in vector
populations. Molecular tests must,
however, be correlated with
susceptibility testing.

Limitations Limitations Limitations

Susceptibility tests identify the
existence of resistance once it is at a
detectable level but do not
establish the resistance mechanism
involved. They may also not
identify resistance if the frequency
is too low. Several countries have
reported shortages in the supply of
testing materials and have
switched between the WHO and
CDC tests, making results difficult
to compare. In some cases, they
have limited their testing.

The method is more difficult to
use in the field as it requires
sophisticated equipment, and
interpretation of the results
requires strong technical skills.
Further, the correlation between
chemical reactions in these tests
and increased ability to metabolise
insecticides is not yet well defined.

The method requires sophisticated
equipment and entomological
capacity. It can be used to detect
target site resistance and a few
identified metabolic mechanisms.
Therefore, susceptibility tests
should be used to complement
molecular results, as the absence of
identifiable genotypic resistance
does not necessarily mean that
resistance does not exist.

Table 1. Different methods for monitoring insecticide resistance in mosquito vectors and their limitations.
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glutathione S-transferases (GSTs) and esterases are the three major enzyme families that are
involved in breaking down of insecticides.

3.3.1. Cytochrome P450 monooxygenases

Of the six families of P450s, genes belonging to the CYP4, CYP6 and CYP9 have been observed
in resistant mosquitoes with increased transcriptional level [89], with the majority of those
implicated in resistance belonging to the CYP6 family. For a P450 to be involved in resistance,
it does not only have to be overexpressed but also must be able to metabolise/sequester the
insecticide to which the insect is resistant and also be better metaboliser than those for the
susceptible strain [90]. In An. gambiae, CYP6P3 and CYP6M2 have been shown to metabolise
type I and type II PYs [91], and CYP6M2 can metabolise DDT [92]. In An. funestus, the
duplicated P450 CYP6P9a and CYP6P9b and CYP6M7 have been shown to metabolise PYs
[93, 94], whereas CYP6Z1 confers cross-resistance to both pyrethroids and carbamates [85].
Furthermore, allelic variation of P450 genes, such as CYP6P9a/b, has been shown to drive
pyrethroid resistance in field populations of An. funestus [95] with signature of selective sweep
associated with scale-up of bed nets [96].

3.3.2. Glutathione S-transferases

The GSTs are involved in the phase two of the detoxification of xenobiotic compounds where
they conjugate the substrate with glutathione enhancing solubility thus facilitating the excre-
tion. In insect, six classes of GSTs, i.e., delta, sigma, epsilon, omega, theta and zeta have been
identified [97]. Insects resistant to major classes of insecticide show elevated levels of GSTs
activities. For example, GSTs confer resistance to DDT in mosquitoes including An. gambiae
[98], An. dirus [99], Aedes aegypti [100] and An. funestus [26]. A single amino acid change in
GSTe2 (L119F) has been shown to confer a cross-resistance to DDTand PYs in An. funestus [26],
whereas a similar change is also reported in An. gambiae (I114T) [101].

3.3.3. Esterases

CAs and OPs are the main insecticides that are metabolised or sequestered by esterase-
mediated insecticide resistance. Esterase levels in the resistant mosquitoes can either be ele-
vated like in Culex or non-elevated like in Anopheles species (An. arabiensis, An. stephensi and
An. culicifacies). Esterase-mediated insecticide resistance in Anopheles spp. was associated with
allelic variants that can metabolise the insecticide at a faster rate than those of the susceptible
and shown to confer resistance to malathion [102, 103]. The role of esterases in PY resistance
still needs to be investigated.

3.4. Cuticular or reduced penetration resistance

Cuticular resistance occurs when mosquitoes reduce the absorption of insecticide into their
bodies by altering the structure or composition of the cuticle. A wide range of insecticides are
threatened by this mechanism as for their lethal effect to occur, most insecticides must cross the
cuticle in order to reach their site of action. Cuticular resistance enhances the resistance
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toes. This increased expression of insecticide resistance genes can be due to cis- or trans-acting
elements in the promoter or gene amplification [87, 88]. This overexpression results in the high
level of enzyme production in the resistant mosquitoes that enables them to break down the
insecticide at a faster rate before it reaches the target site. Cytochrome P450 monooxygenases,
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the level of vector mortality is
subsequently recorded. The results
are expressed as the percentage of
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requires samples of at least 100 live
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they can be applied in the field.
They provide standardised data
that are relatively easily
interpreted. Either WHO paper
bioassays or CDC bottle bioassays
can be used. The results obtained
with the two methods are not
comparable. In order to observe
longitudinal or temporal patterns
in resistance, countries and
academic institutions in all
regions must therefore use the
same method consistently over
time.

Biochemical assays detect the
presence of a particular resistance
mechanism or an increase in
enzyme activity. They require fresh
mosquitoes, but much fewer than
for bioassays. Unlike bioassays,
biochemical assays can identify
some specific resistance
mechanisms and indicate an
increase in metabolic enzyme
activity. Biochemical assays are
normally used in conjunction with
synergist and molecular assays.

Molecular tests are used on the
actual gene, allowing detailed and
direct analysis of resistance genes.
Testing can be done with
straightforward polymerase chain
reaction techniques (30) with DNA
or in more elaborate microarray
tests with RNA. More advanced
molecular methods can provide
complex genetic information
including whether the mutation is
unique or has spread. These are the
most accurate tests for measuring
resistance frequency in vector
populations. Molecular tests must,
however, be correlated with
susceptibility testing.

Limitations Limitations Limitations

Susceptibility tests identify the
existence of resistance once it is at a
detectable level but do not
establish the resistance mechanism
involved. They may also not
identify resistance if the frequency
is too low. Several countries have
reported shortages in the supply of
testing materials and have
switched between the WHO and
CDC tests, making results difficult
to compare. In some cases, they
have limited their testing.

The method is more difficult to
use in the field as it requires
sophisticated equipment, and
interpretation of the results
requires strong technical skills.
Further, the correlation between
chemical reactions in these tests
and increased ability to metabolise
insecticides is not yet well defined.

The method requires sophisticated
equipment and entomological
capacity. It can be used to detect
target site resistance and a few
identified metabolic mechanisms.
Therefore, susceptibility tests
should be used to complement
molecular results, as the absence of
identifiable genotypic resistance
does not necessarily mean that
resistance does not exist.

Table 1. Different methods for monitoring insecticide resistance in mosquito vectors and their limitations.
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glutathione S-transferases (GSTs) and esterases are the three major enzyme families that are
involved in breaking down of insecticides.

3.3.1. Cytochrome P450 monooxygenases

Of the six families of P450s, genes belonging to the CYP4, CYP6 and CYP9 have been observed
in resistant mosquitoes with increased transcriptional level [89], with the majority of those
implicated in resistance belonging to the CYP6 family. For a P450 to be involved in resistance,
it does not only have to be overexpressed but also must be able to metabolise/sequester the
insecticide to which the insect is resistant and also be better metaboliser than those for the
susceptible strain [90]. In An. gambiae, CYP6P3 and CYP6M2 have been shown to metabolise
type I and type II PYs [91], and CYP6M2 can metabolise DDT [92]. In An. funestus, the
duplicated P450 CYP6P9a and CYP6P9b and CYP6M7 have been shown to metabolise PYs
[93, 94], whereas CYP6Z1 confers cross-resistance to both pyrethroids and carbamates [85].
Furthermore, allelic variation of P450 genes, such as CYP6P9a/b, has been shown to drive
pyrethroid resistance in field populations of An. funestus [95] with signature of selective sweep
associated with scale-up of bed nets [96].

3.3.2. Glutathione S-transferases

The GSTs are involved in the phase two of the detoxification of xenobiotic compounds where
they conjugate the substrate with glutathione enhancing solubility thus facilitating the excre-
tion. In insect, six classes of GSTs, i.e., delta, sigma, epsilon, omega, theta and zeta have been
identified [97]. Insects resistant to major classes of insecticide show elevated levels of GSTs
activities. For example, GSTs confer resistance to DDT in mosquitoes including An. gambiae
[98], An. dirus [99], Aedes aegypti [100] and An. funestus [26]. A single amino acid change in
GSTe2 (L119F) has been shown to confer a cross-resistance to DDTand PYs in An. funestus [26],
whereas a similar change is also reported in An. gambiae (I114T) [101].

3.3.3. Esterases

CAs and OPs are the main insecticides that are metabolised or sequestered by esterase-
mediated insecticide resistance. Esterase levels in the resistant mosquitoes can either be ele-
vated like in Culex or non-elevated like in Anopheles species (An. arabiensis, An. stephensi and
An. culicifacies). Esterase-mediated insecticide resistance in Anopheles spp. was associated with
allelic variants that can metabolise the insecticide at a faster rate than those of the susceptible
and shown to confer resistance to malathion [102, 103]. The role of esterases in PY resistance
still needs to be investigated.

3.4. Cuticular or reduced penetration resistance

Cuticular resistance occurs when mosquitoes reduce the absorption of insecticide into their
bodies by altering the structure or composition of the cuticle. A wide range of insecticides are
threatened by this mechanism as for their lethal effect to occur, most insecticides must cross the
cuticle in order to reach their site of action. Cuticular resistance enhances the resistance
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conferred by other mechanisms. This mechanism has not been extensively studied as com-
pared to the other mechanisms because there are very few examples. Recently, Yahouédo et al.
[104] studied the role of the cuticular resistance in PY-resistant strain of An. gambiae called
MRS, free of kdr mutations. They succeeded to show that lower amount of insecticide was
absorbed in the MRS strain than in the susceptible strain and also that the MRS strain had a
significantly thicker cuticle layers than those of the susceptible strain. CPLCG3 gene, which
codes for a structural protein contributing to the cuticle thickness, was found to be constitu-
tively upregulated. Similar evidences of cuticular resistance were shown for An. funestus with
proofs of cuticle thickening in PY-resistant mosquitoes [105].

4. Impact of current insecticide resistance in parasite transmission:
a global warning based on reported level of resistance?

4.1. Fitness cost of resistant lab and field Anopheles populations

The use of insecticide selects small proportion of individuals possessing resistance genes
allowing them to resist and survive the effects of the insecticide, transferring the genetic modi-
fications conferring resistance to the progeny. This should most likely increase the proportion of
resistant individuals within the population. However, mutations or genes conferring resistance
are usually associated with a fitness cost and may disrupt normal physiological functions [106,
107]. For example, resistant vectors may have lower mating success [108, 109], lower fecundity
and fertility, higher developmental time and lower longevity. Resistant individuals may be also
more susceptible to natural predators [110] or more prone to mortality during overwintering.
Most insecticide resistance management strategies rely on the fact that fitness cost may impact
the spread and persistence of resistance alleles in the vector populations [7].

4.2. Impact of resistance on life traits: longevity, fecundity and mating male
competitiveness

Resistance caused by overproduction of metabolic enzymes generally shows lower fitness cost
than target site resistance, most probably because the primary function of the enzyme is not
disrupted [111]. But to date, little is known about the effective impact of metabolic resistance
on the life traits of the vector due to the absence of DNA-based molecular marker. Neverthe-
less, many studies demonstrated that resistant strains of arthropods often present lower fitness
compared to their susceptible counterparts [112]. For example, it was shown that resistance
strains may be associated with relatively slower larval development, reduced survival rates
among larvae and adults, reduced fecundity in females and reduced fertility [106, 113, 114]. It
was shown that target-site resistance due to kdr and rdl mutations is able to impact negatively
the male mating competitiveness in the malaria vector An. gambiae, whereas metabolic resis-
tance had no effect [109]. Among all the parameter elucidated above, vector longevity is an
essential parameter in disease transmission because it increases the potential for infective bites
to hosts. Furthermore, the effect of longevity on disease transmission is crucial for parasites
like Plasmodium that need a minimum incubation period in the vector before being transmitted
to a new host. Insecticide resistance is generally thought to increase longevity of resistant
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vectors, thereby increasing infectiousness of parasites and threatening vector control. How-
ever, the development of resistance in a mosquito often comes with a price subsequently
affecting the fitness of the vector [115]. As a consequence of the fitness cost of insecticide
resistance on the life traits (mentioned above) of the vectors, reversion to susceptibility is
expected. A good example of reversal to susceptibility occurred in An. arabiensis in Sudan. In
this country, after antimalarial house spraying in the early 1980s, resistance to malathion was
noticed. This prompted a switch of insecticide treatment to fenitrothion (OP insecticide), and
susceptibility to malathion was restored in the following years [10]. However, reversal rates
are variable and may be very slow, particularly when an insecticide has been used for many
years. For example, the same rdl gene has been reported to be maintained in field populations
of Sri Lanka despite the withdrawal of cyclodiene insecticides for mosquito control for more
than 30 years [116]. Before implementing any resistance management strategy in the field,
knowledge of the reversal rate is crucial.

4.3. Epidemiological consequences of the insecticide resistance on malaria incidence

4.3.1. Past and current evidences

There are large number of confounding factors threatening the assessment of epidemiological
consequences of the insecticide resistance on malaria incidence and data interpretation [117].
For this reason, only few studies have assessed the epidemiological impact of insecticide
resistance. Impact of PY resistance on control failure was reported from the borders of Mozam-
bique and South Africa. In 1996, the malaria control programme in KwaZulu-Natal (South
Africa) switched from using DDT to deltamethrin for indoor spraying [118]. After four years of
deltamethrin spraying, reported malaria cases increased approximately fourfold. An. funestus,
previously eradicated, had reappeared and was observed emerging alive from PY-sprayed
houses. Bioassays showed that this species was resistant to PYs but susceptible to DDT [119].
The decision to revert to IRS with DDTwas accompanied by a decline in malaria cases by 91%
[120]. On the Bioko Island on the West African coast, increased density of PY-resistant An.
gambiae was also reported after IRS campaign with lambda-cyhalothrin, although a significant
reduction in transmission index and malaria reported cases was observed [121, 122]. High
frequencies of the L1014F kdr allele were observed in the local An. gambiae population. When
PYs were replaced by CAs (bendiocarb), mosquito population declined [122]. Nevertheless, in
an operational scale programme such as this, the possible contribution of other factors to the
failure of PY IRS to control mosquito population density cannot be overlooked; thus, the direct
consequence of the high kdr frequency is uncertain. After initiation of interventions combining
IRS with PYs and ITNs in the highland provinces of Burundi in 2002, significant reduction was
recorded in Anopheles density by 82% [123]. Consequently, transmission intensity was reduced
by 90% and occurrence of malaria cases by 43% in children, despite high frequencies of the
L1014S kdr allele in the main vector An. gambiae s.s. [123]. Many interventions took place in
Africa in order to investigate the efficacy of ITNs for malaria prevention [124]. However, the
extent to which PY resistance might affect the effectiveness of such interventions is not well
elucidated. In Korhogo area, north of Côte d’Ivoire where the 1014F kdr allele frequency in An.
gambiae is up to 80% [125], and malaria is endemic, lambda-cyhalothrin-treated nets had a
significant impact on the entomological inoculation rate with around 55% reduction. Malaria
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conferred by other mechanisms. This mechanism has not been extensively studied as com-
pared to the other mechanisms because there are very few examples. Recently, Yahouédo et al.
[104] studied the role of the cuticular resistance in PY-resistant strain of An. gambiae called
MRS, free of kdr mutations. They succeeded to show that lower amount of insecticide was
absorbed in the MRS strain than in the susceptible strain and also that the MRS strain had a
significantly thicker cuticle layers than those of the susceptible strain. CPLCG3 gene, which
codes for a structural protein contributing to the cuticle thickness, was found to be constitu-
tively upregulated. Similar evidences of cuticular resistance were shown for An. funestus with
proofs of cuticle thickening in PY-resistant mosquitoes [105].

4. Impact of current insecticide resistance in parasite transmission:
a global warning based on reported level of resistance?

4.1. Fitness cost of resistant lab and field Anopheles populations

The use of insecticide selects small proportion of individuals possessing resistance genes
allowing them to resist and survive the effects of the insecticide, transferring the genetic modi-
fications conferring resistance to the progeny. This should most likely increase the proportion of
resistant individuals within the population. However, mutations or genes conferring resistance
are usually associated with a fitness cost and may disrupt normal physiological functions [106,
107]. For example, resistant vectors may have lower mating success [108, 109], lower fecundity
and fertility, higher developmental time and lower longevity. Resistant individuals may be also
more susceptible to natural predators [110] or more prone to mortality during overwintering.
Most insecticide resistance management strategies rely on the fact that fitness cost may impact
the spread and persistence of resistance alleles in the vector populations [7].

4.2. Impact of resistance on life traits: longevity, fecundity and mating male
competitiveness

Resistance caused by overproduction of metabolic enzymes generally shows lower fitness cost
than target site resistance, most probably because the primary function of the enzyme is not
disrupted [111]. But to date, little is known about the effective impact of metabolic resistance
on the life traits of the vector due to the absence of DNA-based molecular marker. Neverthe-
less, many studies demonstrated that resistant strains of arthropods often present lower fitness
compared to their susceptible counterparts [112]. For example, it was shown that resistance
strains may be associated with relatively slower larval development, reduced survival rates
among larvae and adults, reduced fecundity in females and reduced fertility [106, 113, 114]. It
was shown that target-site resistance due to kdr and rdl mutations is able to impact negatively
the male mating competitiveness in the malaria vector An. gambiae, whereas metabolic resis-
tance had no effect [109]. Among all the parameter elucidated above, vector longevity is an
essential parameter in disease transmission because it increases the potential for infective bites
to hosts. Furthermore, the effect of longevity on disease transmission is crucial for parasites
like Plasmodium that need a minimum incubation period in the vector before being transmitted
to a new host. Insecticide resistance is generally thought to increase longevity of resistant
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vectors, thereby increasing infectiousness of parasites and threatening vector control. How-
ever, the development of resistance in a mosquito often comes with a price subsequently
affecting the fitness of the vector [115]. As a consequence of the fitness cost of insecticide
resistance on the life traits (mentioned above) of the vectors, reversion to susceptibility is
expected. A good example of reversal to susceptibility occurred in An. arabiensis in Sudan. In
this country, after antimalarial house spraying in the early 1980s, resistance to malathion was
noticed. This prompted a switch of insecticide treatment to fenitrothion (OP insecticide), and
susceptibility to malathion was restored in the following years [10]. However, reversal rates
are variable and may be very slow, particularly when an insecticide has been used for many
years. For example, the same rdl gene has been reported to be maintained in field populations
of Sri Lanka despite the withdrawal of cyclodiene insecticides for mosquito control for more
than 30 years [116]. Before implementing any resistance management strategy in the field,
knowledge of the reversal rate is crucial.

4.3. Epidemiological consequences of the insecticide resistance on malaria incidence

4.3.1. Past and current evidences

There are large number of confounding factors threatening the assessment of epidemiological
consequences of the insecticide resistance on malaria incidence and data interpretation [117].
For this reason, only few studies have assessed the epidemiological impact of insecticide
resistance. Impact of PY resistance on control failure was reported from the borders of Mozam-
bique and South Africa. In 1996, the malaria control programme in KwaZulu-Natal (South
Africa) switched from using DDT to deltamethrin for indoor spraying [118]. After four years of
deltamethrin spraying, reported malaria cases increased approximately fourfold. An. funestus,
previously eradicated, had reappeared and was observed emerging alive from PY-sprayed
houses. Bioassays showed that this species was resistant to PYs but susceptible to DDT [119].
The decision to revert to IRS with DDTwas accompanied by a decline in malaria cases by 91%
[120]. On the Bioko Island on the West African coast, increased density of PY-resistant An.
gambiae was also reported after IRS campaign with lambda-cyhalothrin, although a significant
reduction in transmission index and malaria reported cases was observed [121, 122]. High
frequencies of the L1014F kdr allele were observed in the local An. gambiae population. When
PYs were replaced by CAs (bendiocarb), mosquito population declined [122]. Nevertheless, in
an operational scale programme such as this, the possible contribution of other factors to the
failure of PY IRS to control mosquito population density cannot be overlooked; thus, the direct
consequence of the high kdr frequency is uncertain. After initiation of interventions combining
IRS with PYs and ITNs in the highland provinces of Burundi in 2002, significant reduction was
recorded in Anopheles density by 82% [123]. Consequently, transmission intensity was reduced
by 90% and occurrence of malaria cases by 43% in children, despite high frequencies of the
L1014S kdr allele in the main vector An. gambiae s.s. [123]. Many interventions took place in
Africa in order to investigate the efficacy of ITNs for malaria prevention [124]. However, the
extent to which PY resistance might affect the effectiveness of such interventions is not well
elucidated. In Korhogo area, north of Côte d’Ivoire where the 1014F kdr allele frequency in An.
gambiae is up to 80% [125], and malaria is endemic, lambda-cyhalothrin-treated nets had a
significant impact on the entomological inoculation rate with around 55% reduction. Malaria
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incidence in children <5 years of age decreased also (56% reduction of clinical attacks) com-
pared to a control group having no nets [126]. This was the first clear-cut evidence of ITNs
continuing to provide effective personal protection against malaria in an area with a high
frequency of kdr in the vector populations. However, absence of a physical barrier in the
control group might have overestimated the impact of PY-treated nets against kdr mosquitoes
in this study. In southern Benin, a randomised controlled trial was carried out in a
mesoendemic area to assess the impact of LLINs scale-up on malaria morbidity in children
<5 years of age [127]. In this area, where the kdr frequency is around 50–60% in An. gambiae s.s.,
transmission increased during the rainy season but was not followed by a seasonal variation in
parasite infection and clinical incidence. The evidence is clear that implementation of vector
control tools (ITNs and/or IRS) has significantly decreased malaria incidence and parasite
infection prevalence in children in endemic countries across Africa, despite moderate-to-high
PY resistance observed in local malaria vectors.

5. Behavioural resistance to insecticides used in public health

As we have mentioned previously, the extraordinary success of malaria reduction in Africa is
largely due the use of insecticides applied indoors through LLINs and IRS [6]. This malaria
control approach takes advantage of the strong human preference, as well as the indoor feeding
and resting behaviour of African malaria-transmitting mosquitoes [128]. As we have shown in
this chapter, progress has been made in understanding the genetic basis of the ability of mosqui-
toes to survive insecticide entering the body. However, little is known about the causes of
increasingly reported changes in blood-feeding behaviour developed by certain species of
malaria-transmitting mosquitoes to avoid exposure to insecticides [7]. This phenomenon is
known as behavioural resistance and it is defined as any modification in insect behaviour that
helps to circumvent the lethal effects of insecticides. Thus, through intraspecific behavioural
shifts in biting time, location and host preference, malaria-transmitting mosquitoes avoid expo-
sure to insecticides, feeding on humans when most people are not protected [129], jeopardising
the current control strategy in Africa primarily based on indoor application of insecticides
[130–132]. Recent studies conducted inWest and East Africa have shown that indoor application
of insecticides may induce intraspecific behavioural shifts towards early biting, exophagic biting
and exophilic resting behaviour in malaria-transmitting mosquitoes [130, 131, 133]. Similarly,
current studies conducted in Central Africa showed a comparable shift towards exophilic resting
behaviour [134]. Mathematical modelling and field evidences have proved that these shifts in
blood-feeding behaviour could threaten and impact on the current control programmes [132, 135].
The mechanisms driving these shifts have not yet been elucidated, although some studies have
shown that both genetic and environmental factors play a key role [135, 136].

6. Conclusion and perspectives

Insecticide resistance is undoubtedly a major challenge to the control of malaria vectors
worldwide as it limits the tools available to achieve the goal of controlling and eliminating this
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debilitating disease. It is therefore of the utmost importance that novel insecticides and new
control tools be designed to help manage and mitigate the impact of resistance. Through the
work of various partners such as Innovative Vector Control Consortium (IVCC), UNITAID
and several manufacturers, the challenge of producing new insecticides and tools is beginning
to be met. This is exemplified by the recent prequalification by the WHO of the new insecticide
Sumishield (clothianidin, a neonicotinoid) in October 2017. This new insecticide together with
the organophosphate Actellic (pirimiphos-methyl) could now allow countries to effectively
design and implement suitable resistance management strategies for IRS interventions
according to WHO’s Global Plan for Insecticide Resistance Management (GPIRM). With other
new insecticides expected to enter the market in the near future, resistance management
strategies such as rotation of insecticides could become more realistic to implement. However,
even with new insecticides available, the community should avoid being complacent as the
mosquitoes will surely develop resistance with time if consideration is not given to how to use
such new insecticides including between public health and agriculture sectors. Detection of
resistance markers notably for metabolic resistance is also urgently needed to not only track
the spread of resistance but to better assess its impact on control interventions or mosquito
fitness and malaria transmission. The recent detection of markers such as L119F-GSTe2 in An.
funestus shows that this is possible, but more efforts are needed focusing importantly on
cytochrome P450s, the key metabolizers. It will be important to take advantage of the advances
in genomics with the power of next-generation sequencing tools to detect potential resistance
markers early enough to allow control programmes to track resistance when it is still at early
stage when it could easily be managed. This will allow avoiding repeating the situation
observed with PY resistance and ensure a continued effectiveness of current and future
insecticide-based interventions.
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<5 years of age [127]. In this area, where the kdr frequency is around 50–60% in An. gambiae s.s.,
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debilitating disease. It is therefore of the utmost importance that novel insecticides and new
control tools be designed to help manage and mitigate the impact of resistance. Through the
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and several manufacturers, the challenge of producing new insecticides and tools is beginning
to be met. This is exemplified by the recent prequalification by the WHO of the new insecticide
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strategies such as rotation of insecticides could become more realistic to implement. However,
even with new insecticides available, the community should avoid being complacent as the
mosquitoes will surely develop resistance with time if consideration is not given to how to use
such new insecticides including between public health and agriculture sectors. Detection of
resistance markers notably for metabolic resistance is also urgently needed to not only track
the spread of resistance but to better assess its impact on control interventions or mosquito
fitness and malaria transmission. The recent detection of markers such as L119F-GSTe2 in An.
funestus shows that this is possible, but more efforts are needed focusing importantly on
cytochrome P450s, the key metabolizers. It will be important to take advantage of the advances
in genomics with the power of next-generation sequencing tools to detect potential resistance
markers early enough to allow control programmes to track resistance when it is still at early
stage when it could easily be managed. This will allow avoiding repeating the situation
observed with PY resistance and ensure a continued effectiveness of current and future
insecticide-based interventions.

Acknowledgements

This work was supported by a Wellcome Trust Senior Fellowship in Biomedical Sciences
(WT101893MA) to CSW.

Conflict of interest

No conflict of interest.

Acronyms

CA carbamate

CDC Centers for Disease Control and Prevention

DDT dichlorodiphenyltrichloroethane

DNA deoxyribonucleic acid

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

163



GABA gamma-aminobutyric acid

GPIRM Global Plan for Insecticide Resistance Management

GST glutathione S-transferase

IRM insecticide resistance management

IRS indoor residual spraying

ITN insecticide-treated nets

IVCC Innovative Vector Control Consortium

Kdr knockdown resistance

LLIN long-lasting insecticidal net

OC organochlorines

OP organophosphates

PY pyrethroids

RNA ribonucleic acid

VGSC voltage-gated sodium channel

WHO World Health Organization

Author details

Jacob M. Riveron1,2, Magellan Tchouakui2,3, Leon Mugenzi2,4, Benjamin D. Menze1,2,
Mu-Chun Chiang1 and Charles S. Wondji1,2*

*Address all correspondence to: charles.wondji@lstmed.ac.uk

1 Department of Vector Biology, Liverpool School of Tropical Medicine, Liverpool, UK

2 Centre for Research in Infectious Diseases (CRID), Yaoundé, Cameroon

3 Department of Animal Biology and Physiology, Faculty of Science, University of Yaoundé 1,
Cameroon

4 Department of Biochemistry and Molecular Biology, University of Buea, Buea, Cameroon

References

[1] Penney D,Wadsworth C, Fox G, Kennedy SL, Preziosi RF, Brown TA. Absence of ancient
DNA in sub-fossil insect inclusions preserved in “Anthropocene”Colombian copal. PLoS
One. 2013;8:e73150. DOI: 10.1371/journal.pone.0073150

Towards Malaria Elimination - A Leap Forward164

[2] Bertone MA, Courtney GW, Wiegmann BM. Phylogenetics and temporal diversification
of the earliest true flies (Insecta: Diptera) based on multiple nuclear genes. Systematic
Entomology. 2008;33:668-687

[3] Worrall E, Basu S, Hanson K. Is malaria a disease of poverty? A review of the literature.
Tropical Medicine & International Health. 2005;10:1047-1059

[4] Hawass Z, Gad YZ, Ismail S, Khairat R, Fathalla D, Hasan N, et al. Ancestry and
pathology in King Tutankhamun’s family. JAMA. 2010;303:638-647. DOI: 10.1001/jama.
2010.121

[5] WHO.WorldMalaria Report 2017. Geneva, Switzerland:WorldHealth Organization; 2017

[6] Bhatt S, Weiss D, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al. The effect of
malaria control on Plasmodium falciparum in Africa between 2000 and 2015. Nature. 2015;
526:207-211

[7] WHO. Global Plan for Insecticide Resistance Management in Malaria Vectors. Geneva,
Switzerland: World Health Organization; 2012. 132 pp. Available from: www.who.int/
malaria/vector_control/ivm/gpirm/en/

[8] Davidson G. Insecticide resistance in Anopheles sundaicus. Nature. 1957;4598:1333-1335

[9] Gilbert LI, Gill SS. Insect Control: Biological and Synthetic Agents. London, United
Kingdom: Academic Press; 2010. 470 p

[10] Corbel V, N’Guessan R. Distribution, mechanisms, impact and management of insecti-
cide resistance in malaria vectors: A pragmatic review. In: Manguin S, editor. Anopheles
Mosquitoes—New Insights into Malaria Vectors. Rijeka: InTech Open Access; 2013

[11] Elliott R, Ramakrishna V. Insecticide resistance in Anopheles gambiae Giles. Nature. 1956;
177:532-533

[12] Ranson H, Lissenden N. Insecticide resistance in African Anopheles mosquitoes: A wors-
ening situation that needs urgent action to maintain malaria control. Trends in Parasitol-
ogy. 2016;32:187-196

[13] Diabate A, Baldet T, Chandre F, Akoobeto M, Guiguemde TR, Darriet F, et al. The role of
agricultural use of insecticides in resistance to pyrethroids in Anopheles gambiae sl in
Burkina Faso. The American Journal of Tropical Medicine and Hygiene. 2002;67:617-622

[14] Poupardin R, Reynaud S, Strode C, Ranson H, Vontas J, David J-P. Cross-induction of
detoxification genes by environmental xenobiotics and insecticides in the mosquitoAedes
aegypti: Impact on larval tolerance to chemical insecticides. Insect Biochemistry and
Molecular Biology. 2008;38:540-551

[15] Black WC, Gorrochetegui-Escalante N, Randle NP, Donnelly MJ. The Yin and Yang of
linkage disequilibrium: Mapping of genes and nucleotides conferring insecticide resis-
tance in insect disease vectors. In: Transgenesis and the Management of Vector-Borne
Disease. New York, USA: Springer; 2008. pp. 71-83

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

165



GABA gamma-aminobutyric acid

GPIRM Global Plan for Insecticide Resistance Management

GST glutathione S-transferase

IRM insecticide resistance management

IRS indoor residual spraying

ITN insecticide-treated nets

IVCC Innovative Vector Control Consortium

Kdr knockdown resistance

LLIN long-lasting insecticidal net

OC organochlorines

OP organophosphates

PY pyrethroids

RNA ribonucleic acid

VGSC voltage-gated sodium channel

WHO World Health Organization

Author details

Jacob M. Riveron1,2, Magellan Tchouakui2,3, Leon Mugenzi2,4, Benjamin D. Menze1,2,
Mu-Chun Chiang1 and Charles S. Wondji1,2*

*Address all correspondence to: charles.wondji@lstmed.ac.uk

1 Department of Vector Biology, Liverpool School of Tropical Medicine, Liverpool, UK

2 Centre for Research in Infectious Diseases (CRID), Yaoundé, Cameroon

3 Department of Animal Biology and Physiology, Faculty of Science, University of Yaoundé 1,
Cameroon

4 Department of Biochemistry and Molecular Biology, University of Buea, Buea, Cameroon

References

[1] Penney D,Wadsworth C, Fox G, Kennedy SL, Preziosi RF, Brown TA. Absence of ancient
DNA in sub-fossil insect inclusions preserved in “Anthropocene”Colombian copal. PLoS
One. 2013;8:e73150. DOI: 10.1371/journal.pone.0073150

Towards Malaria Elimination - A Leap Forward164

[2] Bertone MA, Courtney GW, Wiegmann BM. Phylogenetics and temporal diversification
of the earliest true flies (Insecta: Diptera) based on multiple nuclear genes. Systematic
Entomology. 2008;33:668-687

[3] Worrall E, Basu S, Hanson K. Is malaria a disease of poverty? A review of the literature.
Tropical Medicine & International Health. 2005;10:1047-1059

[4] Hawass Z, Gad YZ, Ismail S, Khairat R, Fathalla D, Hasan N, et al. Ancestry and
pathology in King Tutankhamun’s family. JAMA. 2010;303:638-647. DOI: 10.1001/jama.
2010.121

[5] WHO.WorldMalaria Report 2017. Geneva, Switzerland:WorldHealth Organization; 2017

[6] Bhatt S, Weiss D, Cameron E, Bisanzio D, Mappin B, Dalrymple U, et al. The effect of
malaria control on Plasmodium falciparum in Africa between 2000 and 2015. Nature. 2015;
526:207-211

[7] WHO. Global Plan for Insecticide Resistance Management in Malaria Vectors. Geneva,
Switzerland: World Health Organization; 2012. 132 pp. Available from: www.who.int/
malaria/vector_control/ivm/gpirm/en/

[8] Davidson G. Insecticide resistance in Anopheles sundaicus. Nature. 1957;4598:1333-1335

[9] Gilbert LI, Gill SS. Insect Control: Biological and Synthetic Agents. London, United
Kingdom: Academic Press; 2010. 470 p

[10] Corbel V, N’Guessan R. Distribution, mechanisms, impact and management of insecti-
cide resistance in malaria vectors: A pragmatic review. In: Manguin S, editor. Anopheles
Mosquitoes—New Insights into Malaria Vectors. Rijeka: InTech Open Access; 2013

[11] Elliott R, Ramakrishna V. Insecticide resistance in Anopheles gambiae Giles. Nature. 1956;
177:532-533

[12] Ranson H, Lissenden N. Insecticide resistance in African Anopheles mosquitoes: A wors-
ening situation that needs urgent action to maintain malaria control. Trends in Parasitol-
ogy. 2016;32:187-196

[13] Diabate A, Baldet T, Chandre F, Akoobeto M, Guiguemde TR, Darriet F, et al. The role of
agricultural use of insecticides in resistance to pyrethroids in Anopheles gambiae sl in
Burkina Faso. The American Journal of Tropical Medicine and Hygiene. 2002;67:617-622

[14] Poupardin R, Reynaud S, Strode C, Ranson H, Vontas J, David J-P. Cross-induction of
detoxification genes by environmental xenobiotics and insecticides in the mosquitoAedes
aegypti: Impact on larval tolerance to chemical insecticides. Insect Biochemistry and
Molecular Biology. 2008;38:540-551

[15] Black WC, Gorrochetegui-Escalante N, Randle NP, Donnelly MJ. The Yin and Yang of
linkage disequilibrium: Mapping of genes and nucleotides conferring insecticide resis-
tance in insect disease vectors. In: Transgenesis and the Management of Vector-Borne
Disease. New York, USA: Springer; 2008. pp. 71-83

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

165



[16] Black 4th WC, Gorrochetegui-Escalante N, Randle NP, Donnelly MJ. The Yin and Yang
of linkage disequilibrium. Advances in Experimental Medicine and Biology. 2008;627:71-
83. DOI: 10.1007/978-0-387-78225-6_6

[17] WHO. Test Procedures for Insecticide Resistance Monitoring in Malaria Vector Mosqui-
toes. Geneva: World Health Organization; 2016

[18] Chandre F, Darriet F, Duchon S, Finot L, Manguin S, Carnevale P, et al. Modifications of
pyrethroid effects associated with kdrmutation in Anopheles gambiae. Medical and Veter-
inary Entomology. 2000;14:81-88

[19] Weill M, Chandre F, Brengues C, Manguin S, Akogbeto M, Pasteur N, et al. The kdr
mutation occurs in the Mopti form of Anopheles gambiae s.s. through introgression. Insect
Molecular Biology. 2000;9:451-455

[20] Sinka ME, Bangs MJ, Manguin S, Coetzee M, Mbogo CM, Hemingway J, et al. The
dominant Anopheles vectors of human malaria in Africa, Europe and the Middle East:
Occurrence data, distribution maps and bionomic précis. Parasites & Vectors. 2010;3:117

[21] Hougard J-M, Duchon S, Darriet F, Zaim M, Rogier C, Guillet P. Comparative perfor-
mances, under laboratory conditions, of seven pyrethroid insecticides used for impreg-
nation of mosquito nets. Bulletin of the World Health Organization. 2003;81:324-333

[22] Hemingway J, Ranson H, Magill A, Kolaczinski J, Fornadel C, Gimnig J, et al. Averting a
malaria disaster: Will insecticide resistance derail malaria control? The Lancet. 2016;387:
1785-1788

[23] Kawada H, Dida GO, Ohashi K, Komagata O, Kasai S, Tomita T, et al. Multimodal
pyrethroid resistance in malaria vectors, Anopheles gambiae ss, Anopheles arabiensis, and
Anopheles funestus ss in western Kenya. PLoS One. 2011;6:e22574

[24] Bobanga T, Ayieko W, Zanga M, Umesumbu S, Landela A, Fataki O, et al. Field efficacy
and acceptability of PermaNet® 3.0 and OlysetNet® in Kinshasa, Democratic Republic of
the Congo. Journal of Vector Borne Diseases. 2013;50:206

[25] Mulamba C, Riveron JM, Ibrahim SS, Irving H, Barnes KG, Mukwaya LG, et al. Wide-
spread pyrethroid and DDT resistance in the major malaria vector Anopheles funestus in
East Africa is driven by metabolic resistance mechanisms. PLoS One. 2014;9:e110058.
DOI: 10.1371/journal.pone.0110058

[26] Riveron JM, Yunta C, Ibrahim SS, Djouaka R, Irving H, Menze BD, et al. A single
mutation in the GSTe2 gene allows tracking of metabolically based insecticide resistance
in a major malaria vector. Genome Biology. 2014;15:R27. DOI: 10.1186/gb-2014-15-2-r27

[27] Riveron JM, Osae M, Egyir-Yawson A, Irving H, Ibrahim SS, Wondji CS. Multiple insec-
ticide resistance in the major malaria vector Anopheles funestus in southern Ghana: Impli-
cations for malaria control. Parasites & Vectors. 2016;9:504

[28] Menze BD, Riveron JM, Ibrahim SS, Irving H, Antonio-Nkondjio C, Awono-Ambene PH,
et al. Multiple insecticide resistance in the malaria vector Anopheles funestus from

Towards Malaria Elimination - A Leap Forward166

Northern Cameroon is mediated by metabolic resistance alongside potential target site
insensitivity mutations. PLoS One. 2016;11:e0163261

[29] Riveron JM, Chiumia M, Menze BD, Barnes KG, Irving H, Ibrahim SS, et al. Rise of
multiple insecticide resistance in Anopheles funestus in Malawi: A major concern for
malaria vector control. Malaria Journal. 2015;14:344. DOI: 10.1186/s12936-015-0877-y

[30] Ratovonjato J, Le Goff G, Rajaonarivelo E, Rakotondraibe E, Robert V. Données récentes
sur la sensibilité d'Anopheles arabiensis et d'Anopheles funestus aux pyréthrinoïdes et au
DDT sur les Hautes Terres Centrales de Madagascar: Résultats préliminaires montrant
une absence de la mutation kdr chez An. arabiensis. Archives de l'Institut Pasteur de
Madagascar. 2003;69:63-69

[31] Hargreaves K, Hunt R, Brooke B, Mthembu J, Weeto M, Awolola T, et al. Anopheles
arabiensis and An. quadriannulatus resistance to DDT in South Africa. Medical and Veter-
inary Entomology. 2003;17:417-422

[32] Casimiro S, Coleman M, Hemingway J, Sharp B. Insecticide resistance in Anopheles
arabiensis and Anopheles gambiae from Mozambique. Journal of Medical Entomology.
2006;43:276-282

[33] Fettene M, Olana D, Christian R, Koekemoer L, Coetzee M. Insecticide resistance in
Anopheles arabiensis from Ethiopia. African Entomology: Journal of the Entomological
Society of Southern Africa. 2013;21:89-94

[34] Edi CV, Djogbenou L, Jenkins AM, Regna K, Muskavitch MA, Poupardin R, et al. CYP6
P450 enzymes and ACE-1 duplication produce extreme and multiple insecticide resis-
tance in the malaria mosquito Anopheles gambiae. PLoS Genetics. 2014;10:e1004236

[35] Chareonviriyaphap T, Bangs MJ, Ratanatham S. Status of malaria in Thailand. The
Southeast Asian Journal of Tropical Medicine and Public Health. 2000;31:225-237

[36] Quiñones ML, Norris DE, Conn JE, Moreno M, Burkot TR, Bugoro H, et al. Insecticide
resistance in areas under investigation by the International Centers of Excellence for
malaria research: A challenge for malaria control and elimination. The American Journal
of Tropical Medicine and Hygiene. 2015;93:69-78

[37] Manguin S, Garros C, Dusfour I, Harbach R, Coosemans M. Bionomics, taxonomy, and
distribution of the major malaria vector taxa of Anopheles subgenus Cellia in Southeast
Asia: An updated review. Infection, Genetics and Evolution. 2008;8:489-503

[38] Van Bortel W, Trung HD, Sochantha T, Socheat D, Sumrandee C, Baimai V, et al. The
insecticide resistance status of malaria vectors in the Mekong region. Malaria Journal.
2008;7:102

[39] Cui F, Raymond M, Qiao CL. Insecticide resistance in vector mosquitoes in China. Pest
Management Science. 2006;62:1013-1022

[40] Verhaeghen K, Van Bortel W, Trung HD, Sochantha T, Keokenchanh K, Coosemans M.
Knockdown resistance in Anopheles vagus, An. sinensis, An. paraliae and An. peditaeniatus
populations of the Mekong region. Parasites & Vectors. 2010;3:59

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

167



[16] Black 4th WC, Gorrochetegui-Escalante N, Randle NP, Donnelly MJ. The Yin and Yang
of linkage disequilibrium. Advances in Experimental Medicine and Biology. 2008;627:71-
83. DOI: 10.1007/978-0-387-78225-6_6

[17] WHO. Test Procedures for Insecticide Resistance Monitoring in Malaria Vector Mosqui-
toes. Geneva: World Health Organization; 2016

[18] Chandre F, Darriet F, Duchon S, Finot L, Manguin S, Carnevale P, et al. Modifications of
pyrethroid effects associated with kdrmutation in Anopheles gambiae. Medical and Veter-
inary Entomology. 2000;14:81-88

[19] Weill M, Chandre F, Brengues C, Manguin S, Akogbeto M, Pasteur N, et al. The kdr
mutation occurs in the Mopti form of Anopheles gambiae s.s. through introgression. Insect
Molecular Biology. 2000;9:451-455

[20] Sinka ME, Bangs MJ, Manguin S, Coetzee M, Mbogo CM, Hemingway J, et al. The
dominant Anopheles vectors of human malaria in Africa, Europe and the Middle East:
Occurrence data, distribution maps and bionomic précis. Parasites & Vectors. 2010;3:117

[21] Hougard J-M, Duchon S, Darriet F, Zaim M, Rogier C, Guillet P. Comparative perfor-
mances, under laboratory conditions, of seven pyrethroid insecticides used for impreg-
nation of mosquito nets. Bulletin of the World Health Organization. 2003;81:324-333

[22] Hemingway J, Ranson H, Magill A, Kolaczinski J, Fornadel C, Gimnig J, et al. Averting a
malaria disaster: Will insecticide resistance derail malaria control? The Lancet. 2016;387:
1785-1788

[23] Kawada H, Dida GO, Ohashi K, Komagata O, Kasai S, Tomita T, et al. Multimodal
pyrethroid resistance in malaria vectors, Anopheles gambiae ss, Anopheles arabiensis, and
Anopheles funestus ss in western Kenya. PLoS One. 2011;6:e22574

[24] Bobanga T, Ayieko W, Zanga M, Umesumbu S, Landela A, Fataki O, et al. Field efficacy
and acceptability of PermaNet® 3.0 and OlysetNet® in Kinshasa, Democratic Republic of
the Congo. Journal of Vector Borne Diseases. 2013;50:206

[25] Mulamba C, Riveron JM, Ibrahim SS, Irving H, Barnes KG, Mukwaya LG, et al. Wide-
spread pyrethroid and DDT resistance in the major malaria vector Anopheles funestus in
East Africa is driven by metabolic resistance mechanisms. PLoS One. 2014;9:e110058.
DOI: 10.1371/journal.pone.0110058

[26] Riveron JM, Yunta C, Ibrahim SS, Djouaka R, Irving H, Menze BD, et al. A single
mutation in the GSTe2 gene allows tracking of metabolically based insecticide resistance
in a major malaria vector. Genome Biology. 2014;15:R27. DOI: 10.1186/gb-2014-15-2-r27

[27] Riveron JM, Osae M, Egyir-Yawson A, Irving H, Ibrahim SS, Wondji CS. Multiple insec-
ticide resistance in the major malaria vector Anopheles funestus in southern Ghana: Impli-
cations for malaria control. Parasites & Vectors. 2016;9:504

[28] Menze BD, Riveron JM, Ibrahim SS, Irving H, Antonio-Nkondjio C, Awono-Ambene PH,
et al. Multiple insecticide resistance in the malaria vector Anopheles funestus from

Towards Malaria Elimination - A Leap Forward166

Northern Cameroon is mediated by metabolic resistance alongside potential target site
insensitivity mutations. PLoS One. 2016;11:e0163261

[29] Riveron JM, Chiumia M, Menze BD, Barnes KG, Irving H, Ibrahim SS, et al. Rise of
multiple insecticide resistance in Anopheles funestus in Malawi: A major concern for
malaria vector control. Malaria Journal. 2015;14:344. DOI: 10.1186/s12936-015-0877-y

[30] Ratovonjato J, Le Goff G, Rajaonarivelo E, Rakotondraibe E, Robert V. Données récentes
sur la sensibilité d'Anopheles arabiensis et d'Anopheles funestus aux pyréthrinoïdes et au
DDT sur les Hautes Terres Centrales de Madagascar: Résultats préliminaires montrant
une absence de la mutation kdr chez An. arabiensis. Archives de l'Institut Pasteur de
Madagascar. 2003;69:63-69

[31] Hargreaves K, Hunt R, Brooke B, Mthembu J, Weeto M, Awolola T, et al. Anopheles
arabiensis and An. quadriannulatus resistance to DDT in South Africa. Medical and Veter-
inary Entomology. 2003;17:417-422

[32] Casimiro S, Coleman M, Hemingway J, Sharp B. Insecticide resistance in Anopheles
arabiensis and Anopheles gambiae from Mozambique. Journal of Medical Entomology.
2006;43:276-282

[33] Fettene M, Olana D, Christian R, Koekemoer L, Coetzee M. Insecticide resistance in
Anopheles arabiensis from Ethiopia. African Entomology: Journal of the Entomological
Society of Southern Africa. 2013;21:89-94

[34] Edi CV, Djogbenou L, Jenkins AM, Regna K, Muskavitch MA, Poupardin R, et al. CYP6
P450 enzymes and ACE-1 duplication produce extreme and multiple insecticide resis-
tance in the malaria mosquito Anopheles gambiae. PLoS Genetics. 2014;10:e1004236

[35] Chareonviriyaphap T, Bangs MJ, Ratanatham S. Status of malaria in Thailand. The
Southeast Asian Journal of Tropical Medicine and Public Health. 2000;31:225-237

[36] Quiñones ML, Norris DE, Conn JE, Moreno M, Burkot TR, Bugoro H, et al. Insecticide
resistance in areas under investigation by the International Centers of Excellence for
malaria research: A challenge for malaria control and elimination. The American Journal
of Tropical Medicine and Hygiene. 2015;93:69-78

[37] Manguin S, Garros C, Dusfour I, Harbach R, Coosemans M. Bionomics, taxonomy, and
distribution of the major malaria vector taxa of Anopheles subgenus Cellia in Southeast
Asia: An updated review. Infection, Genetics and Evolution. 2008;8:489-503

[38] Van Bortel W, Trung HD, Sochantha T, Socheat D, Sumrandee C, Baimai V, et al. The
insecticide resistance status of malaria vectors in the Mekong region. Malaria Journal.
2008;7:102

[39] Cui F, Raymond M, Qiao CL. Insecticide resistance in vector mosquitoes in China. Pest
Management Science. 2006;62:1013-1022

[40] Verhaeghen K, Van Bortel W, Trung HD, Sochantha T, Keokenchanh K, Coosemans M.
Knockdown resistance in Anopheles vagus, An. sinensis, An. paraliae and An. peditaeniatus
populations of the Mekong region. Parasites & Vectors. 2010;3:59

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

167



[41] Wang D-Q, Xia Z-G, Zhou S-S, Zhou X-N, Wang R-B, Zhang Q-F. A potential threat to
malaria elimination: Extensive deltamethrin and DDT resistance to Anopheles sinensis
from the malaria-endemic areas in China. Malaria Journal. 2013;12:164

[42] Chang X, Zhong D, Fang Q, Hartsel J, Zhou G, Shi L, et al. Multiple resistances and
complex mechanisms of Anopheles sinensis mosquito: A major obstacle to mosquito-borne
diseases control and elimination in China. PLoS Neglected Tropical Diseases. 2014;8:e2889

[43] Zhang S, Guo S, Feng X, Afelt A, Frutos R, Zhou S, et al. Anopheles vectors in mainland
China while approaching malaria elimination. Trends in Parasitology. 2017;33(11):889-900

[44] Dev V, Sharma VP. The dominant mosquito vectors of human malaria in India. In:
Manguin S, editor. Anopheles Mosquitoes—New Insights into Malaria Vectors. Rijeka:
InTech Open Access; 2013

[45] Dev V, Manguin S. Biology, distribution and control of Anopheles (Cellia) minimus in the
context of malaria transmission in Northeastern India. Parasites & Vectors. 2016;9:585.
DOI: 10.1186/s13071-016-1878-6

[46] Mishra A, Chand S, Barik T, Dua V, Raghavendra K. Insecticide resistance status in
Anopheles culicifacies in Madhya Pradesh, Central India. Journal of Vector Borne Diseases.
2012;49:39

[47] Bhatt R, Sharma S, Barik T, Raghavendra K. Status of insecticide resistance in malaria
vector, Anopheles culicifacies in Chhattisgarh state, India. Journal of Vector Borne Dis-
eases. 2012;49:36

[48] Raghavendra K, Barik T, Sharma S, Das M, Dua V, Pandey A, et al. A note on the
insecticide susceptibility status of principal malaria vector Anopheles culicifacies in four
states of India. Journal of Vector Borne Diseases. 2014;51:230

[49] Sahu S, Gunasekaran K, Raju H, Vanamail P, Pradhan M, Jambulingam P. Response of
malaria vectors to conventional insecticides in the southern districts of Odisha state,
India. The Indian Journal of Medical Research. 2014;139:294

[50] Ahmad M, Buhler C, Pignatelli P, Ranson H, Nahzat SM, Naseem M, et al. Status of
insecticide resistance in high-risk malaria provinces in Afghanistan. Malaria Journal.
2016;15:98

[51] Ashfaq M, Hebert PD, Mirza JH, Khan AM, Zafar Y, Mirza MS. Analyzing mosquito
(Diptera: Culicidae) diversity in Pakistan by DNA barcoding. PLoS One. 2014;9:e97268

[52] Rathor HR, Nadeem G, Khan IA. Pesticide susceptibility status of Anopheles mosquitoes
in four flood-affected districts of South Punjab, Pakistan. Vector Borne and Zoonotic
Diseases. 2013;13:60-66

[53] Naeem H, Ashraf K, Rashid MI, Oneeb M, Akbar H. Insecticide resistance status of
Anopheles subpictus from district Kasur, Punjab, Pakistan. Science International. 2014;26:
1205-1208

Towards Malaria Elimination - A Leap Forward168

[54] Hammad M, Bhatti A, Mukhtar MU, Arslan A, Mushtaq S. Susceptibility/resistance of
selected insecticides in Anopheles mosquitoes of district Mirpur Khas, Sindh, Pakistan.
Journal of Entomology and Zoology Studies. 2015;3(6):321

[55] Petrarca V, Nugud A, Ahmed M, Haridi A, Di Deco M, Coluzzi M. Cytogenetics of the
Anopheles gambiae complex in Sudan, with special reference to An. arabiensis: Relation-
ships with East and West African populations. Medical and Veterinary Entomology.
2000;14:149-164

[56] Ranson H, Abdallah H, Badolo A, Guelbeogo WM, Kerah-Hinzoumbé C, Yangalbé-
Kalnoné E, et al. Insecticide resistance in Anopheles gambiae: Data from the first year of a
multi-country study highlight the extent of the problem. Malaria Journal. 2009;8:299

[57] Abdalla H, Matambo T, Koekemoer L, Mnzava A, Hunt R, Coetzee M. Insecticide sus-
ceptibility and vector status of natural populations of Anopheles arabiensis from Sudan.
Transactions of the Royal Society of Tropical Medicine and Hygiene. 2008;102:263-271

[58] Matambo T, Abdalla H, Brooke B, Koekemoer L, Mnzava A, Hunt R, et al. Insecticide
resistance in the malarial mosquito Anopheles arabiensis and association with the kdr
mutation. Medical and Veterinary Entomology. 2007;21:97-102

[59] Himeidan YE, Hamid MMA, Jones CM, Ranson H. Extensive permethrin and DDT resis-
tance inAnopheles arabiensis from eastern andCentral Sudan. Parasites &Vectors. 2011;4:154

[60] Abdalla H, Wilding CS, Nardini L, Pignatelli P, Koekemoer LL, Ranson H, et al. Insecti-
cide resistance in Anopheles arabiensis in Sudan: Temporal trends and underlying mecha-
nisms. Parasites & Vectors. 2014;7:213

[61] Bashir NH, Adam YA, Nour BY. Monitoring susceptibility of Anopheles arabiensis Patton,
1905 (Diptera: Culicidae) to the recommended insecticides in Gedarif state, Sudan. Inter-
national Journal of Mosquito Research. 2017;4(3):21-26

[62] Remijo C, Assad Y, Bala A. Susceptibility of Anopheles species populations collected from
four localities in Juba County to DDTand deltamethrin, Central Equatoria state, southern
Sudan. Resistant Pest Management Newsletter. 2010;19:2-8

[63] Alimi TO, Fuller DO, Quinones ML, Xue R-D, Herrera SV, Arevalo-Herrera M, et al.
Prospects and recommendations for risk mapping to improve strategies for effective
malaria vector control interventions in Latin America. Malaria Journal. 2015;14:519

[64] Tadei WP, Dutary Thatcher B. Malaria vectors in the Brazilian Amazon: Anopheles of the
subgenus Nyssorhynchus. Revista do Instituto de Medicina Tropical de São Paulo. 2000;
42:87-94

[65] SuarezMF, QuiñonesM, Palacios J, Carrillo A. First record of DDTresistance inAnopheles
darlingi. Journal of the American Mosquito Control Association. 1990;6:72-74

[66] Quinones ML, Suarez MF. Irritability to DDT of natural populations of the primary
malaria vectors in Colombia. Journal of the American Mosquito Control Association.
1989;5:56-59

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

169



[41] Wang D-Q, Xia Z-G, Zhou S-S, Zhou X-N, Wang R-B, Zhang Q-F. A potential threat to
malaria elimination: Extensive deltamethrin and DDT resistance to Anopheles sinensis
from the malaria-endemic areas in China. Malaria Journal. 2013;12:164

[42] Chang X, Zhong D, Fang Q, Hartsel J, Zhou G, Shi L, et al. Multiple resistances and
complex mechanisms of Anopheles sinensis mosquito: A major obstacle to mosquito-borne
diseases control and elimination in China. PLoS Neglected Tropical Diseases. 2014;8:e2889

[43] Zhang S, Guo S, Feng X, Afelt A, Frutos R, Zhou S, et al. Anopheles vectors in mainland
China while approaching malaria elimination. Trends in Parasitology. 2017;33(11):889-900

[44] Dev V, Sharma VP. The dominant mosquito vectors of human malaria in India. In:
Manguin S, editor. Anopheles Mosquitoes—New Insights into Malaria Vectors. Rijeka:
InTech Open Access; 2013

[45] Dev V, Manguin S. Biology, distribution and control of Anopheles (Cellia) minimus in the
context of malaria transmission in Northeastern India. Parasites & Vectors. 2016;9:585.
DOI: 10.1186/s13071-016-1878-6

[46] Mishra A, Chand S, Barik T, Dua V, Raghavendra K. Insecticide resistance status in
Anopheles culicifacies in Madhya Pradesh, Central India. Journal of Vector Borne Diseases.
2012;49:39

[47] Bhatt R, Sharma S, Barik T, Raghavendra K. Status of insecticide resistance in malaria
vector, Anopheles culicifacies in Chhattisgarh state, India. Journal of Vector Borne Dis-
eases. 2012;49:36

[48] Raghavendra K, Barik T, Sharma S, Das M, Dua V, Pandey A, et al. A note on the
insecticide susceptibility status of principal malaria vector Anopheles culicifacies in four
states of India. Journal of Vector Borne Diseases. 2014;51:230

[49] Sahu S, Gunasekaran K, Raju H, Vanamail P, Pradhan M, Jambulingam P. Response of
malaria vectors to conventional insecticides in the southern districts of Odisha state,
India. The Indian Journal of Medical Research. 2014;139:294

[50] Ahmad M, Buhler C, Pignatelli P, Ranson H, Nahzat SM, Naseem M, et al. Status of
insecticide resistance in high-risk malaria provinces in Afghanistan. Malaria Journal.
2016;15:98

[51] Ashfaq M, Hebert PD, Mirza JH, Khan AM, Zafar Y, Mirza MS. Analyzing mosquito
(Diptera: Culicidae) diversity in Pakistan by DNA barcoding. PLoS One. 2014;9:e97268

[52] Rathor HR, Nadeem G, Khan IA. Pesticide susceptibility status of Anopheles mosquitoes
in four flood-affected districts of South Punjab, Pakistan. Vector Borne and Zoonotic
Diseases. 2013;13:60-66

[53] Naeem H, Ashraf K, Rashid MI, Oneeb M, Akbar H. Insecticide resistance status of
Anopheles subpictus from district Kasur, Punjab, Pakistan. Science International. 2014;26:
1205-1208

Towards Malaria Elimination - A Leap Forward168

[54] Hammad M, Bhatti A, Mukhtar MU, Arslan A, Mushtaq S. Susceptibility/resistance of
selected insecticides in Anopheles mosquitoes of district Mirpur Khas, Sindh, Pakistan.
Journal of Entomology and Zoology Studies. 2015;3(6):321

[55] Petrarca V, Nugud A, Ahmed M, Haridi A, Di Deco M, Coluzzi M. Cytogenetics of the
Anopheles gambiae complex in Sudan, with special reference to An. arabiensis: Relation-
ships with East and West African populations. Medical and Veterinary Entomology.
2000;14:149-164

[56] Ranson H, Abdallah H, Badolo A, Guelbeogo WM, Kerah-Hinzoumbé C, Yangalbé-
Kalnoné E, et al. Insecticide resistance in Anopheles gambiae: Data from the first year of a
multi-country study highlight the extent of the problem. Malaria Journal. 2009;8:299

[57] Abdalla H, Matambo T, Koekemoer L, Mnzava A, Hunt R, Coetzee M. Insecticide sus-
ceptibility and vector status of natural populations of Anopheles arabiensis from Sudan.
Transactions of the Royal Society of Tropical Medicine and Hygiene. 2008;102:263-271

[58] Matambo T, Abdalla H, Brooke B, Koekemoer L, Mnzava A, Hunt R, et al. Insecticide
resistance in the malarial mosquito Anopheles arabiensis and association with the kdr
mutation. Medical and Veterinary Entomology. 2007;21:97-102

[59] Himeidan YE, Hamid MMA, Jones CM, Ranson H. Extensive permethrin and DDT resis-
tance inAnopheles arabiensis from eastern andCentral Sudan. Parasites &Vectors. 2011;4:154

[60] Abdalla H, Wilding CS, Nardini L, Pignatelli P, Koekemoer LL, Ranson H, et al. Insecti-
cide resistance in Anopheles arabiensis in Sudan: Temporal trends and underlying mecha-
nisms. Parasites & Vectors. 2014;7:213

[61] Bashir NH, Adam YA, Nour BY. Monitoring susceptibility of Anopheles arabiensis Patton,
1905 (Diptera: Culicidae) to the recommended insecticides in Gedarif state, Sudan. Inter-
national Journal of Mosquito Research. 2017;4(3):21-26

[62] Remijo C, Assad Y, Bala A. Susceptibility of Anopheles species populations collected from
four localities in Juba County to DDTand deltamethrin, Central Equatoria state, southern
Sudan. Resistant Pest Management Newsletter. 2010;19:2-8

[63] Alimi TO, Fuller DO, Quinones ML, Xue R-D, Herrera SV, Arevalo-Herrera M, et al.
Prospects and recommendations for risk mapping to improve strategies for effective
malaria vector control interventions in Latin America. Malaria Journal. 2015;14:519

[64] Tadei WP, Dutary Thatcher B. Malaria vectors in the Brazilian Amazon: Anopheles of the
subgenus Nyssorhynchus. Revista do Instituto de Medicina Tropical de São Paulo. 2000;
42:87-94

[65] SuarezMF, QuiñonesM, Palacios J, Carrillo A. First record of DDTresistance inAnopheles
darlingi. Journal of the American Mosquito Control Association. 1990;6:72-74

[66] Quinones ML, Suarez MF. Irritability to DDT of natural populations of the primary
malaria vectors in Colombia. Journal of the American Mosquito Control Association.
1989;5:56-59

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

169



[67] Fonseca-González I. Estatus de la resistencia a insecticidas de los vectores primarios de
malaria y dengue en Antioquia, Chocó, Norte de Santander y Putumayo, Colombia.
Medellín: Universidad de Antioquia; 2008. p. 183

[68] Cáceres L, Rovira J, García A, Torres R. Determinación de la resistencia a insecticidas
organofosforados, carbamatos y piretroides en tres poblaciones de Anopheles albimanus
(Diptera: Culicidae) de Panamá. Biomédica. 2011;31:419-427

[69] Perea EZ, León RB, Salcedo MP, Brogdon WG, Devine GJ. Adaptation and evaluation of
the bottle assay for monitoring insecticide resistance in disease vector mosquitoes in the
Peruvian Amazon. Malaria Journal. 2009;8:208

[70] Vargas F, Córdova O, Alvarado A. Determinación de la resistencia a insecticidas en Aedes
aegypti, Anopheles albimanus y Lutzomyia peruensis procedentes del norte peruano. Revista
Peruana de Medicina Experimental y Salud Pública. 2006;23:259-264

[71] Hemingway J, Penilla RP, Rodriguez AD, James BM, Edge W, Rogers H, et al. Resistance
management strategies in malaria vector mosquito control. A large-scale field trial in
Southern Mexico. Pest Management Science. 1997;51:375-382

[72] Fonseca-González I, Cárdenas R, Quiñones ML, McAllister J, Brogdon WG. Pyrethroid
and organophosphates resistance in Anopheles (N.) nuneztovari Gabaldón populations
from malaria endemic areas in Colombia. Parasitology Research. 2009;105:1399

[73] Williams J, Pinto J. In: USAID, editor.Training Manual on Malaria Entomology; for
Entomology and Vector Control Technicians (Basic Level). RTI International for USAID,
President Malaria Initiative, PAHO, WHO. 2012. p. 78

[74] Tainchum K, Ritthison W, Sathantriphop S, Tanasilchayakul S, Manguin S, Bangs MJ,
et al. Influence of time of assay on behavioral responses of laboratory and field
populations Aedes aegypti and Culex quinquefasciatus (Diptera: Culicidae) to DEET. Jour-
nal of Medical Entomology. 2014;51:1227-1236. DOI: 10.1603/ME14004

[75] Weetman D, Donnelly MJ. Evolution of insecticide resistance diagnostics in malaria
vectors. Transactions of the Royal Society of Tropical Medicine and Hygiene. 2015;109:
291-293. DOI: 10.1093/trstmh/trv017

[76] Davies TG, Field LM, Usherwood PN,WilliamsonMS. DDT, pyrethrins, pyrethroids and
insect sodium channels. IUBMB Life. 2007;59:151-162. DOI: 10.1080/15216540701352042

[77] Donnelly MJ, Corbel V, Weetman D, Wilding CS, Williamson MS, WCt B. Does kdr
genotype predict insecticide-resistance phenotype in mosquitoes? Trends in Parasitol-
ogy. 2009;25:213-219. DOI: 10.1016/j.pt.2009.02.007

[78] Du W, Awolola TS, Howell P, Koekemoer LL, Brooke BD, Benedict MQ, et al. Indepen-
dent mutations in the Rdl locus confer dieldrin resistance to Anopheles gambiae and An.
arabiensis. Insect Molecular Biology. 2005;14:179-183. IMB544 [pii]. DOI: 10.1111/j.1365-
2583.2005.00544.x

Towards Malaria Elimination - A Leap Forward170

[79] Wondji CS, Dabire RK, Tukur Z, Irving H, Djouaka R, Morgan JC. Identification and
distribution of a GABA receptor mutation conferring dieldrin resistance in the malaria
vector Anopheles funestus in Africa. Insect Biochemistry and Molecular Biology. 2011;41:
484-491. S0965-1748(11)00080-4 [pii]. DOI: 10.1016/j.ibmb.2011.03.012

[80] Fournier D. Mutations of acetylcholinesterase which confer insecticide resistance in
insect populations. Chemico-Biological Interactions. 2005;157-158:257-261. DOI: 10.1016/j.
cbi.2005.10.040

[81] Weill M, Lutfalla G, Mogensen K, Chandre F, Berthomieu A, Berticat C, et al. Insecticide
resistance in mosquito vectors. Nature. 2003;423:136-137

[82] Alout H. Evolution of insecticide resistance at the ace-1 locus in mosquito species [PhD
thesis]. France: University of Montpellier 2; 2009

[83] Weill M, Malcolm C, Chandre F, Mogensen K, Berthomieu A, Marquine M, et al. The
unique mutation in ace-1 giving high insecticide resistance is easily detectable in mos-
quito vectors. Insect Molecular Biology. 2004;13:1-7

[84] Djogbenou L, Chandre F, Berthomieu A, Dabire R, Koffi A, Alout H, et al. Evidence of
introgression of the ace-1(R) mutation and of the ace-1 duplication in West African
Anopheles gambiae s. s. PLoS One. 2008;3:e2172. DOI: 10.1371/journal.pone.0002172

[85] Ibrahim SS, Ndula M, Riveron JM, Irving H, Wondji CS. The P450 CYP6Z1 confers
carbamate/pyrethroid cross-resistance in a major African malaria vector beside a novel
carbamate-insensitive N485I acetylcholinesterase-1 mutation. Molecular Ecology. 2016;
25:3436-3452. DOI: 10.1111/mec.13673

[86] Hemingway J, Hawkes NJ, McCarroll L, Ranson H. The molecular basis of insecticide
resistance in mosquitoes. Insect Biochemistry and Molecular Biology. 2004;34:653-665

[87] Guillemaud T, Makate N, RaymondM, Hirst B, Callaghan A. Esterase gene amplification
in Culex pipiens. Insect Molecular Biology. 1997;6:319-327

[88] Hawkes NJ, Hemingway J. Analysis of the promoters for the beta-esterase genes associ-
ated with insecticide resistance in the mosquito Culex quinquefasciatus. Biochimica et
Biophysica Acta. 2002;1574:51-62

[89] Feyereisen R. Evolution of insect P450. Biochemical Society Transactions. 2006;34:1252-
1255. DOI: 10.1042/bst0341252

[90] Scott JG, Liu N, Wen Z. Insect cytochromes P450: Diversity, insecticide resistance and
tolerance to plant toxins. Comparative Biochemistry and Physiology Part C: Pharmacol-
ogy, Toxicology and Endocrinology. 1998;121:147-155

[91] Stevenson BJ, Bibby J, Pignatelli P, Muangnoicharoen S, O'Neill PM, Lian LY, et al.
Cytochrome P450 6M2 from the malaria vector Anopheles gambiae metabolizes pyre-
throids: Sequential metabolism of deltamethrin revealed. Insect Biochemistry andMolec-
ular Biology. 2011;41:492-502. DOI: 10.1016/j.ibmb.2011.02.003

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

171



[67] Fonseca-González I. Estatus de la resistencia a insecticidas de los vectores primarios de
malaria y dengue en Antioquia, Chocó, Norte de Santander y Putumayo, Colombia.
Medellín: Universidad de Antioquia; 2008. p. 183

[68] Cáceres L, Rovira J, García A, Torres R. Determinación de la resistencia a insecticidas
organofosforados, carbamatos y piretroides en tres poblaciones de Anopheles albimanus
(Diptera: Culicidae) de Panamá. Biomédica. 2011;31:419-427

[69] Perea EZ, León RB, Salcedo MP, Brogdon WG, Devine GJ. Adaptation and evaluation of
the bottle assay for monitoring insecticide resistance in disease vector mosquitoes in the
Peruvian Amazon. Malaria Journal. 2009;8:208

[70] Vargas F, Córdova O, Alvarado A. Determinación de la resistencia a insecticidas en Aedes
aegypti, Anopheles albimanus y Lutzomyia peruensis procedentes del norte peruano. Revista
Peruana de Medicina Experimental y Salud Pública. 2006;23:259-264

[71] Hemingway J, Penilla RP, Rodriguez AD, James BM, Edge W, Rogers H, et al. Resistance
management strategies in malaria vector mosquito control. A large-scale field trial in
Southern Mexico. Pest Management Science. 1997;51:375-382

[72] Fonseca-González I, Cárdenas R, Quiñones ML, McAllister J, Brogdon WG. Pyrethroid
and organophosphates resistance in Anopheles (N.) nuneztovari Gabaldón populations
from malaria endemic areas in Colombia. Parasitology Research. 2009;105:1399

[73] Williams J, Pinto J. In: USAID, editor.Training Manual on Malaria Entomology; for
Entomology and Vector Control Technicians (Basic Level). RTI International for USAID,
President Malaria Initiative, PAHO, WHO. 2012. p. 78

[74] Tainchum K, Ritthison W, Sathantriphop S, Tanasilchayakul S, Manguin S, Bangs MJ,
et al. Influence of time of assay on behavioral responses of laboratory and field
populations Aedes aegypti and Culex quinquefasciatus (Diptera: Culicidae) to DEET. Jour-
nal of Medical Entomology. 2014;51:1227-1236. DOI: 10.1603/ME14004

[75] Weetman D, Donnelly MJ. Evolution of insecticide resistance diagnostics in malaria
vectors. Transactions of the Royal Society of Tropical Medicine and Hygiene. 2015;109:
291-293. DOI: 10.1093/trstmh/trv017

[76] Davies TG, Field LM, Usherwood PN,WilliamsonMS. DDT, pyrethrins, pyrethroids and
insect sodium channels. IUBMB Life. 2007;59:151-162. DOI: 10.1080/15216540701352042

[77] Donnelly MJ, Corbel V, Weetman D, Wilding CS, Williamson MS, WCt B. Does kdr
genotype predict insecticide-resistance phenotype in mosquitoes? Trends in Parasitol-
ogy. 2009;25:213-219. DOI: 10.1016/j.pt.2009.02.007

[78] Du W, Awolola TS, Howell P, Koekemoer LL, Brooke BD, Benedict MQ, et al. Indepen-
dent mutations in the Rdl locus confer dieldrin resistance to Anopheles gambiae and An.
arabiensis. Insect Molecular Biology. 2005;14:179-183. IMB544 [pii]. DOI: 10.1111/j.1365-
2583.2005.00544.x

Towards Malaria Elimination - A Leap Forward170

[79] Wondji CS, Dabire RK, Tukur Z, Irving H, Djouaka R, Morgan JC. Identification and
distribution of a GABA receptor mutation conferring dieldrin resistance in the malaria
vector Anopheles funestus in Africa. Insect Biochemistry and Molecular Biology. 2011;41:
484-491. S0965-1748(11)00080-4 [pii]. DOI: 10.1016/j.ibmb.2011.03.012

[80] Fournier D. Mutations of acetylcholinesterase which confer insecticide resistance in
insect populations. Chemico-Biological Interactions. 2005;157-158:257-261. DOI: 10.1016/j.
cbi.2005.10.040

[81] Weill M, Lutfalla G, Mogensen K, Chandre F, Berthomieu A, Berticat C, et al. Insecticide
resistance in mosquito vectors. Nature. 2003;423:136-137

[82] Alout H. Evolution of insecticide resistance at the ace-1 locus in mosquito species [PhD
thesis]. France: University of Montpellier 2; 2009

[83] Weill M, Malcolm C, Chandre F, Mogensen K, Berthomieu A, Marquine M, et al. The
unique mutation in ace-1 giving high insecticide resistance is easily detectable in mos-
quito vectors. Insect Molecular Biology. 2004;13:1-7

[84] Djogbenou L, Chandre F, Berthomieu A, Dabire R, Koffi A, Alout H, et al. Evidence of
introgression of the ace-1(R) mutation and of the ace-1 duplication in West African
Anopheles gambiae s. s. PLoS One. 2008;3:e2172. DOI: 10.1371/journal.pone.0002172

[85] Ibrahim SS, Ndula M, Riveron JM, Irving H, Wondji CS. The P450 CYP6Z1 confers
carbamate/pyrethroid cross-resistance in a major African malaria vector beside a novel
carbamate-insensitive N485I acetylcholinesterase-1 mutation. Molecular Ecology. 2016;
25:3436-3452. DOI: 10.1111/mec.13673

[86] Hemingway J, Hawkes NJ, McCarroll L, Ranson H. The molecular basis of insecticide
resistance in mosquitoes. Insect Biochemistry and Molecular Biology. 2004;34:653-665

[87] Guillemaud T, Makate N, RaymondM, Hirst B, Callaghan A. Esterase gene amplification
in Culex pipiens. Insect Molecular Biology. 1997;6:319-327

[88] Hawkes NJ, Hemingway J. Analysis of the promoters for the beta-esterase genes associ-
ated with insecticide resistance in the mosquito Culex quinquefasciatus. Biochimica et
Biophysica Acta. 2002;1574:51-62

[89] Feyereisen R. Evolution of insect P450. Biochemical Society Transactions. 2006;34:1252-
1255. DOI: 10.1042/bst0341252

[90] Scott JG, Liu N, Wen Z. Insect cytochromes P450: Diversity, insecticide resistance and
tolerance to plant toxins. Comparative Biochemistry and Physiology Part C: Pharmacol-
ogy, Toxicology and Endocrinology. 1998;121:147-155

[91] Stevenson BJ, Bibby J, Pignatelli P, Muangnoicharoen S, O'Neill PM, Lian LY, et al.
Cytochrome P450 6M2 from the malaria vector Anopheles gambiae metabolizes pyre-
throids: Sequential metabolism of deltamethrin revealed. Insect Biochemistry andMolec-
ular Biology. 2011;41:492-502. DOI: 10.1016/j.ibmb.2011.02.003

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

171



[92] Mitchell SN, Stevenson BJ, Muller P, Wilding CS, Egyir-Yawson A, Field SG, et al.
Identification and validation of a gene causing cross-resistance between insecticide clas-
ses in Anopheles gambiae from Ghana. Proceedings of the National Academy of Sciences of
the United States of America. 2012;109:6147-6152. DOI: 10.1073/pnas.1203452109

[93] Riveron JM, Irving H, Ndula M, Barnes KG, Ibrahim SS, Paine MJ, et al. Directionally
selected cytochrome P450 alleles are driving the spread of pyrethroid resistance in the
major malaria vector Anopheles funestus. Proceedings of the National Academy of Sci-
ences of the United States of America. 2013;110:252-257. DOI: 10.1073/pnas.1216705110

[94] Riveron JM, Ibrahim SS, Chanda E, Mzilahowa T, Cuamba N, Irving H, et al. The highly
polymorphic CYP6M7 cytochrome P450 gene partners with the directionally selected
CYP6P9a andCYP6P9b genes to expand the pyrethroid resistance front in themalaria vector
Anopheles funestus in Africa. BMCGenomics. 2014;15:817. DOI: 10.1186/1471-2164-15-817

[95] Ibrahim SS, Riveron JM, Bibby J, Irving H, Yunta C, Paine MJ, et al. Allelic variation of
cytochrome P450s drives resistance to bednet insecticides in a major malaria vector. PLoS
Genetics. 2015;11:e1005618. DOI: 10.1371/journal.pgen.1005618

[96] Barnes KG, Weedall GD, Ndula M, Irving H, Mzihalowa T, Hemingway J, et al. Genomic
footprints of selective sweeps frommetabolic resistance to pyrethroids in Africanmalaria
vectors are driven by scale up of insecticide-based vector control. PLoS Genetics. 2017;13:
e1006539. DOI: 10.1371/journal.pgen.1006539

[97] Enayati AA, Ranson H, Hemingway J. Insect glutathione transferases and insecticide
resistance. Insect Molecular Biology. 2005;14:3-8

[98] Prapanthadara LA, Hemingway J, Ketterman AJ. Partial purification and characteriza-
tion of glutathione S-transferases involved in DDT resistance from the mosquito Anoph-
eles gambiae. Pesticide Biochemistry and Physiology. 1993;47:119-133. DOI: 10.1006/
pest.1993.1070

[99] Prapanthadara L-A, Koottathep S, Promtet N, Hemingway J, Ketterman AJ. Purification
and characterization of a major glutathione S-transferase from the mosquito Anopheles
dirus (species B). Insect Biochemistry and Molecular Biology. 1996;26:277-285. DOI:
10.1016/0965-1748(95)00090-9

[100] Grant DF, Dietze EC, Hammock BD. Glutathione S-transferase isozymes in Aedes aegypti:
Purification, characterization, and isozyme-specific regulation. Insect Biochemistry. 1991;
21:421-433. DOI: 10.1016/0020-1790(91)90009-4

[101] Mitchell SN, Rigden DJ, Dowd AJ, Lu F, Wilding CS, Weetman D, et al. Metabolic and
target-site mechanisms combine to confer strong DDT resistance in Anopheles gambiae.
PLoS One. 2014;9:e92662. DOI: 10.1371/journal.pone.0092662

[102] Herath PR, Miles SJ, Davidson G. Fenitrothion (OMS 43) resistance in the taxonAnopheles
culicifacies Giles. The Journal of Tropical Medicine and Hygiene. 1981;84:87-88

Towards Malaria Elimination - A Leap Forward172

[103] Hemingway J. The genetics of malathion resistance in Anopheles stephensi from Pakistan.
Transactions of the Royal Society of Tropical Medicine and Hygiene. 1983;77:106-108.
DOI: 10.1016/0035-9203(83)90030-5

[104] Yahouédo GA, Chandre F, Rossignol M, Ginibre C, Balabanidou V, Mendez NGA, et al.
Contributions of cuticle permeability and enzyme detoxification to pyrethroid resistance
in the major malaria vector Anopheles gambiae. Scientific Reports. 2017;7:11091. DOI:
10.1038/s41598-017-11357-z

[105] Wood OR, Hanrahan S, Coetzee M, Koekemoer LL, Brooke BD. Cuticle thickening
associated with pyrethroid resistance in the major malaria vector Anopheles funestus.
Parasites & Vectors. 2010;3:67. DOI: 10.1186/1756-3305-3-67

[106] Rowland M. Behaviour and fitness of γHCH/dieldrin resistant and susceptible female
Anopheles gambiae andAn. stephensimosquitoes in the absence of insecticide. Medical and
Veterinary Entomology. 1991;5:193-206. DOI: 10.1111/j.1365-2915.1991.tb00542.x

[107] RowlandM. Activity and mating competitiveness of gamma HCH/dieldrin resistant and
susceptible male and virgin female Anopheles gambiae and An. stephensimosquitoes, with
assessment of an insecticide-rotation strategy. Medical and Veterinary Entomology. 1991;
5:207-222

[108] Berticat C, Boquien G, Raymond M, Chevillon C. Insecticide resistance genes induce a
mating competition cost in Culex pipiensmosquitoes. Genetical Research. 2002;79:41-47

[109] Platt N, Kwiatkowska RM, Irving H, Diabate A, Dabire R, Wondji CS. Target-site resis-
tance mutations (kdr and RDL), but not metabolic resistance, negatively impact male
mating competiveness in the malaria vector Anopheles gambiae. Heredity (Edinb). 2015;
115:243-252. DOI: 10.1038/hdy.2015.33 hdy201533 [pii]

[110] Agnew P, Berticat C, Bedhomme S, Sidobre C, Michalakis Y. Parasitism increases and
decreases the costs of insecticide resistance in mosquitoes. International Journal of
Organic Evolution. 2004;58:579-586

[111] Shi MA, Lougarre A, Alies C, Fremaux I, Tang ZH, Stojan J, et al. Acetylcholinesterase
alterations reveal the fitness cost of mutations conferring insecticide resistance. BMC
Evolutionary Biology. 2004;4:5. DOI: 10.1186/1471-2148-4-5 1471-2148-4-5 [pii]

[112] Georghiou GP, Taylor CE. Factors influencing the evolution of resistance. In: Pesticide
Resistance: Strategies and Tactics for Management. Washington, DC: National Academy
Press; 1986. pp. 157-169

[113] Brito LP, Linss JG, Lima-Camara TN, Belinato TA, Peixoto AA, Lima JB, et al. Assessing
the effects of Aedes aegypti kdr mutations on pyrethroid resistance and its fitness cost.
PLoS One. 2013;8:e60878. DOI: 10.1371/journal.pone.0060878

[114] Martins AJ, Ribeiro CD, Bellinato DF, Peixoto AA, Valle D, Lima JB. Effect of insecticide
resistance on development, longevity and reproduction of field or laboratory selected

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

173



[92] Mitchell SN, Stevenson BJ, Muller P, Wilding CS, Egyir-Yawson A, Field SG, et al.
Identification and validation of a gene causing cross-resistance between insecticide clas-
ses in Anopheles gambiae from Ghana. Proceedings of the National Academy of Sciences of
the United States of America. 2012;109:6147-6152. DOI: 10.1073/pnas.1203452109

[93] Riveron JM, Irving H, Ndula M, Barnes KG, Ibrahim SS, Paine MJ, et al. Directionally
selected cytochrome P450 alleles are driving the spread of pyrethroid resistance in the
major malaria vector Anopheles funestus. Proceedings of the National Academy of Sci-
ences of the United States of America. 2013;110:252-257. DOI: 10.1073/pnas.1216705110

[94] Riveron JM, Ibrahim SS, Chanda E, Mzilahowa T, Cuamba N, Irving H, et al. The highly
polymorphic CYP6M7 cytochrome P450 gene partners with the directionally selected
CYP6P9a andCYP6P9b genes to expand the pyrethroid resistance front in themalaria vector
Anopheles funestus in Africa. BMCGenomics. 2014;15:817. DOI: 10.1186/1471-2164-15-817

[95] Ibrahim SS, Riveron JM, Bibby J, Irving H, Yunta C, Paine MJ, et al. Allelic variation of
cytochrome P450s drives resistance to bednet insecticides in a major malaria vector. PLoS
Genetics. 2015;11:e1005618. DOI: 10.1371/journal.pgen.1005618

[96] Barnes KG, Weedall GD, Ndula M, Irving H, Mzihalowa T, Hemingway J, et al. Genomic
footprints of selective sweeps frommetabolic resistance to pyrethroids in Africanmalaria
vectors are driven by scale up of insecticide-based vector control. PLoS Genetics. 2017;13:
e1006539. DOI: 10.1371/journal.pgen.1006539

[97] Enayati AA, Ranson H, Hemingway J. Insect glutathione transferases and insecticide
resistance. Insect Molecular Biology. 2005;14:3-8

[98] Prapanthadara LA, Hemingway J, Ketterman AJ. Partial purification and characteriza-
tion of glutathione S-transferases involved in DDT resistance from the mosquito Anoph-
eles gambiae. Pesticide Biochemistry and Physiology. 1993;47:119-133. DOI: 10.1006/
pest.1993.1070

[99] Prapanthadara L-A, Koottathep S, Promtet N, Hemingway J, Ketterman AJ. Purification
and characterization of a major glutathione S-transferase from the mosquito Anopheles
dirus (species B). Insect Biochemistry and Molecular Biology. 1996;26:277-285. DOI:
10.1016/0965-1748(95)00090-9

[100] Grant DF, Dietze EC, Hammock BD. Glutathione S-transferase isozymes in Aedes aegypti:
Purification, characterization, and isozyme-specific regulation. Insect Biochemistry. 1991;
21:421-433. DOI: 10.1016/0020-1790(91)90009-4

[101] Mitchell SN, Rigden DJ, Dowd AJ, Lu F, Wilding CS, Weetman D, et al. Metabolic and
target-site mechanisms combine to confer strong DDT resistance in Anopheles gambiae.
PLoS One. 2014;9:e92662. DOI: 10.1371/journal.pone.0092662

[102] Herath PR, Miles SJ, Davidson G. Fenitrothion (OMS 43) resistance in the taxonAnopheles
culicifacies Giles. The Journal of Tropical Medicine and Hygiene. 1981;84:87-88

Towards Malaria Elimination - A Leap Forward172

[103] Hemingway J. The genetics of malathion resistance in Anopheles stephensi from Pakistan.
Transactions of the Royal Society of Tropical Medicine and Hygiene. 1983;77:106-108.
DOI: 10.1016/0035-9203(83)90030-5

[104] Yahouédo GA, Chandre F, Rossignol M, Ginibre C, Balabanidou V, Mendez NGA, et al.
Contributions of cuticle permeability and enzyme detoxification to pyrethroid resistance
in the major malaria vector Anopheles gambiae. Scientific Reports. 2017;7:11091. DOI:
10.1038/s41598-017-11357-z

[105] Wood OR, Hanrahan S, Coetzee M, Koekemoer LL, Brooke BD. Cuticle thickening
associated with pyrethroid resistance in the major malaria vector Anopheles funestus.
Parasites & Vectors. 2010;3:67. DOI: 10.1186/1756-3305-3-67

[106] Rowland M. Behaviour and fitness of γHCH/dieldrin resistant and susceptible female
Anopheles gambiae andAn. stephensimosquitoes in the absence of insecticide. Medical and
Veterinary Entomology. 1991;5:193-206. DOI: 10.1111/j.1365-2915.1991.tb00542.x

[107] RowlandM. Activity and mating competitiveness of gamma HCH/dieldrin resistant and
susceptible male and virgin female Anopheles gambiae and An. stephensimosquitoes, with
assessment of an insecticide-rotation strategy. Medical and Veterinary Entomology. 1991;
5:207-222

[108] Berticat C, Boquien G, Raymond M, Chevillon C. Insecticide resistance genes induce a
mating competition cost in Culex pipiensmosquitoes. Genetical Research. 2002;79:41-47

[109] Platt N, Kwiatkowska RM, Irving H, Diabate A, Dabire R, Wondji CS. Target-site resis-
tance mutations (kdr and RDL), but not metabolic resistance, negatively impact male
mating competiveness in the malaria vector Anopheles gambiae. Heredity (Edinb). 2015;
115:243-252. DOI: 10.1038/hdy.2015.33 hdy201533 [pii]

[110] Agnew P, Berticat C, Bedhomme S, Sidobre C, Michalakis Y. Parasitism increases and
decreases the costs of insecticide resistance in mosquitoes. International Journal of
Organic Evolution. 2004;58:579-586

[111] Shi MA, Lougarre A, Alies C, Fremaux I, Tang ZH, Stojan J, et al. Acetylcholinesterase
alterations reveal the fitness cost of mutations conferring insecticide resistance. BMC
Evolutionary Biology. 2004;4:5. DOI: 10.1186/1471-2148-4-5 1471-2148-4-5 [pii]

[112] Georghiou GP, Taylor CE. Factors influencing the evolution of resistance. In: Pesticide
Resistance: Strategies and Tactics for Management. Washington, DC: National Academy
Press; 1986. pp. 157-169

[113] Brito LP, Linss JG, Lima-Camara TN, Belinato TA, Peixoto AA, Lima JB, et al. Assessing
the effects of Aedes aegypti kdr mutations on pyrethroid resistance and its fitness cost.
PLoS One. 2013;8:e60878. DOI: 10.1371/journal.pone.0060878

[114] Martins AJ, Ribeiro CD, Bellinato DF, Peixoto AA, Valle D, Lima JB. Effect of insecticide
resistance on development, longevity and reproduction of field or laboratory selected

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

173



Aedes aegypti populations. PLoS One. 2012;7:e31889. DOI: 10.1371/journal.pone.0031889
PONE-D-11-16359 [pii]

[115] Rivero A, Vézilier J, Weill M, Read AF, Gandon S. Insecticide control of vector-borne
diseases: When is insecticide resistance a problem? PLoS Pathogens. 2010;6:e1001000.
DOI: 10.1371/journal.ppat.1001000

[116] Mahande AM, Dusfour I, Matias JR, Kweka EJ. Knockdown resistance, rdl alleles, and
the annual entomological inoculation rate of wild mosquito populations from Lower
Moshi, northern Tanzania. Journal of Global Infectious Diseases. 2012;4:114-119. DOI:
10.4103/0974-777X.96776 JGID-4-114 [pii]

[117] Ranson H, N'Guessan R, Lines J, Moiroux N, Nkuni Z, Corbel V. Pyrethroid resistance in
African anopheline mosquitoes: What are the implications for malaria control? Trends in
Parasitology. 2011;27:91-98. DOI: 10.1016/j.pt.2010.08.004

[118] Brooke BD, Kloke G, Hunt RH, Koekemoer LL, Temu EA, Taylor ME, et al. Bioassay and
biochemical analyses of insecticide resistance in southern African Anopheles funestus
(Diptera: Culicidae). Bulletin of Entomological Research. 2001;91:265-272

[119] Hargreaves K, Koekemoer LL, Brooke BD, Hunt RH, Mthembu J, Coetzee M. Anopheles
funestus resistant to pyrethroid insecticides in South Africa. Medical and Veterinary
Entomology. 2000;14:181-189

[120] Maharaj R, Mthembu DJ, Sharp BL. Impact of DDT re-introduction on malaria transmis-
sion in KwaZulu-Natal. South African Medical Journal. 2005;95:871-874

[121] Kleinschmidt I, Sharp B, Benavente LE, Schwabe C, Torrez M, Kuklinski J, et al. Reduc-
tion in infection with Plasmodium falciparum one year after the introduction of malaria
control interventions on Bioko Island, Equatorial Guinea. The American Journal of Trop-
ical Medicine and Hygiene. 2006;74:972-978. 74/6/972 [pii]

[122] Sharp BL, Ridl FC, Govender D, Kuklinski J, Kleinschmidt I. Malaria vector control by
indoor residual insecticide spraying on the tropical island of Bioko, Equatorial Guinea.
Malaria Journal. 2007;6:52. 1475-2875-6-52 [pii]. DOI: 10.1186/1475-2875-6-52

[123] Protopopoff N, Van Bortel W, Marcotty T, Van Herp M, Maes P, Baza D, et al. Spatial
targeted vector control in the highlands of Burundi and its impact on malaria transmis-
sion. Malaria Journal. 2007;6:158. 1475-2875-6-158 [pii]. DOI: 10.1186/1475-2875-6-158

[124] Lengeler C. Insecticide-treated bednets and curtains for preventingmalaria. CochraneData-
base of Systematic Reviews. 2000;(2):CD000363 [pii]. DOI: 10.1002/14651858.CD000363

[125] Martinez-Torres D, Chandre F, Williamson MS, Darriet F, Berge JB, Devonshire AL, et al.
Molecular characterization of pyrethroid knockdown resistance (kdr) in the major
malaria vector Anopheles gambiae s.s. Insect Molecular Biology. 1998;7:179-184

[126] Henry MC, Assi SB, Rogier C, Dossou-Yovo J, Chandre F, Guillet P, et al. Protective
efficacy of lambda-cyhalothrin treated nets in Anopheles gambiae pyrethroid resistance
areas of Cote d'Ivoire. The American Journal of Tropical Medicine and Hygiene. 2005;73:
859-864. 73/5/859 [pii]

Towards Malaria Elimination - A Leap Forward174

[127] Corbel V, Akogbeto M, Damien GB, Djenontin A, Chandre F, Rogier C, et al. Combina-
tion of malaria vector control interventions in pyrethroid resistance area in Benin: A
cluster randomised controlled trial. The Lancet Infectious Diseases. 2012;12:617-626

[128] Gillies MT, De Meillon B: The Anophelinae of Africa South of the Sahara (Ethiopian
Zoogeographical Region). 1968;54:1-343

[129] Govella NJ, Chaki PP, Killeen GF. Entomological surveillance of behavioural resilience
and resistance in residual malaria vector populations. Malaria Journal. 2013;12:124. DOI:
10.1186/1475-2875-12-124

[130] Moiroux N, Gomez MB, Pennetier C, Elanga E, Djenontin A, Chandre F, et al. Changes in
Anopheles funestus biting behavior following universal coverage of long-lasting insecticidal
nets in Benin. The Journal of Infectious Diseases. 2012;206:1622-1629. DOI: 10.1093/infdis/
jis565

[131] Ojuka P, Boum Y 2nd, Denoeud-Ndam L, Nabasumba C, Muller Y, Okia M, et al. Early
biting and insecticide resistance in the malaria vector Anopheles might compromise the
effectiveness of vector control intervention in Southwestern Uganda. Malaria Journal.
2015;14:148. DOI: 10.1186/s12936-015-0653-z

[132] Thomsen EK, Koimbu G, Pulford J, Jamea-Maiasa S, Ura Y, Keven JB, et al. Mosquito
behaviour change after distribution of bednets results in decreasedprotection againstmalaria
exposure. Journal of Infectious Diseases. 2017;215(5):790-797. DOI: 10.1093/infdis/jiw615

[133] Meyers JI, Pathikonda S, Popkin-Hall ZR, Medeiros MC, Fuseini G, Matias A, et al.
Increasing outdoor host-seeking in Anopheles gambiae over 6 years of vector control on
Bioko Island. Malaria Journal. 2016;15:239. DOI: 10.1186/s12936-016-1286-6

[134] Etang J, Nono BF, Awono-Ambene P, Bigoga J, Eyisap WE, Piameu M, et al. Resting
behaviour of deltamethrin-resistant malaria vectors, Anopheles arabiensis and Anopheles
coluzzii, from North Cameroon: Upshots from a two-level ordinary logit model. In:
Current Topics in Malaria. Rijeka: InTech Open Access; 2016

[135] Killeen GF, Chitnis N. Potential causes and consequences of behavioural resilience and
resistance in malaria vector populations: A mathematical modelling analysis. Malaria
Journal. 2014;13:97. DOI: 10.1186/1475-2875-13-97

[136] Main BJ, Lee Y, Ferguson HM, Kreppel KS, Kihonda A, Govella NJ, et al. The genetic
basis of host preference and resting behavior in the major African malaria vector, Anoph-
eles arabiensis. PLoS Genetics. 2016;12:e1006303

[137] Sinka ME, Bangs MJ, Manguin S, Rubio-Palis Y, Chareonviriyaphap T, Coetzee M,
Mbogo CM, Hemingway J, Patil AP, Temperley WH, Gething PW, Kabaria CW, Okara
RM, Burkot TR, Harbach RE, Hay SI. A global map of dominant malaria vectors. Para-
sites & Vectors. 2012;5:69

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

175



Aedes aegypti populations. PLoS One. 2012;7:e31889. DOI: 10.1371/journal.pone.0031889
PONE-D-11-16359 [pii]

[115] Rivero A, Vézilier J, Weill M, Read AF, Gandon S. Insecticide control of vector-borne
diseases: When is insecticide resistance a problem? PLoS Pathogens. 2010;6:e1001000.
DOI: 10.1371/journal.ppat.1001000

[116] Mahande AM, Dusfour I, Matias JR, Kweka EJ. Knockdown resistance, rdl alleles, and
the annual entomological inoculation rate of wild mosquito populations from Lower
Moshi, northern Tanzania. Journal of Global Infectious Diseases. 2012;4:114-119. DOI:
10.4103/0974-777X.96776 JGID-4-114 [pii]

[117] Ranson H, N'Guessan R, Lines J, Moiroux N, Nkuni Z, Corbel V. Pyrethroid resistance in
African anopheline mosquitoes: What are the implications for malaria control? Trends in
Parasitology. 2011;27:91-98. DOI: 10.1016/j.pt.2010.08.004

[118] Brooke BD, Kloke G, Hunt RH, Koekemoer LL, Temu EA, Taylor ME, et al. Bioassay and
biochemical analyses of insecticide resistance in southern African Anopheles funestus
(Diptera: Culicidae). Bulletin of Entomological Research. 2001;91:265-272

[119] Hargreaves K, Koekemoer LL, Brooke BD, Hunt RH, Mthembu J, Coetzee M. Anopheles
funestus resistant to pyrethroid insecticides in South Africa. Medical and Veterinary
Entomology. 2000;14:181-189

[120] Maharaj R, Mthembu DJ, Sharp BL. Impact of DDT re-introduction on malaria transmis-
sion in KwaZulu-Natal. South African Medical Journal. 2005;95:871-874

[121] Kleinschmidt I, Sharp B, Benavente LE, Schwabe C, Torrez M, Kuklinski J, et al. Reduc-
tion in infection with Plasmodium falciparum one year after the introduction of malaria
control interventions on Bioko Island, Equatorial Guinea. The American Journal of Trop-
ical Medicine and Hygiene. 2006;74:972-978. 74/6/972 [pii]

[122] Sharp BL, Ridl FC, Govender D, Kuklinski J, Kleinschmidt I. Malaria vector control by
indoor residual insecticide spraying on the tropical island of Bioko, Equatorial Guinea.
Malaria Journal. 2007;6:52. 1475-2875-6-52 [pii]. DOI: 10.1186/1475-2875-6-52

[123] Protopopoff N, Van Bortel W, Marcotty T, Van Herp M, Maes P, Baza D, et al. Spatial
targeted vector control in the highlands of Burundi and its impact on malaria transmis-
sion. Malaria Journal. 2007;6:158. 1475-2875-6-158 [pii]. DOI: 10.1186/1475-2875-6-158

[124] Lengeler C. Insecticide-treated bednets and curtains for preventingmalaria. CochraneData-
base of Systematic Reviews. 2000;(2):CD000363 [pii]. DOI: 10.1002/14651858.CD000363

[125] Martinez-Torres D, Chandre F, Williamson MS, Darriet F, Berge JB, Devonshire AL, et al.
Molecular characterization of pyrethroid knockdown resistance (kdr) in the major
malaria vector Anopheles gambiae s.s. Insect Molecular Biology. 1998;7:179-184

[126] Henry MC, Assi SB, Rogier C, Dossou-Yovo J, Chandre F, Guillet P, et al. Protective
efficacy of lambda-cyhalothrin treated nets in Anopheles gambiae pyrethroid resistance
areas of Cote d'Ivoire. The American Journal of Tropical Medicine and Hygiene. 2005;73:
859-864. 73/5/859 [pii]

Towards Malaria Elimination - A Leap Forward174

[127] Corbel V, Akogbeto M, Damien GB, Djenontin A, Chandre F, Rogier C, et al. Combina-
tion of malaria vector control interventions in pyrethroid resistance area in Benin: A
cluster randomised controlled trial. The Lancet Infectious Diseases. 2012;12:617-626

[128] Gillies MT, De Meillon B: The Anophelinae of Africa South of the Sahara (Ethiopian
Zoogeographical Region). 1968;54:1-343

[129] Govella NJ, Chaki PP, Killeen GF. Entomological surveillance of behavioural resilience
and resistance in residual malaria vector populations. Malaria Journal. 2013;12:124. DOI:
10.1186/1475-2875-12-124

[130] Moiroux N, Gomez MB, Pennetier C, Elanga E, Djenontin A, Chandre F, et al. Changes in
Anopheles funestus biting behavior following universal coverage of long-lasting insecticidal
nets in Benin. The Journal of Infectious Diseases. 2012;206:1622-1629. DOI: 10.1093/infdis/
jis565

[131] Ojuka P, Boum Y 2nd, Denoeud-Ndam L, Nabasumba C, Muller Y, Okia M, et al. Early
biting and insecticide resistance in the malaria vector Anopheles might compromise the
effectiveness of vector control intervention in Southwestern Uganda. Malaria Journal.
2015;14:148. DOI: 10.1186/s12936-015-0653-z

[132] Thomsen EK, Koimbu G, Pulford J, Jamea-Maiasa S, Ura Y, Keven JB, et al. Mosquito
behaviour change after distribution of bednets results in decreasedprotection againstmalaria
exposure. Journal of Infectious Diseases. 2017;215(5):790-797. DOI: 10.1093/infdis/jiw615

[133] Meyers JI, Pathikonda S, Popkin-Hall ZR, Medeiros MC, Fuseini G, Matias A, et al.
Increasing outdoor host-seeking in Anopheles gambiae over 6 years of vector control on
Bioko Island. Malaria Journal. 2016;15:239. DOI: 10.1186/s12936-016-1286-6

[134] Etang J, Nono BF, Awono-Ambene P, Bigoga J, Eyisap WE, Piameu M, et al. Resting
behaviour of deltamethrin-resistant malaria vectors, Anopheles arabiensis and Anopheles
coluzzii, from North Cameroon: Upshots from a two-level ordinary logit model. In:
Current Topics in Malaria. Rijeka: InTech Open Access; 2016

[135] Killeen GF, Chitnis N. Potential causes and consequences of behavioural resilience and
resistance in malaria vector populations: A mathematical modelling analysis. Malaria
Journal. 2014;13:97. DOI: 10.1186/1475-2875-13-97

[136] Main BJ, Lee Y, Ferguson HM, Kreppel KS, Kihonda A, Govella NJ, et al. The genetic
basis of host preference and resting behavior in the major African malaria vector, Anoph-
eles arabiensis. PLoS Genetics. 2016;12:e1006303

[137] Sinka ME, Bangs MJ, Manguin S, Rubio-Palis Y, Chareonviriyaphap T, Coetzee M,
Mbogo CM, Hemingway J, Patil AP, Temperley WH, Gething PW, Kabaria CW, Okara
RM, Burkot TR, Harbach RE, Hay SI. A global map of dominant malaria vectors. Para-
sites & Vectors. 2012;5:69

Insecticide Resistance in Malaria Vectors: An Update at a Global Scale
http://dx.doi.org/10.5772/intechopen.78375

175



Section 3

Current Status and Advances in Specific Regions



Section 3

Current Status and Advances in Specific Regions



Chapter 8

Malaria Elimination in the Greater Mekong Subregion:
Challenges and Prospects

Liwang Cui, Yaming Cao, Jaranit Kaewkungwal,
Amnat Khamsiriwatchara, Saranath Lawpoolsri,
Than Naing Soe, Myat Phone Kyaw and
Jetsumon Sattabongkot

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76337

Provisional chapter

DOI: 10.5772/intechopen.76337

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Malaria Elimination in the Greater Mekong Subregion: 
Challenges and Prospects

Liwang Cui, Yaming Cao, Jaranit Kaewkungwal, 
Amnat Khamsiriwatchara, Saranath Lawpoolsri, 
Than Naing Soe, Myat Phone Kyaw and 
Jetsumon Sattabongkot

Additional information is available at the end of the chapter

Abstract

Malaria is a significant public health problem and impediment to socioeconomic develop-
ment in countries of the Greater Mekong Subregion (GMS), which comprises Cambodia, 
China’s Yunnan Province, Lao People’s Democratic Republic, Myanmar, Thailand, 
and Vietnam. Over the past decade, intensified malaria control has greatly reduced the 
regional malaria burden. Driven by increasing political commitment, motivated by recent 
achievements in malaria control, and urged by the imminent threat of emerging artemis-
inin resistance, the GMS countries have endorsed a regional malaria elimination plan with 
a goal of eliminating malaria by 2030. However, this ambitious, but laudable, goal faces 
a daunting array of challenges and requires integrated strategies tailored to the region, 
which should be based on a mechanistic understanding of the human, parasite, and vec-
tor factors sustaining continued malaria transmission along international borders. Malaria 
epidemiology in the GMS is complex and rapidly evolving. Spatial heterogeneity requires 
targeted use of the limited resources. Border malaria accounts for continued malaria trans-
mission and represents sources of parasite introduction through porous borders by highly 
mobile human populations. Asymptomatic infections constitute huge parasite reservoir 
requiring interventions in time and place to pave the way for malaria elimination. Of the 
two most predominant malaria parasites, Plasmodium falciparum and P. vivax, the preva-
lence of the latter is increasing in most member GMS countries. This parasite requires the 
use of 8-aminoquinoline drugs to prevent relapses from liver hypnozoites, but high preva-
lence of glucose-6-phosphate dehydrogenase deficiency in the endemic human popula-
tions makes it difficult to adopt this treatment regimen. The recent emergence of resistance 
to artemisinins and partner drugs in P. falciparum has raised both regional and global 
concerns, and elimination efforts are invariably prioritized against this parasite to avert 
spread. Moreover, the effectiveness of the two core vector control interventions—insec-
ticide-treated nets and indoor residual spraying—has been declining due to insecticide 
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resistance and increased outdoor biting activity of mosquito vectors. These technical chal-
lenges, though varying from country to country, require integrated approaches and better 
understanding of the malaria epidemiology enabling targeted control of the parasites and 
vectors. Understanding the mechanism and distribution of drug-resistant parasites will 
allow effective drug treatment and prevent, or slow down, the spread of drug resistance. 
Coordination among the GMS countries is essential to prevent parasite reintroduction 
across the international borders to achieve regional malaria elimination.

Keywords: malaria elimination, Greater Mekong Subregion, epidemiology, drug 
resistance, migration, insecticide resistance

1. Introduction

With steady gains in the fight against malaria over the past decade, the international malaria 
community once again is embracing the global goal of malaria eradication. Meanwhile, the 
World Health Organization (WHO) has launched a new Global Technical Strategy for Malaria 
(http://www.who.int/malaria/areas/global_technical_strategy/en/) as the operational frame-
work guiding malarious nations and regions in their pursuit of malaria elimination. In the 
Greater Mekong Subregion (GMS) of Southeast Asia (SEA), which comprises Cambodia, China’s 
Yunnan Province, Lao People’s Democratic Republic (Laos), Myanmar, Thailand, and Vietnam, 
malaria has been a significant public health problem and impediment to socioeconomic develop-
ment [1, 2]. Intensified malaria control in recent years, fueled by increased international fund-
ing and local bustling economic development, has greatly reduced the regional malaria burden. 
Compared with confirmed malaria cases in 2010, the number of malaria cases in the GMS was 
reduced by ~50% in 2014. Driven by increasing political will and financial support and moti-
vated by recent achievements in malaria control, the six GMS nations have endorsed a regional 
malaria elimination plan with an ultimate goal of eliminating Plasmodium falciparum malaria by 
2025 and all malaria by 2030 [3]. Emerging artemisinin resistance in this region further escalated 
urgency for National Malaria Control Programmes (NMCPs) to make such a transition of their 
aims [4, 5]. However, this ambitious goal faces numerous technical challenges [6] and requires 
integrated strategies tailored to the whole region and individual countries. In the malaria elimi-
nation settings, control strategies need to align with the changing malaria epidemiology. Control 
measures such as long-lasting insecticide-treated bed nets (LLINs), indoor residual insecticide 
spraying (IRS), rapid diagnostic tests (RDTs), and artemisinin combined therapies (ACTs) used 
to effectively reduce malaria burden in hyperendemic regions may not be enough for the malaria 
elimination task. Additional tools such as mass drug administration (MDA) and innovative 
vector control programs may be needed. Here, we attempt to provide an updated view of the 
changing malaria epidemiology, the challenges, and prospect of malaria elimination in the GMS.

2. Border malaria

Malaria epidemiology in the GMS is complex and rapidly evolving. There is immense spatial 
heterogeneity in both regional and countrywide disease distribution (Figure 1 and Table 1). 
Within the GMS, Myanmar has the heaviest malaria burden and accounts for more than 53% 
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of regionally confirmed malaria cases. Within each country, the pattern of malaria distribution 
remains similar, but transmission is still concentrated along international borders—the so-called 
border malaria. In border areas, there is poor accessibility to healthcare services, and surveil-
lance for malaria is far less than optimal [8]. Given that these border regions represent prob-
able malaria reservoirs and that importation and dispersal by migratory human populations 
are extremely difficult to monitor, border malaria constitutes one of the biggest obstacles for 
malaria elimination. Highly mobile populations crossing porous borders are a major contribu-
tor to parasite introduction and continued transmission [9]. Border areas also are home to eth-
nic minorities, hill tribes, temporary and seasonal migrants, refugees, and internally displaced 
people; many have poor educational level, limited access to healthcare services, and reduced 
legal rights. Geographical and cultural isolation leaves these groups at a high risk for infection 
and poor access to treatment [1, 2, 10, 11]. In Thailand, malaria makes up ~31% of communicable 
diseases diagnosed in migrants, as compared to 3% in Thai natives [12]. Heavy population flow 
along the extremely porous borders makes neighboring countries very vulnerable to malaria 
introduction and reintroduction [13, 14]. As a result, malaria prevalence on both sides of the 
border is often highly correlated [15]. In Yunnan Province of China, although autochthonous  
P. vivax malaria was still detected, P. falciparum infections were mostly associated with travel 
history to Myanmar [16]. There is also genetic evidence of asymmetric parasite flow from 
the more endemic to the less endemic side of the border [17, 18]. On a smaller geographi-
cal scale in a border village in Western Thailand, malaria incidence was clustered and sig-
nificantly associated with citizen status indicating recent migration [19]. Moreover, there is a 
high probability that frequent border crossings by migrants will spread artemisinin-resistant 
P.  falciparum [20, 21] beyond the “containment zone” [22, 23]. More sophisticated surveillance 

Figure 1. The geographical proximity of countries and reported malaria cases for data based on 2016 in the Greater 
Mekong Subregion (GMS). Note: The majority of malaria cases in Yunnan Province of China were imported.
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resistance and increased outdoor biting activity of mosquito vectors. These technical chal-
lenges, though varying from country to country, require integrated approaches and better 
understanding of the malaria epidemiology enabling targeted control of the parasites and 
vectors. Understanding the mechanism and distribution of drug-resistant parasites will 
allow effective drug treatment and prevent, or slow down, the spread of drug resistance. 
Coordination among the GMS countries is essential to prevent parasite reintroduction 
across the international borders to achieve regional malaria elimination.

Keywords: malaria elimination, Greater Mekong Subregion, epidemiology, drug 
resistance, migration, insecticide resistance

1. Introduction

With steady gains in the fight against malaria over the past decade, the international malaria 
community once again is embracing the global goal of malaria eradication. Meanwhile, the 
World Health Organization (WHO) has launched a new Global Technical Strategy for Malaria 
(http://www.who.int/malaria/areas/global_technical_strategy/en/) as the operational frame-
work guiding malarious nations and regions in their pursuit of malaria elimination. In the 
Greater Mekong Subregion (GMS) of Southeast Asia (SEA), which comprises Cambodia, China’s 
Yunnan Province, Lao People’s Democratic Republic (Laos), Myanmar, Thailand, and Vietnam, 
malaria has been a significant public health problem and impediment to socioeconomic develop-
ment [1, 2]. Intensified malaria control in recent years, fueled by increased international fund-
ing and local bustling economic development, has greatly reduced the regional malaria burden. 
Compared with confirmed malaria cases in 2010, the number of malaria cases in the GMS was 
reduced by ~50% in 2014. Driven by increasing political will and financial support and moti-
vated by recent achievements in malaria control, the six GMS nations have endorsed a regional 
malaria elimination plan with an ultimate goal of eliminating Plasmodium falciparum malaria by 
2025 and all malaria by 2030 [3]. Emerging artemisinin resistance in this region further escalated 
urgency for National Malaria Control Programmes (NMCPs) to make such a transition of their 
aims [4, 5]. However, this ambitious goal faces numerous technical challenges [6] and requires 
integrated strategies tailored to the whole region and individual countries. In the malaria elimi-
nation settings, control strategies need to align with the changing malaria epidemiology. Control 
measures such as long-lasting insecticide-treated bed nets (LLINs), indoor residual insecticide 
spraying (IRS), rapid diagnostic tests (RDTs), and artemisinin combined therapies (ACTs) used 
to effectively reduce malaria burden in hyperendemic regions may not be enough for the malaria 
elimination task. Additional tools such as mass drug administration (MDA) and innovative 
vector control programs may be needed. Here, we attempt to provide an updated view of the 
changing malaria epidemiology, the challenges, and prospect of malaria elimination in the GMS.

2. Border malaria

Malaria epidemiology in the GMS is complex and rapidly evolving. There is immense spatial 
heterogeneity in both regional and countrywide disease distribution (Figure 1 and Table 1). 
Within the GMS, Myanmar has the heaviest malaria burden and accounts for more than 53% 
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of regionally confirmed malaria cases. Within each country, the pattern of malaria distribution 
remains similar, but transmission is still concentrated along international borders—the so-called 
border malaria. In border areas, there is poor accessibility to healthcare services, and surveil-
lance for malaria is far less than optimal [8]. Given that these border regions represent prob-
able malaria reservoirs and that importation and dispersal by migratory human populations 
are extremely difficult to monitor, border malaria constitutes one of the biggest obstacles for 
malaria elimination. Highly mobile populations crossing porous borders are a major contribu-
tor to parasite introduction and continued transmission [9]. Border areas also are home to eth-
nic minorities, hill tribes, temporary and seasonal migrants, refugees, and internally displaced 
people; many have poor educational level, limited access to healthcare services, and reduced 
legal rights. Geographical and cultural isolation leaves these groups at a high risk for infection 
and poor access to treatment [1, 2, 10, 11]. In Thailand, malaria makes up ~31% of communicable 
diseases diagnosed in migrants, as compared to 3% in Thai natives [12]. Heavy population flow 
along the extremely porous borders makes neighboring countries very vulnerable to malaria 
introduction and reintroduction [13, 14]. As a result, malaria prevalence on both sides of the 
border is often highly correlated [15]. In Yunnan Province of China, although autochthonous  
P. vivax malaria was still detected, P. falciparum infections were mostly associated with travel 
history to Myanmar [16]. There is also genetic evidence of asymmetric parasite flow from 
the more endemic to the less endemic side of the border [17, 18]. On a smaller geographi-
cal scale in a border village in Western Thailand, malaria incidence was clustered and sig-
nificantly associated with citizen status indicating recent migration [19]. Moreover, there is a 
high probability that frequent border crossings by migrants will spread artemisinin-resistant 
P.  falciparum [20, 21] beyond the “containment zone” [22, 23]. More sophisticated surveillance 

Figure 1. The geographical proximity of countries and reported malaria cases for data based on 2016 in the Greater 
Mekong Subregion (GMS). Note: The majority of malaria cases in Yunnan Province of China were imported.
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Country/drug policy* Year No. of malaria cases % of confirmed cases° No. of death cases

Pf Pv Others

China

Uncomplicated Pf:

ART + NQ; AS + AQ; D-P

Severe malaria:

AM; AS; pyronaridine

P. vivax: CQ + PQ (8d)

2011 3000 41.9 56.6 1.5 ≤100

2012 240 8.2 91.8 — 0

2013 ≤100 64.1 35.9 — 0

2014 ≤100 10.7 89.3 — 0

2015 ≤100 3.0 78.8 18.2 0

2016 ≤10 0.0 100.0 — 0

Cambodia

Uncomplicated Pf:

AS + MQ, D-P

Severe malaria:

AM; AS; QN

P. vivax: D-P + PQ (14d)

2011 203,600 62.6 37.4 — 400

2012 146,000 50.4 49.6 — 220

2013 76,500 45.8 54.2 — 110

2014 89,700 58.8 41.2 — 150

2015 120,300 61.3 38.7 — 210

2016 83,300 58.2 41.8 — 140

Laos

Uncomplicated Pf:

AL

Severe malaria:

AS + AL

P. vivax: CQ + PQ (14d)

2011 42,800 92.7 7.1 0.2 ≤100

2012 112,700 83.4 16.6 — 250

2013 93,500 67.0 33.0 — 170

2014 117,300 52.9 47.1 — 180

2015 87,900 42.3 57.7 — 120

2016 27,390 39.5 60.5 — ≤100

Myanmar

Uncomplicated Pf:

AL; AM; AS + MQ; D-P; PQ

Severe malaria:

AM; AS; QN

P. vivax: CQ + PQ (14d)

2011 1,506,000 68.4 31.6 — 2800

2012 1,974,000 71.8 28.2 — 4000

2013 585,000 70.4 29.6 — 1100

2014 360,000 69.9 30.1 — 700

2015 236,500 64.1 35.9 — 400

2016 142,600 60.3 39.7 — 240

Thailand

Uncomplicated Pf:

D-P

Severe malaria:

QN + doxycycline

P. vivax: CQ + PQ (14d)

2011 24,900 40.5 59.5 0.1 ≤100

2012 32,600 39.8 60.2 — ≤100

2013 33,300 44.0 46.8 9.3 ≤100

2014 37,900 37.8 54.1 8.1 ≤100

2015 8000 41.7 58.0 0.2 ≤100

2016 11,520 32.5 46.1 21.5 ≤100
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tools are needed to provide a clear picture of border malaria transmission so that targeted con-
trol measures are implemented to curb the spread of resistance and to prevent the reintroduc-
tion of parasites into populations where they have been eliminated. Thus, malaria elimination 
is a multinational, multipronged issue, with cross-border migration posing one of the largest 
threats to its success [24]. In recognition of this issue, the GMS countries have initiated bi- and 
multilateral coordination between the NMCPs. While the healthcare systems in the GMS coun-
tries are improving, further bolstering is needed to meet the malaria elimination challenge.

3. Asymptomatic malaria as an important reservoir

It has long been held as conventional wisdom that asymptomatic infections would be much less 
frequent in low-endemicity settings because the level of exposure-related immunity to malaria in 
human populations may be low [25]. However, asymptomatic infections represent the vast major-
ity of infections in all endemic settings [26]. The use of molecular tools is essential for identifying 
submicroscopic infections. For both P. falciparum and P. vivax, microscopy detects only 1/3–1/2 of 
the infections detected by regular PCR [27, 28]. As the sensitivity of detection methods increases 
(e.g., with the use of a larger blood volume or reverse transcriptase-PCR targeting the parasite 
18S rRNA), greater proportions of asymptomatic infections are discovered, revealing larger pools 
of infections [29, 30]. In Western Thailand and other GMS regions, qPCR and large-volume ultra-
sensitive qPCR could detect as much as 20% of the villagers harboring malaria infections as com-
pared to ~5% detected by microscopy [31, 32]. Although we still do not have a clear picture about 
how much these asymptomatic infections actually contribute to malaria transmission in these 
areas [33], studies in Western Thailand have clearly demonstrated mosquito infectivity of sub-
microscopic P. falciparum and P. vivax [34], albeit the asymptomatic parasite carriers were found 
to be much less infective to mosquitoes than acute cases [35]. Since asymptomatic individuals 
are unlikely to seek treatment, they are missed by passive case detection, and submicroscopic 
infections also are missed by microscopy-based active case detection. It is highly possible that 
these asymptomatic infections act as important silent reservoirs of transmission. Even under such 

Country/drug policy* Year No. of malaria cases % of confirmed cases° No. of death cases

Pf Pv Others

Vietnam

Uncomplicated Pf:

D-P

Severe malaria:

AS; QN

P. vivax: CQ + PQ (14d)

2011 22,630 64.3 35.7 — ≤100

2012 26,610 61.3 38.7 — ≤100

2013 23,140 58.0 42.0 — ≤100

2014 21,200 54.2 45.8 — ≤100

2015 12,560 48.9 51.0 0.2 ≤100

2016 6000 57.6 42.1 0.4 ≤10

*AL, artemether + lumefantrine; AM, artemether; AQ, amodiaquine; ART, artemisinin; AS, artesunate; CQ, chloroquine; 
D-P, dihydroartemisinin + piperaquine; MQ, mefloquine; NQ, naphthoquine; PQ, primaquine; QN, quinine.
°Pf: Plasmodium falciparum; Pv: Plasmodium vivax.

Table 1. Antimalarial drug policy and malaria transmission trends in the Greater Mekong Subregion (GMS) countries 
during 2011–2016 [7].
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Country/drug policy* Year No. of malaria cases % of confirmed cases° No. of death cases

Pf Pv Others

China

Uncomplicated Pf:

ART + NQ; AS + AQ; D-P

Severe malaria:

AM; AS; pyronaridine

P. vivax: CQ + PQ (8d)

2011 3000 41.9 56.6 1.5 ≤100

2012 240 8.2 91.8 — 0

2013 ≤100 64.1 35.9 — 0

2014 ≤100 10.7 89.3 — 0

2015 ≤100 3.0 78.8 18.2 0

2016 ≤10 0.0 100.0 — 0

Cambodia

Uncomplicated Pf:

AS + MQ, D-P

Severe malaria:

AM; AS; QN

P. vivax: D-P + PQ (14d)

2011 203,600 62.6 37.4 — 400

2012 146,000 50.4 49.6 — 220

2013 76,500 45.8 54.2 — 110

2014 89,700 58.8 41.2 — 150

2015 120,300 61.3 38.7 — 210

2016 83,300 58.2 41.8 — 140

Laos

Uncomplicated Pf:

AL

Severe malaria:

AS + AL

P. vivax: CQ + PQ (14d)

2011 42,800 92.7 7.1 0.2 ≤100

2012 112,700 83.4 16.6 — 250

2013 93,500 67.0 33.0 — 170

2014 117,300 52.9 47.1 — 180

2015 87,900 42.3 57.7 — 120

2016 27,390 39.5 60.5 — ≤100

Myanmar

Uncomplicated Pf:

AL; AM; AS + MQ; D-P; PQ

Severe malaria:

AM; AS; QN

P. vivax: CQ + PQ (14d)

2011 1,506,000 68.4 31.6 — 2800

2012 1,974,000 71.8 28.2 — 4000

2013 585,000 70.4 29.6 — 1100

2014 360,000 69.9 30.1 — 700

2015 236,500 64.1 35.9 — 400

2016 142,600 60.3 39.7 — 240

Thailand

Uncomplicated Pf:

D-P

Severe malaria:

QN + doxycycline

P. vivax: CQ + PQ (14d)

2011 24,900 40.5 59.5 0.1 ≤100

2012 32,600 39.8 60.2 — ≤100

2013 33,300 44.0 46.8 9.3 ≤100

2014 37,900 37.8 54.1 8.1 ≤100

2015 8000 41.7 58.0 0.2 ≤100

2016 11,520 32.5 46.1 21.5 ≤100
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tools are needed to provide a clear picture of border malaria transmission so that targeted con-
trol measures are implemented to curb the spread of resistance and to prevent the reintroduc-
tion of parasites into populations where they have been eliminated. Thus, malaria elimination 
is a multinational, multipronged issue, with cross-border migration posing one of the largest 
threats to its success [24]. In recognition of this issue, the GMS countries have initiated bi- and 
multilateral coordination between the NMCPs. While the healthcare systems in the GMS coun-
tries are improving, further bolstering is needed to meet the malaria elimination challenge.

3. Asymptomatic malaria as an important reservoir

It has long been held as conventional wisdom that asymptomatic infections would be much less 
frequent in low-endemicity settings because the level of exposure-related immunity to malaria in 
human populations may be low [25]. However, asymptomatic infections represent the vast major-
ity of infections in all endemic settings [26]. The use of molecular tools is essential for identifying 
submicroscopic infections. For both P. falciparum and P. vivax, microscopy detects only 1/3–1/2 of 
the infections detected by regular PCR [27, 28]. As the sensitivity of detection methods increases 
(e.g., with the use of a larger blood volume or reverse transcriptase-PCR targeting the parasite 
18S rRNA), greater proportions of asymptomatic infections are discovered, revealing larger pools 
of infections [29, 30]. In Western Thailand and other GMS regions, qPCR and large-volume ultra-
sensitive qPCR could detect as much as 20% of the villagers harboring malaria infections as com-
pared to ~5% detected by microscopy [31, 32]. Although we still do not have a clear picture about 
how much these asymptomatic infections actually contribute to malaria transmission in these 
areas [33], studies in Western Thailand have clearly demonstrated mosquito infectivity of sub-
microscopic P. falciparum and P. vivax [34], albeit the asymptomatic parasite carriers were found 
to be much less infective to mosquitoes than acute cases [35]. Since asymptomatic individuals 
are unlikely to seek treatment, they are missed by passive case detection, and submicroscopic 
infections also are missed by microscopy-based active case detection. It is highly possible that 
these asymptomatic infections act as important silent reservoirs of transmission. Even under such 

Country/drug policy* Year No. of malaria cases % of confirmed cases° No. of death cases

Pf Pv Others

Vietnam

Uncomplicated Pf:

D-P

Severe malaria:

AS; QN

P. vivax: CQ + PQ (14d)

2011 22,630 64.3 35.7 — ≤100

2012 26,610 61.3 38.7 — ≤100

2013 23,140 58.0 42.0 — ≤100

2014 21,200 54.2 45.8 — ≤100

2015 12,560 48.9 51.0 0.2 ≤100

2016 6000 57.6 42.1 0.4 ≤10

*AL, artemether + lumefantrine; AM, artemether; AQ, amodiaquine; ART, artemisinin; AS, artesunate; CQ, chloroquine; 
D-P, dihydroartemisinin + piperaquine; MQ, mefloquine; NQ, naphthoquine; PQ, primaquine; QN, quinine.
°Pf: Plasmodium falciparum; Pv: Plasmodium vivax.

Table 1. Antimalarial drug policy and malaria transmission trends in the Greater Mekong Subregion (GMS) countries 
during 2011–2016 [7].
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 low-endemicity settings, it is estimated that submicroscopic carriers may be the source of 20–50% 
of all human-to-mosquito transmission [36], underlining the significance of managing this popu-
lation in the malaria elimination phase. Therefore, information about the prevalence and seasonal 
dynamics of the asymptomatic infections in the border regions and their contribution to trans-
mission is required to guide the efforts of NMCPs to achieve malaria elimination.

4. The burden of P. vivax malaria and G6PD deficiency

Another characteristic of the rapidly evolving malaria epidemiology in the GMS is that the 
prevalence of P. vivax is increasing proportionally to P. falciparum [37] (Table 1). The resilience 
of vivax malaria to control efforts may be attributed to some intrinsic biological features of 
this parasite. First, P. vivax only invades reticulocytes, and thus the resulting parasitemia is 
normally far lower than that of P. falciparum malaria. This makes microscopy-based diagno-
sis and RDTs not sufficiently sensitive in detecting P. vivax infections [38–40]. Second, dur-
ing blood-stage infections with P. vivax, gametocytes are formed before the manifestation of 
clinical symptoms, which allows transmission of the parasite before treatment. Third, P. vivax 
develops dormant hypnozoites in the liver of the human host, which awaken in the weeks and 
months following a primary attack and cause relapses. Finally, vivax malaria is often trans-
mitted by outdoor biting mosquitoes, making the current insecticide-based control measures 
(LLIN and IRS) less effective. Because of these unique features, traditional malaria control 
efforts often fail to control P. vivax transmission. In addition, containment of P. falciparum has 
been prioritized in the GMS, partially because of the emerging artemisinin resistance. As a 
result, P. falciparum prevalence has decreased, while the proportion of P. vivax has increased.

In the GMS, the first-line therapy for vivax malaria remains chloroquine (CQ) and primaquine 
(PQ) (Table 1) [41]. Reports of clinical CQ resistance in many regions of the world and falling 
efficacy of PQ are of great concern for vivax malaria control [42–45]. Although some studies 
indicated that P. vivax in the GMS remained sensitive to CQ [46–51], others clearly documented 
CQ-resistant P. vivax [52–55]. In Myanmar, sporadic CQ-resistant P. vivax cases were first 
reported more than 20 years ago [52, 53]. A later report of 34% treatment failures in Dawei of 
Southern Myanmar suggests an increase of CQ resistance [55]. More recent studies identified 
both early and late treatment failures in Myawaddy of the Kayin State and Kawthaung of the 
Tanintharyi Region, Myanmar [56]. In northeastern Myanmar bordering China, a recent study 
showed 5.2% cumulative incidence of recurrent parasitemia during a 28-day follow-up of 587 
P. vivax treated with CQ/PQ [57], suggesting sensitivity to CQ may also be deteriorating in 
this region. This reduced sensitivity of P. vivax to CQ requires close surveillance and potential 
implementation of more effective treatment measures such as ACTs [58].

Studies from Papua New Guinea suggest that 80% of the vivax infections may be attributed to 
relapses. A modeling approach predicts that as much as 96% of clinical attacks by P. vivax in 
Thailand are due to relapses [60]. For radical cure, WHO recommends a dose of 0.25–0.5 mg/kg 
of PQ daily for 14 days. However, the lower dose (total of 3.5 mg/kg) fails to prevent relapses 
in many different endemic sites [61]. Because of the potential risk of severe hemolysis that this 
drug could cause in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency, PQ 
is not widely prescribed [43, 62, 63]. In routine practice, G6PD status is not screened; the GMS 
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nations still use the lower total dose of PQ in fear of the possible harm to those with G6PD defi-
ciency. Because evaluation of PQ efficacy in preventing relapses requires longer-term follow-
up, the clinical efficacy of the current PQ regimen for radical cure of vivax malaria in the GMS 
is unknown. Even with longer follow-ups, it is still not possible to reliably determine whether 
a recurrent infection after day 28 is due to relapse or reinfection given that a relapse infection 
may be from reactivation of a different hypnozoite clone [64, 65]. For PQ efficacy, host factors 
also need to be considered. Recently, failures of the PQ radical cure have been linked to reduced 
activity of the hepatic cytochrome P450 (CYP) 2D6 [66], which mediates activation of PQ to its 
active metabolite(s) [67, 68]. Different CYP2D6 activities have differential effects on the phar-
macokinetics of PQ [69]. CYP2D6 is involved in the metabolism of as many as 25% of drugs in 
clinical use and is also a member of the CYP450 family with the greatest prevalence and genetic 
polymorphism [70, 71]. About 70 CYP2D6 allelic variants have been found and grouped into 4 
phenotypic classes of ultra-rapid, extensive, intermediate, and abolished protein activity [72]. 
The frequency of alleles with reduced function is as high as 50% in most Asian populations [73]. 
Thus, it is important to determine the extent by which reduced CYP2D6 activity is responsible 
for PQ failures in radical cure of vivax malaria [74].

The G6PD gene is extraordinarily polymorphic with more than 400 variants discovered based 
on biochemical diagnosis [75], among which 186 mutations are associated with G6PD deficiency 
[76]. The prevalence of G6PD deficiency and distribution of G6PD variants vary geographically 
[77]. In the GMS, G6PD deficiency is often highly prevalent among ethnic groups. Along the 
Thailand-Myanmar border, the prevalence of G6PD deficiency was above 10% [78–80], whereas 
in the Kachin ethnicity along the China-Myanmar border, it almost reached 30% [81]. In Thailand 
and Myanmar, the Mahidol variant (487G>A) is the most predominant and often accounts for 
~90% of all mutations [79, 81–83]. According to the WHO classification, the Mahidol variant is a 
Class III mutation or mild-deficient variant with 60% enzyme activity [76]. However, this classi-
fication may not be accurate since patients with the Mahidol variant often had <1% of the normal 
G6PD activity [79, 84, 85]. Patients having the G6PD Mahidol variant (487G>A) rarely had acute 
hemolytic anemia after taking the normal dose of PQ [84, 86]. In contrast to the belief that PQ 
only induces mild hemolysis in patients with the Mahidol variant, there have been case reports 
showing that the normal dosage of 15 mg/kg/day for 3 days in vivax patients with this G6PD 
variant could lead to acute hemolytic anemia that required blood transfusion or even cause renal 
failure [87–89]. It is noteworthy that G6PD activity can vary substantially between individu-
als with the same variant and even within the same individual over time. Therefore, with the 
prevalence of vivax malaria in this region and the goal of malaria elimination, the deployment 
of point-of-care G6PD deficiency diagnostics is urgent [90]. In addition, there is a need to test 
whether weekly PQ of 0.75 mg/kg for 8 weeks, a dosage considered safe for the G6PD African 
variant [91], could be prescribed in the GMS without prior testing for G6PD deficiency.

5. Management of drug resistance in P. falciparum

ACTs have played an indispensable role in reducing global malaria-associated mortality 
and morbidity. However, these achievements are threatened by the recent emergence of 
artemisinin resistance in P. falciparum in the GMS [92–94]. Artemisinin resistance is associ-
ated with a parasite clearance half-life of >5 h as compared to a normal value of ~2 h [94–96]. 
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 low-endemicity settings, it is estimated that submicroscopic carriers may be the source of 20–50% 
of all human-to-mosquito transmission [36], underlining the significance of managing this popu-
lation in the malaria elimination phase. Therefore, information about the prevalence and seasonal 
dynamics of the asymptomatic infections in the border regions and their contribution to trans-
mission is required to guide the efforts of NMCPs to achieve malaria elimination.

4. The burden of P. vivax malaria and G6PD deficiency

Another characteristic of the rapidly evolving malaria epidemiology in the GMS is that the 
prevalence of P. vivax is increasing proportionally to P. falciparum [37] (Table 1). The resilience 
of vivax malaria to control efforts may be attributed to some intrinsic biological features of 
this parasite. First, P. vivax only invades reticulocytes, and thus the resulting parasitemia is 
normally far lower than that of P. falciparum malaria. This makes microscopy-based diagno-
sis and RDTs not sufficiently sensitive in detecting P. vivax infections [38–40]. Second, dur-
ing blood-stage infections with P. vivax, gametocytes are formed before the manifestation of 
clinical symptoms, which allows transmission of the parasite before treatment. Third, P. vivax 
develops dormant hypnozoites in the liver of the human host, which awaken in the weeks and 
months following a primary attack and cause relapses. Finally, vivax malaria is often trans-
mitted by outdoor biting mosquitoes, making the current insecticide-based control measures 
(LLIN and IRS) less effective. Because of these unique features, traditional malaria control 
efforts often fail to control P. vivax transmission. In addition, containment of P. falciparum has 
been prioritized in the GMS, partially because of the emerging artemisinin resistance. As a 
result, P. falciparum prevalence has decreased, while the proportion of P. vivax has increased.

In the GMS, the first-line therapy for vivax malaria remains chloroquine (CQ) and primaquine 
(PQ) (Table 1) [41]. Reports of clinical CQ resistance in many regions of the world and falling 
efficacy of PQ are of great concern for vivax malaria control [42–45]. Although some studies 
indicated that P. vivax in the GMS remained sensitive to CQ [46–51], others clearly documented 
CQ-resistant P. vivax [52–55]. In Myanmar, sporadic CQ-resistant P. vivax cases were first 
reported more than 20 years ago [52, 53]. A later report of 34% treatment failures in Dawei of 
Southern Myanmar suggests an increase of CQ resistance [55]. More recent studies identified 
both early and late treatment failures in Myawaddy of the Kayin State and Kawthaung of the 
Tanintharyi Region, Myanmar [56]. In northeastern Myanmar bordering China, a recent study 
showed 5.2% cumulative incidence of recurrent parasitemia during a 28-day follow-up of 587 
P. vivax treated with CQ/PQ [57], suggesting sensitivity to CQ may also be deteriorating in 
this region. This reduced sensitivity of P. vivax to CQ requires close surveillance and potential 
implementation of more effective treatment measures such as ACTs [58].

Studies from Papua New Guinea suggest that 80% of the vivax infections may be attributed to 
relapses. A modeling approach predicts that as much as 96% of clinical attacks by P. vivax in 
Thailand are due to relapses [60]. For radical cure, WHO recommends a dose of 0.25–0.5 mg/kg 
of PQ daily for 14 days. However, the lower dose (total of 3.5 mg/kg) fails to prevent relapses 
in many different endemic sites [61]. Because of the potential risk of severe hemolysis that this 
drug could cause in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency, PQ 
is not widely prescribed [43, 62, 63]. In routine practice, G6PD status is not screened; the GMS 
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nations still use the lower total dose of PQ in fear of the possible harm to those with G6PD defi-
ciency. Because evaluation of PQ efficacy in preventing relapses requires longer-term follow-
up, the clinical efficacy of the current PQ regimen for radical cure of vivax malaria in the GMS 
is unknown. Even with longer follow-ups, it is still not possible to reliably determine whether 
a recurrent infection after day 28 is due to relapse or reinfection given that a relapse infection 
may be from reactivation of a different hypnozoite clone [64, 65]. For PQ efficacy, host factors 
also need to be considered. Recently, failures of the PQ radical cure have been linked to reduced 
activity of the hepatic cytochrome P450 (CYP) 2D6 [66], which mediates activation of PQ to its 
active metabolite(s) [67, 68]. Different CYP2D6 activities have differential effects on the phar-
macokinetics of PQ [69]. CYP2D6 is involved in the metabolism of as many as 25% of drugs in 
clinical use and is also a member of the CYP450 family with the greatest prevalence and genetic 
polymorphism [70, 71]. About 70 CYP2D6 allelic variants have been found and grouped into 4 
phenotypic classes of ultra-rapid, extensive, intermediate, and abolished protein activity [72]. 
The frequency of alleles with reduced function is as high as 50% in most Asian populations [73]. 
Thus, it is important to determine the extent by which reduced CYP2D6 activity is responsible 
for PQ failures in radical cure of vivax malaria [74].

The G6PD gene is extraordinarily polymorphic with more than 400 variants discovered based 
on biochemical diagnosis [75], among which 186 mutations are associated with G6PD deficiency 
[76]. The prevalence of G6PD deficiency and distribution of G6PD variants vary geographically 
[77]. In the GMS, G6PD deficiency is often highly prevalent among ethnic groups. Along the 
Thailand-Myanmar border, the prevalence of G6PD deficiency was above 10% [78–80], whereas 
in the Kachin ethnicity along the China-Myanmar border, it almost reached 30% [81]. In Thailand 
and Myanmar, the Mahidol variant (487G>A) is the most predominant and often accounts for 
~90% of all mutations [79, 81–83]. According to the WHO classification, the Mahidol variant is a 
Class III mutation or mild-deficient variant with 60% enzyme activity [76]. However, this classi-
fication may not be accurate since patients with the Mahidol variant often had <1% of the normal 
G6PD activity [79, 84, 85]. Patients having the G6PD Mahidol variant (487G>A) rarely had acute 
hemolytic anemia after taking the normal dose of PQ [84, 86]. In contrast to the belief that PQ 
only induces mild hemolysis in patients with the Mahidol variant, there have been case reports 
showing that the normal dosage of 15 mg/kg/day for 3 days in vivax patients with this G6PD 
variant could lead to acute hemolytic anemia that required blood transfusion or even cause renal 
failure [87–89]. It is noteworthy that G6PD activity can vary substantially between individu-
als with the same variant and even within the same individual over time. Therefore, with the 
prevalence of vivax malaria in this region and the goal of malaria elimination, the deployment 
of point-of-care G6PD deficiency diagnostics is urgent [90]. In addition, there is a need to test 
whether weekly PQ of 0.75 mg/kg for 8 weeks, a dosage considered safe for the G6PD African 
variant [91], could be prescribed in the GMS without prior testing for G6PD deficiency.

5. Management of drug resistance in P. falciparum

ACTs have played an indispensable role in reducing global malaria-associated mortality 
and morbidity. However, these achievements are threatened by the recent emergence of 
artemisinin resistance in P. falciparum in the GMS [92–94]. Artemisinin resistance is associ-
ated with a parasite clearance half-life of >5 h as compared to a normal value of ~2 h [94–96]. 
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Clinical artemisinin resistance was first detected in western Cambodia [92, 93, 96, 97] but is 
now detected in other GMS regions including Thailand, Laos, Vietnam, Southern Myanmar, 
and the China-Myanmar border area [94, 95, 98–103]. Out of fear of a catastrophic spread of 
artemisinin resistance to Africa, WHO deployed an artemisinin resistance containment plan 
in Cambodia [104]. Later, with the finding that artemisinin resistance has emerged indepen-
dently in many areas of the GMS [105], the containment plan has been revised to a regional 
malaria elimination strategy [3, 4].

The principle of ACTs is that the fast-acting artemisinins rapidly reduce the parasite biomass, 
leaving the slow-eliminating partner drugs to clear the residual parasites. The emergence of 
artemisinin resistance means that a larger parasite mass is left for the partner drugs to clear after 
the usual 3-day ACT course, which increases the chance of resistance development to the partner 
drugs. Indeed, in the short period of time since the deployment of ACTs, clinical resistance to 
two ACTs, first artesunate/mefloquine [106] and more recently dihydroartemisinin/piperaquine 
(DHA/PPQ), has emerged in the GMS. These are the two most popular ACTs deployed in the GMS 
countries (Table 1). Since promising new antimalarials are still in the development pipeline, pos-
sible solutions to this problem include introduction of new ACTs, rotation of different ACTs, use 
of longer course of ACT treatment, and introduction of triple ACTs (artemisinin derivatives with 
two slow-eliminating partner drugs) [112]. To mitigate the threat of spread of artemisinin-resistant  
P. falciparum parasites, heightened surveillance is needed in sentinel sites of the GMS [113].

Tools for monitoring the epidemiology of antimalarial drug resistance include ex vivo or 
in vitro drug assays and molecular surveillance, which complement in vivo drug efficacy stud-
ies. It is noteworthy that the slow-clearance phenotype of clinical artemisinin resistance does 
not correspond to the 50% inhibitory concentrations of artemisinin drugs estimated from the 
conventional DNA replication-based in vitro assay but is better reflected in the newly developed 
ring-stage survival assay, which quantifies the number of early ring-stage parasites (0–3 h) that 
can survive the exposure to 700 nM of DHA for 6 h [114]. The discovery of mutations in the kelch 
domain protein K13 associated with artemisinin resistance provides a convenient molecular 
marker for a large-scale surveillance purpose [115]. To date, the correlations of K13 mutations 
with delayed parasite clearance have been established in several studies [95, 105, 115–117] but 
only a very limited number of K13 mutations were confirmed to confer in vitro artemisinin 
resistance through genetic manipulations [118, 119]. The K13 gene in the world P. falciparum 
populations harbors more than 108 nonsynonymous mutations, which showed marked geo-
graphic disparity in frequency and distribution [120]. Similarly, K13 mutations in the GMS also 
showed highly heterogeneous distribution [103, 121–125], possibly reflecting different drug 
histories and evolutionary origins of the parasite populations [126]. Clinical failures of DHA/
PPQ have been associated with increased in vitro PPQ resistance and the molecular markers 
of PPQ resistance in western Cambodia include amplification of the aspartic protease genes 
plasmepsin 2–3 and point mutation E415G in an exonuclease gene (PF3D7_12362500) [127, 128]. 
Molecular surveillance of artemisinin resistance in western Cambodia, Thailand, and Laos has 
detected the spread of a parasite clone with a long K13 haplotype carrying the C580Y mutation 
(the artemisinin-resistant mutation reaching near fixation in western Cambodia) to northeastern 
Thailand and southern Laos, which indicates a transnational selective sweep [129]. Importantly, 
this parasite lineage also harbors the plasmepsin 2 amplification, which may preclude further 
use of DHA/PPQ in this region. In addition, this situation also necessitates implementation of 
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stringent follow-ups of malaria cases after ACT treatment to ensure that recrudescent cases are 
treated with effective antimalarials. Thus, surveillance should be mandatory to delay the spread 
of the resistant parasites and to accelerate malaria elimination in the GMS.

6. Vectors

LLINs and IRS are the key vector-based malaria interventions that have been found to be highly 
effective in sub-Saharan Africa. However, these measures are much less efficient in the GMS 
[130]. The GMS has a complex vector system; most of the malaria vectors belong to species com-
plexes or groups such as Dirus, Minimus, Maculatus, and Sundaicus, which vary significantly 
in terms of geographic distribution, ecology, behavior, and vectorial competence [131–133]. At 
least 19 species are known malaria vectors, some of which comprise cryptic species complexes 
[132]. In order to apply the appropriate control approaches in relation to the biology of the vec-
tor species, we first need to identify the mosquitoes to their species level and to differentiate the 
vector from nonvector species, which requires molecular assays [134]. These vector species dis-
play significant variations in geographical distribution and seasonal dynamics, and accordingly 
their roles in malaria transmission also vary in space and time [135]. In many endemic areas 
of the GMS, perennial malaria transmission is maintained by Anopheles dirus during the rainy 
season and An. minimus during the drier periods of the year [132, 136]. Environmental changes 
such as deforestation have caused changes in the vector species composition [137, 138] and 
benefited the survivorship of major vectors [40]. Since many of these vector species exhibit early 
evening and outdoor biting preferences, LLINs alone are not sufficient for interrupting malaria 
transmission [140]. In addition, the emergence and spread of insecticide resistance further com-
promise the effectiveness of the mosquito control measures [141–143].

7. Technological innovation for malaria elimination

The technical challenges discussed here suggest that the currently used malaria control tools 
(RDT, ACT, LLIN, and IRS) that were instrumental for the gains against malaria may not be 
sufficient for malaria elimination [144]. Additional tools are needed to achieve the final goal of 
malaria elimination in the GMS. First, residual transmission requires MDA to eliminate asymp-
tomatic and submicroscopic parasite reservoirs. For the success of MDA, better knowledge of 
malaria epidemiology is needed so that targeted MDA can be implemented. Successful MDA 
programs also require strong community engagement. MDA has proved successful in elimi-
nating malaria in Asia-Pacific regions such as Vanuatu and central China [145, 146]. In an ear-
lier study conducted in Cambodian villages, MDA of artemisinin-PPQ at 10-day intervals for 
6 months drastically reduced P. falciparum rates [147]. A recent pilot MDA study conducted in 
villages of Kayin State, Myanmar, showed that a 3-day supervised course of DHA/PPQ was 
well tolerated and highly effective in reducing asymptomatic P. falciparum carriage, whereas the 
effect on reducing P. vivax was transient presumably due to relapse [148]. Thus, drugs targeting 
the P. vivax hypnozoite reservoir are required for MDA in the GMS, where P. vivax is becoming 
the predominant parasite species [149]. The high prevalence of G6PD deficiency in the target 
populations demands prescreening using a point-of-care diagnostic for G6PD deficiency. From 
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in Cambodia [104]. Later, with the finding that artemisinin resistance has emerged indepen-
dently in many areas of the GMS [105], the containment plan has been revised to a regional 
malaria elimination strategy [3, 4].

The principle of ACTs is that the fast-acting artemisinins rapidly reduce the parasite biomass, 
leaving the slow-eliminating partner drugs to clear the residual parasites. The emergence of 
artemisinin resistance means that a larger parasite mass is left for the partner drugs to clear after 
the usual 3-day ACT course, which increases the chance of resistance development to the partner 
drugs. Indeed, in the short period of time since the deployment of ACTs, clinical resistance to 
two ACTs, first artesunate/mefloquine [106] and more recently dihydroartemisinin/piperaquine 
(DHA/PPQ), has emerged in the GMS. These are the two most popular ACTs deployed in the GMS 
countries (Table 1). Since promising new antimalarials are still in the development pipeline, pos-
sible solutions to this problem include introduction of new ACTs, rotation of different ACTs, use 
of longer course of ACT treatment, and introduction of triple ACTs (artemisinin derivatives with 
two slow-eliminating partner drugs) [112]. To mitigate the threat of spread of artemisinin-resistant  
P. falciparum parasites, heightened surveillance is needed in sentinel sites of the GMS [113].

Tools for monitoring the epidemiology of antimalarial drug resistance include ex vivo or 
in vitro drug assays and molecular surveillance, which complement in vivo drug efficacy stud-
ies. It is noteworthy that the slow-clearance phenotype of clinical artemisinin resistance does 
not correspond to the 50% inhibitory concentrations of artemisinin drugs estimated from the 
conventional DNA replication-based in vitro assay but is better reflected in the newly developed 
ring-stage survival assay, which quantifies the number of early ring-stage parasites (0–3 h) that 
can survive the exposure to 700 nM of DHA for 6 h [114]. The discovery of mutations in the kelch 
domain protein K13 associated with artemisinin resistance provides a convenient molecular 
marker for a large-scale surveillance purpose [115]. To date, the correlations of K13 mutations 
with delayed parasite clearance have been established in several studies [95, 105, 115–117] but 
only a very limited number of K13 mutations were confirmed to confer in vitro artemisinin 
resistance through genetic manipulations [118, 119]. The K13 gene in the world P. falciparum 
populations harbors more than 108 nonsynonymous mutations, which showed marked geo-
graphic disparity in frequency and distribution [120]. Similarly, K13 mutations in the GMS also 
showed highly heterogeneous distribution [103, 121–125], possibly reflecting different drug 
histories and evolutionary origins of the parasite populations [126]. Clinical failures of DHA/
PPQ have been associated with increased in vitro PPQ resistance and the molecular markers 
of PPQ resistance in western Cambodia include amplification of the aspartic protease genes 
plasmepsin 2–3 and point mutation E415G in an exonuclease gene (PF3D7_12362500) [127, 128]. 
Molecular surveillance of artemisinin resistance in western Cambodia, Thailand, and Laos has 
detected the spread of a parasite clone with a long K13 haplotype carrying the C580Y mutation 
(the artemisinin-resistant mutation reaching near fixation in western Cambodia) to northeastern 
Thailand and southern Laos, which indicates a transnational selective sweep [129]. Importantly, 
this parasite lineage also harbors the plasmepsin 2 amplification, which may preclude further 
use of DHA/PPQ in this region. In addition, this situation also necessitates implementation of 
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stringent follow-ups of malaria cases after ACT treatment to ensure that recrudescent cases are 
treated with effective antimalarials. Thus, surveillance should be mandatory to delay the spread 
of the resistant parasites and to accelerate malaria elimination in the GMS.

6. Vectors

LLINs and IRS are the key vector-based malaria interventions that have been found to be highly 
effective in sub-Saharan Africa. However, these measures are much less efficient in the GMS 
[130]. The GMS has a complex vector system; most of the malaria vectors belong to species com-
plexes or groups such as Dirus, Minimus, Maculatus, and Sundaicus, which vary significantly 
in terms of geographic distribution, ecology, behavior, and vectorial competence [131–133]. At 
least 19 species are known malaria vectors, some of which comprise cryptic species complexes 
[132]. In order to apply the appropriate control approaches in relation to the biology of the vec-
tor species, we first need to identify the mosquitoes to their species level and to differentiate the 
vector from nonvector species, which requires molecular assays [134]. These vector species dis-
play significant variations in geographical distribution and seasonal dynamics, and accordingly 
their roles in malaria transmission also vary in space and time [135]. In many endemic areas 
of the GMS, perennial malaria transmission is maintained by Anopheles dirus during the rainy 
season and An. minimus during the drier periods of the year [132, 136]. Environmental changes 
such as deforestation have caused changes in the vector species composition [137, 138] and 
benefited the survivorship of major vectors [40]. Since many of these vector species exhibit early 
evening and outdoor biting preferences, LLINs alone are not sufficient for interrupting malaria 
transmission [140]. In addition, the emergence and spread of insecticide resistance further com-
promise the effectiveness of the mosquito control measures [141–143].

7. Technological innovation for malaria elimination

The technical challenges discussed here suggest that the currently used malaria control tools 
(RDT, ACT, LLIN, and IRS) that were instrumental for the gains against malaria may not be 
sufficient for malaria elimination [144]. Additional tools are needed to achieve the final goal of 
malaria elimination in the GMS. First, residual transmission requires MDA to eliminate asymp-
tomatic and submicroscopic parasite reservoirs. For the success of MDA, better knowledge of 
malaria epidemiology is needed so that targeted MDA can be implemented. Successful MDA 
programs also require strong community engagement. MDA has proved successful in elimi-
nating malaria in Asia-Pacific regions such as Vanuatu and central China [145, 146]. In an ear-
lier study conducted in Cambodian villages, MDA of artemisinin-PPQ at 10-day intervals for 
6 months drastically reduced P. falciparum rates [147]. A recent pilot MDA study conducted in 
villages of Kayin State, Myanmar, showed that a 3-day supervised course of DHA/PPQ was 
well tolerated and highly effective in reducing asymptomatic P. falciparum carriage, whereas the 
effect on reducing P. vivax was transient presumably due to relapse [148]. Thus, drugs targeting 
the P. vivax hypnozoite reservoir are required for MDA in the GMS, where P. vivax is becoming 
the predominant parasite species [149]. The high prevalence of G6PD deficiency in the target 
populations demands prescreening using a point-of-care diagnostic for G6PD deficiency. From 
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a programmatic standpoint, such an operation requires substantial financial commitment. 
Second, effective management of malaria cases in the face of emergence and spread of drug 
resistance requires new therapies such as triple ACTs. Third, novel vector control approaches 
are desperately needed including larval control strategies [150], incorporation of ivermectin in 
the MDA program to reduce the life span of mosquitoes [151, 152], topical and spatial repellents 
against outdoor biting vectors [153, 154], genetically manipulated mosquitoes for population 
replacement [155], and next generation of LLINs and IRS [156]. It is imperative that new inter-
ventions are continuously developed and integrated into malaria elimination programs.

8. Conclusions

Malaria elimination in the GMS carries the urgency of eliminating artemisinin-resistant P. falci­
parum parasites before they become untreatable and spread to Africa. The changing malaria epi-
demiology with increasing proportion of P. vivax malaria requires an 8-aminoquinoline drug for 
radical cure, but it demands deployment of point-of-care diagnostics for G6PD deficiency due 
to its high prevalence in endemic human populations. In addition, the prevalent asymptomatic 
parasite reservoirs need to be targeted by a MDA approach. The diversity of Anopheles vectors in 
the GMS and decreasing effectiveness of indoor control measures, such as LLIN and IRS facing 
the outdoor malaria transmission, also require development and implementation of novel inter-
ventions for vector control. To meet the challenge of border malaria, coordinated efforts among 
the NMCPs targeting the mobile and migrant populations along international borders will pre-
vent cross-border reintroduction of malaria. Altogether, a holistic attack on malaria using inte-
grated approaches is necessary to achieve the goal of regional malaria elimination in the GMS.
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Abstract

Member countries in the Asia Pacific Malaria Elimination Network (APMEN) are pur-
suing the global goal of malaria elimination by 2030. Different countries are in various 
phases of malaria elimination and this review aims to present a compilation of avail-
able evidence on the challenges and way forward for malaria elimination in APMEN 
countries. Malaria transmission in these States is complex. APMEN member countries 
include the largest populations living in areas of malaria transmission risk outside Africa. 
They are a global source for spread of artemisinin-based combination therapy (ACT) 
resistance, include the biggest burden of Plasmodium vivax and zoonotic malaria, and 
face many geopolitical and socio-economic factors that will challenge malaria elimina-
tion efforts. These challenges can be addressed in part through operational research to 
identify country-specific solutions, making better use of operational data such as through 
spatial decision support system (SDSS) approaches, strengthening surveillance, and 
cross-border initiative for coordinated action.
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1. Background

Malaria imposes great health and socio-economic burden on humanity, with an estimated 
3.2 billion people at risk of being infected with malaria [1]. In 2016, there were approximately 
216 million cases with 445,000 deaths, most of which were in children aged under 5 years in 
Africa [2, 3]. However, substantial progress has been made in fighting malaria, with global 
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incidence reducing by 41% and mortality rates by 62% between 2000 and 2015 [1]. In 2016, 
malaria remained endemic in 91 countries and territories as compared to 108 in 2000 [2]. It 
is estimated that most (90%) of total malaria cases were in the World Health Organisation 
(WHO) African Region, followed by the South-East Asian Region (SEAR) (7%) and the Eastern 
Mediterranean Region (2%) [4]. A number of factors have been attributed for this reduction, 
including wide-scale deployment of malaria control interventions, economic development 
in endemic countries, urbanisation, and unprecedented financial support for malaria control 
interventions [5–8]. In 2016, an estimated US$ 2.7 billion was invested in malaria control and 
elimination efforts globally by governments of malaria endemic countries and international 
partners [1, 9].

Recognising the need to hasten progress in reducing the burden of malaria, WHO developed 
the Global Technical Strategy for Malaria 2016–2030 (GTS) [5], which sets out a vision for accel-
erating progress towards malaria elimination. The WHO strategy is complemented by the 
Roll Back Malaria advocacy plan, Action and Investment to Defeat Malaria 2016–2030 (AIM) [10]. 
GTS and AIM set an ambitious global target of eliminating malaria in at least 21 countries by 
2020, identified as E-2020 countries by WHO and 35 countries by 2030 [1, 2, 10].

In line with the global efforts to eliminate malaria, the Asia Pacific Malaria Elimination 
Network (APMEN) was established in 2009, initially including 10 countries (Bhutan, China, 

Figure 1. Member countries of the Asia Pacific Malaria Elimination Network countries (APMEN).
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incidence reducing by 41% and mortality rates by 62% between 2000 and 2015 [1]. In 2016, 
malaria remained endemic in 91 countries and territories as compared to 108 in 2000 [2]. It 
is estimated that most (90%) of total malaria cases were in the World Health Organisation 
(WHO) African Region, followed by the South-East Asian Region (SEAR) (7%) and the Eastern 
Mediterranean Region (2%) [4]. A number of factors have been attributed for this reduction, 
including wide-scale deployment of malaria control interventions, economic development 
in endemic countries, urbanisation, and unprecedented financial support for malaria control 
interventions [5–8]. In 2016, an estimated US$ 2.7 billion was invested in malaria control and 
elimination efforts globally by governments of malaria endemic countries and international 
partners [1, 9].

Recognising the need to hasten progress in reducing the burden of malaria, WHO developed 
the Global Technical Strategy for Malaria 2016–2030 (GTS) [5], which sets out a vision for accel-
erating progress towards malaria elimination. The WHO strategy is complemented by the 
Roll Back Malaria advocacy plan, Action and Investment to Defeat Malaria 2016–2030 (AIM) [10]. 
GTS and AIM set an ambitious global target of eliminating malaria in at least 21 countries by 
2020, identified as E-2020 countries by WHO and 35 countries by 2030 [1, 2, 10].

In line with the global efforts to eliminate malaria, the Asia Pacific Malaria Elimination 
Network (APMEN) was established in 2009, initially including 10 countries (Bhutan, China, 

Figure 1. Member countries of the Asia Pacific Malaria Elimination Network countries (APMEN).
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Democratic People’s Republic of Korea (DPR Korea), Indonesia, Malaysia, the Philippines, 
Republic of Korea, Solomon Islands, Sri Lanka, and Vanuatu) that now have expanded to 
18 countries (adding Bangladesh, Cambodia, Lao People’s Democratic Republic (Lao PDR), 
India, Nepal, Papua New Guinea, Thailand, and Vietnam) [11] (Figure 1). APMEN countries 
encompass the largest malaria reporting area outside the African region. APMEN serves the 
country partners and together with regional partners from the academic, development, non-
governmental and private sectors, and global agencies including the WHO, collaboratively 
address the unique challenges of malaria elimination in the region through leadership, advo-
cacy, capacity building, knowledge exchange and building evidence to support more effec-
tive, sustained malaria elimination programmes across the region [12].

Each member State has defined elimination goals based on malaria transmission trends 
(Table 1). Countries with low incidence of malaria are targeting elimination at the national 
level, while countries with higher incidence are planning to eliminate malaria at the sub-
national level before pursuing elimination at the national level. However, all countries are 
committed to eliminating malaria in the Asia Pacific region by 2030 [13]. Sri Lanka elimi-
nated malaria in 2012 and WHO certified Sri Lanka malaria free nation in 2016 [14]. Bhutan 
and the Republic of Korea have targeted to eliminate malaria in 2018 and 2019 respectively 
[15, 16]. Bangladesh, China, Malaysia, Philippines, and Vanuatu plan to eliminate malaria 
by 2020; DPR Korea, Cambodia, Lao People’s Demographic Republic (Lao PDR), and Papua 
New Guinea (PNG) are planning to eliminate by 2025, and Nepal by 2026; finally India, 
Indonesia, Thailand, and Vietnam plan to eliminate malaria by 2030 [15]. The success of 
malaria elimination in APMEN States will greatly enhance the global drive towards malaria 
elimination. Therefore, the aim of this review is to present a compilation of available evi-
dence on the challenges and way forward for malaria elimination in APMEN countries.

2. Epidemiological drivers of malaria in APMEN countries

Malaria elimination in APMEN countries faces many challenges. The challenges include 
large numbers of people living in malaria risk areas; presence of all forms of human malaria: 
Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi; the high incidence of P. vivax 
malaria, which is particularly difficult to control due to the dormant stages of its life cycle within 
the human host, and zoonotic malaria caused by P. knowlesi, which has animal reservoirs; anti-
malarial drug resistance in P. falciparum and P. vivax parasites; diverse vectors with different 
feeding behaviour and insecticide resistance; forest malaria; human migration across porous 
international borders and cross-border malaria; and inadequacies in health systems in the region.

2.1. Plasmodium vivax Malaria

Plasmodium vivax is an important but relatively neglected malaria parasite globally [17]. This form 
of malaria is more widespread than P. falciparum malaria with 2.9 billion people at risk of infec-
tion, of which 90% live in the Asia Pacific region [18–22]. P. vivax is more difficult to treat than P. 
falciparum due to dormant liver stages (hypnozoites) [23–25], and the development of transmis-
sible blood stages (gametocytes) before clinical symptoms [26]. These characteristics enable the 
parasite to adapt to environmental challenges and evade control interventions in place and time.
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In many countries embarking on malaria elimination, P. falciparum incidence declines more 
rapidly than P. vivax incidence, due to the greater effectiveness of interventions for the former. 
Treating all stages of the parasite (radical cure) is a critical strategy for the successful control 
and ultimate elimination of P. vivax. In order to achieve radical cure of P. vivax, blood stage 
parasites, as well as the hypnozoites, need to be cleared. The only current widely available 
drug against hypnozoites is the 8-aminoquinoline compound, primaquine [27]. Unfortunately, 
individuals who have a genetic deficiency for glucose-6-phosphate dehydrogenase (G6PD) 
enzyme are at risk of severe haemolysis when treated with the drug [28–30]. In addition, pri-
maquine requires prolonged daily administration over seven to 14 days. The complexities of 
prescribing reliable, safe and effective radical cure of P. vivax highlights the urgent need for 
innovative new approaches to assure schizonticidal and hypnozoiticidal treatment; without 
which, P. vivax elimination is unlikely in most settings.

2.2. Zoonotic malaria

Plasmodium knowlesi infections have been reported in a number of Asian Pacific countries 
[31–34]. This zoonotic species of malaria, which also infects macaque monkeys that form the 
main animal reservoir, was probably present in humans but was undiagnosed until molecular 
detection methods were developed that could distinguish P. knowlesi from the morphologi-
cally similar human malaria parasite Plasmodium malariae [35, 36]. Recently, the first case of 
human infection with Plasmodium cynomolgi was reported in Peninsular Malaysia that resem-
bles P. vivax morphologically [37]. The role of animal reservoirs of malaria transmittable to 
humans is an almost wholly neglected question in the elimination agenda in the Asia-Pacific 
region [38].

2.3. Characteristics of populations at risk

Nearly 2.1 billion people in the Asia-Pacific region live in areas where there is risk of malaria 
transmission of which 16.8% live in high-risk areas [2, 39] (Figure 2). These high-risk areas 
include settlements located in remote parts of endemic countries including border areas. 
Many of these high-risk areas are characterised by forest and forest fringe environment with 
high malaria transmission, poor geographical accessibility, high population mobility, and low 
human density. In addition, most of these areas are inhabited by ethnic minorities, refugees 
and displaced people who are difficult to access and often experience high degree of pov-
erty [40, 41]. Furthermore, these areas are frequented by people engaged in activities with 
increased risk of malaria exposure, such as tourism and pilgrimages, forest-related work 
such as logging, gem-mining, latex harvesting, fishing, road construction and other industrial 
occupations [41–45].

2.4. Antimalarial drug-resistance

Historically, countries in the Mekong Region including Cambodia and Thailand are global 
epicentres of emerging antimalarial drug resistance [46]. Chloroquine resistance was first 
reported in this area in the 1970s, followed by resistance to other anti-malarial drugs [47]. 
Over the past decade, artemisinin-based combination therapy (ACT) became the first-line 
protocol for the management of P. falciparum infections world over. However, parasites that 
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address the unique challenges of malaria elimination in the region through leadership, advo-
cacy, capacity building, knowledge exchange and building evidence to support more effec-
tive, sustained malaria elimination programmes across the region [12].

Each member State has defined elimination goals based on malaria transmission trends 
(Table 1). Countries with low incidence of malaria are targeting elimination at the national 
level, while countries with higher incidence are planning to eliminate malaria at the sub-
national level before pursuing elimination at the national level. However, all countries are 
committed to eliminating malaria in the Asia Pacific region by 2030 [13]. Sri Lanka elimi-
nated malaria in 2012 and WHO certified Sri Lanka malaria free nation in 2016 [14]. Bhutan 
and the Republic of Korea have targeted to eliminate malaria in 2018 and 2019 respectively 
[15, 16]. Bangladesh, China, Malaysia, Philippines, and Vanuatu plan to eliminate malaria 
by 2020; DPR Korea, Cambodia, Lao People’s Demographic Republic (Lao PDR), and Papua 
New Guinea (PNG) are planning to eliminate by 2025, and Nepal by 2026; finally India, 
Indonesia, Thailand, and Vietnam plan to eliminate malaria by 2030 [15]. The success of 
malaria elimination in APMEN States will greatly enhance the global drive towards malaria 
elimination. Therefore, the aim of this review is to present a compilation of available evi-
dence on the challenges and way forward for malaria elimination in APMEN countries.

2. Epidemiological drivers of malaria in APMEN countries

Malaria elimination in APMEN countries faces many challenges. The challenges include 
large numbers of people living in malaria risk areas; presence of all forms of human malaria: 
Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi; the high incidence of P. vivax 
malaria, which is particularly difficult to control due to the dormant stages of its life cycle within 
the human host, and zoonotic malaria caused by P. knowlesi, which has animal reservoirs; anti-
malarial drug resistance in P. falciparum and P. vivax parasites; diverse vectors with different 
feeding behaviour and insecticide resistance; forest malaria; human migration across porous 
international borders and cross-border malaria; and inadequacies in health systems in the region.

2.1. Plasmodium vivax Malaria

Plasmodium vivax is an important but relatively neglected malaria parasite globally [17]. This form 
of malaria is more widespread than P. falciparum malaria with 2.9 billion people at risk of infec-
tion, of which 90% live in the Asia Pacific region [18–22]. P. vivax is more difficult to treat than P. 
falciparum due to dormant liver stages (hypnozoites) [23–25], and the development of transmis-
sible blood stages (gametocytes) before clinical symptoms [26]. These characteristics enable the 
parasite to adapt to environmental challenges and evade control interventions in place and time.
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In many countries embarking on malaria elimination, P. falciparum incidence declines more 
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Treating all stages of the parasite (radical cure) is a critical strategy for the successful control 
and ultimate elimination of P. vivax. In order to achieve radical cure of P. vivax, blood stage 
parasites, as well as the hypnozoites, need to be cleared. The only current widely available 
drug against hypnozoites is the 8-aminoquinoline compound, primaquine [27]. Unfortunately, 
individuals who have a genetic deficiency for glucose-6-phosphate dehydrogenase (G6PD) 
enzyme are at risk of severe haemolysis when treated with the drug [28–30]. In addition, pri-
maquine requires prolonged daily administration over seven to 14 days. The complexities of 
prescribing reliable, safe and effective radical cure of P. vivax highlights the urgent need for 
innovative new approaches to assure schizonticidal and hypnozoiticidal treatment; without 
which, P. vivax elimination is unlikely in most settings.

2.2. Zoonotic malaria

Plasmodium knowlesi infections have been reported in a number of Asian Pacific countries 
[31–34]. This zoonotic species of malaria, which also infects macaque monkeys that form the 
main animal reservoir, was probably present in humans but was undiagnosed until molecular 
detection methods were developed that could distinguish P. knowlesi from the morphologi-
cally similar human malaria parasite Plasmodium malariae [35, 36]. Recently, the first case of 
human infection with Plasmodium cynomolgi was reported in Peninsular Malaysia that resem-
bles P. vivax morphologically [37]. The role of animal reservoirs of malaria transmittable to 
humans is an almost wholly neglected question in the elimination agenda in the Asia-Pacific 
region [38].

2.3. Characteristics of populations at risk

Nearly 2.1 billion people in the Asia-Pacific region live in areas where there is risk of malaria 
transmission of which 16.8% live in high-risk areas [2, 39] (Figure 2). These high-risk areas 
include settlements located in remote parts of endemic countries including border areas. 
Many of these high-risk areas are characterised by forest and forest fringe environment with 
high malaria transmission, poor geographical accessibility, high population mobility, and low 
human density. In addition, most of these areas are inhabited by ethnic minorities, refugees 
and displaced people who are difficult to access and often experience high degree of pov-
erty [40, 41]. Furthermore, these areas are frequented by people engaged in activities with 
increased risk of malaria exposure, such as tourism and pilgrimages, forest-related work 
such as logging, gem-mining, latex harvesting, fishing, road construction and other industrial 
occupations [41–45].

2.4. Antimalarial drug-resistance

Historically, countries in the Mekong Region including Cambodia and Thailand are global 
epicentres of emerging antimalarial drug resistance [46]. Chloroquine resistance was first 
reported in this area in the 1970s, followed by resistance to other anti-malarial drugs [47]. 
Over the past decade, artemisinin-based combination therapy (ACT) became the first-line 
protocol for the management of P. falciparum infections world over. However, parasites that 
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are drug-resistant to artemisinin and its derivatives have recently emerged in various parts of 
Southeast Asia challenging all control strategies for treatment and elimination efforts [48–51]. 
Presently, resistance to mefloquine continues to be a concern in Thailand and Cambodia, 
where artesunate-mefloquine is used as first line treatment [47]. Artemether-lumefantrine 
remains highly effective in most parts of the world, with the exception of Cambodia [52, 53]. 
There are evidences of resistance to ACT in Vietnam [2, 54]. In India, ACT is used universally 
across the country yet declining efficacy to artesunate plus sulphadoxine-pyrimethamine has 
already been reported in its northeastern region [55–57] however, there have been no reports 
of ACT resistance in other APMEN member States (Figure 3).

Chloroquine has remained the main choice of treatment for P. vivax blood stage infections, 
however, this policy is under threat from emerging drug resistant P. vivax strains [58]. A num-
ber of APMEN countries have reported P. vivax resistance to chloroquine. There are reports of 
resistance in some States of India [59–62], central Vietnam [63], and Thai-Myanmar border [64]. 
However, P. vivax is still sensitive to chloroquine in Cambodia [65], border area of Yunnan 
Province of China and Myanmar [66], central China [67], and Nepal [68, 69].

2.5. Vector control

Vector control remains one of the main preventive strategies of containing malaria transmission 
in APMEN countries. However, a lack of technical capacity in entomology and vector control rep-
resents a key gap in elimination programmes. In addition, the diversity of malaria vectors in the 

Figure 2. Population at risk of malaria in Asia Pacific Malaria Elimination Network (APMEN) countries for data based 
on 2016. (at risk- low risk + high risk). Source: World malaria report 2017 [1].
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Asia-Pacific region (19 different species) poses unique challenges for elimination [70, 71] (Table 2). 
There is considerable variation in bionomical characteristics of mosquito vectors making control 
efforts difficult. The commonest malaria vector species in the region, including Anopheles dirus, 
An. baimaii, and An. minimus [72, 73], are able to avoid indoor sprayed surfaces because of their 
exophilic and exophagic characteristics [70, 74, 75] rendering most domicile-based interventions, 
like long-lasting insecticidal nets (LLIN) and indoor residual spraying (IRS), less effective [74, 
76]. Other challenges include insecticide resistance [77] and absence of local vector surveillance 
[78]. To address these challenges, APMEN instituted the APMEN Vector Control Working Group 
(VcWG) in 2010 [79]. The working group fosters information exchange between vector control 
experts and national programme managers of APMEN countries to formulate strategies to coun-
ter the challenges faced in the region. The Working Group has supported a range of activities to 
build vector control capacity in the region, including providing training fellowships to vector 
control officers in priority areas, supporting community efficacy studies of interventions, and 
consolidating information on vector management practices in the region [78].

2.6. Forest malaria

Forest malaria constitutes bulk of transmission in APMEN countries [42, 43, 80–83]. Many 
species of Anopheles mosquitoes that transmit malaria agents are abundant in natural forests 

Figure 3. Distribution of malarial multidrug resistance for data based on 2016. ACT- artemisinin-based combination 
therapy; 1 ACT- resistance to one ACT; 2 ACT- resistance to two ACTs; 3 ACTs- resistance to three ACTs; 4 ACTs- 
resistance to four ACTs. Source: World malaria report 2017 [1].
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and forested plantations. Both the forests and occurrence of deforestation impact increasing 
malaria risk and transmission, particularly in border areas. Forested areas provide conducive 
environment for vector proliferation and survival [84, 85]. Forest vectors usually prefer tree 
canopy coverage and are known to take shelter in tree holes [86–88]. Forest flora and sugar 
availability have also been shown to be crucial determinants of vectorial capacity [89]. In 
addition, leaves falling into larval habitats assure sustainable micro-climatic conditions for 
larvae of vectors like An. dirus, which is a dominant vector in Southeast Asia [90]. Further, 
there are usually abundant bodies of water including ponds, streams, and rivers in forested 
areas supporting vector multiplication and survival thereby sustaining malaria transmission 

Country° Main vectors*

Bangladesh [210] An. dirus, An. minimus, An. aconitus, An. philippinensis, An. sundaicus, An. barbirostris, An. subpictus, 
An. culicifacies, An. fluviatilis, An. maculatus

Bhutan [210] An. minimus

Cambodia [211] An. dirus, An. minimus, An. maculatus, An. epiroticus

China [73, 212] An. sinensis, An. lesteri, An. dirus, An. minimus, An. maculatus

DPR Korea [210] An. lesteri, An. sinensis, An. sineroides, An. kleini, An. yatsus hiroensis, An. lindesayi japonicas, An. 
koreicus

India [213] An. culicifacies, An. baimaii, An. fluviatilis, An. minimus, An. stephensi, An. maculatus, An. sundaicus

Indonesia [214] An. aconitus, An. balabacensis, An. bancrofti, An. barbirostris, An. barbumbrosus, An. farauti, An. 
flavirostris, An. karwari, An. kochi, An. koliensis, An. leucosphyrus, An. maculatus, An. nigerrimus, An. 
parangensis, An. punctulatus, An. sinensis, An. subpictus, An. sundaicus, An. tessellatus, An. vagus

Lao PDR [211] An. dirus, An. minimus, An. maculatus, An. jeyporiensis

Malaysia [211] An. balabacensis, An. campestris, An. cracens, An. donaldi, An. flavirostris, An. latens, An. letifer, An. 
maculatus, An. sundaicus

Nepal [210] An. fluviatilis, An. annularis, An. maculatus

Philippines [215] An. flavirostris, An. balabacensis, An. maculatus, An. litoralis, An. mangyanus

PNG [216, 217] An. farauti, An. koliensis, An. punctulatus, An. bancroftii, An. karwari

Republic of Korea 
[218]

An. kleini, An. pullus, An. belenrae, An. sineroides, An. sinensis, An. lesteri

Solomon Islands 
[217]

An. punctulatus, An. koliensis, An. farauti

Sri Lanka [210, 
219]

An. culicifacies, An. annularis, An. subpictus, An. tessellatus, An. stephensi

Thailand [210] An. dirus, An. minimus, An. maculatus, An. aconitus, An. epiroticus

Vanuatu [217] An. farauti

Vietnam [211] An. dirus, An. minimus, An. maculatus, An. aconitus, An. jeyporiensis, An. subpictus, An. sinensis, An. 
pampanai, An. epiroticus

*An., Anopheles names refer either to the group, complex or species when specific identifications have been done.
°Corresponding references are in brackets.

Table 2. List of the main malaria vectors in the Asia Pacific Malaria Elimination Network (APMEN) countries.
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in the region [80, 90–93]. Deforestation increases the risk of malaria through a number of 
favourable conditions for the Anopheles mosquito by creating mosquito-breeding sites in the 
stumps of trees, ditches and puddles on the ground. The direct sunlight on the pools of water 
increases temperatures promoting mosquito breeding. Increased human activities in defor-
ested areas such as logging, increased large-scale agricultural activities, mining, building of 
hydropower projects, and the collection of wood for fuel, all enhance contact with mosquitoes 
and thereby increased malaria transmission [94–96].

Populations in border areas are at greater risk of malaria infections because they frequently 
visit forests, forest fringe areas, or forested plantations at or near the border [42, 75, 97, 98]. 
Occupational exposures affect malarial receptivity by age group–for example, in forest fringe 
villages, adult infections are more prevalent due to forest-related activities such as logging, 
rubber tapping, bamboo cutting, charcoaling, foraging, and overnight stays in the forests [99]. 
Migration of the population working in the forest and forest fringe results in spread via car-
riers to new areas previously free from malaria transmission [100]. Despite high coverage of 
preventive measures such as LLIN or insecticide-treated nets (ITNs) and IRS in the member 
States of APMEN, populations working and staying overnight in the forest are not protected 
[43, 82, 101]. A lack of infrastructure such as roads and healthcare facilities hinder malaria 
control activities and delayed treatment.

2.7. Migration and cross-border malaria

One of the main challenges that continues thwart malaria elimination is cross-border malaria [94, 
102]. People migrate across international borders for a number of reasons including work oppor-
tunities, visiting friends and relatives, and displacement as a result of natural and manmade 
calamities (such as ethnic conflicts) and major development projects. Malaria control in border 
areas is often difficult for being heavily forested, mountainous and inaccessible terrain, and 
unregulated population movements across the borders [103, 104]. Open porous international 
borders allow unchecked movement of people [105–111]. Such cross-border migration is likely to 
derail the malaria control activities of the neighbouring countries and risk introduction of drug-
resistant parasites [112]. Mobile populations along the border areas often live in poverty and 
have poor access to healthcare services. Movement of people across international borders has 
contributed to maintaining high transmission hotspots adjacent to border points [73, 105, 113].

2.8. Misalignment of programmatic approaches

There are differences in programmatic approaches among neighbouring countries in the 
APMEN region making the coordination of control and preventive measures challeng-
ing [114, 115]. For example, there are differences in malaria control activities across Laos-
Vietnam border. In Laos, the mainstay of malaria control is distribution of LLINs but on the 
Vietnamese side there is a stronger focus on IRS [114, 115]. Even where the approaches are 
similar, the specific antimalarial drugs or insecticides used can influence effectiveness due to 
parasite or vector resistance. Deltamethrin (synthetic pyrethroid) is used for IRS in Bhutan, 
however, DDT is used in the neighbouring State of Assam in India [116–118]. Effective control 
or elimination requires coordinated efforts for control interventions.
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and forested plantations. Both the forests and occurrence of deforestation impact increasing 
malaria risk and transmission, particularly in border areas. Forested areas provide conducive 
environment for vector proliferation and survival [84, 85]. Forest vectors usually prefer tree 
canopy coverage and are known to take shelter in tree holes [86–88]. Forest flora and sugar 
availability have also been shown to be crucial determinants of vectorial capacity [89]. In 
addition, leaves falling into larval habitats assure sustainable micro-climatic conditions for 
larvae of vectors like An. dirus, which is a dominant vector in Southeast Asia [90]. Further, 
there are usually abundant bodies of water including ponds, streams, and rivers in forested 
areas supporting vector multiplication and survival thereby sustaining malaria transmission 

Country° Main vectors*

Bangladesh [210] An. dirus, An. minimus, An. aconitus, An. philippinensis, An. sundaicus, An. barbirostris, An. subpictus, 
An. culicifacies, An. fluviatilis, An. maculatus

Bhutan [210] An. minimus

Cambodia [211] An. dirus, An. minimus, An. maculatus, An. epiroticus

China [73, 212] An. sinensis, An. lesteri, An. dirus, An. minimus, An. maculatus

DPR Korea [210] An. lesteri, An. sinensis, An. sineroides, An. kleini, An. yatsus hiroensis, An. lindesayi japonicas, An. 
koreicus

India [213] An. culicifacies, An. baimaii, An. fluviatilis, An. minimus, An. stephensi, An. maculatus, An. sundaicus

Indonesia [214] An. aconitus, An. balabacensis, An. bancrofti, An. barbirostris, An. barbumbrosus, An. farauti, An. 
flavirostris, An. karwari, An. kochi, An. koliensis, An. leucosphyrus, An. maculatus, An. nigerrimus, An. 
parangensis, An. punctulatus, An. sinensis, An. subpictus, An. sundaicus, An. tessellatus, An. vagus

Lao PDR [211] An. dirus, An. minimus, An. maculatus, An. jeyporiensis

Malaysia [211] An. balabacensis, An. campestris, An. cracens, An. donaldi, An. flavirostris, An. latens, An. letifer, An. 
maculatus, An. sundaicus

Nepal [210] An. fluviatilis, An. annularis, An. maculatus

Philippines [215] An. flavirostris, An. balabacensis, An. maculatus, An. litoralis, An. mangyanus

PNG [216, 217] An. farauti, An. koliensis, An. punctulatus, An. bancroftii, An. karwari

Republic of Korea 
[218]

An. kleini, An. pullus, An. belenrae, An. sineroides, An. sinensis, An. lesteri

Solomon Islands 
[217]

An. punctulatus, An. koliensis, An. farauti

Sri Lanka [210, 
219]

An. culicifacies, An. annularis, An. subpictus, An. tessellatus, An. stephensi

Thailand [210] An. dirus, An. minimus, An. maculatus, An. aconitus, An. epiroticus

Vanuatu [217] An. farauti

Vietnam [211] An. dirus, An. minimus, An. maculatus, An. aconitus, An. jeyporiensis, An. subpictus, An. sinensis, An. 
pampanai, An. epiroticus

*An., Anopheles names refer either to the group, complex or species when specific identifications have been done.
°Corresponding references are in brackets.
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in the region [80, 90–93]. Deforestation increases the risk of malaria through a number of 
favourable conditions for the Anopheles mosquito by creating mosquito-breeding sites in the 
stumps of trees, ditches and puddles on the ground. The direct sunlight on the pools of water 
increases temperatures promoting mosquito breeding. Increased human activities in defor-
ested areas such as logging, increased large-scale agricultural activities, mining, building of 
hydropower projects, and the collection of wood for fuel, all enhance contact with mosquitoes 
and thereby increased malaria transmission [94–96].

Populations in border areas are at greater risk of malaria infections because they frequently 
visit forests, forest fringe areas, or forested plantations at or near the border [42, 75, 97, 98]. 
Occupational exposures affect malarial receptivity by age group–for example, in forest fringe 
villages, adult infections are more prevalent due to forest-related activities such as logging, 
rubber tapping, bamboo cutting, charcoaling, foraging, and overnight stays in the forests [99]. 
Migration of the population working in the forest and forest fringe results in spread via car-
riers to new areas previously free from malaria transmission [100]. Despite high coverage of 
preventive measures such as LLIN or insecticide-treated nets (ITNs) and IRS in the member 
States of APMEN, populations working and staying overnight in the forest are not protected 
[43, 82, 101]. A lack of infrastructure such as roads and healthcare facilities hinder malaria 
control activities and delayed treatment.

2.7. Migration and cross-border malaria

One of the main challenges that continues thwart malaria elimination is cross-border malaria [94, 
102]. People migrate across international borders for a number of reasons including work oppor-
tunities, visiting friends and relatives, and displacement as a result of natural and manmade 
calamities (such as ethnic conflicts) and major development projects. Malaria control in border 
areas is often difficult for being heavily forested, mountainous and inaccessible terrain, and 
unregulated population movements across the borders [103, 104]. Open porous international 
borders allow unchecked movement of people [105–111]. Such cross-border migration is likely to 
derail the malaria control activities of the neighbouring countries and risk introduction of drug-
resistant parasites [112]. Mobile populations along the border areas often live in poverty and 
have poor access to healthcare services. Movement of people across international borders has 
contributed to maintaining high transmission hotspots adjacent to border points [73, 105, 113].

2.8. Misalignment of programmatic approaches

There are differences in programmatic approaches among neighbouring countries in the 
APMEN region making the coordination of control and preventive measures challeng-
ing [114, 115]. For example, there are differences in malaria control activities across Laos-
Vietnam border. In Laos, the mainstay of malaria control is distribution of LLINs but on the 
Vietnamese side there is a stronger focus on IRS [114, 115]. Even where the approaches are 
similar, the specific antimalarial drugs or insecticides used can influence effectiveness due to 
parasite or vector resistance. Deltamethrin (synthetic pyrethroid) is used for IRS in Bhutan, 
however, DDT is used in the neighbouring State of Assam in India [116–118]. Effective control 
or elimination requires coordinated efforts for control interventions.
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3. Way forward

In light of the aforementioned challenges in the APMEN member States, some of the possible 
solutions for way forward include carrying out operational research (OR) to understand the 
micro-epidemiology of malaria in each country, the use of technologically-assisted solutions 
for managing operational data (including spatial decision support systems (SDSS)), strength-
ening surveillance and initiating cross-border initiative.

3.1. Operational research (OR)

As countries move forward with malaria elimination, this effort requires adjustments on the 
way national malaria programmes operate. For example, the strategies for case detection and 
surveillance are radically different in control and elimination programmes. Countries may face 
constraints or bottlenecks as they make the transition from control to elimination for which 
OR can help to remove these bottlenecks, thereby enabling countries to make the transition 
from control to elimination phases more rapidly [119, 120]. OR in health is defined as search 
for knowledge on interventions, strategies, or tools that can enhance the quality, effectiveness, 
or coverage of programmes [121], and results in improved policy-making, better design and 
implementation of health systems, and more efficient methods of service delivery [122–125]. 
The goal is to strengthen health services and improve healthcare delivery in disease-endemic 
countries and it has an additional critical role to play in helping solve major implementation 
problems [121, 126–128]. The key elements of OR are that the research questions are gener-
ated by identifying the constraints and challenges encountered during the implementation of 
programme activities, thus can be imbedded into routine programmatic activities [129]. The 
WHO and Global Fund to Fight AIDS, Tuberculosis and Malaria (GFATM) have been encour-
aging programmes to conduct OR as part of their donor-funded activities [119, 130].

A significant limitation of national programmes has been the poor ability, even inability, to 
manage operational data collected through surveillance and other health information sys-
tems [131]. OR can be used to address these knowledge gaps and provide solutions to this 
limitation. OR has been under-utilised in APMEN member States [132, 133]. However, some 
countries including China [134], Bhutan [108], India [135, 136], Nepal [137], Solomon Islands 
[138], and countries in the Greater Mekong Sub-region (GMS) [120] are starting to address the 
challenges in malaria elimination efforts through OR in areas such as artemisinin resistance.

A key challenge is a lack of operational research capacity of member States [133]. One of the 
ways to overcome this shortcoming is to develop research capacity through the Structured 
Operational Research and Training Initiative (SORT IT), a global partnership-based initiative 
led by the Special Programme for Research and Training in Tropical Diseases (TDR) of WHO 
[131, 139, 140].

3.2. Role of geospatial data analysis

Malaria has a focal spatial distribution in pre-elimination and elimination phases, with 
hotspots of transmission in which the risk of malaria (including asymptomatic parasitaemias) 
and number of cases are higher than in surrounding areas [141, 142]. The scale at which spatial 
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heterogeneity occurs ranges from micro-geographical setting beginning with household or vil-
lage level [143–149] to municipalities [150], sub-districts [111], district [151–153], subnational 
[105, 154–156], national [40], regional [157], and global scales [70]. These spatial clusters of 
malaria have the potential to be sources of spread into neighbouring regions and countries if 
there is no focused intervention in the hotspot areas. Given the spatial heterogeneity of the dis-
ease, focused interventions in areas with higher incidence of disease are likely to have greater 
impact than uniform resource allocation [158]. Therefore, the spatial distribution of malaria 
and its interventions should be taken into account in national malaria elimination plans.

Risk mapping and temporal forecasting of malaria using environmental and climatic fac-
tors as spatial and/or temporal risk predictors has been routinely undertaken [107, 159, 160]. 
Environmental data for geospatial and temporal analysis can be collected through satellite 
sensors or meteorological stations [159–162]. Image analysis techniques can be applied to sat-
ellite data to derive useful variables for the investigation of environmental drivers of malaria, 
such as land surface temperature, cold cloud duration (an indirect measure of rainfall), land 
use or land cover class, and normalised difference vegetation index (NDVI) [85, 161]. The 
NDVI can be used as proxy for rainfall through the measure of the greenness of the earth’s 
surface and hence vegetation cover [163]. Meteorological data can be interpolated with sta-
tistical techniques to estimate values of climatic variables, such as rainfall, temperature, and 
humidity, for locations where meteorological data are not available [164]. Currently these 
approaches have mainly been used in research context, and more research including OR 
needs to be conducted to establish how these approaches can be of practical benefit to malaria 
control and elimination programmes.

3.3. Spatial decision support systems

In recent years, spatial decision support systems (SDSSs) have been increasingly used in 
malaria elimination programmes in some countries of Asia-Pacific region to support plan-
ning, monitoring and evaluation, including Vanuatu, Solomon Islands and Bhutan [110, 165]. 
SDSSs have also been employed for other vector-borne disease control programmes such as 
dengue in Thailand and Singapore [166–168].

SDSSs are technology-driven systems for the collection, mapping, displaying and dissemina-
tion of disease data. They provide computerised support for decision making that helps spa-
tially-explicit resource allocation decisions [107, 169]. Key elements of SDSS include: (i) data 
inputs from a variety of sources (including geospatial data layers), (ii) automated outputs 
to guide informed and strategic decision making for designated applications, (iii) enabling 
application/intervention outcomes re-entered back into the SDSS as a cyclical input, and (iv) 
expert knowledge integrated throughout all stages of the spatial decision support process 
[170] (Figure 4). In most recent examples, data are fed into the SDSS in the field using personal 
digital assistants (PDAs). The SDSS contains modules for planning, monitoring and evaluat-
ing coverage of target populations with IRS and LLINs, and for mapping malaria surveillance 
data. A mechanism is provided to link routinely collected data with associated spatial infor-
mation. Spatial queries and analyses can be conducted and cartographic maps and reports of 
the areas of interest can be produced. Summary statistics of key indicators and maps are fed 
back to field teams to enhance implementation of interventions.
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3. Way forward

In light of the aforementioned challenges in the APMEN member States, some of the possible 
solutions for way forward include carrying out operational research (OR) to understand the 
micro-epidemiology of malaria in each country, the use of technologically-assisted solutions 
for managing operational data (including spatial decision support systems (SDSS)), strength-
ening surveillance and initiating cross-border initiative.

3.1. Operational research (OR)

As countries move forward with malaria elimination, this effort requires adjustments on the 
way national malaria programmes operate. For example, the strategies for case detection and 
surveillance are radically different in control and elimination programmes. Countries may face 
constraints or bottlenecks as they make the transition from control to elimination for which 
OR can help to remove these bottlenecks, thereby enabling countries to make the transition 
from control to elimination phases more rapidly [119, 120]. OR in health is defined as search 
for knowledge on interventions, strategies, or tools that can enhance the quality, effectiveness, 
or coverage of programmes [121], and results in improved policy-making, better design and 
implementation of health systems, and more efficient methods of service delivery [122–125]. 
The goal is to strengthen health services and improve healthcare delivery in disease-endemic 
countries and it has an additional critical role to play in helping solve major implementation 
problems [121, 126–128]. The key elements of OR are that the research questions are gener-
ated by identifying the constraints and challenges encountered during the implementation of 
programme activities, thus can be imbedded into routine programmatic activities [129]. The 
WHO and Global Fund to Fight AIDS, Tuberculosis and Malaria (GFATM) have been encour-
aging programmes to conduct OR as part of their donor-funded activities [119, 130].

A significant limitation of national programmes has been the poor ability, even inability, to 
manage operational data collected through surveillance and other health information sys-
tems [131]. OR can be used to address these knowledge gaps and provide solutions to this 
limitation. OR has been under-utilised in APMEN member States [132, 133]. However, some 
countries including China [134], Bhutan [108], India [135, 136], Nepal [137], Solomon Islands 
[138], and countries in the Greater Mekong Sub-region (GMS) [120] are starting to address the 
challenges in malaria elimination efforts through OR in areas such as artemisinin resistance.

A key challenge is a lack of operational research capacity of member States [133]. One of the 
ways to overcome this shortcoming is to develop research capacity through the Structured 
Operational Research and Training Initiative (SORT IT), a global partnership-based initiative 
led by the Special Programme for Research and Training in Tropical Diseases (TDR) of WHO 
[131, 139, 140].

3.2. Role of geospatial data analysis

Malaria has a focal spatial distribution in pre-elimination and elimination phases, with 
hotspots of transmission in which the risk of malaria (including asymptomatic parasitaemias) 
and number of cases are higher than in surrounding areas [141, 142]. The scale at which spatial 

Towards Malaria Elimination - A Leap Forward210

heterogeneity occurs ranges from micro-geographical setting beginning with household or vil-
lage level [143–149] to municipalities [150], sub-districts [111], district [151–153], subnational 
[105, 154–156], national [40], regional [157], and global scales [70]. These spatial clusters of 
malaria have the potential to be sources of spread into neighbouring regions and countries if 
there is no focused intervention in the hotspot areas. Given the spatial heterogeneity of the dis-
ease, focused interventions in areas with higher incidence of disease are likely to have greater 
impact than uniform resource allocation [158]. Therefore, the spatial distribution of malaria 
and its interventions should be taken into account in national malaria elimination plans.

Risk mapping and temporal forecasting of malaria using environmental and climatic fac-
tors as spatial and/or temporal risk predictors has been routinely undertaken [107, 159, 160]. 
Environmental data for geospatial and temporal analysis can be collected through satellite 
sensors or meteorological stations [159–162]. Image analysis techniques can be applied to sat-
ellite data to derive useful variables for the investigation of environmental drivers of malaria, 
such as land surface temperature, cold cloud duration (an indirect measure of rainfall), land 
use or land cover class, and normalised difference vegetation index (NDVI) [85, 161]. The 
NDVI can be used as proxy for rainfall through the measure of the greenness of the earth’s 
surface and hence vegetation cover [163]. Meteorological data can be interpolated with sta-
tistical techniques to estimate values of climatic variables, such as rainfall, temperature, and 
humidity, for locations where meteorological data are not available [164]. Currently these 
approaches have mainly been used in research context, and more research including OR 
needs to be conducted to establish how these approaches can be of practical benefit to malaria 
control and elimination programmes.

3.3. Spatial decision support systems

In recent years, spatial decision support systems (SDSSs) have been increasingly used in 
malaria elimination programmes in some countries of Asia-Pacific region to support plan-
ning, monitoring and evaluation, including Vanuatu, Solomon Islands and Bhutan [110, 165]. 
SDSSs have also been employed for other vector-borne disease control programmes such as 
dengue in Thailand and Singapore [166–168].

SDSSs are technology-driven systems for the collection, mapping, displaying and dissemina-
tion of disease data. They provide computerised support for decision making that helps spa-
tially-explicit resource allocation decisions [107, 169]. Key elements of SDSS include: (i) data 
inputs from a variety of sources (including geospatial data layers), (ii) automated outputs 
to guide informed and strategic decision making for designated applications, (iii) enabling 
application/intervention outcomes re-entered back into the SDSS as a cyclical input, and (iv) 
expert knowledge integrated throughout all stages of the spatial decision support process 
[170] (Figure 4). In most recent examples, data are fed into the SDSS in the field using personal 
digital assistants (PDAs). The SDSS contains modules for planning, monitoring and evaluat-
ing coverage of target populations with IRS and LLINs, and for mapping malaria surveillance 
data. A mechanism is provided to link routinely collected data with associated spatial infor-
mation. Spatial queries and analyses can be conducted and cartographic maps and reports of 
the areas of interest can be produced. Summary statistics of key indicators and maps are fed 
back to field teams to enhance implementation of interventions.
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Limited evaluation to date suggests that these systems support health programmes with a 
powerful and user-friendly operational tool for evidence-based decision making. Maps are an 
important SDSS output that provide a visual aid for decision making [170]. An example of 
map used to monitor LLIN coverage during a mass LLIN distribution in Bhutan is shown in 
Figure 5. This map can inform programme officials of the progress of the campaign and more 
importantly identifies areas that require catch up activities to achieve target coverage. Malaria 
incidence maps provide important inputs to policy makers to implement targeted interventions 
aimed at disease prevention and management. Spatial targeting of malaria interventions, sup-
ported by SDSS, will result in more efficient and effective allocation of intervention resources in 
transmission hotspots helping achieve substantial transmission reduction [135, 156, 158, 171].

3.4. Strengthening surveillance-response and cross-border initiatives

For countries embarking on malaria elimination, malaria surveillance systems need revamp-
ing. The main objectives of surveillance in malaria elimination are to detect infections (both 
symptomatic and asymptomatic), and ensure radical cure. This is in contrast to the malaria con-
trol phase in which the main objectives of surveillance is to quantify the level of malaria trans-
mission and to support preventive action at the population level [172, 173]. In most countries, 
malaria surveillance is based on passive case detection. Passive surveillance involves reporting 
malaria cases by a health facility, which can be limited by incomplete reporting, healthcare 
seeking in the private sector (not captured by government systems), and poor diagnostic capac-
ity, particularly in low transmission settings [174]. Prompt detection and radical treatment of 

Figure 4. Framework of spatial decision support system for malaria control and prevention with potential use in other 
vector borne diseases. (GIS geographical information system, PDA personnel digital assistant, GPS global positioning 
system, SDSS spatial decision support system, GR geographic reconnaissance, LLIN long-lasting insecticidal net, IRS 
indoor residual spraying, PCD passive case detection, RACD active case detection, JE Japanese encephalitis) (Wangdi 
et al. [110]).
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imported malaria cases is critical for malaria elimination for sustaining the malaria elimination 
efforts. However, importation of malaria is inevitable, even in countries that have eliminated 
malaria. Passive case detection (PCD) could capture imported cases and allow interventions 
that would prevent resurgence in the presence of robust health system [175]. However, in areas 
with high transmission intensities in APMEN countries [70, 176], and unchecked migration 
across borders [103–111], there is likely to be significant transmission even in low transmission 
settings. Therefore, imported infections must be prevented through border screening, regional 
and cross-border initiatives and dialogue, proactive case detection, and treatment in high-risk 
population groups and travellers preventing resurgence of the disease [177].

Active surveillance addresses some of the limitations of PCD and generally involves cross-
sectional surveys of defined sample populations, where the primary malaria indicator is the 
proportion of persons infected with malaria parasites (parasite prevalence) [178]. These sur-
veys enable detection of asymptomatic infections that perpetuate transmission [179], and pro-
vide an opportunity to concurrently assess coverage of malaria interventions [180], but they 
are expensive and difficult to implement, and are not efficient in low-transmission settings.

One of the most efficient ways to enhance passive surveillance is through reactive case detection 
(RACD). When an index case of clinical malaria is detected in a community, RACD is carried 
out in all the households located within a certain distance of the index case. During the RACD, 
follow-up activities differ widely and can include testing of fever using RDTs or microscopy for 
any residual malaria infection and treating those who test positive. In addition, vector control 
activities including IRS and LLINs are intensified. RACD has been implemented in Africa and 

Figure 5. Sample output map for monitoring the coverage of long-lasting insecticidal net in Bhutan (Samdrup Jongkhar) 
(in this map there was no households without LLIN) (Wangdi et al. [110]).
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Limited evaluation to date suggests that these systems support health programmes with a 
powerful and user-friendly operational tool for evidence-based decision making. Maps are an 
important SDSS output that provide a visual aid for decision making [170]. An example of 
map used to monitor LLIN coverage during a mass LLIN distribution in Bhutan is shown in 
Figure 5. This map can inform programme officials of the progress of the campaign and more 
importantly identifies areas that require catch up activities to achieve target coverage. Malaria 
incidence maps provide important inputs to policy makers to implement targeted interventions 
aimed at disease prevention and management. Spatial targeting of malaria interventions, sup-
ported by SDSS, will result in more efficient and effective allocation of intervention resources in 
transmission hotspots helping achieve substantial transmission reduction [135, 156, 158, 171].

3.4. Strengthening surveillance-response and cross-border initiatives

For countries embarking on malaria elimination, malaria surveillance systems need revamp-
ing. The main objectives of surveillance in malaria elimination are to detect infections (both 
symptomatic and asymptomatic), and ensure radical cure. This is in contrast to the malaria con-
trol phase in which the main objectives of surveillance is to quantify the level of malaria trans-
mission and to support preventive action at the population level [172, 173]. In most countries, 
malaria surveillance is based on passive case detection. Passive surveillance involves reporting 
malaria cases by a health facility, which can be limited by incomplete reporting, healthcare 
seeking in the private sector (not captured by government systems), and poor diagnostic capac-
ity, particularly in low transmission settings [174]. Prompt detection and radical treatment of 

Figure 4. Framework of spatial decision support system for malaria control and prevention with potential use in other 
vector borne diseases. (GIS geographical information system, PDA personnel digital assistant, GPS global positioning 
system, SDSS spatial decision support system, GR geographic reconnaissance, LLIN long-lasting insecticidal net, IRS 
indoor residual spraying, PCD passive case detection, RACD active case detection, JE Japanese encephalitis) (Wangdi 
et al. [110]).
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imported malaria cases is critical for malaria elimination for sustaining the malaria elimination 
efforts. However, importation of malaria is inevitable, even in countries that have eliminated 
malaria. Passive case detection (PCD) could capture imported cases and allow interventions 
that would prevent resurgence in the presence of robust health system [175]. However, in areas 
with high transmission intensities in APMEN countries [70, 176], and unchecked migration 
across borders [103–111], there is likely to be significant transmission even in low transmission 
settings. Therefore, imported infections must be prevented through border screening, regional 
and cross-border initiatives and dialogue, proactive case detection, and treatment in high-risk 
population groups and travellers preventing resurgence of the disease [177].

Active surveillance addresses some of the limitations of PCD and generally involves cross-
sectional surveys of defined sample populations, where the primary malaria indicator is the 
proportion of persons infected with malaria parasites (parasite prevalence) [178]. These sur-
veys enable detection of asymptomatic infections that perpetuate transmission [179], and pro-
vide an opportunity to concurrently assess coverage of malaria interventions [180], but they 
are expensive and difficult to implement, and are not efficient in low-transmission settings.

One of the most efficient ways to enhance passive surveillance is through reactive case detection 
(RACD). When an index case of clinical malaria is detected in a community, RACD is carried 
out in all the households located within a certain distance of the index case. During the RACD, 
follow-up activities differ widely and can include testing of fever using RDTs or microscopy for 
any residual malaria infection and treating those who test positive. In addition, vector control 
activities including IRS and LLINs are intensified. RACD has been implemented in Africa and 

Figure 5. Sample output map for monitoring the coverage of long-lasting insecticidal net in Bhutan (Samdrup Jongkhar) 
(in this map there was no households without LLIN) (Wangdi et al. [110]).
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Asia with mixed results [110, 181–186]. Nevertheless, RACD provides an opportunity for public 
health workers to concurrently assess coverage of malaria interventions including LLINs, and 
should be advocated and practised. Another efficient way to evaluate the efficacy of vector 
control methods, also applied in Africa and Asia, is to estimate the human antibody response to 
Anopheles saliva in human populations [187–189].

Diagnostic techniques used for testing blood during RACD will significantly impact the pro-
gramme effectiveness. Estimating parasite prevalence using microscopy is time and labour 
intensive, and often inaccurate in operational settings [190]. Newly available rapid diagnostic 
tests (RDTs) offer on-the-spot results, but have limitations in specificity, sensitivity, quality, 
and cost [190–193]. Both methods (microscopy and RDTs) may fail to detect a substantial 
proportion of low-density parasitaemias [186, 194, 195]. Polymerase chain reaction (PCR) pro-
vides enhanced sensitivity but results are not available immediately [196], instead Real-time 
PCR may present a consistent, accurate, and efficient tool for surveillance to assist malaria 
elimination in the future [196].

Cross-border movement of populations impacts the maintenance of ‘hotspots’ of high trans-
mission along international borders [77, 94, 97, 108, 137, 197–200], and spread of drug-resistance 
seen along the international border of Thailand and Cambodia [201]. Then, cross-border initia-
tives should be initiated through sharing of programme data including insecticide resistance, 
blood testing at the border areas, and treatment of symptomatic cases [177, 202–208]. Such suc-
cessful cross-border case studies in the region have led to significant reduction in malaria bur-
den in the study areas [209].

4. Conclusions

Successful malaria elimination in the APMEN member States will greatly enhance the global 
drive to eliminate malaria. Malaria transmission in these States is complex. APMEN member 
States include the largest populations living in areas of malaria transmission risk outside Africa. 
They are a global source of ACT resistance, highest burden of P. vivax and zoonotic malaria, 
and face many geopolitical and socioeconomic factors that will challenge malaria elimination 
efforts. These challenges can be addressed in part through operational research to identify 
country specific solutions, making better use of operational data such as through implement-
ing SDSS approaches, and strengthening surveillance and cross-border collaborations.
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Abstract

In China, the malaria elimination program was launched in 2010 with the objective to 
eliminate this disease by 2020. Large-scale malaria control and elimination actions have 
been conducted with significant success since inception of the nationwide program. The 
incidence of locally acquired malaria has declined sharply along with the concomitant 
decrease of malaria-endemic areas from 762 counties reporting malaria in 2010 to just two 
counties adjacent to border areas (Yunnan, China-Myanmar and Tibet, China-India) in 
2016. In total, 1723 counties (79%) and 134 prefectures (52%) had completed the malaria 
elimination internal assessment by the end of 2016. The year 2017 was the first year with-
out report of indigenous malaria cases throughout the country. Hence, this chapter is 
meant to share the lessons learned from malaria elimination in China benefiting countries 
on the way to malaria elimination.

Keywords: malaria elimination, China, surveillance and responses, 1-3-7 model

1. Introduction

Although significant progress on malaria control and elimination has been made world-
wide, malaria remains a major public health threat to human beings. According to the World 
Malaria Report published by the World Health Organization (WHO), a total of 216 million 
malaria cases were reported worldwide with 445,000 deaths in 2016 [1]. These malaria cases 
were mainly reported from Africa (90%) and Southeast Asia (7%). With the available inter-
vention tools, several countries have been certified to be malaria-free, and others are in the 
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process of elimination in the foreseeable future [1]. Among others, within the broad objective 
of worldwide malaria elimination [2], 21 countries have the potential to eliminate malaria by 
2020; these are marked as E-2020 countries by WHO [1]. Although some of E-2020 countries 
were moving forward to achieve elimination goals, 111 have reported an increase of indig-
enous malaria cases since 2015, and 5 countries2 reported >100 cases in 2016 compared to 2015. 
World malaria elimination is currently at crossroads [3].

Among the E-2020 countries, China has made a significant progress on malaria elimination. 
Both the malaria-endemic territories and indigenous cases have decreased dramatically [4–6]. 
Furthermore, no indigenous cases were reported in China in 2017. Along with the decrease 
of indigenous malaria cases, the distribution of Plasmodium species associated to the reported 
malaria cases had changed as well. Only 2 Plasmodium species, i.e., Plasmodium falciparum and 
P. vivax, were present prior to the elimination program, but now all 4 human malaria parasites 
are encountered in China (i.e., P. falciparum, P. vivax, P. malariae, and P. ovale), as well as the 
simian species P. knowlesi [1, 7–12]. The predominant Anopheles vectors had also changed over 
the same period due to environmental changes and anti-malaria interventions. Prior to malaria 
elimination, 4 main species/complexes of vectors were recorded, i.e., Anopheles lesteri, An. dirus 
s.l., An. minimus s.l., and An. sinensis (Table 1). Currently, after 7 years of malaria elimination 
efforts, only 2 species/complexes are recorded to be prevalent, i.e., An. minimus s.l. (mainly An. 
minimus and An. harrisoni) and An. sinensis. Moreover, the geographic distribution range of 
An. sinensis has expanded and the proportion increased too [13–16]. Considering the progress 
of malaria elimination in China and the challenges still to be met, useful information has been 
generated which could be shared with the communities working on malaria elimination. This 
chapter is thus aiming at detailing the strategy of the Chinese national malaria elimination 
program, current progress, and lessons learned in defeating malaria.

2. Malaria elimination strategy in China

The national malaria elimination strategy was developed based on the malaria control situ-
ation and response to the Global Eradication of Malaria Initiative proposed by the United 
Nation Millennium Development Goals (MDGs) in September 2000 [5, 17, 18]. The overall 
strategy comprised specific objectives and key measures taking into account the different epi-
demiological contexts and diversity of malaria transmission models all over the country. The 
overall goals of malaria elimination in China were set to achieve zero indigenous cases in the 
country by 2015, leaving apart the border areas of Yunnan Province with Myanmar and Tibet 
Autonomous Region with India to achieve complete elimination in the country by 2020.

2.1. Intermediate objectives

The strategy and key measures for malaria elimination in China were developed in line with the 
WHO guidelines [19]. However, counties had variable endemicity based on which a  classification 

1Botswana, Cabo Verde, South Africa, Swaziland, Costa Rica, Ecuador, El Salvador, Mexico, Saudi Arabia, Timor-Leste, Malaysia.
2Botswana, South Africa, Swaziland, Ecuador, Saudi Arabia.
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process of elimination in the foreseeable future [1]. Among others, within the broad objective 
of worldwide malaria elimination [2], 21 countries have the potential to eliminate malaria by 
2020; these are marked as E-2020 countries by WHO [1]. Although some of E-2020 countries 
were moving forward to achieve elimination goals, 111 have reported an increase of indig-
enous malaria cases since 2015, and 5 countries2 reported >100 cases in 2016 compared to 2015. 
World malaria elimination is currently at crossroads [3].

Among the E-2020 countries, China has made a significant progress on malaria elimination. 
Both the malaria-endemic territories and indigenous cases have decreased dramatically [4–6]. 
Furthermore, no indigenous cases were reported in China in 2017. Along with the decrease 
of indigenous malaria cases, the distribution of Plasmodium species associated to the reported 
malaria cases had changed as well. Only 2 Plasmodium species, i.e., Plasmodium falciparum and 
P. vivax, were present prior to the elimination program, but now all 4 human malaria parasites 
are encountered in China (i.e., P. falciparum, P. vivax, P. malariae, and P. ovale), as well as the 
simian species P. knowlesi [1, 7–12]. The predominant Anopheles vectors had also changed over 
the same period due to environmental changes and anti-malaria interventions. Prior to malaria 
elimination, 4 main species/complexes of vectors were recorded, i.e., Anopheles lesteri, An. dirus 
s.l., An. minimus s.l., and An. sinensis (Table 1). Currently, after 7 years of malaria elimination 
efforts, only 2 species/complexes are recorded to be prevalent, i.e., An. minimus s.l. (mainly An. 
minimus and An. harrisoni) and An. sinensis. Moreover, the geographic distribution range of 
An. sinensis has expanded and the proportion increased too [13–16]. Considering the progress 
of malaria elimination in China and the challenges still to be met, useful information has been 
generated which could be shared with the communities working on malaria elimination. This 
chapter is thus aiming at detailing the strategy of the Chinese national malaria elimination 
program, current progress, and lessons learned in defeating malaria.

2. Malaria elimination strategy in China

The national malaria elimination strategy was developed based on the malaria control situ-
ation and response to the Global Eradication of Malaria Initiative proposed by the United 
Nation Millennium Development Goals (MDGs) in September 2000 [5, 17, 18]. The overall 
strategy comprised specific objectives and key measures taking into account the different epi-
demiological contexts and diversity of malaria transmission models all over the country. The 
overall goals of malaria elimination in China were set to achieve zero indigenous cases in the 
country by 2015, leaving apart the border areas of Yunnan Province with Myanmar and Tibet 
Autonomous Region with India to achieve complete elimination in the country by 2020.

2.1. Intermediate objectives

The strategy and key measures for malaria elimination in China were developed in line with the 
WHO guidelines [19]. However, counties had variable endemicity based on which a  classification 

1Botswana, Cabo Verde, South Africa, Swaziland, Costa Rica, Ecuador, El Salvador, Mexico, Saudi Arabia, Timor-Leste, Malaysia.
2Botswana, South Africa, Swaziland, Ecuador, Saudi Arabia.
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was established according to the different types of area and intensity of malaria transmission. 
According to the magnitude of transmission and incidence, all counties were classified into 4 
types, including Type I, local transmission and incidence ≥1/10,000 over the past 3 years; Type 
II, local transmission and incidence <1/10,000 over the past 3 years; Type III, no indigenous cases 
reported over the past 3 years but still with risk of transmission; and Type IV, malaria-free [20]. 
The classification of malaria-endemic areas is presented in Figure 1 [17, 20].

Several intermediate progress objectives were also set in a graduated way depending on the type 
of area. By 2015, (i) all Type III counties should achieve the objective of malaria elimination; (ii) 
at the same time, Types I and II counties, except Yunnan border counties, are expected to report 
zero indigenous malaria cases; (iii) the incidence of indigenous malaria cases in Type I coun-
ties located in the Yunnan border areas should be reduced to <1/10,000; (iv) it is expected that 
by 2017, no indigenous cases should be reported in the whole country; (v) by the year 2018, all 
Types I and II counties, except Yunnan border counties, must have fully achieved malaria elimi-
nation; and (vi) malaria elimination should be achieved all over the country by the year 2020.

2.2. Implementation requirements for malaria elimination

In order to achieve malaria elimination, specific requirements were assigned depending upon 
the type of county. The Type I counties should strengthen the management of infectious source 
and implement vector control measures to reduce the incidence of malaria. The Type II coun-
ties should eliminate the infectious source of malaria to interrupt local malaria transmission. 
The Type III counties should enhance the monitoring and disposition of the imported cases 
to prevent the secondary transmission. The Type IV counties should deal appropriately with 
imported cases. These requirements were also made flexible enough to be adjusted according 
to the control process and changes in the dynamics of the disease. These requirements were 
based on specific and standardized key measures [17].

Figure 1. Stratification of malaria-endemic areas for data based on 2010 (references [5, 17]).
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2.2.1. Strengthening control and management of infectious sources

• Timely malaria case detection. Both public and private clinics and health facilities at all 
levels should take blood samples from patients including clinical diagnosed malaria cases, 
suspected malaria cases and febrile patients without confirmed origin of infection. Blood 
smear  for microscopic tests or auxiliary detection using Rapid Diagnosis Test (RDT) kits 
should be carried out with blood samples. For RDT-positive samples, blood smears must 
be collected and kept for verification.

• Timely surveillance and response to all malaria cases [20, 21]

 ○ Strengthening malaria case reporting. Public or private clinics and health facilities at all 
levels have the responsibility to report malaria cases within 24 hours (1 day) after diagnosis. 
This is a requirement from the law on the Prevention and Control of Infectious Diseases in 
the People’s Republic of China (http://www.gov.cn/banshi/2005-08/01/content_19107.htm).

 ○ Case verification. Centers for Disease Control and Prevention (CDCs) at the county level 
are made responsible for the verification of individual cases reported through the infor-
mation system and for laboratory test assessment (RDT and microscope). Case investi-
gation and verification are required to be accomplished within 3 days after reporting.

 ○ Management of malaria foci. CDCs at the county level are responsible for investigation 
on identified malaria foci and further disposal within 7 days after index case reporting. 
A reactive case detection must be carried out by collecting blood samples from inhabit-
ants around the index case (fever displayed over the last 2 weeks). Collected blood sam-
ples must be analyzed by microscope or RDT. Meanwhile, vector control measures (i.e., 
indoor residual spraying (IRS)) must be implemented, and information materials for 
public awareness and health education must be provided to all families in different foci.

• Treatment

 ○ Full dose and whole medication3 should be given to treat malaria patients according to 
the national guidelines. Public or private clinics and health facilities at all levels should 
treat all the detected malaria patients according to the national guidelines for anti-ma-
larial drug use, issued by the Ministry of Health. All patients must be followed up across 
the whole course of treatment.

 ○ Anti-relapse treatment. In non-transmission malaria season, patients diagnosed with 
vivax malaria during the previous year must be given anti-relapse treatment.

2.2.2. Strengthening vector control

• Anti-mosquito interventions. During the malaria transmission season, it is encouraged to 
transform and improve the environment so as to reduce the number of breeding sites and 

3Whole medication refers to the 8-day treatment for vivax malaria with primaquine (total dose 180 mg over 8 days) and 
chloroquine (total dose 1200 mg over 3 days) as first-line drugs. Artemisinin combination therapy (ACT) was used as 
first-line treatment to treat uncomplicated falciparum malaria.
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• Anti-mosquito interventions. During the malaria transmission season, it is encouraged to 
transform and improve the environment so as to reduce the number of breeding sites and 

3Whole medication refers to the 8-day treatment for vivax malaria with primaquine (total dose 180 mg over 8 days) and 
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decrease the density of mosquitoes in combination with the patriotic health movement4 
and new rural village development [22]. Measures of IRS and insecticide-treated net (ITN) 
are required to be applied in malaria foci.

• Strengthening personal protection. To prevent or minimize mosquito bites during the malar-
ia transmission season, personal protective measures must be implemented such as repellents, 
mosquito-repellent incense, mosquito nets, wire mesh screening of doors and windows, etc.

2.2.3. Strengthening health education

• Strengthening people awareness. Mass media such as newspapers, radio, TV, and internet 
posts should cover “World Malaria Day and National Malaria Day” activities and imple-
ment various ways to widely broadcast knowledge on malaria and the malaria elimination 
policy to improve public awareness and motivate community participation in malaria con-
trol and elimination.

• Strengthening health education for primary and junior high school students. Education 
department should deploy and arrange the primary and junior high school health educa-
tion. CDCs should strengthen the technical support to health education on malaria in these 
schools. Primary and junior high schools in Types I and II counties should keep malaria 
and malaria control awareness as a recurrent topic in regular health education courses 
or theme activities. They should encourage pupils to pass such awareness to their family 
members by the way of “child educate adult.”

• Strengthening health education at the community level. In Types I and II counties, the 
local CDCs should organize and support malaria public awareness by the way of adver-
tisements and regularly update posted news in hospital waiting rooms, community health 
service centers, rural hospitals, village clinics, and large construction sites. They should 
also develop awareness material in minority nations’ language.

2.2.4. Strengthening malaria control in mobile/migrant populations

• Strengthening the management of malaria among travelers. The Department of Health 
and Exit & Entry Administration should regularly release public information about the 
world malaria situation and related information inside the country. Tourism departments 
should release such information to tourists too. The Department of Tourism and Com-
merce has the obligation to aid the Department of Health in providing information to peo-
ple traveling to malaria-endemic areas, as well as track information on malaria patients. 
Mechanism for shared information should be established among different sectors. This 
cross sector mechanism is responsible for increasing the anti-malaria public awareness, for 
providing consultation services to cross-border populations, for screening individuals with 
fever who have been traveling to malaria-endemic areas, and for reporting the detected 
malaria cases.

4The patriotic health movement is referring to a community-based health movement focusing on cleaning, pest control, 
environment reforming, and other health-related activities, with the aim of preventing infectious diseases.
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• Strengthening malaria control and prevention among expatriates. China is involved in 
many large construction projects in malaria epidemic areas in different countries, e.g., 
Ethiopia and Zambia in Africa, Myanmar and Indonesia in Southeast Asia. Some of the 
projects like road, railway, or dam constructions involve high malaria risk exposure. CDCs 
provide appropriate information and training to the personnel employed in these projects 
before expatriates’ deployment. The management and registration of malaria cases among 
expatriates are conducted locally in coordination with health agencies and CDCs. Public 
security departments provide assistance to investigate malaria cases among expatriates as 
requested by the Department of Health.

2.2.5. Improving malaria surveillance

• Strengthening capacity building for malaria diagnosis. The National Institute of Para-
sitic Diseases, China CDC is responsible for managing national malaria diagnosis reference 
laboratory. Its mandate is to provide a final laboratory confirmation and identify the source 
of any malaria case. Reference laboratories at all levels should regularly assess the skills of 
test and conduct quality control to ensure operation of the laboratory network.

• Malaria surveillance in the post-elimination stage. The status of malaria-free area must be 
maintained in counties having achieved malaria elimination, as well as in previously non-
endemic provinces. This must be done through regular training of the medical personnel 
in malaria diagnosis and treatment. Prevention of re-establishment of malaria transmission 
is also required and must be conducted by intensifying the monitoring of imported cases.

3. Progress on malaria elimination in China

3.1. Status after seven years of implementation of malaria elimination program

A total of 28,886 malaria cases were reported in Mainland China (excluding Hong Kong, Macau, 
and Taiwan) from 2010 to 2016 (Table 2) [9, 10, 23–26]. During this period, indigenous cases, as well 
as the number of areas with local transmission, were substantially reduced. There were 40 indig-
enous cases reported from 10 counties in 2015, a decrease of 99.06% from 2010. By 2015, all Type 
III counties had achieved malaria elimination goals (no occurrence of indigenous cases for at least 
3 consecutive years). Except for border counties in Yunnan, 96.43% (54/56) of the Type I counties 
reported no indigenous case over the same period. The malaria incidence in 19 Type I counties in 
Yunnan border area was lower than 10/100,000. All positive cases were reported through the China 
Information System for Disease Control and Prevention (CISDCP). The increase in incidence and 
number of detected cases after 6 years of implementation of the malaria elimination program was 
linked to the large number of imported cases, while the number of indigenous cases was reduced 
by 99.93% between 2010 and 2016 (Table 2) [8, 27–30]. The number of provinces with imported 
cases increased from 22 in 2010 to 30 (all the provinces in Mainland China except Tibet) in 2015. 
A total of 3318 imported cases were reported in 2016 (Table 2). The top 5 countries of origin of the 
imported cases were Myanmar (15.9%), Angola (12.5%), Nigeria (7.7%), Equatorial Guinea (7.5%), 
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4The patriotic health movement is referring to a community-based health movement focusing on cleaning, pest control, 
environment reforming, and other health-related activities, with the aim of preventing infectious diseases.
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linked to the large number of imported cases, while the number of indigenous cases was reduced 
by 99.93% between 2010 and 2016 (Table 2) [8, 27–30]. The number of provinces with imported 
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imported cases were Myanmar (15.9%), Angola (12.5%), Nigeria (7.7%), Equatorial Guinea (7.5%), 

Malaria Elimination in the People’s Republic of China: Current Progress, Challenges, and Prospects
http://dx.doi.org/10.5772/intechopen.77282

239



Ye
ar

T
ot

al
 

re
po

rt
ed

 
ca

se
s

Lo
ca

l c
as

es
Im

po
rt

ed
 c

as
es

N
o.

 o
f 

de
at

h 
ca

se
s

C
li

ni
ca

l 
di

ag
no

si
s

P
. v

iv
ax

P
. 

fa
lc

ip
ar

um
M

ix
Su

bt
ot

al
C

li
ni

ca
l 

di
ag

no
si

s
P

. 
vi

va
x

P
. 

fa
lc

ip
ar

um
P

. 
m

al
ar

ia
e

P
. 

ov
al

e
M

ix
Su

bt
ot

al

20
10

78
55

0
41

65
97

0
42

62
N

A
*

N
A

11
61

N
A

N
A

N
A

35
93

19

20
11

44
98

36
4

88
5

56
3

13
08

37
2

12
53

14
68

62
**

0
35

31
90

33

20
12

27
18

32
22

8
16

5
28

1
35

90
0

14
03

60
**

0
39

24
37

15

20
13

41
28

6
77

9
0

92
29

85
9

28
99

51
13

3
65

40
36

23

20
14

30
78

5
45

6
0

56
20

79
8

18
76

52
23

2
44

30
22

25

20
15

32
88

1
38

1
0

40
22

84
0

19
91

76
27

2
47

32
48

20

20
16

33
21

0
3

0
0

3
15

70
9

21
58

64
31

1
61

33
18

15

°T
he

 n
um

be
r o

f m
al

ar
ia

 c
as

es
 re

po
rt

ed
 in

 2
01

7 
w

ill
 b

e 
pu

bl
is

he
d 

by
 th

e 
en

d 
of

 2
01

8.
*N

A
 in

di
ca

te
s 

th
at

 d
at

a 
w

er
e 

no
t a

va
ila

bl
e 

in
 th

e 
an

nu
al

 re
po

rt
in

g 
sy

st
em

.
**

Be
fo

re
 2

01
3,

 th
e 

da
ta

 re
co

rd
ed

 in
 th

e 
an

nu
al

 re
po

rt
in

g 
sy

st
em

 d
id

 n
ot

 s
ep

ar
at

e 
P.

 m
al

ar
ia

e a
nd

 P
. o

va
le

.

Ta
bl

e 
2.

 M
al

ar
ia

-a
ttr

ib
ut

ab
le

 m
or

bi
di

ty
 in

 th
e 

Pe
op

le
’s

 R
ep

ub
lic

 o
f C

hi
na

 d
ur

in
g 

20
10

–2
01

6°
.

Towards Malaria Elimination - A Leap Forward240

and Cameroon (7.1%). In response to the increasing risk from imported cases, joint coordination 
and transfer of information were established among different agencies, in particular between 
China CDC and port quarantines. The latter are responsible for frontline screening and detection 
providing timely reports of positive cases. Clinics and hospitals are in charge of case treatment,  
while CDCs must follow up all the reported cases and carry out the individual case investiga-
tion. A successful example of such organization is given by the Shanglin County, Guangxi [31], 
for reporting 1,052 imported malaria cases in 2013, all of which were successfully treated and no 
death cases occurred. Furthermore, although Anopheles mosquitoes were present [14], no second-
ary transmission occurred.

Along the border between China and countries of the Greater Mekong Subregion (GMS) 
(Myanmar, Lao PDR, and Vietnam), 3 frontline barriers were established jointly by CDCs and 
port quarantines [32]. These 3 barriers consisted of (i) a strengthened health system in all 25 
border counties with a capacity to immediate and comprehensive response to each malaria case 
(first line), (ii) establishment of 68 malaria service points at the border to provide consultation and 
screening to the migrant/mobile population (MMP) (second line), and (iii) a coordination process 
for response to malaria along the international borders between China, Myanmar, Lao PDR, and 
Vietnam covering 42 border counties (20 in Yunnan and 22 in the 3 other countries).

The main risks clearly identified after implementation of the national malaria elimination 
program were re-introduction through imported cases and the associated secondary trans-
mission by local malaria vectors. Sustainable vector control is therefore essential. With the 
support from the national malaria surveillance system and national malaria diagnosis refer-
ence laboratory network, all the confirmed malaria cases were examined, including a total 
number of 2,215 foci investigated within 7 days after case detection and verification (Table 3).  
Long-lasting insecticidal net (LLIN) or ITN was delivered to the communities with high 
malaria incidence and presence of highly efficient malaria vectors, such as Anopheles dirus s.l. 
or Anopheles minimus s.l. [14]. IRS was carried out in active malaria foci (the definition of active 
foci is given in Ref. [19, 33]). In 2015, a total number of 29,611 LLIN/ITN were delivered, and 
1,697,188 persons were protected by IRS in response to malaria foci (Table 4). Another key ele-
ment in the protection of people against imported malaria was the training and education of 
the personnel. Annual joint health training workshops were carried out by the Departments 
of Health, Education, and Inspection and Quarantine on the National Malaria Day (April 
26th) since 2008. Altogether, 74.9 million educational documents were delivered during work-
shops from 2010 to 2015 (Table 5). To these, one must add all posters and flyers delivered 
through port quarantines. Capacity building for health professional personnel corresponded 
to 464,500 working days in CDCs; 848,764 working days for clinical doctors; and 186,368 
working days for microscopists during 2010–2015 (Table 5). With respect to port quarantines, 
16,141 working days of training were accomplished with a malaria awareness rate of 100%.

A key issue in successful implementation of a program relies on the governmental commitment 
and support for sustained allocation of resources. The government at all levels has adopted 
malaria elimination as a component of the socioeconomic strategy. A national action plan for 
malaria elimination was issued jointly by 13 ministries in 2010 with clear goals and strategy, fol-
lowed by a sustainable budget plan to ensure the financial support for malaria elimination. As a 
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and Cameroon (7.1%). In response to the increasing risk from imported cases, joint coordination 
and transfer of information were established among different agencies, in particular between 
China CDC and port quarantines. The latter are responsible for frontline screening and detection 
providing timely reports of positive cases. Clinics and hospitals are in charge of case treatment,  
while CDCs must follow up all the reported cases and carry out the individual case investiga-
tion. A successful example of such organization is given by the Shanglin County, Guangxi [31], 
for reporting 1,052 imported malaria cases in 2013, all of which were successfully treated and no 
death cases occurred. Furthermore, although Anopheles mosquitoes were present [14], no second-
ary transmission occurred.

Along the border between China and countries of the Greater Mekong Subregion (GMS) 
(Myanmar, Lao PDR, and Vietnam), 3 frontline barriers were established jointly by CDCs and 
port quarantines [32]. These 3 barriers consisted of (i) a strengthened health system in all 25 
border counties with a capacity to immediate and comprehensive response to each malaria case 
(first line), (ii) establishment of 68 malaria service points at the border to provide consultation and 
screening to the migrant/mobile population (MMP) (second line), and (iii) a coordination process 
for response to malaria along the international borders between China, Myanmar, Lao PDR, and 
Vietnam covering 42 border counties (20 in Yunnan and 22 in the 3 other countries).

The main risks clearly identified after implementation of the national malaria elimination 
program were re-introduction through imported cases and the associated secondary trans-
mission by local malaria vectors. Sustainable vector control is therefore essential. With the 
support from the national malaria surveillance system and national malaria diagnosis refer-
ence laboratory network, all the confirmed malaria cases were examined, including a total 
number of 2,215 foci investigated within 7 days after case detection and verification (Table 3).  
Long-lasting insecticidal net (LLIN) or ITN was delivered to the communities with high 
malaria incidence and presence of highly efficient malaria vectors, such as Anopheles dirus s.l. 
or Anopheles minimus s.l. [14]. IRS was carried out in active malaria foci (the definition of active 
foci is given in Ref. [19, 33]). In 2015, a total number of 29,611 LLIN/ITN were delivered, and 
1,697,188 persons were protected by IRS in response to malaria foci (Table 4). Another key ele-
ment in the protection of people against imported malaria was the training and education of 
the personnel. Annual joint health training workshops were carried out by the Departments 
of Health, Education, and Inspection and Quarantine on the National Malaria Day (April 
26th) since 2008. Altogether, 74.9 million educational documents were delivered during work-
shops from 2010 to 2015 (Table 5). To these, one must add all posters and flyers delivered 
through port quarantines. Capacity building for health professional personnel corresponded 
to 464,500 working days in CDCs; 848,764 working days for clinical doctors; and 186,368 
working days for microscopists during 2010–2015 (Table 5). With respect to port quarantines, 
16,141 working days of training were accomplished with a malaria awareness rate of 100%.

A key issue in successful implementation of a program relies on the governmental commitment 
and support for sustained allocation of resources. The government at all levels has adopted 
malaria elimination as a component of the socioeconomic strategy. A national action plan for 
malaria elimination was issued jointly by 13 ministries in 2010 with clear goals and strategy, fol-
lowed by a sustainable budget plan to ensure the financial support for malaria elimination. As a 
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Province Cases reported within 24 h Case investigation within 3 days Number of foci 
investigated and 
disposed within 
7 days

Total 
reported 
cases

Reported 
cases 
within 24 h

Proportion 
of reported 
cases

Investigated 
cases within 
3 days

Proportion of 
investigated 
cases

Beijing 89 89 100% 89 100% 0

Tianjin 17 17 100% 17 100% 0

Hebei 44 44 100% 44 100% 21

Shanxi 12 12 100% 12 100% 15

Inner Mongolia 6 6 100% 1 16.67% 0

Liaoning 65 65 100% 65 100% 62

Jilin 21 21 100% 21 100% 0

Heilongjiang 8 8 100% 8 100% 0

Shanghai 42 42 100% 42 100% 29

Jiangsu 408 408 100% 408 100% 408

Zhejiang 195 195 100% 195 100% 160

Anhui 129 129 100% 129 100% 117

Fujian 94 94 100% 94 100% 12

Jiangxi 52 52 100% 52 100% 43

Shandong 219 219 100% 217 99.09% 199

Henan 185 185 100% 184 99.46% 180

Hubei 125 125 100% 122 97.60% 12

Hunan 129 129 100% 128 99.22% 46

Guangdong 155 155 100% 144 92.90% 1

Guangxi 236 236 100% 236 100% 33

Hainan 14 14 100% 14 100% 12

Chongqing 33 33 100% 31 93.94% 26

Sichuan 294 294 100% 292 99.32% 272

Guizhou 17 17 100% 17 100% 0

Yunnan 622 622 100% 618 99.36% 481

Tibet 8 8 100% 8 100% 0

Shaanxi 81 81 100% 81 100% 80

Gansu 22 22 100% 21 95.45% 6

Qinghai 1 1 100% 0 0 0

Ningxia 6 6 100% 6 100% 0

Xinjiang 4 4 100% 4 100% 0

Total 3333 3333 100% 3300 99.01% 2215

*1-3-7 model is referring to case reported within 1 day (24 hours), case verification and investigation within 3 days, and 
foci investigation and disposal within 7 days. This is summarized as work model for malaria surveillance and response 
for malaria elimination program [20, 21].

Table 3. Progress indicators of 1-3-7* model in 2015.
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key player in malaria elimination in the central government, the National Health Commission  
(NHC, previously known as the Ministry of Health before 2011 and National Health and Family 
Planning Commission during 2011–2018) has established a multidisciplinary technical committee 

Province Number of delivered LLIN/ITN Number of people protected by IRS/house*

Beijing 0 0

Tianjin 0 0

Hebei 6 353

Shanxi 0 188

Inner Mongolia 0 0

Liaoning 0 1120

Jilin 0 0

Heilongjiang 0 0

Shanghai 0 301

Jiangsu 0 7299

Zhejiang 0 1850

Anhui 207 1094

Fujian 180 535

Jiangxi 0 11,142

Shandong 0 336

Henan 2096 17,814

Hubei 79 918

Hunan 4 408

Guangdong 1552 1,327,650

Guangxi 10 1961

Hainan 6910 20,106

Chongqing 2 45,280

Sichuan 7 11,248

Guizhou 7418 12,771

Yunnan 628 229,535

Tibet 10,000 1537

Shaanxi 512 3546

Gansu 0 196

Qinghai 0 0

Ningxia 0 0

Xinjiang 0 0

Total 29,611 1,697,188

*Vector control measures mainly implemented in malaria foci for targeting population at risk.

Table 4. Progress indicators of vector control measures in 2015.
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Province Cases reported within 24 h Case investigation within 3 days Number of foci 
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7 days

Total 
reported 
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Reported 
cases 
within 24 h

Proportion 
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Proportion of 
investigated 
cases
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Gansu 22 22 100% 21 95.45% 6

Qinghai 1 1 100% 0 0 0

Ningxia 6 6 100% 6 100% 0

Xinjiang 4 4 100% 4 100% 0

Total 3333 3333 100% 3300 99.01% 2215

*1-3-7 model is referring to case reported within 1 day (24 hours), case verification and investigation within 3 days, and 
foci investigation and disposal within 7 days. This is summarized as work model for malaria surveillance and response 
for malaria elimination program [20, 21].

Table 3. Progress indicators of 1-3-7* model in 2015.
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key player in malaria elimination in the central government, the National Health Commission  
(NHC, previously known as the Ministry of Health before 2011 and National Health and Family 
Planning Commission during 2011–2018) has established a multidisciplinary technical committee 

Province Number of delivered LLIN/ITN Number of people protected by IRS/house*

Beijing 0 0

Tianjin 0 0
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Guangxi 10 1961

Hainan 6910 20,106

Chongqing 2 45,280

Sichuan 7 11,248

Guizhou 7418 12,771

Yunnan 628 229,535

Tibet 10,000 1537

Shaanxi 512 3546

Gansu 0 196

Qinghai 0 0

Ningxia 0 0

Xinjiang 0 0

Total 29,611 1,697,188

*Vector control measures mainly implemented in malaria foci for targeting population at risk.

Table 4. Progress indicators of vector control measures in 2015.
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Province Number of trained people (person/time) Number of delivered health 
education materials

Malaria health 
workers

Clinical doctors Microscopists

Beijing 208 0 176 185,000

Tianjin 240 300 300 25,700

Hebei 41,499 95,926 10,652 3,064,121

Shanxi 596 0 871 57,000

Inner Mongolia 204 408 204 3200

Liaoning 7554 88,609 5835 143,600

Jilin 226 0 226 4000

Heilongjiang 0 0 0 0

Shanghai 21,516 48,584 9377 1,246,268

Jiangsu 26,415 23,963 16,468 7,365,562

Zhejiang 11,447 19,304 8749 1,676,164

Anhui 59,229 42,417 18,671 14,323,973

Fujian 7653 8777 3095 556,489

Jiangxi 12,696 24,829 9272 1,621,293

Shandong 34,624 56,382 15,494 7,040,504

Henan 62,005 183,085 19,486 7,968,270

Hubei 27,199 38,291 10,062 4,078,954

Hunan 22,018 46,761 11,666 4,722,609

Guangdong 737 375 1008 429,401

Guangxi 23,682 57,461 10,914 4,505,439

Hainan 10,838 5288 2607 2,058,430

Chongqing 1027 0 235 0

Sichuan 1900 0 825 372,200

Guizhou 21,643 28,120 8827 3,342,021

Yunnan 28,962 35,103 7479 4,200,909

Tibet — — — —

Shaanxi 21,951 34,313 10,970 3,615,648

Gansu 12,851 9136 2178 1,631,944

Qinghai — — — —

Ningxia 469 0 144 0

Xinjiang 5111 1332 577 670,755

Total 464,500 848,764 186,368 74,909,454

Note: “-” denotes data not available.

Table 5. Progress indicators of health education and capacity building during 2010–2015.
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comprising malaria experts, i.e., epidemiologists, entomologists, clinical doctors, parasitologists, 
program managers, etc. With the support of this committee, NHC has issued a series of guidelines 
and standards adapting and updating the WHO guidelines [2, 19, 33, 34], such as technical guide-
lines for malaria elimination, malaria treatment and anti-malarial drug use, standards for malaria 
control and elimination, and malaria diagnosis, to cite a few [18].

3.2. Successful implementation

A working model, named 1-3-7, for malaria surveillance and response was implemented as a 
national malaria program. The definition of “1-3-7” is as follow:

• “1,” within 1 day (24 hours): all malaria cases must be reported to the Chinese Information 
System for Disease Control and Prevention (CISDCP), an internet-based reporting system. 
The case information will be notified through a four-level system “county→ prefecture→ 
province→ national.” The response at different levels is implemented according to na-
tional guidelines. Malaria is classified as a category B notifiable infectious disease, and case 
reporting through CISDCP has been implemented since 2004 [35]. All private and public 
registered clinics and hospitals must report malaria cases through CISDCP after diagnosis. 
CDCs are the key operators of CISDCP (Figure 2). This ensures that malaria case informa-
tion is timely transmitted from bottom to top.

• “3,” within 3 days: all the reported malaria cases should be confirmed and visited by CDCs’ 
staffs at the county level to verify the infectious origin of the cases (whether imported or 
locally acquired). Meanwhile, blood samples of patients are taken and sent to the reference 
laboratory for further verification.

Figure 2. Vertical reporting structure of the China information system for disease control and prevention (CISDCP) 
(CDC, Centers for Disease Control and Prevention).
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Province Number of trained people (person/time) Number of delivered health 
education materials

Malaria health 
workers

Clinical doctors Microscopists
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Guangdong 737 375 1008 429,401

Guangxi 23,682 57,461 10,914 4,505,439

Hainan 10,838 5288 2607 2,058,430

Chongqing 1027 0 235 0

Sichuan 1900 0 825 372,200

Guizhou 21,643 28,120 8827 3,342,021

Yunnan 28,962 35,103 7479 4,200,909

Tibet — — — —

Shaanxi 21,951 34,313 10,970 3,615,648

Gansu 12,851 9136 2178 1,631,944

Qinghai — — — —

Ningxia 469 0 144 0

Xinjiang 5111 1332 577 670,755

Total 464,500 848,764 186,368 74,909,454

Note: “-” denotes data not available.

Table 5. Progress indicators of health education and capacity building during 2010–2015.
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comprising malaria experts, i.e., epidemiologists, entomologists, clinical doctors, parasitologists, 
program managers, etc. With the support of this committee, NHC has issued a series of guidelines 
and standards adapting and updating the WHO guidelines [2, 19, 33, 34], such as technical guide-
lines for malaria elimination, malaria treatment and anti-malarial drug use, standards for malaria 
control and elimination, and malaria diagnosis, to cite a few [18].

3.2. Successful implementation

A working model, named 1-3-7, for malaria surveillance and response was implemented as a 
national malaria program. The definition of “1-3-7” is as follow:

• “1,” within 1 day (24 hours): all malaria cases must be reported to the Chinese Information 
System for Disease Control and Prevention (CISDCP), an internet-based reporting system. 
The case information will be notified through a four-level system “county→ prefecture→ 
province→ national.” The response at different levels is implemented according to na-
tional guidelines. Malaria is classified as a category B notifiable infectious disease, and case 
reporting through CISDCP has been implemented since 2004 [35]. All private and public 
registered clinics and hospitals must report malaria cases through CISDCP after diagnosis. 
CDCs are the key operators of CISDCP (Figure 2). This ensures that malaria case informa-
tion is timely transmitted from bottom to top.

• “3,” within 3 days: all the reported malaria cases should be confirmed and visited by CDCs’ 
staffs at the county level to verify the infectious origin of the cases (whether imported or 
locally acquired). Meanwhile, blood samples of patients are taken and sent to the reference 
laboratory for further verification.

Figure 2. Vertical reporting structure of the China information system for disease control and prevention (CISDCP) 
(CDC, Centers for Disease Control and Prevention).
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• “7,” within 7 days: the outbreak focus should be investigated, and vector control and health 
promotion measures must be implemented. Vector control measures need to be conducted 
in active foci only, which are considered to have potential risk of onward transmission. 
The scope of investigation is the household of the reported patient and neighboring house-
holds. However, it can be expanded, if necessary.

Following the implementation of this 1-3-7 model, local malaria transmission was interrupted 
effectively in most parts of China, which accelerated the malaria elimination process [20, 21, 
36]. Based on this success, the 1-3-7 model was recommended by WHO as an example for 
malaria surveillance model at elimination stage, in “Strategy for malaria elimination in the 
Greater Mekong Subregion: 2015-2030” and “Malaria surveillance, monitoring & evaluation: 
a reference manual” [37, 38].

However, the 1-3-7 strategy is not sufficient to successfully achieve malaria elimination. Other 
aspects must be considered. The first aspect to consider is the establishment of a network of 
malaria surveillance and diagnosis reference laboratories. After the launch of the malaria elimi-
nation program in 2010, and following the suggestions from the WHO guidelines [2, 19, 33, 34], 
a network for malaria diagnosis reference labs was gradually established [39]. By 2015, 23 prov-
inces were enrolled into the National Reference Laboratory Network (NRLN). Laboratories at 
all levels worked together to ensure the quality of malaria diagnosis all over the country in a 
bottom-up approach (Figure 3) [39]. Another key aspect to consider is the involvement of com-
munities. The community level is essential for a successful implementation. In addition to cross 
sector coordination, information was shared with different subnational divisions and in partic-
ular the community level. This is especially important when managing malaria cases among 

Figure 3. Structure of the National Reference Laboratory Network (QA, quality assurance).
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mobile/migrant populations. Five provinces in Central China, i.e., Jiangsu, Shandong, Henan, 
Anhui, and Hubei, and 3 provinces in Southern China, i.e., Guangdong, Guangxi, and Hainan, 
coordinated their actions at all levels (Figure 4). This joint coordination efficiently contributed 
to control malaria outbreaks and reduce malaria incidence [40, 41]. The last aspect to be consid-
ered is international collaboration. Malaria elimination cannot be achieved through the efforts 
of few countries only. It must be a general and coordinated international effort. In this respect, 
China has received support from international agencies such as WHO and Global Fund to Fight 
AIDS, Tuberculosis and Malaria (GFATM) to conduct this international collaboration [42]. At 
the same time, China developed international collaborations with African and GMS countries to 
implement a coordinated strategy for controlling and eliminating malaria [43, 44], and Chinese 

Figure 4. Cross province coordination mechanism for malaria control based on national mechanisms established since 
the 1950s–1970s. At that time, few population movements were occurring in the Yunnan Province.
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students are being trained in Europe on molecular approaches applied on Anopheles mosquitoes 
[13–15]. These international collaborations on malaria and vector control toward elimination pro-
vided strong support to reduce malaria incidence in China and will be the basis for sustaining 
malaria elimination efforts.

4. Gaps and challenges

Although the malaria elimination program has made significant progress in China, there are still 
challenges. The main challenge is to accomplish malaria elimination along border areas. China is 
sharing 4060 km long international borders with GMS countries. These borders are devoid of nat-
ural barriers and porous, permitting population movement and facilitating cross border malaria 
transmission. The China-Myanmar border is particularly difficult to access for healthcare services 
due to ongoing armed conflict on the Myanmar side of the border resulting in proliferation of 
disease vectors and uninterrupted disease transmission [13, 15, 32, 45–48]. A related challenge is 
the prevention of re-introduction and re-establishment of malaria considered as a real threat to 
malaria elimination [2, 33, 34, 37]. Surveillance is highly recommended as a key intervention in 
the post-malaria elimination stage. However, decisive and rapid response to imported malaria 
is vital to prevent re-introduction and sustain malaria elimination [11, 27, 29, 49–53]. A shift from 
community to hospitals at the county and higher level for primary diagnosis was also recorded [8, 
27], indicative of a more active role of the main city airports as ports of entry. In addition, owing 
to the sharp decrease of indigenous cases, it becomes difficult to maintain the capacity of interven-
tion and proper training at the local level. Novel and innovative capacity building and training 
modules must thus be developed for both clinicians and CDC staffs.

5. Perspectives

The main objective in China with respect to malaria will be focused on how to sustain malaria 
elimination and prevent transmission re-establishment in accordance with the WHO’s newly 
updated guidelines [33]. This requires a specific and sustainable investment even at post-elim-
ination stage. Malaria is on the list of the “Health China 2030” blueprint issued by the State 
Council of China in 2016. This will ensure the required sustainable investment. Following this 
blueprint, a series of technical guidelines for malaria surveillance and response at post-elim-
ination stage, as well as protocols for preventing malaria transmission re-establishment, are 
under development for short release. Meanwhile, mechanisms for maintaining anti-malaria 
capacity in health system are implemented. A National Technical Competition for Parasitic 
Disease Diagnosis and Test is organized annually for health workers from clinical agencies and 
CDCs [54]. This competition is an efficient way to maintain awareness and efficiency in malaria 
detection within the health system and prevent erosion of capacity along with malaria elimina-
tion. However, malaria elimination is primarily an international endeavor. Broad engagement 
and sustained investments are needed with support from multiple international partners [55–
57]. In 2013, Chinese President Xi Jinping proposed the “One Belt and One Road Initiatives” to 
the world for international cooperation and development. Cooperation in health is one of the 
key components as it relates to the mutual benefits. China has already been actively involved 
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in global health governance [58], but a higher level of involvement is now expected, and the 
Chinese experience in malaria elimination will definitely be put at use within the “One Belt 
and One Road Initiative” [59]. Several platforms are currently under development, such as the 
Malaria Elimination Network in Lancang-Mekong Region (MENLMR) and the China-Africa 
Cooperation Program. Both GMS and sub-Saharan Africa are strongly affected by malaria, 
including drug resistance [60–62], high disease burden [1], and low level of resources [1, 3, 
34]. They are thus primary targets for focused interventions enabling malaria elimination. 
Furthermore, these countries are experiencing innumerable challenges to achieve their planned 
malaria elimination program and in dire need of international support to bridge the funding 
gap [1–3, 37]. Although China has applied a successful model and did significant progress 
on malaria elimination, the Chinese model and experience cannot directly be implemented 
in these countries. Evaluation and field tests are needed as preliminary steps for operational 
feasibility. Pilot areas have been identified, and demonstrative projects have been therefore 
launched jointly by China and the targeted countries to assess the level of feasibility. These 
preliminary projects will provide evidence-based suggestions to develop a suitable strategy 
and model for each country to realize the ultimate goal of malaria elimination.

6. Conclusions

China has made substantial progress on malaria elimination and is on the way to achieve the 
elimination goal on time by 2020. The lessons drawn based on experiences in China will make 
a good reference for the countries aiming at malaria elimination. Challenges identified in 
the malaria elimination process in China might help other countries formulating appropriate 
strategies in time and place. International collaboration is strongly advocated to achieve the 
global issue to eliminate the most important infectious disease of the current times.
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Abstract

India is ecologically vast and has close to a billion-population living at risk of malaria. 
Given the evidence-based present-day intervention tools and large-scale implementa-
tion, India has recorded declining trends in disease transmission from 2 million cases in 
2001 to close to a million cases in 2017 and embarked upon malaria elimination in keep-
ing with the Global Technical Strategy by 2030. India is malaria endemic, but transmis-
sion intensities varied across its landscape with just few States of the east, central and 
northeast contributing bulk (80%) of total positive cases. Plasmodium falciparum and P. 
vivax are the predominant infections of which there has been steady increase in propor-
tions of the former for constituting >60% of total cases what was 50:50 in 2001, a phe-
nomenon attributed to emerging drug resistance. With the rolling out of the available 
intervention tools, malaria elimination is foreseeable yet there are multiple challenges 
which must be addressed to overcome the constraints. We strongly advocate continued 
disease surveillance and monitoring, universal coverage and intensification of core-
interventions for prevention and treatment prioritizing high-risk States, strengthen-
ing cross-border collaborations for information sharing and coordinated activities, and 
above all sustained allocation of resources, creating the enabling environment to end 
malaria transmission.

Keywords: malaria elimination, epidemiology, Plasmodium falciparum, drug-resistance, 
mosquito vectors, insecticide resistance, Southeast Asia

1. Introduction

The advent of new intervention tools including Noble prize-winning discovery of Artemis-
inin by Tu Youyou for treatment of malaria combined with large-scale  implementation of 
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 insecticide-treated netting materials for vector containment has once again renewed the 
optimism of malaria elimination globally. Malaria map is shrinking with more than 35 
countries certified to be malaria free, and another 21 countries that are likely to reach zero 
indigenous transmission (categorized as E-2020) are set to be declared malaria free by 2020 
[1, 2]. Many more countries are moving forward from control to elimination. The Global 
Technical Strategy for Malaria 2016–2030 envisages: (i) to reduce global malaria mortality 
rates and case incidence by at least 90% compared to 2015 levels, (ii) to make at least 35 
countries malaria free that reported cases in 2015 and (iii) preventing re-establishment in 
countries with no indigenous transmission [3]. Among member countries of the Southeast 
Asia Region of WHO (SEAR), Maldives and Sri Lanka have already been certified malaria 
free in 2015 and 2016, respectively, and Bhutan is targeting elimination in the foreseeable 
future. In the past decade, India has registered drastic decrease in cases and have formu-
lated National Framework for Malaria Elimination (2016–2030) in close alignment with the 
Global Technical Strategy for Malaria, Roll Back Malaria Action (RBM), Investment to defeat 
Malaria (AIM) and the Asia Pacific Leaders Malaria Alliance (APLMA) for shared experi-
ences and coordinated action to eliminate malaria (zero indigenous cases) throughout the 
country by 2030 [4]. The said task is set to be accomplished in phased manner with the fol-
lowing objectives: (i) eliminate malaria in all 26 low-to-moderate transmission States/Union 
Territories (UTs) by 2022, (ii) reduce the case incidence to <1 per 1000 population by 2024 in 
all States/UTs, (iii) interrupt indigenous transmission throughout the country by 2027 and 
(iv) prevent re-establishment of local transmission and maintain malaria-free status by 2030 
and beyond.

India is historically endemic for both Plasmodium vivax and P. falciparum malaria and has 
history of successes and resurgences [5, 6]. Malaria was on the verge of elimination post-
independence in 1960s with 0.1 million cases and no death, yet it reared its ugly head again 
in 1970s with record number of six million cases and many deaths attributed to technical 
and operational constraints. Transmission is largely seasonal corresponding to rainy season 
with record of focal disease outbreaks characterized by high rise in cases and attributable 
deaths. In 2017, India reported 0.84 million cases, the highest disease burden in SEAR mem-
ber countries of WHO [4, 7]. Almost all Indian States and UTs are reporting cases, which 
can be broadly stratified into three different categories based on Annual Parasite Incidence 
(API) per 1000 population, that is, Category—I (total of 15 States/UTs including districts 
with API < 1) that are targeted for elimination phase, Category—II (total of 11 States/UTs 
with API < 1 with one or more districts reporting > 1 API) marked for pre-elimination phase 
and Category—III (total of 10 States/UTs with > 1 API) targeted for intensified control 
operations. With the rolling out of the present day evidence-based intervention tools, dis-
ease transmission is on the steady decline presenting window of opportunity to accelerate 
toward universal coverage for malaria prevention and treatment. India is a huge country 
(population 1.3 billion) with majority populous (80%) living at risk of malaria. The task is 
enormous and daunting. Given the political commitment and National Framework devel-
oped by the National Vector Borne Disease Control Programme (NVBDCP) of Government 
of India, malaria elimination is foreseeable, yet there are multiple challenges which must 
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be addressed to overcome the constraints. In this chapter, we attempt to enumerate some of 
these issues helping strengthen healthcare services in combating malaria menace enabling 
elimination by due date.

2. Malaria transmission in India: current distribution and parasite 
formula

Malaria transmission is heterogenous across Indian landscape for its diverse ecology and 
multiplicity of disease vectors [8]. Malaria is a serious public health concern and almost 
all 36 States/UTs are consistently contributing cases, but transmission intensities varied 
ranging from low-to-moderate (Table 1). Among these, north-eastern, eastern and central 
Indian States consistently contributed 80% of the total disease burden having concentration 
of cases (API > 10) associated with large forest cover, ethnic tribes, poverty and high rainfall 
(Figure 1). These included States of Odisha (formerly Orissa) and Jharkhand (eastern India), 
Chhattisgarh and Madhya Pradesh (central India) and Meghalaya and Tripura (northeast 
India), which together contributed >65% of P. falciparum cases. Approximately a billion 
population of India resides in malaria endemic areas, however, 80% of malaria cases are 
reported by just 20% of the population living in the forest-fringe, tribal and foothills hard-
to-reach areas of the country little aware of disease prevention and access to treatment [9].  
These areas are prone to periodic disease outbreaks resulting in flare up of cases and 
attributable mortality accounting for inter-annual variation in reported morbidity. From 
the epidemiological data for the past 17 years (2001–2017), disease transmission trends are 
observed to be declining from two million cases in 2001 to close to a million cases in 2017 
(Figure 2). However, consequent to the introduction of artemisinin-based combination ther-
apy (ACT) beginning 2010 coupled with insecticide-treated netting materials (ITNs); there 
has been drastic decrease in cases and deaths. P. falciparum and P. vivax are the predominant 
infections of which there has been steady increase in proportions of the former parasite spe-
cies presently constituting >60% of total cases what was 50:50 in 2001. Every single death 
was attributed to P. falciparum, majority of which were contributed by high-risk States of 
north-eastern, eastern and central India (Figure 3). The distribution of P. malariae is patchy, 
recorded in indigenous tribes of eastern, north-eastern and central India [10–12], but trans-
mission of P. ovale except for few sporadic reports could not be clearly ascertained [13–15]. 
There exists no record of P. knowlesi malaria in India making inroads in other Southeast 
Asian countries [16].

The reported cases and deaths; however, are far from acccurate for disease surveillance that 
can be best described as fragmented and there is no system in place to capture data from 
private and public sectors alike, least the asymptomatic cases [17]; WHO estimates are much 
higher to the tune of >10 million cases and deaths manifold [1]. Nevertheless, the presented 
data showed disease transmisison trends in relation to existing interventions, and monitoring 
and evaluation in practice.
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Malaria transmission is heterogenous across Indian landscape for its diverse ecology and 
multiplicity of disease vectors [8]. Malaria is a serious public health concern and almost 
all 36 States/UTs are consistently contributing cases, but transmission intensities varied 
ranging from low-to-moderate (Table 1). Among these, north-eastern, eastern and central 
Indian States consistently contributed 80% of the total disease burden having concentration 
of cases (API > 10) associated with large forest cover, ethnic tribes, poverty and high rainfall 
(Figure 1). These included States of Odisha (formerly Orissa) and Jharkhand (eastern India), 
Chhattisgarh and Madhya Pradesh (central India) and Meghalaya and Tripura (northeast 
India), which together contributed >65% of P. falciparum cases. Approximately a billion 
population of India resides in malaria endemic areas, however, 80% of malaria cases are 
reported by just 20% of the population living in the forest-fringe, tribal and foothills hard-
to-reach areas of the country little aware of disease prevention and access to treatment [9].  
These areas are prone to periodic disease outbreaks resulting in flare up of cases and 
attributable mortality accounting for inter-annual variation in reported morbidity. From 
the epidemiological data for the past 17 years (2001–2017), disease transmission trends are 
observed to be declining from two million cases in 2001 to close to a million cases in 2017 
(Figure 2). However, consequent to the introduction of artemisinin-based combination ther-
apy (ACT) beginning 2010 coupled with insecticide-treated netting materials (ITNs); there 
has been drastic decrease in cases and deaths. P. falciparum and P. vivax are the predominant 
infections of which there has been steady increase in proportions of the former parasite spe-
cies presently constituting >60% of total cases what was 50:50 in 2001. Every single death 
was attributed to P. falciparum, majority of which were contributed by high-risk States of 
north-eastern, eastern and central India (Figure 3). The distribution of P. malariae is patchy, 
recorded in indigenous tribes of eastern, north-eastern and central India [10–12], but trans-
mission of P. ovale except for few sporadic reports could not be clearly ascertained [13–15]. 
There exists no record of P. knowlesi malaria in India making inroads in other Southeast 
Asian countries [16].

The reported cases and deaths; however, are far from acccurate for disease surveillance that 
can be best described as fragmented and there is no system in place to capture data from 
private and public sectors alike, least the asymptomatic cases [17]; WHO estimates are much 
higher to the tune of >10 million cases and deaths manifold [1]. Nevertheless, the presented 
data showed disease transmisison trends in relation to existing interventions, and monitoring 
and evaluation in practice.
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3. Multiple disease vectors and insecticide resistance

India holds the distinction in malaria epidemiological research for Noble prize-winning discovery 
that malaria is transmitted by mosquitoes by Sir Ronald Ross on the day of August 20, 1897, and 
for monumental work on faunistic surveys dating back to 1930s [18]. Of the 58 anopheline spe-
cies recorded in India [19], six major vector taxa are implicated in malaria transmission, including 
Anopheles culicifacies s.l., An. fluviatilis s.l., An. minimus s.l., An. dirus s.l., An. sundaicus s.l. and An. 
stephensi [20]. All of these, except An. stephensi, are species complexes among which members  

Figure 1. Malaria stratification by Annual Parasite Incidence (API) in Indian States for data based on 2014. API 10 
corresponds to 10 confirmed cases per 1000 population. Source: Ref. [4].
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were repeatedly incriminated as vectors evidenced by detection of live sporozoites in salivary 
glands across range of their distribution [21, 22]. With added tools of molecular taxonomy; how-
ever, there have been significant advances in understanding sibling-species composition of these 
taxa [23–25], distribution and their bionomics helping target species-specific control interventions 
in place and time (Table 2). Among these, An. culicifacies is the most widespread and extensively 

Figure 2. Malaria-attributable morbidity and mortality in India during 2001–2017. Malaria positive cases denote 
confirmed diagnosis by presence of malarial parasite in finger-prick blood-smears; Pf cases denote positivity for 
Plasmodium falciparum; death cases are attributed to confirmed falciparum malarial infection. Source: Ref. [7].

Figure 3. Distribution of malaria-attributed deaths in different geoepidemiological regions of India for data based on  
2014–2017. NE refers to group of seven sister States of northeast India including Arunachal Pradesh, Assam, Meghalaya, 
Manipur, Mizoram, Nagaland and Tripura; Central States include Madhya Pradesh and Chhattisgarh; Eastern States 
include Bihar, Jharkhand, Odisha (formerly Orissa) and West Bengal; Western States include Maharashtra, Goa, Gujarat and 
Rajasthan. In the remaining Indian States and Union Territories, death cases were few and far (not shown). Source: Ref. [7].
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studied for its sibling species composition (A, B, C, D and E), distribution range, seasonal preva-
lence, larval ecology, feeding and breeding behavior and disease transmission relationships [26]. 
Species E is the most efficient malaria vector of all having predilection for human host, while 
species B is a poor vector for its zoophilic characteristics. The other three species (A, C and D) 
are responsible for local transmission in areas of their predominance [27]. This taxon is the most 
abundant rural vector in plains of mainland India generating about 65% of cases annually and 
held responsible for focal disease outbreaks associated with build-up of vector density. It is 
regarded as highly adaptive species for its diverse breeding habitats and invading new territories 
in degraded forests of north-eastern India evidenced by records of rising density and incrimina-
tion [28–30]. Its control has become a formidable challenge for having grown multi-resistant vir-
tually to all available insecticides including pyrethroids opening new vistas for research on newer 
interventions that are sustainable, cost-effective and community-based [31–33].

An. fluviatilis complex is just as widespread and have overlapping distribution with An. culici-
facies throughout India [20]. Among its sibling species, that is, S, T, U and form ‘V’; it is spe-
cies S which is highly anthropophilic and responsible for maintaining hyperendemic malaria 
predominantly in foothills of eastern India contributing ~15% of reported cases [34]. It shares 
similar bionomical characteristics with yet another efficient malaria vector species An. minimus 
s.s for breeding in foothill seepage water streams and resting indoors in human dwellings [35]. 
Both are highly susceptible to residual insecticides. An. minimus instead is the most predomi-
nant vector species of north-eastern States of India and has long history of disappearance and 
re-appearance stymying the control authorities. It is reckoned as the most efficient vector spe-
cies for its high anthropophily (human blood index > 90%) and fulminating focal disease out-
breaks taking heavy toll of human lives [36]. It is a perennial species and widely incriminated 
practically all months of the year with average sporozoite infection rate of 3% [37]. This species 
exhibits high behavioral plasticity for avoiding sprayed surfaces for weeks and establishing 
extra-domiciliary transmission in response to indoor residual spraying (IRS). While this spe-
cies has staged comeback in eastern State of Odisha after lapse of 45 years [38], the populations 
of An. minimus once again are reported diminishing in erstwhile domains of its distribution in 
northeast India corroborated by evidence of reducing disease transmission [35]. It presents an 
unprecedented opportunity to strengthen interventions to keep populations of this species at 
bay helping achieve malaria elimination specific to the region at sub-national level.

Within the An. dirus complex, An. baimaii is the only vector occurring in India with a wide preva-
lence in the north-eastern States and has been recorded in high densities and incriminated in 
range of its distribution [39]. It is just as efficient vector species with strong predilection for human 
host but distinct from An. minimus for its breeding and resting characteristics [40, 41]. It is a for-
est dweller affecting forest-fringe human settlements along inter-country and inter-state border 
areas causing devastating disease outbreaks often in conjunction with An. minimus; together they 
contribute 10% of reported cases in the country [42]. Its control has become difficult for peak bit-
ing activity during second quartile (21:00–00:00) of the night as well as exophilic resting behav-
ior avoiding sprayed surfaces. Its populations along with that of An. minimus are also depleting 
owing to deforestation and urbanization [29, 30]. However, niche thus vacated by both these 
species is accessed by An. culicifacies s.l. and has established foothold erstwhile recorded in low-
density [26, 28]. Among sibling species of the An. sundaicus complex, cytotype species D has been 
 characterized with a regional importance presently confined to Andaman and Nicobar Islands 
[43]. It is a brackish water species, largely zoophilic and susceptible to residual insecticides.
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An. stephensi is the only urban vector species breeding in domestic containers and often asso-
ciated with tropical aggregation of labor at construction sites in metropolitan cities [44]. The 
species is resistant to multiple insecticides and its control focused on ‘source reduction’ to 
contain urban malaria. Due to continued urbanization and associated labor migration, urban 
malaria is viewed as a growing menace contributing about 10% of cases in the country [5–7].

Besides these dominant vectors, member species of An. maculatus s.l., An. annularis s.l. and 
An. subpictus s.l. are also implicated; however, these species are considered of lesser significance 
for being predominantly zoophilic [45, 46]. Vector control is an integral part of the malaria 
control strategy in India and huge investment is made annually to contain build-up of disease 
vectors averting epidemic malaria. What is tantamount to vector control is the entomological 
surveillance for developing malaria-risk maps, judicious application of insecticides, monitor-
ing insecticide-resistance and residual efficacy, universal coverage for population at risk and 
continued research for newer interventions, which are community-based and sustainable. We 
strongly believe that judicious mix of technologies that are situation-specific and doable would 
help save operational costs in resource-poor settings. The country is in dire need of skilled ento-
mologist/taxonomists (an expertise that is getting scarce) to meet the human resource require-
ments for control of malaria, and other vector-borne diseases, as well as vector surveillance 
post-elimination to prevent re-establishment of local transmission in malaria-free territories.

4. Drug-resistant malaria

Of the two prevalent malaria parasite species, the rising proportions of P. falciparum is of 
grave concern for presently constituting >60% of total reported cases in the country [5, 7]. 
Rising trends of P. falciparum are largely attributed to fast emerging drug-resistance over 
space and time in parallel with phenomenon happening in countries of the Greater Mekong 
Subregion (GMS) of Southeast Asia [47]. Historically, chloroquine (CQ) was the most com-
monly used drug for treatment ever since inception of the control program in 1953 for its 
efficacy and affordability. It had become obsolete since its first report of treatment failure in 
Assam (northeast India) way back in 1973 [48]. Subsequently, drug-resistant foci had multi-
plied for which northeast is considered corridor for spread to rest of peninsular India result-
ing in steady rise in proportions of P. falciparum what was 13% in 1978 to 65% in present day 
malaria [49]. Northeast India shares wide border with Myanmar contiguous with GMS coun-
tries which is porous for cross-border migration, facilitating entry of drug-resistant strains 
enroute to the rest of India and beyond. Malaria transmission along this border is intense 
vectored by An. minimus and An. baimaii (the two most efficient vector species), and healthcare 
access is inadequate resulting in indiscriminate and sub-optimal doses inter-alia, poor vector 
control, illiteracy and treatment-seeking behavior; all contributing to propagation and spread 
of drug-resistant malaria strains [50]. Chloroquine therapy was subsequently upgraded to 
sulfadoxine-pyrimethamine (SP) in 2004 as first-line treatment in selected districts report-
ing CQ-resistant malaria [51]. The therapeutic efficacy of SP was short lived resulting in 
substantial rise in cases in the following years [52]. It was in 1990s that the development of 
 artemisinin-derivatives raised new hopes for treatment of drug-resistant malaria for its fast 
acting schizontocidal properties. Initially, artemisinin was used as monotherapy for treatment 
of severe and complicated clinical malaria, discontinued in 2009 due to high recrudescence 
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rate and risk of resistance for being commonly prescribed medicine by private practitioners 
and public sector alike [53]. In 2010, the program adopted ACT by combining it with SP, that 
is, artesunate + SP (AS + SP) for treatment of every single case of P. falciparum malaria in high-
risk districts [54]. Mass scale introduction of this combination did result in appreciable trans-
mission reduction in endemic communities formerly intractable. It continues to be in practice 
throughout India except in the northeast region where it has been replaced by yet another 
combination therapy, that is, artemether + lumefantrine (AL) in 2013 due to declining efficacy 
of AS + SP combination drug [55]. The emergence of artemisinin resistance in Southeast Asia 
[56]; however, is a matter of grave concern for its movement westwards to India for having 
it detected in Myanmar close to the Indian border in northeast [57]. Genomic studies have 
already detected mutations in the ‘kelch 13’ propeller region (Pfk 13) linked to artemisinin 
resistance in north-eastern States, but to lesser frequency [58]. It is of utmost importance to 
periodically monitor the therapeutic efficacy of drug-regimen in force for radical cure and 
keep vigil on circulation of counterfeit drugs. The cost of spread of artemisinin-resistant 
malaria would be colossal, threatening the control and elimination efforts.

5. Plasmodium vivax malaria: the neglected parasite

The Southeast Asian countries contribute most of the vivax cases (58%) in the World of which 
India is the largest contributor [1]. Historically, much of the control efforts continue to be 
focused on control of falciparum malaria due to its associated severity and critical illness; 
the vivax malaria remained a neglected parasite [59]. Paradoxically, control of falciparum 
malaria is rather measurable in relation to interventions due to development of gametocytae-
mia 9–10 days post primary infection; instead the formation of gametocytes in vivax malaria 
is concurrent within few days of initial infection even before the patient seeks treatment per-
mitting uninterrupted transmission. This biological characteristic of vivax malaria along with 
intrinsic ability of formation of latent hibernating ‘hypnozoites’ has made control efforts a 
difficult proposition. Nevertheless, the control of vivax malaria is gaining eminence in the 
context of malaria elimination across the continents [60].

The magnitude of vivax malaria is huge but grossly underestimated throughout India and 
continues to be neglected [61]. The transmission and distribution of vivax malaria varied 
across Indian States/UTs, but large concentrations of cases are occurring in urban metropoli-
tan cities [7]. Although it remains highly susceptible to CQ therapy [62–66], its elimination is 
one difficult issue owing to latent stage ‘hypnozoites’ in the liver causing relapses amount-
ing to extended morbidity over months/years. The only available anti-relapse drug ‘prima-
quine (PQ)’ does not guarantee radical cure much due to extended therapy over days coupled 
with poor compliance resulting in repeated episodes [67–69]. In addition, the administra-
tion of PQ is associated with several issues including contraindication in special groups, that 
is, infants, pregnant or lactating mothers, and inborn glucose-6-phosphate dehydrogenase 
(G6PD)  deficiency syndromes due to associated hemolytic anemia; these population groups 
are excluded from primaquine therapy. There exists no diagnostics for detection of G6PD at 
point-of-care in the present surveillance system except few laboratories procedure for which 
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it is time consuming and impractical in field conditions where the problem exists. Further, 
given the available technologies, the detection of latent hypnozoites and sub-patent parasit-
emia is presently not built in the disease surveillance.

The primary attack of vivax malaria is invariably associated with acute paroxysm present-
ing classical symptoms but treatable and rarely fatal [70–72]; although few sporadic cases of 
CQ-resistant cases have been reported in India and several other countries [73]. There is acute 
need of alternative 8-aminoquinolines, which are safe and universally applicable for radical 
cure across all population groups preventing relapses. As of today, we stand ill equipped to 
tackle this stubborn parasite calling for renewed attack both on parasite and disease vectors 
in reducing parasite reservoir which is likely to persist for long.

6. Asymptomatic malaria

India is historically endemic for malaria with record of devastating epidemics in the pre-DDT 
era and varied population groups have been subject to repeated attacks of malarial bouts, 
resulting in acquired immunity and consequent build-up of asymptomatic sub-patent para-
sitemia in the endemic communities, serving as infectious reservoir for continued transmis-
sion. In India, the surveillance program is aimed at taking blood-smears from those who are 
either febrile (active surveillance) or presenting themselves (passive surveillance) for malaria 
diagnosis or treatment. There is no built-in mechanism to detect asymptomatic cases or even 
low-density/sub-patent parasitemia in the endemic communities. These infections may go 
undetected with conventional diagnostic techniques leaving them untreated, except for mass-
blood surveys/mass-drug administrations that are conducted only to contain epidemics. 
Asymptomatic malaria is more abundant than assumed and have been reported in different 
endemic States of India; however, the extent and distribution vary corresponding to transmis-
sion intensities [74–77]. Asymptomatic parasitemia is often associated with gametocyte car-
riage and may persist infectious throughout the year to mosquito vectors. These gametocytes 
are unable to cause clinical symptoms of malaria, rather ensure the uninterrupted transmis-
sion of malaria in the presence of efficient vectors. Asymptomatic cases remain undetected 
and not accounted for disease incidence amounting to gross underestimates.

Asymptomatic malaria in India remains entrenched in low-socioeconomic groupings liv-
ing in forest-fringe communities, particularly along inter-border areas (both inter-province 
and international borders), which are largely inaccessible (marred with insurgent activities), 
wherein healthcare infrastructure is meager or even non-existent. Such areas are ‘hot-spots’ 
for explosive disease outbreaks due to mixing/importation of drug-resistant strains associ-
ated with illegal migration more so in the northeast (the gateway to India) that shares wide 
international border with Myanmar, a member country of GMS (an epicenter of multi-drug 
resistant malaria) and other WHO SEAR countries. Asymptomatic malaria has been docu-
mented for both P. falciparum and P. vivax, yet the magnitude was much higher for the former 
parasite  species, more so in the winter months/dry-season, for example, in north-eastern State 
of Assam, for the high-risk districts surveyed, it varied from 7.1 to 31.1% in P. falciparum and 
0.6–6.1% in P. vivax [78]. But on average, 12.8% of afebrile subjects were positive for malaria 
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Asymptomatic malaria in India remains entrenched in low-socioeconomic groupings liv-
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for explosive disease outbreaks due to mixing/importation of drug-resistant strains associ-
ated with illegal migration more so in the northeast (the gateway to India) that shares wide 
international border with Myanmar, a member country of GMS (an epicenter of multi-drug 
resistant malaria) and other WHO SEAR countries. Asymptomatic malaria has been docu-
mented for both P. falciparum and P. vivax, yet the magnitude was much higher for the former 
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of Assam, for the high-risk districts surveyed, it varied from 7.1 to 31.1% in P. falciparum and 
0.6–6.1% in P. vivax [78]. But on average, 12.8% of afebrile subjects were positive for malaria 
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compared to 34.4% of those presenting with fever, and gametocyte carriage varied from 1.31 
to 2.16%. Major bottleneck in eliminating asymptomatic malaria parasite is the absence of stan-
dard guidelines and diagnostic procedures aimed at targeting asymptomatic carriers. Malaria 
control program in practice is largely limited to the qualitative detection of parasite mostly in 
febrile human hosts and subsequently treating with suitable drugs; however, no attention is 
given on follow up for quantification of malaria parasite till radical cure. Moreover, a univer-
sally accepted parasite level for categorizing a patient as asymptomatic is also not available. 
Quantification and treating asymptomatic malaria has become increasingly important and rel-
evant for disrupting transmission, requisite for achieving malaria elimination.

7. Cross-border malaria

India shares vast international border with Nepal, Bhutan and China to the North, Myanmar to 
the East, Bangladesh to the South and Pakistan to the West. Among these, borders with Myanmar 
and Bangladesh are of immediate concern for their high endemicity and common disease vec-
tors and ecology in the adjoining vicinity on either side of the border [79, 80]. These border areas 
are porous for cross-migration and have high forest cover inhabited by indigenous tribes living 
in impoverished conditions. These communities have poor access to healthcare services and are 
at high-risk to disease outbreaks attributed to drug-resistant strains originating from the GMS 
countries. These populations are largely marginalized and just as reluctant to seek treatment 
amounting to unattended parasite reservoirs. Border with Myanmar in particular is believed 
to be the corridor for entry of drug-resistant strains to northeast India for onward spread. The 
detection of artemisinin-resistant malaria in closer proximity to Indian border is seen as threat 
for making its way to India and beyond, similar to the path that was followed by CQ-resistant 
malaria [48, 49]. Cross-border malaria transmission from neighboring endemic countries can 
be daunting task and has regional implications jeopardizing the elimination efforts [81, 82]. 
For example, most cases reported in Bhutan (a country that is heading for malaria elimination), 
are imported from adjoining districts of Assam seeking treatment on other side of the border. 
Labor migration across borders engaged in developmental projects is unstoppable for want of 
livelihood and there exists every possibility of re-entry of malaria given the similar vectors and 
ecology. It is important to characterize the imported malaria strains enabling interventions well 
in place and time to prevent re-establishment of local transmission in declared malaria-free 
territories [83]. Inter-country coordinated efforts are deemed essential to maintain vigil and 
strengthening border-posts (entry/exit doors) with capacity to detect and treat malaria in the 
migrant/itinerant labor force at the earliest available opportunity. In keeping the same man-
date, India has joined hands with the Asia Pacific Malaria Elimination Network (APMEN) coun-
tries for shared experiences and coordinated action to achieve malaria elimination by 2030 [84]. 
Mitigating cross-border malaria should be accorded priority in context of malaria elimination.

8. Strengthening health systems

India has a well-structured vector-borne disease control program in place providing logistics 
support along with guidance and monitoring/evaluation services to malaria endemic States/
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UTs [4, 7]. Utilizing the evidence-based intervention tools and large-scale implementation, 
India has registered notable decline in cases and malaria-attributable deaths in the preceding 
few years (Figures 2 and 3). Among these, roll-out of ACT for treatment of every single case 
of P. falciparum malaria, rapid diagnostics test (RDT) kits for on-the-spot diagnosis and large-
scale provision of long-lasting insecticidal nets (LLINs) for vector control have resulted in 
rich dividends in reducing disease transmission in areas formerly intractable. Malaria threat 
is seen receding presenting an unprecedented opportunity for upscaling interventions in 
achieving universal coverage for populations at any risk making elimination an achievable 
target. However, the logistics requirement is huge for which increased funding from donors 
(both national and international agencies) and political commitment for sustained allocation 
of resources is of paramount importance for strengthening healthcare services reaching the 
outreach population groups for equitable access. A humble beginning has been made under 
National Health Mission (NHM), which envisages achievement of universal access to equi-
table, affordable and quality healthcare services both in urban and rural India [85]. Much 
needed disease surveillance in the country is further strengthened by Integrated Disease 
Surveillance Programme (IDSP) to detect early warning signals for impending disease out-
breaks instituting interventions to thwart the disease onslaught and spread [86]. Both these 
establishments have helped the program immensely in strengthening laboratory services 
averting disease outbreaks, as well as human resource development in providing training to 
State surveillance officers, rapid response teams and other medical and paramedical staffs. 
However, continuing education program is need of the hour for upgrading skills to keep 
pace with the changing technologies as well as to fill the void due to attrition of skilled work-
force. The induction of Accredited Social Health Activists (ASHA) have proven boon to the 
program ensuring door-to-door surveillance raising new levels of confidence in the poverty-
stricken communities. Host of Non-Governmental Organizations (NGOs)/media coverage 
have increased the reach of services in remote/inaccessible areas helping combating illness 
and saving lives. Collectively, communities today stand better informed and clearly benefit-
ted by increased awareness on disease prevention and control.

9. The way forward

In India, some States (Sikkim and Himachal Pradesh) and UTs (Lakshadweep, Daman & Diu 
and Puducherry) are already reporting <100 cases, while others recorded substantial decrease 
(>50%) in cases over past few years, for example, Assam and Karnataka (Table 1). Given the 
reducing transmission levels, malaria elimination at sub-national level is seemingly achiev-
able. However, the emergence of artemisinin-resistant malaria and possible spread, coupled 
with multiple insecticide resistance in disease vectors (Table 2), could reverse the gains for 
which disease surveillance, monitoring and evaluation should be the corner-stone activity. 
P. vivax and asymptomatic malaria continue to be unattended and should be accorded prior-
ity for reducing parasite reservoir in the endemic communities. Priority should be accorded 
for strengthening healthcare services in high-risk States of eastern, central and north-eastern 
States helping mitigate disease onslaught and deter entry and spread of drug-resistant strains 
in India. Inter-sectoral linkages with research establishments and medical colleges for devel-
oping innovative newer interventions (possibly vaccines), assessing therapeutic efficacy of 

Declining Transmission of Malaria in India: Accelerating Towards Elimination
http://dx.doi.org/10.5772/intechopen.77046

271



compared to 34.4% of those presenting with fever, and gametocyte carriage varied from 1.31 
to 2.16%. Major bottleneck in eliminating asymptomatic malaria parasite is the absence of stan-
dard guidelines and diagnostic procedures aimed at targeting asymptomatic carriers. Malaria 
control program in practice is largely limited to the qualitative detection of parasite mostly in 
febrile human hosts and subsequently treating with suitable drugs; however, no attention is 
given on follow up for quantification of malaria parasite till radical cure. Moreover, a univer-
sally accepted parasite level for categorizing a patient as asymptomatic is also not available. 
Quantification and treating asymptomatic malaria has become increasingly important and rel-
evant for disrupting transmission, requisite for achieving malaria elimination.

7. Cross-border malaria

India shares vast international border with Nepal, Bhutan and China to the North, Myanmar to 
the East, Bangladesh to the South and Pakistan to the West. Among these, borders with Myanmar 
and Bangladesh are of immediate concern for their high endemicity and common disease vec-
tors and ecology in the adjoining vicinity on either side of the border [79, 80]. These border areas 
are porous for cross-migration and have high forest cover inhabited by indigenous tribes living 
in impoverished conditions. These communities have poor access to healthcare services and are 
at high-risk to disease outbreaks attributed to drug-resistant strains originating from the GMS 
countries. These populations are largely marginalized and just as reluctant to seek treatment 
amounting to unattended parasite reservoirs. Border with Myanmar in particular is believed 
to be the corridor for entry of drug-resistant strains to northeast India for onward spread. The 
detection of artemisinin-resistant malaria in closer proximity to Indian border is seen as threat 
for making its way to India and beyond, similar to the path that was followed by CQ-resistant 
malaria [48, 49]. Cross-border malaria transmission from neighboring endemic countries can 
be daunting task and has regional implications jeopardizing the elimination efforts [81, 82]. 
For example, most cases reported in Bhutan (a country that is heading for malaria elimination), 
are imported from adjoining districts of Assam seeking treatment on other side of the border. 
Labor migration across borders engaged in developmental projects is unstoppable for want of 
livelihood and there exists every possibility of re-entry of malaria given the similar vectors and 
ecology. It is important to characterize the imported malaria strains enabling interventions well 
in place and time to prevent re-establishment of local transmission in declared malaria-free 
territories [83]. Inter-country coordinated efforts are deemed essential to maintain vigil and 
strengthening border-posts (entry/exit doors) with capacity to detect and treat malaria in the 
migrant/itinerant labor force at the earliest available opportunity. In keeping the same man-
date, India has joined hands with the Asia Pacific Malaria Elimination Network (APMEN) coun-
tries for shared experiences and coordinated action to achieve malaria elimination by 2030 [84]. 
Mitigating cross-border malaria should be accorded priority in context of malaria elimination.

8. Strengthening health systems

India has a well-structured vector-borne disease control program in place providing logistics 
support along with guidance and monitoring/evaluation services to malaria endemic States/

Towards Malaria Elimination - A Leap Forward270

UTs [4, 7]. Utilizing the evidence-based intervention tools and large-scale implementation, 
India has registered notable decline in cases and malaria-attributable deaths in the preceding 
few years (Figures 2 and 3). Among these, roll-out of ACT for treatment of every single case 
of P. falciparum malaria, rapid diagnostics test (RDT) kits for on-the-spot diagnosis and large-
scale provision of long-lasting insecticidal nets (LLINs) for vector control have resulted in 
rich dividends in reducing disease transmission in areas formerly intractable. Malaria threat 
is seen receding presenting an unprecedented opportunity for upscaling interventions in 
achieving universal coverage for populations at any risk making elimination an achievable 
target. However, the logistics requirement is huge for which increased funding from donors 
(both national and international agencies) and political commitment for sustained allocation 
of resources is of paramount importance for strengthening healthcare services reaching the 
outreach population groups for equitable access. A humble beginning has been made under 
National Health Mission (NHM), which envisages achievement of universal access to equi-
table, affordable and quality healthcare services both in urban and rural India [85]. Much 
needed disease surveillance in the country is further strengthened by Integrated Disease 
Surveillance Programme (IDSP) to detect early warning signals for impending disease out-
breaks instituting interventions to thwart the disease onslaught and spread [86]. Both these 
establishments have helped the program immensely in strengthening laboratory services 
averting disease outbreaks, as well as human resource development in providing training to 
State surveillance officers, rapid response teams and other medical and paramedical staffs. 
However, continuing education program is need of the hour for upgrading skills to keep 
pace with the changing technologies as well as to fill the void due to attrition of skilled work-
force. The induction of Accredited Social Health Activists (ASHA) have proven boon to the 
program ensuring door-to-door surveillance raising new levels of confidence in the poverty-
stricken communities. Host of Non-Governmental Organizations (NGOs)/media coverage 
have increased the reach of services in remote/inaccessible areas helping combating illness 
and saving lives. Collectively, communities today stand better informed and clearly benefit-
ted by increased awareness on disease prevention and control.

9. The way forward

In India, some States (Sikkim and Himachal Pradesh) and UTs (Lakshadweep, Daman & Diu 
and Puducherry) are already reporting <100 cases, while others recorded substantial decrease 
(>50%) in cases over past few years, for example, Assam and Karnataka (Table 1). Given the 
reducing transmission levels, malaria elimination at sub-national level is seemingly achiev-
able. However, the emergence of artemisinin-resistant malaria and possible spread, coupled 
with multiple insecticide resistance in disease vectors (Table 2), could reverse the gains for 
which disease surveillance, monitoring and evaluation should be the corner-stone activity. 
P. vivax and asymptomatic malaria continue to be unattended and should be accorded prior-
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 antimalarials and upgradation of drug-treatment policy, human resource development and 
field-evaluation of newer technologies, including innovative vector control approaches, are 
vital before these are incorporated in the control program. Disease epidemiology is rapidly 
changing in the face of fast urbanization, deforestation and anomalous weather conditions 
opening new vistas, which must be watched for targeting interventions in place and time. 
Mosquito vectors are invading new territories, and adapting to altered ecology establishing 
outdoor transmission in response to strengthening insecticide interventions, which are largely 
based on indoor residual applications. We strongly advocate the judicious mix of technologies 
used in an integrated manner to overcome the challenges of outdoor transmission and grow-
ing insecticide resistance threatening the efficacy of present day intervention tools. There 
remains of scope of newer interventions in Indian geo-epidemiological conditions, namely, 
eave tubes, attractive sugar baits, nano-synthesized pesticides loaded with microbial- and 
plant-borne compounds, for trapping adult mosquito vectors and population reduction pres-
ently being put to field evaluation in African countries (Beier, personal communication). It is 
the high time to strengthen the entomological component at the State/Zonal level for moni-
toring vector densities and insecticide resistance targeting interventions averting impending 
disease outbreaks. Above all, educating communities and stakeholders on disease preven-
tion and control should be the guiding principle for increased compliance and harmonious 
action. Increased allocation of resources (both from State and Central assistance), for ensur-
ing universal coverage of interventions, should be given utmost priority in reducing parasite 
reservoir much below threshold density disrupting transmission [87]. It is time accelerating 
towards elimination and let there be no complacency at various echelons of operation for 
keeping disease at bay. Outside Africa, Southeast Asia is the largest contributor of cases and 
source of spread of drug-resistant malaria for which it is strongly advocated that larger share 
of global investments in this part of the World would go a long way in alleviating poverty 
and malaria. In summary, given the enormity of disease burden and myriad of issues, odds 
are all against, yet concerted efforts should be made in rendering malaria a thing of the past; 
together we can beat malaria.
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Four countries (Brazil, Colombia, Peru, and Venezuela) together contributed ~80% of the 
875,000 malaria cases reported in the Latin American region (2016). During the 10-year 
period (2005–2015) when global malaria incidence was dramatically reduced, Brazil and 
Colombia were an integral part of this trend, on track to meet the mid-term 2020 goal 
established by the World Health Organization. In Colombia, since 2015 at the cessation of 
a five-year globally funded malaria program, both incidence and proportion of Plasmodium 
falciparum infections have increased, mainly due to the budget constraints. Similarly, 
despite a strong record and major recognition for reducing malaria, in 2017, Brazil has seen 
a resurgence of malaria cases, but no increase in the proportion of Plasmodium falciparum 
to P. vivax. A globally funded malaria control program in Peru from 2005 to 2010 resulted 
in appreciable reduction in the annual parasitic incidence down to 1/1000 by 2011–2012, 
but soon after, the annual malaria incidence began to rise and by the end of 2017, there 
were 53,261 reported cases. To add to Venezuela’s political and financial woes, malaria 
continues to increase, such that, 300,189 cases were reported by the end of week 42, 2017. 
The only rational pathway to malaria elimination is sustained nation-level financial sup-
port that does not fall prey to political vicissitudes.
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landscape, vector biology, interventions
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well-delineated and ambitious plan for control and elimination of the disease by 2030 [1], 
with a mid-term 2020 global target of reduction of at least 40% in malaria case incidence and 
malaria mortality rate. Significant advances were made in most of the endemic countries in 
Latin America, particularly from 2000 to 2015 [2], when the incidence of cases declined by 62% 
(1,181,095 in 2000 to 451,242 in 2015) and malaria-related deaths by 61.2% (410 to 159). The 
main strategies used have been rapid diagnosis, treatment with artemisinin-based combina-
tion therapy (ACT), indoor residual spraying (IRS), and insecticide-treated bednets (ITNs) or 
long-lasting insecticide-treated nets (LLINs) [3, 4].

However, malaria is still an important public health concern in the whole Neotropical region, 
more so during 2016, when a substantial increase in case incidence (875,000) was estimated 
[1]. Of the 18 endemic countries of Latin America, nine showed an increase in cases of more 
than 20% compared to 2015 [5], whereas the highest percentage increase (36%) of change in 
case incidence rate took place in 2014–2016. This was mainly due to the situation in Venezuela. 
In 2016, Venezuela (34.4%) and Brazil (18%) together accounted for more than 50% of the 
total reported cases, followed by Colombia (15.3%) and Peru (14.3%). According to the WHO 
report [1], malaria cases in Colombia nearly doubled in 2016 compared to 2015, despite an 
earlier reduction; in Peru cases have also been rising steadily since 2011, which has resulted 
in a loss of the gains achieved since 2000. In Venezuela, there has been a persistent increase in 
cases since 2000 and even more so since 2015 due to economic and political mismanagement 
[6] and Guyana recorded an increase in the proportion of P. falciparum (42%) to P. vivax cases 
(58%), the highest in South America [1, 7]. In contrast, Suriname observed declining malaria 
transmission trends to near-elimination levels through a rigorous control and education cam-
paign, together with fortuitous flooding that destroyed populations of the primary malaria 
vector in the interior [8]. In 2016, Suriname reported only seven cases of P. falciparum and 69 
of P. vivax [1].

The malaria landscape in Latin America consists of low transmission interspersed with 
diverse hot-spots where transmission is spatially and temporally focused [4, 9–11]. At a 
regional scale, reported malaria cases where the Annual Parasite Index (API) is >100 are 
concentrated in the municipalities of Bolívar, Delta Amacuro, and Sucre (Venezuela); Acre, 
Amapá, and Amazonas (Brazil); Amazonas, Antioquia, Chocó, and Vichada (Colombia); 
and Loreto (Peru) [1]. Nine countries reported zero local P. falciparum cases; Bolivia 
and Guatemala reported <10 cases. Twelve countries (Argentina, Paraguay, Costa Rica, 
Belize, Mexico, French Guiana, Suriname, Dominican Republic, Honduras, Bolivia, Haiti, 
and Brazil) are projected to have attained ≥40% reduction in case incidence by 2020, and 
five (El Salvador, Ecuador, Guatemala, Guyana, and Colombia) are on target for 20–40%  
reduction [1].

Currently, an estimated 102 million people are living in areas at risk of malaria transmission 
in Latin America, of which at least 28 million live in high-risk localities (>10 cases/1000 inhab-
itants). Most malaria cases in South America result from P. vivax (69%) infections, followed 
by P. falciparum (27%), and most occur in the Amazon rain forest. Colombia differs from most 
of its neighbors in having a large proportion of malaria transmission outside the Amazon, 
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such as the northwest, along the Pacific Coast and in the east, bordering Venezuela [12]. There 
has been renewed interest in understanding the biology, epidemiology, and the specific chal-
lenges of P. vivax, particularly since the decline of P. falciparum [4, 13–15]. Plasmodium malariae, 
responsible for <1% of cases in this region, is rarely considered in malaria reports, but is 
likely underestimated because it is difficult to diagnose using microscopy, has a slow growth 
rate, is generally asymptomatic in humans, and is considered less pathogenic compared with  
P. falciparum and P. vivax [2].

To stay on track and advance towards elimination, some of the main challenges in this 
region, identified by WHO (2017), are a lack of sustainable and predictable international 
and domestic funding, risks posed by political conflict in malaria endemic zones (e.g., 
Venezuela), environmental change and anomalous climate patterns [16–19], the emergence 
of parasite resistance to antimalarials [20–22], and insecticide resistance in mosquito vec-
tors (reviewed in [23, 24]). Additional regional challenges to ongoing efforts to decrease 
malaria incidence include a significant rise in malaria cases in recent years in Venezuela 
[6], evidence of submicroscopic and asymptomatic infections [25], increases in peri-urban 
and gold mining-related malaria [26], and an upsurge in cases of P. falciparum in Colombia 
and Peru [1, 2].

Throughout this chapter, we adopt the new nomenclature proposed for the subfamily 
Anophelinae by Foster and collaborators [27]. Consequently, Anopheles (Nyssorhynchus)  
darlingi is herein referred to as Nyssorhynchus darlingi. The most important Nyssorhynchus vectors  
involved in this malaria landscape epidemiology are anthropophilic and/or opportunis-
tic and ecologically/behaviorally variable [28]. Patterns of transmission vary regionally, 
depending on climate, biogeography, ecology, and anthropogenic activities. Transmission 
is exacerbated by deforestation for timber extraction, agricultural settlements, and mining 
and development of dams for hydroelectric projects. The creation of breeding sites (such 
as fish ponds, microdams, forest streams blocked by road construction, and mining pools) 
[29–31] and spatial mobility of humans, where there is little public health infrastructure (if 
any), also facilitate transmission in endemic malaria regions and beyond [32–34]. Factors 
such as infectivity of vectors by P. vivax or P. falciparum at levels rarely above 1% and 
heterogeneous entomological inoculation rates (EIRs) combined with low-to-moderate 
human blood indices (HBI) can result in high-risk for malaria transmission in certain habi-
tats, often associated with anthropogenic change [29, 35, 36]. Inadequate housing protects 
no one and is a major impediment for reducing and ultimately ending human-mosquito 
contact [37].

The main objectives of this chapter are: (1) to evaluate the available intervention options that 
may be generalizable among the main vector species, (2) to determine scenarios where hot-
spot-specific vector biology and ecological interventions have the best prospects for success, 
and (3) to propose ways to test and combine current and novel interventions against the 
diversity of malaria vector species and habitats. This chapter focused on the four countries 
that together contributed the highest proportion (81.6%) of all reported malaria cases in Latin 
America in 2016, namely Venezuela, Brazil, Colombia, and Peru [1].
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2. Current malaria situation

2.1. Brazil

Brazil had been reporting the highest number of malaria cases in Latin America for many 
years, but this shifted in 2015. Venezuela, with the growing economic and political crisis, 
had the dubious distinction of the highest estimated incidence of malaria in the region [38]. 
Recently, Brazil reported the second highest number of malaria cases (18%), down from 24% 
of cases in 2015 [1, 38]. Furthermore, Brazil recorded a 76.8% decrease in malaria incidence 
during 2000–2014 [4], even though transmission was observed to be ongoing in 808 munici-
palities in 2013 [13]. Nearly all malaria cases (99.5%) in Brazil are reported in the Amazon 
region, an enormous territory that covers an estimated 60% of Brazil and consists of nine 
States: Acre, Amazonas, Amapá, Maranhão, Mato Grosso, Pará, Rondônia, Roraima, and 
Tocantins [4]. The State with the most malaria cases and highest API since 2005 is Acre; the 
region within Acre with the highest-risk cluster is Vale do Juruá [39] including the munici-
palities of Cruzeiro do Sul, Mâncio Lima, and Rodrigues Alves that are persistent malaria 
hot-spots [40]. Other States with API >50 as of 2015 include Amapá, Amazonas, Pará, and 
Roraima (Figure 1).

Figure 1. Geographical location of municipalities in Brazil, Colombia, Peru and Venezuela reporting Annual Parasite 
Index (API) >50 for data based on 2015 [38, 41].
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Across the Brazilian Amazon, the proportion of P. falciparum cases has been declining steadily 
for several years (Table 1), and in 2015, this parasite comprised approximately 11% of all cases, 
with P. vivax responsible for the remaining 89% [4]. In 2015, the Brazilian Ministry of Health 
(MOH) launched The Plan for Elimination of Malaria in Brazil, which focuses on the elimina-
tion of P. falciparum [46]. It is comprehensive, but substantial challenges remain: behavioral 
heterogeneity of the primary vector Ny. darlingi means that LLINs are only partially effective; 
most Amazonian housing structures do not meet criteria for routine IRS application; larvicid-
ing is most effective for accessible stagnant water bodies, e.g., fish ponds, especially those asso-
ciated with hot-spots, but not effective for many natural water bodies, which may be difficult 
to identify and reach, or for streams and rivers with slow-moving water, which are typical Ny. 
darlingi habitats [47, 48]. By the end of 2016, P. falciparum still accounted for 11% of all malaria 
infections reported, and near the end of 2017, this was 10.8% (Table 1). In 2016–2017, Brazil 
was challenged by malaria resurgence, including in municipalities that were in the prevention 
phase and others with low malaria transmission. Furthermore, the total number of malaria 
cases in Brazil has increased from 105,057 cases during the period January 1 to December 31, 
2016, to 154,343 cases during the period January 1 to October 31, 2017, an increase of 47% [42].

Some of the roadblocks in reducing and eliminating P. vivax include the high frequency of 
low-density P. vivax infections and the difficulty of their diagnosis by microscopy, particu-
larly in areas approaching elimination and the persistence of liver stage hypnozoites that may 
be responsible for relapses [2, 4, 49]. Peri-urban and urban malaria transmission has been dif-
ficult to eliminate in cities such as Manaus (Amazonas State) and Cruzeiro do Sul (Acre State). 
In 2015, Manaus reported 7300 cases, most of which were acquired during work or other 
activities in neighboring municipalities, suggesting that interventions need to be focused on 
the mobile proportion of the human population [13]. Better transmission control is thought to 
lead to a lower P. falciparum:P. vivax ratio, reflecting the rapid and stable reduction of cases in 
urban settings compared with a lower and more heterogeneous reduction in rural and indige-
nous areas [13]. In a study based in and around the small cities of Mâncio Lima and Rodrigues 
Alves, Acre State; three development gradients, i.e., urban-rural, rural-riverine, and housing 
location were analyzed for multiple households. The lowest risk (OR = 0.55, 1.23–1.12) of 

Country 2014 2015 2016 2017

Number of malaria 
positive cases

Number of malaria 
positive cases

Number of malaria 
positive cases

Number of malaria 
positive cases

P. vivax P. falciparum P. vivax P. falciparum P. vivax P. falciparum P. vivax P. falciparum

Brazil 117,009 22,234 122,743 15,445 110,343 13,829 172,876 21,017

Colombia 20,129 20,634 21,987 26,061 32,635 49,974 22,405 29,404

Peru 54,819 10,416 49,287 12,569 41,287 15,319 40,564 12,697

Venezuela 62,850 27,843 100,880 35,509 179,554 61,034 246,859 53,330

Note: Source of malaria case numbers 2014–2016 is WHO (2017); 2017 data are from individual Ministry of Health 
websites from each of the four countries.

Table 1. Number of malaria cases of Plasmodium vivax and P. falciparum in Brazil, Colombia, Peru, and Venezuela 
(2014–2017) [1, 42–45].
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having a household with malaria was along the rural-riverine gradient, the most forested of 
the three; in contrast, the highest risk (OR = 1.92, 1.03–3.92) was along the urban-rural gradi-
ent, where urbanization was associated with roads, basic services, water treatment, electricity 
from a power grid, and less forest access [40]. This is an interesting and important finding, 
because malaria is so often assumed to be rural, associated with nearby water bodies and 
often linked to the forest environment. However, malaria risk is clearly linked with poverty, 
as another important finding of this study was that malaria risk is higher for poor individuals 
living in rural areas than those living in urban areas [40]. The poor in urban areas generally 
are exposed less frequently to biting, infected Nyssorhynchus and Anopheles mosquitoes, and 
have better access to health services than the poor in rural areas [40].

A valuable epidemiological tool was developed in 2010 to identify malaria outbreaks via an 
automated algorithm [50]. Use of the algorithm aimed to mobilize local control managers to act 
as rapidly as possible and they identified P. vivax as the primary causative pathogen for nearly 
all outbreaks, most of which occur in low or interrupted transmission areas where the likeli-
hood of reintroduction is high. In 2014 and 2015, as many 112 and 111 outbreaks were identi-
fied, respectively [13]. The effectiveness of this tool has not been validated but it demonstrated 
usefulness in transmission reduction, which could lead to widespread adoption in Brazil.

2.2. Colombia

In 2016, Colombia recorded 83,227 cases, the third highest number in Latin America, which 
comprised 15.3% [1, 41]. Thus, malaria continues to be a serious public health problem and 
transmission is heterogeneous, presenting zones of low unstable transmission with endemic-
epidemic patterns including various hot-spots [12]. From 2000 to 2014, Colombia made solid 
gains against malaria (50–75% reduction in cases), mainly due to interventions such as diag-
nostic health posts and vector control. However, these gains have been undermined since the 
Colombia Malaria Project ended in 2015; case numbers doubled between 2015 and 2016 [41].

For the past decade, P. vivax accounted for approximately 70% of reported cases, with the 
remainder exclusively P. falciparum [12]. However, in 2016, this proportion shifted alarmingly 
in favor of P. falciparum constituting 60% of reported cases [1, 41, 43, 51, 52]. This parasite spe-
cies predominates along the Pacific Coast, one of the endemic hot-spots, where there is a high 
occurrence of Colombian Afro-descendant individuals who are Duffy-negative [53].

Taken together, eight Colombia Departments accounted for 90.8% of all the 2016 noncom-
plicated malaria cases. These are Chocó, Nariño, and Cauca (western Colombia), Antioquia 
and Córdoba (northwestern), Guainía and Vichada (central-eastern along the border with 
Venezuela), and Amazonas (southeastern). Among various Departments, Chocó was worst 
affected and contributed 53% of all reported cases during 2014–2015 [38]. Nevertheless, up 
to the 49th epidemiologic week of 2017, Chocó registered a lower proportion of cases (30.7% 
[43]) compared with the same period in 2015, because several health posts ceased reporting 
due to national, State, and municipal budgetary constraints with the closure of the Colombia 
Malaria Project (2015). In the Departments of Arauca and Guajira in eastern Colombia, bor-
dering Venezuela, there was an increase in cases compared to the average number registered 
during 2012–2016. Of the 860 non-autochthonous cases reported overall, most (76.7%) were  
P. vivax and nearly all (93.1%) were from Venezuelan patients [43].
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Malaria transmission in Colombia has mainly been rural, but a recent study indicated that 
between 2008 and 2012, urban and peri-urban malaria transmission described as endemic, 
unstable and of low intensity, occurred in many municipalities in the Pacific Coast and a few 
in eastern Colombia [53]. However, the authors indicated that a serious limitation was not hav-
ing a clear consensus on the definition of urban and peri-urban. Nevertheless, there appears to 
be a trend of decreasing rural and a concurrent progressive increase of urban malaria. Possible 
explanations of this phenomenon are human migration resulting from ongoing-armed con-
flict, illegal mining, or illicit crop activities, and the movement of asymptomatic carriers.

In western and northwestern Colombia, with the existing healthcare and disease prevention 
programs, gold-mining (mostly illegal) has played an important role in the maintenance of 
malaria as shown by public health surveillance data based on 2010–2013 [26]. This study 
showed that gold-mining was predominant in seven Colombian Departments that contrib-
uted 89.3% (270,753 cases) of the national malaria cases during this period; of which, 31.6% of 
the cases were from mining areas. The worst of these were located in Antioquia, Córdoba, and 
Buenaventura municipalities in Valle del Cauca.

Vector control interventions in Colombia rely on the use of insecticides, larvicides, and ITNs 
[54] to reduce human-vector contact. Some research groups focused on mosquito vector 
biology aiming to provide baseline information for the development and implementation of 
appropriate vector control interventions by the evaluation of ecology and biology of vector 
species, improved species identification, spatio-temporal distribution, biting behavior and 
preferences, and natural infection by Plasmodium [55–60].

A comprehensive early warning system, as part of the Integrated National Adaptation Pilot 
project and the Integrated Surveillance and Control System at the municipality level, has been 
implemented in four pilot sites in Colombia, where it showed promise, providing new data 
on malaria incidence and seasonality, vector species presence and abundance, entomological 
indices and feeding frequencies, climate variables, human population information, and some 
data on vector control activities [61]. Limitations that remained included the scarcity and dif-
ficulty of accessing cultural qualitative and quantitative factors and the limited preparedness 
of State and municipal health authorities to implement malaria dynamic models [61].

2.3. Peru

The most recent WHO data showed that Peru reported an estimated 14.3% of all malaria 
cases in the region for 2016; this amounted to 56,606 cases, of which 73% were P. vivax [1]. 
This estimate has been rising fairly steadily since 2010–2011, ever since cessation of the inter-
national financial support provided by the Global Fund Malaria Project “PAMFRO” that had 
successfully reduced the annual incidence to <1 case/1000 inhabitants for 2010 and 2011 [62]. 
After 2011, there was a surprisingly rapid malaria resurgence, hypothesized to be due to: (1) 
budgetary constraints; (2) the perception that malaria was under control; and (3) a concur-
rent regional dengue epidemic in Loreto [63]. Transmission may have been worsened due 
to the historic Loreto flood of 2011–2012 that inundated and damaged many riverine com-
munities [62]. During the period between 2002 and 2013, 79% of cases were P. vivax and 21%  
P. falciparum [11]. A worrisome trend has been the recent increase in the proportion of P. 
falciparum in 2016 (27%) and 2017 (24%) (Table 1).
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Numerous malaria endemic riverine and highway villages exist near the Iquitos-Nauta high-
way and along the Itaya and Nanay Rivers to the south and west of Iquitos. Inhabitants of two 
of these villages, Lupuna and Cahuide, took part in a cross-sectional survey in January 2013 
(off-peak malaria season), with census data taken in mid-2012. One substantial determination 
was that prevalence of P. vivax and P. falciparum was many times higher by packed red blood cell 
(PRBC)-PCR compared with microscopy (25 vs. 3.6% and 5 vs. 0.2%, respectively) [33]. Routine 
surveillance, using the more sensitive PCR detection method and treatment that includes indi-
viduals with very low parasitemia who maintain local transmission even during the off-peak 
malaria season, acting as potential parasite reservoirs, could be an effective addition to prompt 
diagnosis and treatment to further reduce malaria regionally. In addition, the overall heteroge-
neous distribution patterns of P. vivax and P. falciparum differ sharply in Lupuna and Cahuide, 
i.e., P. vivax is transmitted more locally within villages and P. falciparum is more often acquired 
at a distance, related to occupation, and transported on a regional basis [33].

Most years, between 90 and 95% of all malaria cases and 99.4% of P. falciparum are reported 
from Loreto Department, in northern Amazonian Peru [64]. In 2017, this amounted to 50,702 
cases (96.2% of those across Peru); there were also small foci in Amazonas State (822 cases in 
2017), west of Loreto, and in San Martin (415 cases in 2017), south of Loreto [64]. There was 
a serious P. vivax outbreak in the gold-mining region of the southern Amazon, in Madre de 
Dios and neighboring Ucayali until about 2011 [65], but only 6 cases were reported in Madre 
de Dios and 79 in Ucayali in 2017 [64]. In Tumbes and Piura, along the northwestern coast, 
malaria has greatly diminished and what remains is epidemic, sporadic, and peri-urban, 
likely the result of reintroduction [64, 66–68].

Loreto Department comprises an estimated 30% of Peruvian territory and there are about 
one million inhabitants [69]. Malaria transmission is highly seasonal, coinciding mainly with 
the heavy rainy season (January to June) and Andean snowmelt, that together increase river 
levels up to 10 m, causing major fluctuations in the abundance of the main regional malaria 
vector Ny. darlingi [70, 71]. Most malaria infections are found in rural and remote villages 
whose inhabitants live along the Amazon River, and its many tributaries, in enclosed or par-
tially enclosed wooden houses [62, 72]. There has been increasing recognition, beginning with 
a ground-breaking study [73], of hyperendemic foci linked to occupational activities (such as 
timber extraction, farming, and charcoal production) and human mobility [33].

2.4. Venezuela

Whereas the continent achieved a significant decline in malaria-related morbidity (62%) and 
mortality (61%) between 2000 and 2015 as part of the implementation of the Global Malaria 
Action Plan 2008–2015 [41], Venezuela, in contrast, was the alarming exception in the region, 
displaying an unprecedented 365% increase in malaria cases between 2000 and 2015 [6]. In 
2016 alone, 240,588 malaria cases were officially reported [1], whereas by the end of 2017, this 
number had increased to 300,189 total cases [45]. Astonishingly, the number of cases reported 
in 2017 in Venezuela is higher than that reported in the last 29 years (1988–2016) [74].

Economic and political mismanagement have precipitated a general collapse of Venezuela’s 
health system creating an ongoing humanitarian crisis with severe social consequences  
[75, 76]. Consequently, a malaria epidemic has been fueled by financial constraints that 
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prevented the procurement of malaria commodities (insecticides, drugs, diagnostic supplies, 
mosquito nets, etc.), epidemiological surveillance, reporting activities, vector-control and 
disease-treatment efforts, high internal human migration associated with illegal gold mining, 
and underlying malnutrition due to a general lack of provision and implementation of ser-
vices. In 2016, P. vivax malaria accounted for 76% of all cases, followed by P. falciparum (18%), 
P. malariae (<1%), and P. vivax/P. falciparum mixed (6%) infections [1].

Although P. falciparum malaria occurs mostly in the lowland rain forests of the Venezuelan 
Guayana region, P. vivax malaria is endemic in the coastal plains and savannas, as well as 
the lowland Guayana forests [17]. Currently, an estimated 80% of malaria in Venezuela is 
associated with gold mining areas in the forest ecosystem of the southeastern region, where 
local transmission is maintained in few but persistent disease hot-spots by Ny. darlingi  
and Ny. albitarsis s.l. ([77–79]; Grillet unpublished). Infection Rates (IR) of Ny. albitarsis s.l. and  
Ny. darlingi collected during 2009–2012 in Sifontes, Bolivar State, were very high: 5.4 and 
4.0%, respectively [80]. Gold mining extraction activities substantially reduce forest vegeta-
tion cover, which seems to favor aquatic vector habitat production, especially for Ny. albitarsis 
s.l. ([79]; Grillet unpublished). Mining activities in turn result in highly mobile human popu-
lations that migrate in search of jobs, working, and sleeping outdoors, exposed to continuous 
mosquito biting for long periods of time. Many of these economic migrants are previously 
unexposed to Plasmodium and some of them return to nonendemic malaria regions, e.g., 
near the capital Caracas, with circulating gametocytes, reintroducing Plasmodium to areas 
where malaria had been eliminated previously [81]. Although, most disease transmission in 
Venezuela has been rural, recent observations suggest a significant change in the landscape 
epidemiology of malaria since 2013—urban and peri-urban malaria transmission are now 
associated with some cities close to Caracas [Grillet unpublished]. Finally, case spillover has 
overloaded frontier health care infrastructure in Brazil and Colombia where in 2016, 78 and 
81%, respectively, of imported malaria cases originated from Venezuela [2]. The continued 
upsurge of malaria in Venezuela threatens to become uncontrollable, jeopardizing the hard-
won gains in the Americas’ elimination agenda and global malaria targets.

For decades, Venezuela was a leader in vector control and public health policies in Latin 
America, especially after being the first WHO-certified country to eliminate malaria in much 
of its territory in 1961 as a result of a very aggressive, vertical malaria control campaign [82]. 
This campaign consisted of the interruption of malaria transmission through systematic and 
integrative infection and vector control. Additionally, the program included the detailed 
knowledge of malaria microepidemiology (at local level, case management, consisting of 
diagnosis, patient treatment, and mass drug administration), mapping malaria cases, malaria 
health information system updated weekly, community participation through volunteer com-
munity health workers, application of larvicides, and sanitary engineering such as housing 
improvement and water management. This public health success helped to galvanize interest 
in global elimination [82]. The Venezuelan approach for malaria elimination in the past differs 
little from current prevention, control and elimination, except that it was implemented in 
an epidemiological landscape where insecticide and parasite resistance were absent, politi-
cal will was significant, and government support was very strong. Vector control and case 
prevention require long-term investment and sustainability without which it is difficult to 
envision elimination as a viable outcome.
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viduals with very low parasitemia who maintain local transmission even during the off-peak 
malaria season, acting as potential parasite reservoirs, could be an effective addition to prompt 
diagnosis and treatment to further reduce malaria regionally. In addition, the overall heteroge-
neous distribution patterns of P. vivax and P. falciparum differ sharply in Lupuna and Cahuide, 
i.e., P. vivax is transmitted more locally within villages and P. falciparum is more often acquired 
at a distance, related to occupation, and transported on a regional basis [33].

Most years, between 90 and 95% of all malaria cases and 99.4% of P. falciparum are reported 
from Loreto Department, in northern Amazonian Peru [64]. In 2017, this amounted to 50,702 
cases (96.2% of those across Peru); there were also small foci in Amazonas State (822 cases in 
2017), west of Loreto, and in San Martin (415 cases in 2017), south of Loreto [64]. There was 
a serious P. vivax outbreak in the gold-mining region of the southern Amazon, in Madre de 
Dios and neighboring Ucayali until about 2011 [65], but only 6 cases were reported in Madre 
de Dios and 79 in Ucayali in 2017 [64]. In Tumbes and Piura, along the northwestern coast, 
malaria has greatly diminished and what remains is epidemic, sporadic, and peri-urban, 
likely the result of reintroduction [64, 66–68].

Loreto Department comprises an estimated 30% of Peruvian territory and there are about 
one million inhabitants [69]. Malaria transmission is highly seasonal, coinciding mainly with 
the heavy rainy season (January to June) and Andean snowmelt, that together increase river 
levels up to 10 m, causing major fluctuations in the abundance of the main regional malaria 
vector Ny. darlingi [70, 71]. Most malaria infections are found in rural and remote villages 
whose inhabitants live along the Amazon River, and its many tributaries, in enclosed or par-
tially enclosed wooden houses [62, 72]. There has been increasing recognition, beginning with 
a ground-breaking study [73], of hyperendemic foci linked to occupational activities (such as 
timber extraction, farming, and charcoal production) and human mobility [33].

2.4. Venezuela

Whereas the continent achieved a significant decline in malaria-related morbidity (62%) and 
mortality (61%) between 2000 and 2015 as part of the implementation of the Global Malaria 
Action Plan 2008–2015 [41], Venezuela, in contrast, was the alarming exception in the region, 
displaying an unprecedented 365% increase in malaria cases between 2000 and 2015 [6]. In 
2016 alone, 240,588 malaria cases were officially reported [1], whereas by the end of 2017, this 
number had increased to 300,189 total cases [45]. Astonishingly, the number of cases reported 
in 2017 in Venezuela is higher than that reported in the last 29 years (1988–2016) [74].

Economic and political mismanagement have precipitated a general collapse of Venezuela’s 
health system creating an ongoing humanitarian crisis with severe social consequences  
[75, 76]. Consequently, a malaria epidemic has been fueled by financial constraints that 
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prevented the procurement of malaria commodities (insecticides, drugs, diagnostic supplies, 
mosquito nets, etc.), epidemiological surveillance, reporting activities, vector-control and 
disease-treatment efforts, high internal human migration associated with illegal gold mining, 
and underlying malnutrition due to a general lack of provision and implementation of ser-
vices. In 2016, P. vivax malaria accounted for 76% of all cases, followed by P. falciparum (18%), 
P. malariae (<1%), and P. vivax/P. falciparum mixed (6%) infections [1].

Although P. falciparum malaria occurs mostly in the lowland rain forests of the Venezuelan 
Guayana region, P. vivax malaria is endemic in the coastal plains and savannas, as well as 
the lowland Guayana forests [17]. Currently, an estimated 80% of malaria in Venezuela is 
associated with gold mining areas in the forest ecosystem of the southeastern region, where 
local transmission is maintained in few but persistent disease hot-spots by Ny. darlingi  
and Ny. albitarsis s.l. ([77–79]; Grillet unpublished). Infection Rates (IR) of Ny. albitarsis s.l. and  
Ny. darlingi collected during 2009–2012 in Sifontes, Bolivar State, were very high: 5.4 and 
4.0%, respectively [80]. Gold mining extraction activities substantially reduce forest vegeta-
tion cover, which seems to favor aquatic vector habitat production, especially for Ny. albitarsis 
s.l. ([79]; Grillet unpublished). Mining activities in turn result in highly mobile human popu-
lations that migrate in search of jobs, working, and sleeping outdoors, exposed to continuous 
mosquito biting for long periods of time. Many of these economic migrants are previously 
unexposed to Plasmodium and some of them return to nonendemic malaria regions, e.g., 
near the capital Caracas, with circulating gametocytes, reintroducing Plasmodium to areas 
where malaria had been eliminated previously [81]. Although, most disease transmission in 
Venezuela has been rural, recent observations suggest a significant change in the landscape 
epidemiology of malaria since 2013—urban and peri-urban malaria transmission are now 
associated with some cities close to Caracas [Grillet unpublished]. Finally, case spillover has 
overloaded frontier health care infrastructure in Brazil and Colombia where in 2016, 78 and 
81%, respectively, of imported malaria cases originated from Venezuela [2]. The continued 
upsurge of malaria in Venezuela threatens to become uncontrollable, jeopardizing the hard-
won gains in the Americas’ elimination agenda and global malaria targets.

For decades, Venezuela was a leader in vector control and public health policies in Latin 
America, especially after being the first WHO-certified country to eliminate malaria in much 
of its territory in 1961 as a result of a very aggressive, vertical malaria control campaign [82]. 
This campaign consisted of the interruption of malaria transmission through systematic and 
integrative infection and vector control. Additionally, the program included the detailed 
knowledge of malaria microepidemiology (at local level, case management, consisting of 
diagnosis, patient treatment, and mass drug administration), mapping malaria cases, malaria 
health information system updated weekly, community participation through volunteer com-
munity health workers, application of larvicides, and sanitary engineering such as housing 
improvement and water management. This public health success helped to galvanize interest 
in global elimination [82]. The Venezuelan approach for malaria elimination in the past differs 
little from current prevention, control and elimination, except that it was implemented in 
an epidemiological landscape where insecticide and parasite resistance were absent, politi-
cal will was significant, and government support was very strong. Vector control and case 
prevention require long-term investment and sustainability without which it is difficult to 
envision elimination as a viable outcome.
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3. The main malaria vectors

3.1. Nyssorhynchus darlingi

The most widespread and dominant malaria vector in the Amazon region is Nyssorhynchus 
darlingi (Figure 2) [27, 28, 84, 86]. Localities where Ny. darlingi has been formally incriminated 
by ELISA or other molecular techniques are shown in Figure 3, although the full distribu-
tion of Ny. darlingi extends from southern Mexico through northern Argentina [84]. This 
species shares several characteristics with invasive species (e.g., Aedes albopictus) and other 
primary malaria vectors such as An. gambiae s.s., including fast growth, phenotypic plasticity, 
rapid reproduction, moderate-high dispersal ability, ecological competence, and association 
with humans [28, 104–106]. In Loreto Department, Peru, since Ny. darlingi reinvaded, or re-
expanded its range into the peri-Iquitos area about 1998 [107], it has spread along numerous 
Peruvian river drainages to the north and west [70, 108]. In Brazil and Peru, it is ranked 
the number one vector [4, 29, 109]; in Colombia, it is one of three main vectors, the other 
two being Ny. albimanus and Ny. nuneztovari [87, 110, 111]; and in Venezuela, it shares top 
billing with Ny. albitarsis s.l. [77, 78, 80]. A recent review highlights the very low insecticide 
resistance in Ny. darlingi detected in the Neotropics, i.e., one population in Choco, western 
Colombia is resistant to DDT, permethrin, lambda-cyhalothrin, and deltamethrin [23].

The distribution in Brazil includes the lowlands of the Amazonian biome, the Cerrado, and 
the southern Atlantic forest [84, 112, 113]. Nyssorhynchus darlingi is adaptable and flexible in its 
behavior: exophagic and endophagic; anthropophilic and opportunistic; though generally exo-
philic [28, 71, 97, 114]. The standard entomological indices range widely across its distribution 
[71, 80, 96, 97, 103, 114]. One frequently recognized characteristic of Ny. darlingi is the speed with 
which it colonizes deforested Amazonian patches and a variety of anthropogenic water bodies 
such as gold mining pools, brick-making depressions, wells, cisterns, and fishponds, as well as 
natural breeding site types linked to rivers or flooded forest [29, 60, 111, 115, 116]. Its adapta-
tion to novel environments may lead to increased vectorial capacity and survival, as well as 
greater risk of malaria transmission [117, 118]. The most likely drivers of Ny. darlingi divergence 
at a macro-geographic scale, across its broad distribution, are biogeographic or geographic 
boundaries and Pleistocene environmental changes [113, 119]. At a regional scale, isolation-by-
distance has been shown to influence population structure [120], whereas at a micro-geographic 
scale, current local environmental conditions have a marked effect [113, 119–122].

In Colombia, Ny. darlingi is distributed on either side of the Andes mountain range in lowland 
regions characterized by biogeographical and ecological heterogeneity [111]. West of the Andes, in 
the Urabá-Bajo Cauca and Alto Sinú (UCS) region, Ny. darlingi is the most common Nyssorhynchus 
species, exhibits endo and exophagy, is infected with P. vivax, and maintains transmission even 
at low abundance [60, 87, 111]. In most localities included in this study, the peak biting activity 
of Ny. darlingi was after 20:00 or 21:00 h when people conduct indoor and/or outdoor activities 
increasing the risk of vector-human contact. East of the Andes [111] and in southern Colombia, 
peak biting activity is at sunset [92] when no one is protected under ITNs. The dominance of Ny. 
darlingi in most of northwestern Colombian localities seems to be favored by ecological perturba-
tions resulting from various human activities, such as alluvial mining, livestock, small-scale rice 
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Figure 2. Distribution of Nyssorhynchus darlingi (denoted by white dots). Map made in Google Earth Pro [83] using data 
from the Malaria Atlas Project [84, 85].

Figure 3. Localities (denoted by yellow dots) where the primary malaria vector Nyssorhynchus darlingi has been reported 
infected with Plasmodium vivax or Plasmodium falciparum incriminated by molecular methods during 2005 to 2017 [8, 35, 
59, 60, 73, 80, 87–103]. Map made in Google Earth Pro [83, 84].
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production, and forest fragment landscapes [60]. Vector control strategies that include ITNs are 
recommended for containment of Ny. darlingi populations [60, 87, 111, 123].

Studies on the genetic structure of Ny. darlingi in Colombia have shown that at the micro-
geographic scale, in northwestern Colombia, Ny. darlingi is characterized by low genetic dif-
ferentiation and high gene flow [123, 124]. The environmental heterogeneity that is a hallmark 
of this malaria endemic region does not reach a threshold to impact the population structure 
of Ny. darlingi [124]. A comprehensive genetic study that evaluated Ny. darlingi throughout 
its distribution in Colombia found that at a macro-geographic scale, differentiation into two 
main groups, west and east of the Andes, was most likely influenced by the Andes; at a micro-
geographic scale, differentiation was partly the result of isolation by resistance, probably due 
to ecological differences, with significant impact on its population structure. In the current 
malaria scenario in Colombia and considering that Anophelinae mosquitoes adapt to climate 
and environmental changes, population studies should contribute to the development and 
implementation of vector control interventions and monitor their effectiveness in important 
malaria endemic regions of Colombia where Ny. darlingi maintains transmission.

Within Peru, only in the peri-Iquitos region of Loreto Department has the genetic structure 
of Ny. darlingi been evaluated, initially using Random Amplified Polymorphic DNA-PCR, 
that detected substantial homogeneity [125]. When populations from highway and riverine 
habitats were compared over a decade later using microsatellite markers, two highly admixed 
subpopulations were detected in each of nine villages [35]. The second major finding was 
that the 2012–2014 population of Ny. darlingi [35] had replaced that of the 2006 [126] and both 
of these subpopulations had the signature of a recent expansion. The source of the replace-
ment population is unknown, although a broad analysis of microsatellite data across South 
America suggests that it most likely comes from western Brazil [35].

In Venezuela, Ny. darlingi is found in the lowland tropical rainforest, in the southern part of 
the country (Amazonas and Bolivar States), the piedmont ecoregion characterized by high 
rainfall and tropical forests in Trujillo State, western Venezuela, and in the llanos in central-
western Venezuela, a subregion of the savanna ecoregion [127]. There is very little population 
structure in Venezuelan Ny. darlingi based on isozymes, RAPDs, ITS2 sequences [86], but 
more sensitive molecular markers, or whole genomes, might detect micro-geographic differ-
ences among the diverse ecoregions.

3.2. Nyssorhynchus albimanus

Nyssorhynchus albimanus is a malaria vector [27] characterized by ecological adaptability and 
a widespread, mostly coastal lowland, Neotropical distribution (Figure 4) [128]. Its presence 
usually coincides with areas that experience two annual rainy seasons, precipitation greater 
than 1000 mm, high relative humidity and a monthly variation in temperature between 22° 
and 29°C [127, 129, 130]. Despite its absence in Brazil, in Colombia, Ny. albimanus constitutes 
one of the main vectors in rural and peri-urban areas below 400–500 m, predominating along 
the Colombian Caribbean and Pacific Coasts and on the Island of San Andres [130–133]. These 
regions have different levels of Plasmodium transmission and the importance of Ny. albimanus 
also differs [133]. The Pacific is a humid tropical forest and one of the rainiest regions globally; 
in contrast, the Caribbean tropical forest is drier and hotter [134]. Malaria cases increase in 
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relation to ENSO patterns and cycles, particularly those transmitted by Ny. albimanus along 
the Pacific Coast of Colombia [61].

The availability of suitable breeding sites determines distribution and abundance of Ny. albimanus  
[130], a species that can thrive in fresh and brackish water, natural habitats (animal tracks, 
lakes, streams, and wells), and anthropogenic ones (rice fields, lagoons, and mining excava-
tions, among others) [130, 135]. Behaviorally, Ny. albimanus is mainly zoophilic, exophagic, 
and exophilic; yet it can be anthropophilic, depending on local circumstances and abundance 
[130]. It is also known to be endophagic in local malaria hot-spots along the Pacific Coast, i.e., 
the urban sector of Buenaventura. The main outdoor biting time is 19:00–23:00 h, when many 
inhabitants are outside, and therefore exposed to biting and Plasmodium transmission [130]. 
As a vector of P. falciparum and P. vivax, Ny. albimanus has been incriminated in the Pacific 
region [133] and a new species from the southern Pacific Coast, Ny. albimanus B, detected by 
mitochondrial COI sequences, was infected with P. falciparum [57]. Despite the high abundance 
of Ny. albimanus in the Caribbean region, no infected specimens were detected [136].

Population genetic studies of Ny. albimanus in Colombia confirm its status of a single taxon 
throughout its distribution, with low population structuring and little genetic differentiation 
[137]. Two broader studies that included samples from Nicaragua to Ecuador, both nuclear and 
mitochondrial markers, found evidence for geographic structuring [138] and population con-
traction across Panama followed by an east-west expansion [139]. Under the hypothesis that 
malaria vectors are exposed to control pressures and environmental alterations that may lead 
to genotypic and phenotypic variation, genetic (microsatellite) and phenotypic (wing trait) data 

Figure 4. Distribution of Nyssorhynchus albimanus (denoted by white dots). Map made in Google Earth Pro [83] using 
data from the Malaria Atlas Project [84, 85].
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in populations of Ny. albimanus from the Pacific and Caribbean, despite a significant effect of 
environmental factors on wing traits, support a regional metapopulation of Ny. albimanus [132].

In Peru, Ny. albimanus is restricted to the Tumbes region of the northern coast, where it trans-
mits P. vivax at the end of the hot rainy season. Local insecticide application, mostly in rice 
fields, lead to extreme levels of insecticide resistance [23]. A series of meetings and decisions 
between southern Ecuador and northern Peru health personnel resulted in a highly success-
ful control program that employed a wide array of interventions such that autochthonous 
malaria was eliminated in El Oro, Ecuador in 2011 and in Tumbes, Peru in 2012 [135].

In Venezuela, Ny. albimanus is distributed along the coast and the margins of Valencia Lake, 
south of Maracay, although it does not appear to contribute to malaria transmission locally 
[127, 140]. It was found to be as abundant as the known coastal vector Ny. aquasalis in Aragua 
State, northcentral Venezuela, where both species had similar peak biting times during the 
early evening and were collected biting outdoors [141].

3.3. Nyssorhynchus albitarsis s.l.

The Albitarsis Complex comprises at least eight species [142] that extend across Central and 
South America and some Caribbean islands (Figure 5). The difficulty of their morphological 
differentiation complicates recognition of their role(s) in malaria transmission, an important 
aspect for the implementation of targeted and effective vector control strategies [143]. Three 
species are known vectors: Ny. deaneorum, Ny. janconnae, and Ny. marajoara. The latter is impor-
tant regionally in Plasmodium transmission in central and eastern Brazil, where its distribution 
includes Amapá, Mato Grosso, Pará, and Rôndonia [84, 142]. Its role in transmission rivals 
that of Ny. darlingi in some habitat types such as peri-urban Macapá City, Amapá [144] and 
along the Rio Matapi, Amapá [88]. An entomological survey during an outbreak in western 
French Guiana, in an illegal gold mining area, detected a high P. vivax infectivity rate (6.4%) in 
specimens of Ny. marajoara [99]. An ecological niche model, based on current and future (2070), 
distributions of P. falciparum, Ny. darlingi, all species of the Albitarsis Complex, climate, biome 
and topography, projected that, whereas climate change would reduce suitable habitat for 
Ny. darlingi, both Ny. marajoara and Ny. deaneorum are expected to expand southward, thereby 
increasing their likely role in P. falciparum transmission by the projected date of 2070 [19].

In Colombia, only a few species, in particular Ny. marajoara, have been identified morphologi-
cally in this complex [90, 145–147] and implicated in urban transmission [145]. This species is 
thought to be widespread in this country [110]. However, a detailed analysis of many Colombian 
specimens, identified molecularly, did not detect any individual Ny. marajoara [147], in agree-
ment with Ruiz-Lopez et al. [142], whose study indicated that Ny. marajoara is restricted to the 
central-eastern and western regions of Brazil and is most likely absent in Colombia. Further 
studies need to be done on this vector to better frame its geographic distribution.

Albitarsis Complex species appear to be uncommon in Peru but this could reflect a general 
lack of Nyssorhynchus taxon sampling and molecular identification, particularly outside the 
Amazon region of Loreto.

Although there are several published reports of Ny. marajoara as an important regional malaria 
vector in Bolivar State, Venezuela, along with Ny. darlingi [77, 78, 148], a different species,  
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Ny. albitarsis F in the Albitarsis Complex [142], was identified from the Caura Basin, Bolivar State [96].  
In the most recent publication from the malaria hot-spot Sifontes, the specimens infected by 
Plasmodium are referred to only as Ny. albitarsis s.l. [80]. Hopefully, the correct species identi-
ties and distribution will soon be determined in this very crucial Venezuelan hot-spot.

3.4. The Nuneztovari Complex

The Nuneztovari Complex, extending through much of northern South America, includes 
Ny. nuneztovari (Figure 6), Nyssorhynchus dunhami, and Nyssorhynchus goeldii [149]. Like the 
Albitarsis Complex, species in the Nuneztovari Complex are similar morphologically and dif-
ficult to identify accurately. Scarpassa and collaborators [150] presented strong molecular evi-
dence that additional species exist in Brazil and briefly reviewed the role of Ny. nuneztovari as 
a malaria vector in five Amazonian States. Nyssorhynchus nuneztovari is restricted to Colombia 
and western Venezuela, Ny. goeldii to Amazonian Brazil, and Ny. dunhami to central-western 
Brazil, Colombia and Amazonian Peru [71, 150]. It is difficult to evaluate the identification of 

Figure 5. Distribution of the Albitarsis Complex (denoted by white dots). Map made in Google Earth Pro [83] using data 
from the Malaria Atlas Project [84, 85].
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in populations of Ny. albimanus from the Pacific and Caribbean, despite a significant effect of 
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these species in earlier publications, because distributions of Ny. nuneztovari and Ny. goeldii 
overlap, as do those of Ny. goeldii and Ny. dunhami [149, 150].

In Colombia, Ny. nuneztovari is an important malaria vector on both sides of the Andes present-
ing morphological, behavioral, and genetic heterogeneity throughout the country [151, 152].  
In northwestern Colombia, it was found to be the most prevalent species, confirming an ear-
lier study [58], and showed endo and exophagic behavior [152]. It was naturally infected by 
P. vivax VK247 [60, 87], positive for P. vivax VK210, and VK247 in the Pacific Coast [103]. In 
eastern Colombia, there are no recent reports of Ny. nuneztovari infected with Plasmodium, but 
more importantly, there is a lack of investigation of malaria outbreaks along the frontier with 
Venezuela with no record of species identification and vector incrimination. Because of the 
humanitarian crisis in Venezuela, the numbers of malaria cases have increased dramatically 
since 2010 [1, 153]. In the most recent study of Colombian Ny. nuneztovari, it was reported to 
be abundant and dominant in localities where anthropogenic activities such as livestock, fish-
farming, and small to medium-scale agriculture were common, attributed to its adaptability 
to environmentally impacted habitats [152]. Common larval habitats were artificial fishponds 
and wetlands, particularly in the west and northwest [58, 152].

Regionally, this species shows the highest biting activity after 20:00 h, which suggests high 
transmission risk when people are at home, but not necessarily under nets. ITNs could be 
one component of an effective vector control intervention. In a locality in the northeast, Tibú, 

Figure 6. Distribution of the Nuneztovari Complex (denoted by white dots). Map made in Google Earth Pro [83] using 
data from the Malaria Atlas Project [84, 85].
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contiguous with Venezuela, peak biting of Ny. nuneztovari was after 21:00 h. This population 
differed genetically from other Colombian populations and its behavior was similar to Ny. 
nuneztovari from Venezuela. The populations exhibited endo and exophagic behavior in all 
localities and the results of the study indicated that region-specific interventions on both sides 
of the Andes would be most effective [152]. EIR values detected for Colombian Ny. nuneztovari 
were 3.5–3.6 in the northwest and 7.2 in the west. The highest value was in Buenaventura, on 
the Pacific Coast, where Ny. albimanus is considered the primary vector [133], but, according to 
the new study, Ny. nuneztovari also has a role in transmission in peri-urban Buenaventura [152].

In Peru, Ny. nuneztovari has been detected in five Departments: Pasco, Junín, Loreto, Ucayali, 
and Madre de Dios [154] and its presence confirmed in Loreto [155]. It may have a role 
in local malaria transmission, but remains unexplored. Nyssorhynchus nuneztovari is known 
as an important regional vector in western Venezuela where it occurs in seven States [156]. It 
was first identified morphologically in Bolivar State by Moreno et al. [157], from the malaria 
hot-spot of Sifontes municipality and was found infected by P. vivax (0.52%) [80]. It has also 
been found to be as abundant as Ny. darlingi in the Lower Caura River Basin, Bolivar State, 
where it was mostly active at sunset, although biting also throughout the night. Nevertheless, 
it was not detected infected by Plasmodium (although Ny. darlingi was), so the latter is more 
important in relation to malaria risk in the Caura River area [96].

4. Conclusions and recommendations

As discussed by Packard [37], for sustainable malaria control, focusing on decreasing inci-
dence towards elimination, effective measures need to be considered, including those related 
to human ecology. Examples include a significant improvement in living and housing condi-
tions, redesigning of anthropogenic landscapes from those that favor mosquito vectors to a 
remodeled landscape that is both adequate for humans and inadequate for vector mosqui-
toes. The sustainability and success of a malaria control program depends on a combina-
tion of diagnosis of human infection, treatment with anti-malarial drugs, and vector control. 
Moreover, proposed changes will need to be maintained such that the malaria baseline will 
not be affected by either interruption or disruption of a control program [1]. It would be 
sensible to include malaria control in the One Health Program, to align it with the elimination 
of extreme poverty, a goal of the global sustainable development program.

The recent elimination of malaria on the Peru-Ecuador border was a successful strategy and 
included strengthening surveillance and treatment, resource sharing, the use of operational 
research to inform policy, and novel interventions [135]. The current program depends on 
prompt, effective diagnosis and treatment with no charge, community personnel trained 
to collect blood smears from febrile persons within their communities, case reporting to 
a national surveillance system that includes a five-category case definition (indigenous, 
imported, introduced, induced, and cryptic), active foci and case investigations, mapping and 
elimination of larval habitats, and the use of ITNs and LLINs. This could serve as a model for 
the current situation along the Venezuelan border with its neighbors, Colombia and Brazil. 
One very important aspect of this program is that it took 20 years to achieve its goals [135].
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localities and the results of the study indicated that region-specific interventions on both sides 
of the Andes would be most effective [152]. EIR values detected for Colombian Ny. nuneztovari 
were 3.5–3.6 in the northwest and 7.2 in the west. The highest value was in Buenaventura, on 
the Pacific Coast, where Ny. albimanus is considered the primary vector [133], but, according to 
the new study, Ny. nuneztovari also has a role in transmission in peri-urban Buenaventura [152].

In Peru, Ny. nuneztovari has been detected in five Departments: Pasco, Junín, Loreto, Ucayali, 
and Madre de Dios [154] and its presence confirmed in Loreto [155]. It may have a role 
in local malaria transmission, but remains unexplored. Nyssorhynchus nuneztovari is known 
as an important regional vector in western Venezuela where it occurs in seven States [156]. It 
was first identified morphologically in Bolivar State by Moreno et al. [157], from the malaria 
hot-spot of Sifontes municipality and was found infected by P. vivax (0.52%) [80]. It has also 
been found to be as abundant as Ny. darlingi in the Lower Caura River Basin, Bolivar State, 
where it was mostly active at sunset, although biting also throughout the night. Nevertheless, 
it was not detected infected by Plasmodium (although Ny. darlingi was), so the latter is more 
important in relation to malaria risk in the Caura River area [96].

4. Conclusions and recommendations

As discussed by Packard [37], for sustainable malaria control, focusing on decreasing inci-
dence towards elimination, effective measures need to be considered, including those related 
to human ecology. Examples include a significant improvement in living and housing condi-
tions, redesigning of anthropogenic landscapes from those that favor mosquito vectors to a 
remodeled landscape that is both adequate for humans and inadequate for vector mosqui-
toes. The sustainability and success of a malaria control program depends on a combina-
tion of diagnosis of human infection, treatment with anti-malarial drugs, and vector control. 
Moreover, proposed changes will need to be maintained such that the malaria baseline will 
not be affected by either interruption or disruption of a control program [1]. It would be 
sensible to include malaria control in the One Health Program, to align it with the elimination 
of extreme poverty, a goal of the global sustainable development program.

The recent elimination of malaria on the Peru-Ecuador border was a successful strategy and 
included strengthening surveillance and treatment, resource sharing, the use of operational 
research to inform policy, and novel interventions [135]. The current program depends on 
prompt, effective diagnosis and treatment with no charge, community personnel trained 
to collect blood smears from febrile persons within their communities, case reporting to 
a national surveillance system that includes a five-category case definition (indigenous, 
imported, introduced, induced, and cryptic), active foci and case investigations, mapping and 
elimination of larval habitats, and the use of ITNs and LLINs. This could serve as a model for 
the current situation along the Venezuelan border with its neighbors, Colombia and Brazil. 
One very important aspect of this program is that it took 20 years to achieve its goals [135].
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Worldwide, some of the innovations adopted for prevention, control, and eventual elimina-
tion of malaria transmission during the past ~10 years have included the development and 
deployment of LLINs [158, 159], the completion and exploration of many mosquito and para-
site genomes [160–163], major progress on genome editing in vector mosquitoes [164–166], 
new interventions such as house eaves [167] and push-pull systems [168], and better evalua-
tion of larval source management (LSM) as a potential component of integrated control man-
agement systems [169]. Global policies and recommendations provide a useful framework 
and roadmap guided by the Global Technical Strategy of Malaria Control and Elimination 
(2016–2025), a reconsideration of the vectorial capacity formula for elimination [170] and the 
Plan for Elimination of Malaria in Brazil (UN/OMS 2015; [4]).

During the same 10-year timeframe, several novel tools and strategies have been envisaged 
that focus on the Neotropical malaria control and eradication landscape: (1) successful coloni-
zation of the main malaria vector Ny. darlingi [171, 172]; (2) development of predictive models 
on climate change scenarios for Neotropical malaria vectors and Plasmodium [18, 19]; and (3) 
collection of baseline larval habitat characteristics in malaria endemic regions that can guide 
larval source reduction [29, 48, 58, 173] and may prove effective as part of a broader array of 
vector interventions in certain landscape types such as abandoned gold mining pools [174] 
and possibly commercial fish ponds [31].

The most serious challenge to malaria eradication in South America from the viewpoint of 
vector control is that most vector species are primarily exophilic, often exophagic, and fre-
quently bite early in the evening. Therefore, it is essential to determine and monitor the local 
biting behavior of a mosquito vector species.

Identified gaps in vector interventions throughout South American endemic areas are:

1. Sustained funding for vector surveillance and intervention;

2. Ongoing training programs for vector biologists and promoting community participation;

3. Use of species distribution models to map potential distribution and epidemiology to 
focus interventions and planning;

4. New efforts to control exophagic vectors and targeting aquatic stages should be part of 
integrated control and elimination programs that prioritize hot-spots;

5. More accurate and timely identification of transmission in hot-spots;

6. Routine evaluation of application strategies and insecticide resistance.
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Malaria was introduced to Europe from the southeast during the Neolithic period and 
subsequently became established throughout the continent, due to the combination of 
favorable geomorphological and climatic conditions with the presence of adequately 
sized human and competent vector populations. Plasmodium vivax, P. malariae and P. fal-
ciparum all occurred in various areas of the continent, transmitted by numerous Anopheles 
species, mainly An. atroparvus in the northwest, An. labranchiae and An. sacharovi in the 
south. The height of malaria endemicity in the Early Modern Age was followed by decline 
in the twentieth century, particularly in the northwest, owing mainly to man-made 
contraction of vector breeding sites and improvement of living standards. Eradication 
was accomplished in 1974 through widespread drug treatment and residual insecticide 
spraying. Since then, despite the sustained presence of competent vectors and numerous 
malaria cases imported by travelers and immigrants, autochthonous transmission has 
been sporadic in Europe, probably due to prompt diagnosis and treatment afforded by 
robust healthcare services. Current and projected climatic conditions are conducive to 
malaria transmission, particularly vivax malaria, in several areas of Southern Europe. 
Moreover, the continuing immigration crisis may facilitate the buildup of an infectious 
parasite reservoir in the area. Although malaria resurgence is currently unlikely particu-
larly in northwest Europe, it is of crucial importance to maintain disease awareness, diag-
nostic and clinical competence and robust public health infrastructure for surveillance 
and vector control to diminish the possibility of malaria transmission in Europe’s most 
vulnerable areas.
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1. Introduction

Malaria, the most notorious parasitic disease of mankind, has accompanied humanity probably 
since prehistoric times and has shaped the course of human history over the centuries. It is still 
a major infectious disease today, causing more deaths by far than all other parasitic diseases 
combined, while nearly half of the current human population lives in areas of ongoing trans-
mission. According to the World Health Organization (WHO) in 2016, 216 million malaria cases 
occurred worldwide (uncertainty range 196–263 million) resulting in 445,000 deaths. At pres-
ent, 90% of all cases and 91% of all malaria deaths (of which 70% are in children under 5 years) 
occur in the WHO African Region [1]. Five species of the parasitic protozoan Plasmodium cause 
malaria: P. falciparum, P. vivax P. ovale, P. malariae and P. knowlesi. The ecology of human malaria 
species is closely linked to geomorphology and climatic conditions, particularly temperature 
and rainfall, which affect both the vector species and the parasites themselves, while malaria 
epidemiology is influenced by additional factors relating to the human host, such as popula-
tion density and susceptibility to infection. Ronald Ross developed the original mathematical 
models for malaria transmission in the early twentieth century and his equations were refined 
by George McDonald and several mathematicians and other scientists for over 70 years. These 
models expanded further using epidemiological and entomological data from field studies, 
eventually evolving into the Ross-MacDonald theory of mosquito-borne disease transmission 
[2]. These equations still form the basis of our understanding of malaria transmission and, 
despite some rather simplifying assumptions they contain, they epitomize its most important 
determinants. In one of them MacDonald defined the concept now called the basic reproduc-
tion number R0 as the expected number of secondary infections resulting from a single infec-
tion in a completely susceptible population. He denoted it as follows [3]:

   R  0   =  ma   2   bp   n  / − r ln p  (1)

where m is defined as Anopheles mosquito abundance relative to the human population, a 
describes the inclination of a vector to bite a human host, b represents the proportion of infective 
mosquito bites, p is defined as the probability the mosquito will survive a day, n is defined as the 
duration of the extrinsic incubation period, that is, time needed for parasite development within 
the mosquito and r is the recovery rate of the human host. If R0 is greater than one, the number 
of infected people increases, and if it is less than one, that number declines. In terms of these 
models, one can surmise that for malaria to invade and remain established in a certain area, 
where geomorphology, temperature and precipitation favor parasite, and vector survival and 
development, an adequately sized susceptible human population must coexist with efficient 
malaria vectors. Efficiency depends on mosquito abundance, life span, predilection for feeding 
on human host and susceptibility to infection by the various Plasmodium species. These deter-
mining factors for malaria risk in a given area were described in detail within the definitions of 
receptivity, vector infectivity and vulnerability. Each of these factors and their respective roles in 
the establishment and the eradication of malaria from the European World are briefly discussed.

Several Anopheles species capable of transmitting malaria exist in Europe. Species belonging to 
the Anopheles maculipennis Subgroup (Diptera, Culicidae) are widely distributed and exhibit 
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variable susceptibility to infection by Plasmodium spp., due to differences in behavioral pat-
terns and feeding preferences. This subgroup includes 10 species among which 3 are important 
malaria vector species, that is, An. atroparvus (van Thiel 1927) in most of western, northern and 
central Europe, An. labranchiae (Falleroni 1926) and An. sacharovi (Favre 1903) in the south and 
southeast. Other species, occurring in Europe that are considered as malaria vectors of minor 
importance, include An. messeae, An. maculipennis s.s. and An. melanoon of the Maculipennis 
Subgroup, while some are of little significance such as An. algeriensis, An. claviger, An. plumbeus, 
An. superpictus to cite a few [4, 5]. The most important geographical features regarding malaria 
ecology in Europe were the plains and coastal marshes in all areas of the continent. Southern 
Europe is comprised of mountainous peninsulas, separated by stretches of sea that make up 
the Mediterranean. In each of these, mountain ranges divide plains, where water from rain-
fall tended to collect and frequently stagnate, forming marshes on its way to the sea. Coastal 
marshlands also existed all around the North Sea basin while there are numerous river valleys 
and flood plains in Central and Northwest Europe. European climatic conditions, particularly 
the extreme seasonality of temperate climate, presented a substantial challenge for Plasmodium 
species during their gradual spread across the continent, although the distribution of P. vivax in 
Europe until the twentieth century extended as north as Southern Finland [6]. Optimal tempera-
ture ranges for parasite development within the mosquito are 16–33 and 18–33°C for P. vivax and 
P. falciparum, respectively [7]. Evidently, European winter temperatures were not conducive to 
parasite development. Temperate Plasmodium strains circumvented this problem by employing 
biological mechanisms to ensure survival and maintain transmission during the winter. P. vivax 
relies primarily on dormancy in the human liver in the form of hypnozoites, whereas P. malariae 
on prolonged incubation and persistent low-level parasitemia for years or even decades. An 
additional opportunity for continued parasite survival and transmission was the overwintering 
of female mosquitoes indoors, in the warmth of animal shelters and human dwellings.

2. Introduction, rise and decline of malaria in Europe

It is most likely that malaria (caused by P. vivax, P. malariae and P. falciparum) was introduced 
into the area around the Mediterranean and thence to the rest of Europe during the Neolithic 
period (4000–3000 BC). P. falciparum’s histidine-rich protein 2 was detected in Egyptian mum-
mies from 3200 BC confirming its presence in the outskirts of the Mediterranean world in 
the fourth millennium BC, suggesting the known contact between Egypt and Greece in the 
Early Bronze Age as one possible route of its introduction to Europe. Another possibility is 
that all three species of Plasmodium made the crossing within human hosts, as populations of 
Neolithic farmers migrated to Europe from the Near East, the wetlands and plains of today’s 
Israel, Palestine, Syria and Jordan, where agriculture is believed to have developed [8].

Attempts to trace the history of malaria in ancient Greece before the fifth century BC are 
plagued by shortage of evidence and confounded by difficulties in its interpretation. There is 
an interesting passage in Homer’s Iliad in which Achilles hurrying to avenge Patroclus’ death is 
compared to the bright star that rises in late July (Sirius) and heralds the arrival of fever (greek 
“πυρετός”) for wretched mortals. Although impossible to prove that this is an early reference 

Malaria Eradication in the European World: Historical Perspective and Imminent Threats
http://dx.doi.org/10.5772/intechopen.76435

317



1. Introduction

Malaria, the most notorious parasitic disease of mankind, has accompanied humanity probably 
since prehistoric times and has shaped the course of human history over the centuries. It is still 
a major infectious disease today, causing more deaths by far than all other parasitic diseases 
combined, while nearly half of the current human population lives in areas of ongoing trans-
mission. According to the World Health Organization (WHO) in 2016, 216 million malaria cases 
occurred worldwide (uncertainty range 196–263 million) resulting in 445,000 deaths. At pres-
ent, 90% of all cases and 91% of all malaria deaths (of which 70% are in children under 5 years) 
occur in the WHO African Region [1]. Five species of the parasitic protozoan Plasmodium cause 
malaria: P. falciparum, P. vivax P. ovale, P. malariae and P. knowlesi. The ecology of human malaria 
species is closely linked to geomorphology and climatic conditions, particularly temperature 
and rainfall, which affect both the vector species and the parasites themselves, while malaria 
epidemiology is influenced by additional factors relating to the human host, such as popula-
tion density and susceptibility to infection. Ronald Ross developed the original mathematical 
models for malaria transmission in the early twentieth century and his equations were refined 
by George McDonald and several mathematicians and other scientists for over 70 years. These 
models expanded further using epidemiological and entomological data from field studies, 
eventually evolving into the Ross-MacDonald theory of mosquito-borne disease transmission 
[2]. These equations still form the basis of our understanding of malaria transmission and, 
despite some rather simplifying assumptions they contain, they epitomize its most important 
determinants. In one of them MacDonald defined the concept now called the basic reproduc-
tion number R0 as the expected number of secondary infections resulting from a single infec-
tion in a completely susceptible population. He denoted it as follows [3]:

   R  0   =  ma   2   bp   n  / − r ln p  (1)

where m is defined as Anopheles mosquito abundance relative to the human population, a 
describes the inclination of a vector to bite a human host, b represents the proportion of infective 
mosquito bites, p is defined as the probability the mosquito will survive a day, n is defined as the 
duration of the extrinsic incubation period, that is, time needed for parasite development within 
the mosquito and r is the recovery rate of the human host. If R0 is greater than one, the number 
of infected people increases, and if it is less than one, that number declines. In terms of these 
models, one can surmise that for malaria to invade and remain established in a certain area, 
where geomorphology, temperature and precipitation favor parasite, and vector survival and 
development, an adequately sized susceptible human population must coexist with efficient 
malaria vectors. Efficiency depends on mosquito abundance, life span, predilection for feeding 
on human host and susceptibility to infection by the various Plasmodium species. These deter-
mining factors for malaria risk in a given area were described in detail within the definitions of 
receptivity, vector infectivity and vulnerability. Each of these factors and their respective roles in 
the establishment and the eradication of malaria from the European World are briefly discussed.

Several Anopheles species capable of transmitting malaria exist in Europe. Species belonging to 
the Anopheles maculipennis Subgroup (Diptera, Culicidae) are widely distributed and exhibit 

Towards Malaria Elimination - A Leap Forward316

variable susceptibility to infection by Plasmodium spp., due to differences in behavioral pat-
terns and feeding preferences. This subgroup includes 10 species among which 3 are important 
malaria vector species, that is, An. atroparvus (van Thiel 1927) in most of western, northern and 
central Europe, An. labranchiae (Falleroni 1926) and An. sacharovi (Favre 1903) in the south and 
southeast. Other species, occurring in Europe that are considered as malaria vectors of minor 
importance, include An. messeae, An. maculipennis s.s. and An. melanoon of the Maculipennis 
Subgroup, while some are of little significance such as An. algeriensis, An. claviger, An. plumbeus, 
An. superpictus to cite a few [4, 5]. The most important geographical features regarding malaria 
ecology in Europe were the plains and coastal marshes in all areas of the continent. Southern 
Europe is comprised of mountainous peninsulas, separated by stretches of sea that make up 
the Mediterranean. In each of these, mountain ranges divide plains, where water from rain-
fall tended to collect and frequently stagnate, forming marshes on its way to the sea. Coastal 
marshlands also existed all around the North Sea basin while there are numerous river valleys 
and flood plains in Central and Northwest Europe. European climatic conditions, particularly 
the extreme seasonality of temperate climate, presented a substantial challenge for Plasmodium 
species during their gradual spread across the continent, although the distribution of P. vivax in 
Europe until the twentieth century extended as north as Southern Finland [6]. Optimal tempera-
ture ranges for parasite development within the mosquito are 16–33 and 18–33°C for P. vivax and 
P. falciparum, respectively [7]. Evidently, European winter temperatures were not conducive to 
parasite development. Temperate Plasmodium strains circumvented this problem by employing 
biological mechanisms to ensure survival and maintain transmission during the winter. P. vivax 
relies primarily on dormancy in the human liver in the form of hypnozoites, whereas P. malariae 
on prolonged incubation and persistent low-level parasitemia for years or even decades. An 
additional opportunity for continued parasite survival and transmission was the overwintering 
of female mosquitoes indoors, in the warmth of animal shelters and human dwellings.

2. Introduction, rise and decline of malaria in Europe

It is most likely that malaria (caused by P. vivax, P. malariae and P. falciparum) was introduced 
into the area around the Mediterranean and thence to the rest of Europe during the Neolithic 
period (4000–3000 BC). P. falciparum’s histidine-rich protein 2 was detected in Egyptian mum-
mies from 3200 BC confirming its presence in the outskirts of the Mediterranean world in 
the fourth millennium BC, suggesting the known contact between Egypt and Greece in the 
Early Bronze Age as one possible route of its introduction to Europe. Another possibility is 
that all three species of Plasmodium made the crossing within human hosts, as populations of 
Neolithic farmers migrated to Europe from the Near East, the wetlands and plains of today’s 
Israel, Palestine, Syria and Jordan, where agriculture is believed to have developed [8].

Attempts to trace the history of malaria in ancient Greece before the fifth century BC are 
plagued by shortage of evidence and confounded by difficulties in its interpretation. There is 
an interesting passage in Homer’s Iliad in which Achilles hurrying to avenge Patroclus’ death is 
compared to the bright star that rises in late July (Sirius) and heralds the arrival of fever (greek 
“πυρετός”) for wretched mortals. Although impossible to prove that this is an early reference 

Malaria Eradication in the European World: Historical Perspective and Imminent Threats
http://dx.doi.org/10.5772/intechopen.76435

317



to malaria, the association with the harvest calls to mind the name “aestivo-autumnal fever” 
frequently used for P. falciparum malaria by doctors many centuries later. However, the clear-
est references from historic sources that can be attributed to malaria are those to fevers with 
tertian and quartan periodicities. Hippocrates in the fifth and fourth centuries BC and Celsus 
in the early first century AD described two types of tertian fever (tertian and semitertian) with 
symptoms corresponding to vivax and falciparum malaria respectively and a quartan fever 
corresponding to infection by P. malariae. The association with swamps was also common 
knowledge since the time of Hippocrates’ treatise “Airs, Waters, Places” although the connec-
tion with mosquitoes was not made, possibly because of the existence of regions where there 
was no malaria although mosquitoes were abundant. P. vivax was always the most important 
species in the area, as its life cycle characteristics and adaptations were well suited for trans-
mission in the seasonal climate of the Mediterranean, but malaria due to P. falciparum and  
`P. malariae occurred as well, unlike P. ovale which is absent from the Mediterranean region. 
Vivax malaria appeared in spring and early summer, followed by falciparum malaria, which 
peaked in late summer and autumn. Periodic epidemics were also observed in areas of ende-
micity. Malaria was well known at the time of the Roman Empire. The Pontine Marshes, a 
30 km2 marshland area to the southeast of Rome in central Italy, was a haven for the disease 
for almost two millennia. The word “malaria” itself, meaning “bad air” (mal’aria) is Italian in 
origin and reflects the miasmatic theory on the nature of the disease. Julius Caesar, who had 
suffered from quartan fever himself when he was young, had ambitious plans to drain the 
Pontine Marshes and claim the land for agriculture, a feat that was finally accomplished by 
Mussolini, on the eve of World War II. Eminent Byzantine physicians, such as Oribasius and 
Paul of Aegina, provide information on fevers during the Middle Ages in the Eastern Roman 
Empire (Byzantium) [9].

P. vivax and P. malariae gradually made their way to the north-west and the north of the con-
tinent, probably through France and Spain. Little is known about the first centuries of the first 
millennium AD, but there can be no doubt that malaria was present in northwest Europe from 
the middle Ages until the nineteenth century. During the medieval climatic optimum, near 
the end of the twelfth century, increased temperatures and associated rise in sea level prob-
ably favored the spread of malaria northward. The coastal flood plains and marshlands in the 
Iberian Peninsula, France, England, the Netherlands, North Germany, Denmark, Scandinavia 
and Russia were most affected. A significant vector for coastal areas was the zoophilic An. 
atroparvus, a widely distributed species. Once established on the coast, malaria strains could 
move inland along river valleys, floodplains and swamps, possibly transmitted by inland 
mosquito species, such as An. messeae. Assessment of disease incidence and mortality from 
historical records is difficult. Nevertheless, evidence that malaria was the likely cause of fever 
in European coastal marshes can be gathered from accounts of disease symptoms, such as 
intermittent fevers (tertian and quartan), anemia and splenomegaly and by its seasonal pat-
tern. Such descriptions exist in Anglo-Saxon medical texts dating back to the ninth century 
and can be found in accounts from north Germany, Denmark and the Netherlands. P. malariae 
is believed to have been endemic along the river banks of the Rhine, Rhone and Danube, 
along the eastern and southeastern English coast, and in the Netherlands and as far north as 
Sweden and Finland in the thirteenth century [10]. It appears that falciparum malaria was 
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rarely encountered in northwest Europe and when it did, it was probably imported from the 
south and could not really take root, as its causative agent, P. falciparum did not survive within 
the human host for more than a year and was poorly adapted to local mosquito species.

Malaria reached the height of its endemicity in northwest and north Europe in the Early 
Modern Age (late fifteenth and early sixteenth centuries), mainly due to high population den-
sities in coastal areas and a variety of human interventions, like the construction of embank-
ments, floodgates, canals and harbors. Surprisingly, the increase in disease frequency occurred 
despite a general drop in temperature, which began halfway into the sixteenth century, lasted 
for 150–200 years and was so pronounced that it was termed the Little Ice Age. The area of 
malaria distribution was the greatest it had ever been at the end of the nineteenth and the 
beginning of the twentieth centuries. At that time, malaria was highly prevalent in southern 
Europe while its northernmost limit ran along the 64° N parallel from central England to 
southern Norway, central Sweden and Finland and Northern European Russia.

The disappearance of malaria from Europe progressed from northwest to southeast and was 
the result of various contributing factors, including environmental changes, ecological and 
social developments, introduction of effective treatment and concerted human control efforts. 
One of the most important factors in lowering the prevalence of malaria is considered to have 
been the habitat separation of humans from cattle [6]. Malaria transmission in Europe has 
always been predominantly unstable, due to environmental, climatic and vector biology fac-
tors including strong zoophilic behavior. In such an epidemiological setting, it was relatively 
easy for human interventions to tip the fragile human-parasite balance against the parasite, 
leading to disease elimination.

The drainage, reclamation of swampland and improvements in water management in the fields 
drastically reduced the availability of mosquito breeding sites resulting in reduced mosquito pop-
ulations in many areas. Agricultural innovations led to better human overall health and an increase 
in animal populations. Animals were fed during the winter and kept in stables, byres and pigsties. 
These animal shelters and their occupants proved much more attractive for the main vector of 
malaria in most of Europe, the zoophilic An. atroparvus, diverting mosquitoes from the nearby 
human dwellings. Improvements in house construction and living standards played a significant 
role as well. Buildings where human living quarters and animal shelters were found together pro-
gressively disappeared. This human-domestic animal habitat separation played a major role in the 
decrease of malaria transmission. Finally, the extensive use of cinchona bark brought to Europe 
in the 1600s and the introduction of quinine in the 1820s further moderated disease transmission.

Nevertheless, in the beginning of the twentieth century, malaria still plagued a significant part 
of Europe, particularly the south. At the end of the nineteenth century, malaria was affecting 
approximately 10% of the Italian population, with annual cases in the range of two million 
and about 15,000–20,000 deaths per year [11]. The situation was somewhat worse in Greece. 
During his visit in 1906, Ronald Ross was surprised to discover that 65% of the children in 
the particularly malarious area around lake Copais in Voiotia were suffering from the disease 
[12]. The Greek-Turkish War in Asia Minor in 1922 and the tragic events that led to a back-
wave of 1,300,000 Greek refugees were followed by an increase in the outbreaks and the death 
toll of malaria in the late 1920s. Α communication from Greece to the WHO reported that, in 
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`P. malariae occurred as well, unlike P. ovale which is absent from the Mediterranean region. 
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for almost two millennia. The word “malaria” itself, meaning “bad air” (mal’aria) is Italian in 
origin and reflects the miasmatic theory on the nature of the disease. Julius Caesar, who had 
suffered from quartan fever himself when he was young, had ambitious plans to drain the 
Pontine Marshes and claim the land for agriculture, a feat that was finally accomplished by 
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is believed to have been endemic along the river banks of the Rhine, Rhone and Danube, 
along the eastern and southeastern English coast, and in the Netherlands and as far north as 
Sweden and Finland in the thirteenth century [10]. It appears that falciparum malaria was 
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rarely encountered in northwest Europe and when it did, it was probably imported from the 
south and could not really take root, as its causative agent, P. falciparum did not survive within 
the human host for more than a year and was poorly adapted to local mosquito species.

Malaria reached the height of its endemicity in northwest and north Europe in the Early 
Modern Age (late fifteenth and early sixteenth centuries), mainly due to high population den-
sities in coastal areas and a variety of human interventions, like the construction of embank-
ments, floodgates, canals and harbors. Surprisingly, the increase in disease frequency occurred 
despite a general drop in temperature, which began halfway into the sixteenth century, lasted 
for 150–200 years and was so pronounced that it was termed the Little Ice Age. The area of 
malaria distribution was the greatest it had ever been at the end of the nineteenth and the 
beginning of the twentieth centuries. At that time, malaria was highly prevalent in southern 
Europe while its northernmost limit ran along the 64° N parallel from central England to 
southern Norway, central Sweden and Finland and Northern European Russia.

The disappearance of malaria from Europe progressed from northwest to southeast and was 
the result of various contributing factors, including environmental changes, ecological and 
social developments, introduction of effective treatment and concerted human control efforts. 
One of the most important factors in lowering the prevalence of malaria is considered to have 
been the habitat separation of humans from cattle [6]. Malaria transmission in Europe has 
always been predominantly unstable, due to environmental, climatic and vector biology fac-
tors including strong zoophilic behavior. In such an epidemiological setting, it was relatively 
easy for human interventions to tip the fragile human-parasite balance against the parasite, 
leading to disease elimination.

The drainage, reclamation of swampland and improvements in water management in the fields 
drastically reduced the availability of mosquito breeding sites resulting in reduced mosquito pop-
ulations in many areas. Agricultural innovations led to better human overall health and an increase 
in animal populations. Animals were fed during the winter and kept in stables, byres and pigsties. 
These animal shelters and their occupants proved much more attractive for the main vector of 
malaria in most of Europe, the zoophilic An. atroparvus, diverting mosquitoes from the nearby 
human dwellings. Improvements in house construction and living standards played a significant 
role as well. Buildings where human living quarters and animal shelters were found together pro-
gressively disappeared. This human-domestic animal habitat separation played a major role in the 
decrease of malaria transmission. Finally, the extensive use of cinchona bark brought to Europe 
in the 1600s and the introduction of quinine in the 1820s further moderated disease transmission.

Nevertheless, in the beginning of the twentieth century, malaria still plagued a significant part 
of Europe, particularly the south. At the end of the nineteenth century, malaria was affecting 
approximately 10% of the Italian population, with annual cases in the range of two million 
and about 15,000–20,000 deaths per year [11]. The situation was somewhat worse in Greece. 
During his visit in 1906, Ronald Ross was surprised to discover that 65% of the children in 
the particularly malarious area around lake Copais in Voiotia were suffering from the disease 
[12]. The Greek-Turkish War in Asia Minor in 1922 and the tragic events that led to a back-
wave of 1,300,000 Greek refugees were followed by an increase in the outbreaks and the death 
toll of malaria in the late 1920s. Α communication from Greece to the WHO reported that, in 
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the 1930s, P. falciparum, P. vivax and P. malariae all occurred in the country; the annual attack 
rate was estimated at 15–30% of the total population, and the mortality rate was 73.7 deaths 
per 100,000 inhabitants. Treatment required approximately 30 tons of quinine each year [13]. 
In 1924, the League of Nations established the Malaria Commission to conduct research and 
strategize the control of malaria. The socioeconomic devastation and mass displacements 
caused by World War II interrupted the implementation of national elimination programs 
and destroyed environmental engineering works that had reduced transmission, setting back 
malaria control efforts. Control interventions, drug therapy and insecticide spraying resumed 
successfully in the late 1940s, and the World Health Organization certified the achievement of 
malaria eradication in Hungary in 1963, followed by Spain in 1964, Bulgaria in 1965, Poland 
and Romania in 1967, the Netherlands and Italy in 1970, Yugoslavia and mainland Portugal 
in 1973. In 1975, the last focus of indigenous malaria reported from Macedonia in Greece had 
been extinguished and Europe was malaria free for the first time in history.

3. Malaria in Europe: current situation

Europe, in the most prevalent definition of the term, is distinct from the area currently desig-
nated “the WHO European Region” which comprises all countries of the European Union (EU), 
the Balkans, South Caucasus and Central Asia and the Russian Federation, Israel and Turkey 
(53 countries in all), some of which do not belong to Europe geographically. The European 
Centre for Disease Prevention and Control (ECDC) issues annual epidemiological reports on 
malaria in Europe based on data retrieved from the European Surveillance System (TESSy) that 
collects, analyzes and disseminates data on communicable diseases that generally originate 
from national surveillance systems. Malaria is a notifiable disease in the EU and its reporting is 
compulsory in 24 countries, voluntary in France and Belgium and “not specified” in the United 
Kingdom (UK). Active disease surveillance is in place only in the Czech Republic, Slovakia, 
the UK, and in high-risk areas in Greece. The latest available data on the number of malaria 
cases in EU and European Economic Area (EEA) countries reported to the ECDC are shown in 
Table 1. Nearly all malaria cases (99.9%) are currently imported by international travelers and 
immigrants [14, 15]. Of the 31 European countries reporting to the ECDC the highest number of 
confirmed cases in 2014 and 2015 were reported from France (n = 2299 and 2500) and the United 
Kingdom (n = 1510 and 1397, respectively) (Table 1). Imported malaria in these countries was 
mainly linked to travel to West Africa, particularly for the purpose of visiting friends and rela-
tives residing in countries and European territories endemic for malaria, such as Mayotte and 
French Guiana [15]. The causative species depends on the area the parasite is imported from 
and the largest proportion is identified as P. falciparum [16]. Similarly, the incidence and spe-
cies distribution in refugees and immigrants reflects the local epidemiology in their country 
of origin and along the migration route they followed. Notably, many immigrants prefer to 
remain unnoticed by the authorities until they reach the country they intend to request asylum 
from, and therefore a significant proportion of malaria cases in this population, possibly even 
half of them are thought to remain unreported [17]. Permanent foreign residents that have 
settled in European countries and regularly return to their malaria endemic country of origin 
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Countries 2011 2012 2013 2014 2015

Cases 
confirmed 
(reported)

Rate** Cases 
confirmed 
(reported)

Rate Cases 
confirmed 
(reported)

Rate Cases 
confirmed 
(reported)

Rate Cases 
confirmed 
(reported)

Rate

Austria 7 0.1 28 0.3 42 0.5 68 0.8 81 0.9

Belgium 184 1.7 206 1.9 253 2.3 235 2.1 276 2.5

Bulgaria 8 0.1 16 0.2 8 0.1 10 0.1 20 0.3

Croatia — — 23 0.5 0 0.0 6 0.1 7 0.2

Cyprus 6 0.7 1 0.1 3 0.3 8 0.9 3 0.4

Czech Republic 28 0.3 25 0.2 27 0.3 30 0.3 29 0.3

Denmark — — — — — — — — — —

Estonia 1 0.1 6 0.5 3 0.2 3 0.2 4 0.3

Finland 33 0.6 46 0.9 38 0.7 39 0.7 39 0.7

France 1891 — 1851 — 2165 — 2299 — 2500 —

Germany 0 (562) 0 (0.7) 0 (547) 0 
(0.7)

0 (637) 0 
(0.8)

— — 0 (1063) 0

Greece 92 0.8 95 0.9 25 0.2 38 0.3 84 0.8

Hungary 10 0.1 5 0.1 5 0.1 15 0.2 12 0.1

Iceland — — — — — — — — — —

Ireland 61 1.3 65 1.4 71 1.5 79 1.7 82 1.8

Italy — — — — — — — — — —

Latvia 4 0.2 3 0.1 4 0.2 6 0.3 1 0.1

Liechtenstein — — — — — — — — — —

Lithuania 3 0.1 6 0.2 8 0.3 5 0.2 8 0.3

Luxembourg 3 0.6 7 1.3 4 0.7 3 0.5 1 0.2

Malta 1 0.2 2 0.5 5 1.2 3 0.7 7 1.6

Netherlands 253 1.5 194 1.2 162 1.0 276 1.6 340 2.0

Norway 30 0.6 37 0.7 72 1.4 120 2.3 94 1.8

Poland 14 0.0 21 0.1 36 0.1 19 0.0 29 0.1

Portugal 67 0.6 71 0.7 117 1.1 144 1.4 194 1.9

Romania 40 0.2 32 0.2 43 0.2 47 0.2 30 0.2

Slovakia 1 0.0 6 0.1 4 0.1 5 0.1 0 0.0

Slovenia 6 0.3 7 0.3 3 0.1 7 0.3 5 0.2

Spain 405 0.9 421 0.9 518 1.1 688 1.5 706 1.5

Sweden 95 1.0 85 0.9 119 1.2 354 3.7 250 2.6

United Kingdom 1677 2.7 1378 2.2 1501 2.3 1510 2.3 1397 2.2
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French Guiana [15]. The causative species depends on the area the parasite is imported from 
and the largest proportion is identified as P. falciparum [16]. Similarly, the incidence and spe-
cies distribution in refugees and immigrants reflects the local epidemiology in their country 
of origin and along the migration route they followed. Notably, many immigrants prefer to 
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from, and therefore a significant proportion of malaria cases in this population, possibly even 
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to visit friends and relatives (also known as VFRs) are currently the most significant high-risk 
population for malaria importation, for geographic and behavioral reasons. Specifically, they 
visit endemic areas frequently, often stay in rural areas with poor health infrastructure for 
longer periods than tourists do, do not usually seek pre-travel medical advice and have poor 
compliance with malaria chemoprophylaxis and protection measures. P. falciparum and much 
less so P. ovale and P. malariae are usually imported from sub-Saharan Africa, particularly West 
Africa, whereas P. vivax from Asia and areas of South America. P. falciparum is usually detected 
shortly after the patient’s arrival, due to its prominent clinical presentation, whereas P. vivax 
and P. malariae might remain undetected for a significant amount of time. Obviously, the pos-
sibility that individuals infected with malaria may remain undetected for several months after 
arrival to Europe could be a significant risk factor for local transmission, particularly regarding 
P. vivax for which competent vectors are still widely distributed across the continent.

Europe has been considered malaria free since 1975, as was the rest of the WHO European 
Region at that time, except for Turkey. However, in the late 1980s and early 1990s, autochtho-
nous malaria transmission chiefly due to P. vivax resumed in the Transcaucasian countries, the 
Central Asian republics and less so in the Russian Federation, most likely due to mass popula-
tion movements, socio-economic challenges, agricultural and developmental schemes and the 
neglect of malaria prevention and control services. The Roll Back Malaria (RBM) Initiative in 
1998 and the Tashkent declaration for “The move from malaria control to elimination” in 2005 
[18] seem to have successfully reached their targets. According to WHO, the WHO European 
Region reported zero indigenous malaria cases in 2015, thus achieving its set goal of disease 
elimination [19]. As far as the European continent itself is concerned, since the late 1990s, spo-
radic autochthonous malaria cases occurred in several countries, caused by infection of local 
mosquitoes by travelers or immigrants from endemic regions. Locally transmitted malaria 
cases have been reported in Spain [20], Germany [21], the Netherlands [22], France [23], Italy 
[24] and Greece [25]. More recently, 5 cases were reported to the ECDC as locally acquired in 
2014, 7 in 2015, 10 cases in 2016 and 17 in 2017 recorded from 8 different countries (Table 2).  
Epidemiology and modes of transmission included congenital transmission from mothers 

Countries 2011 2012 2013 2014 2015

Cases 
confirmed 
(reported)

Rate** Cases 
confirmed 
(reported)

Rate Cases 
confirmed 
(reported)

Rate Cases 
confirmed 
(reported)

Rate Cases 
confirmed 
(reported)

Rate

EU/EEA 4920 
(5482)

0.8 
(1.0)

4637 
(5184)

0.7 
(0.9)

5236 
(5873)

0.8 
(1.0)

6017 1.0 6199 1.0

*ECDC = European Centre for Disease Prevention and Control.
**Rate denotes number of cases per 100,000 population. Reporting in France is voluntary and surveillance coverage is 
not nationwide.
Note: • 99.9 and 99.8% of cases for which travel information was provided were travel related in 2014 and 2015 
respectively.
Source: [14, 15].

Table 1. Malaria cases in the European Union (EU) and European economic area (EEA) reported to the ECDC* during 
2011–2015: confirmed cases (reported cases) and rate per 100,000 population.
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infected in an endemic country, induced malaria following a transplant from a donor who 
had traveled to an endemic country, introduced malaria due to residence near imported cases 
and “suitcase malaria” [26–28]. Among the locally acquired cases in 2017 included a fatal case 
of falciparum malaria in a four-year-old diabetic girl in Italy. Epidemiological investigations 
identified hospitalization of this case along with two other patients infected with P.  falciparum 

Year Total cases Country (no. of 
cases)

Parasite species Mode of transmission-epidemiology

2014 5 France (2) Unspecified Undocumented residents, travel to endemic 
region possible

Spain (3) P. falciparum Congenital (mother originally from Equatorial 
Guinea)

P. malariae Induced (kidney transplant from traveler to 
Equatorial Guinea)

P. vivax Introduced (residence near imported case)

2015 7 Greece (6) P. vivax Mosquito-borne, autochthonous in receptive 
rural areas, presence of patients from endemic 
countries in the area

Belgium (1) P. falciparum “Suitcase malaria”

Netherlands (1) P. vivax Congenital (mother: an Eritrean refugee)

2016 10 Greece (6) P. vivax Mosquito-borne, introduced

France (2) Unspecified Mosquito-borne, introduced or airport malaria

Spain (1) Unspecified

Lithuania (1) Unspecified

2017 17 (until 
15/12/2017)

France (2) P. falciparum Mosquito-borne, in the area where P. falciparum 
malaria imported from Burkina Faso occurred

Greece (7) P. vivax (6) Mosquito-borne, introduced

P. falciparum (1) Nosocomial, mosquito-borne or iatrogenic 
(not transfusion), patient recently hospitalized 
in ward where a patient was treated for P. 
falciparum malaria.

Italy (5) P. falciparum (1) Mosquito-borne or nosocomial, fatal, 4 years 
old diagnosed with diabetes mellitus; two 
patients infected with P. falciparum were 
hospitalized in the same ward

P. falciparum (4) Mosquito-borne, patients originally from Africa

UK (3) P. vivax Mosquito-borne, contracted in Northern 
Cyprus

Source: [26–28].

Table 2. Locally acquired malaria cases in Europe during 2014–2017.
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infected in an endemic country, induced malaria following a transplant from a donor who 
had traveled to an endemic country, introduced malaria due to residence near imported cases 
and “suitcase malaria” [26–28]. Among the locally acquired cases in 2017 included a fatal case 
of falciparum malaria in a four-year-old diabetic girl in Italy. Epidemiological investigations 
identified hospitalization of this case along with two other patients infected with P.  falciparum 
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in the same ward. Another case of potentially nosocomial P. falciparum transmission was 
reported from northwest Greece.

4. Risk of malaria re-emergence in Europe

The possibility of malaria re-emergence in Europe in the face of climatic and demographic 
changes was renewed in the 2000s partly aroused by reports of epidemics in neighboring 
Turkey and central Asia. The risk of malaria introduction in a given area, also known as its 
malariogenic potential, depends on three characteristics: receptivity, vector infectivity and 
vulnerability [29].

Receptivity depends on the presence of a competent vector, and ecological and climatic con-
ditions, conducive to vector survival and proliferation. Vectorial capacity is determined by 
mosquito population density, life span, feeding preferences and duration of parasite develop-
ment (sporogony). Several Anopheles species capable of transmitting malaria are still abundant 
across Europe. The geographical distribution of the European dominant malaria vector spe-
cies and their main bionomical characteristics are shown is Figure 1 and Table 3, respectively. 
The most widely distributed belong to the Anopheles maculipennis Subgroup. Historically, A. 
atroparvus was the primary malaria vector in most of northern, western and central Europe 
[30]. It occurs along the coast of the Atlantic Ocean, from south Sweden to Portugal and Spain, 
around the Baltic Sea and variably in central Europe and the Balkans. Its distribution in Europe 
has contracted with the disappearance of coastal marshlands and increasing water pollution. 
An. labranchiae and An. sacharovi were the most important malaria vectors in southern Europe, 
the Balkans, Italy and Greece. An. labranchiae has been reported from Corsica, the coastal 
areas of Italy, Sardinia, Sicily, the Istrian Peninsula and the Dalmatian Coast of Croatia; it 
also occurs in North Africa. Once endemic in southern coastal Spain, An. labranchiae has since 
disappeared after abandonment of rice cultivation and desiccation of wetlands. An. sacharovi 
is encountered in Greece, the Balkans, south Russia, Turkey and the Middle East [6, 31, 32]. 
Other species considered malaria vectors of minor importance are also currently encountered 
in Europe. Some belong to the An. maculipennis Subgroup (An. messeae, An. maculipennis s.s. An. 
melanoon); others included An. algeriensis, An. claviger, An. hyrcanus, An. plumbeus, An. superpic-
tus. The eradication campaigns of the twentieth century led to severe reduction of Anopheles 
numbers but failed to achieve complete eradication. Over time, in certain areas, Anopheles 
populations recovered to initial levels giving rise to the phenomenon known as “anophelism 
without malaria” which essentially signifies the presence of Anopheles mosquitoes in formerly 
malarious areas of Europe where malaria no longer occurs.

The climate of south European countries around the Mediterranean Sea, characterized by 
mild-wet winters and hot-dry summers, is suitable for malaria transmission, whereas in 
northern Europe ambient temperatures permit outdoor parasite development only during the 
summer. To the extent that climate change can be predicted with any degree of certainty, it is 
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Figure 1. Geographical distribution of dominant malaria vector species in Europe. A: An. atroparvus (blue), An. labranchiae 
(orange), B: An. superpictus (yellow), C: An. messeae (green) and An. sacharovi (purple). Source: updated maps from Ref. [6].
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(orange), B: An. superpictus (yellow), C: An. messeae (green) and An. sacharovi (purple). Source: updated maps from Ref. [6].

Malaria Eradication in the European World: Historical Perspective and Imminent Threats
http://dx.doi.org/10.5772/intechopen.76435

325



Species Breeding habitats Feeding Resting 
habits

Overwintering Susceptibility to 
P. falciparum

An. atroparvus 
van Thiel

Fresh water, brackish 
and tolerates 
saltwater. Marshes, 
ditches, ground 
pools, river margins, 
streams, rock pools, 
rice fields, even used 
tyres, sun-exposed 
habitats.

Opportunistic 
feeder: mostly 
zoophilic, but 
anthropophilic too, 
Exophagic.

Exophilic Hibernation of 
female incomplete 
(periodic feeding), 
gonotrophic 
disassociation 
(without 
oviposition)

Refractory to 
Asian and African 
P. falciparum 
but competent 
in supporting a 
European strain

An. 
labranchiae 
Falleroni

Mainly freshwater 
habitats, occasionally 
brackish water and 
lagoons. Warmer 
environment than An. 
atroparvus. Sunlit rock 
holes, pits, ditches, 
drains, canals, slow 
flowing streams/
rivers, ground pools, 
ponds, lakes, rice 
fields.

Opportunistic: 
zoophilic, but 
anthropophilic too

Mostly 
exophilic

Hibernation 
of female 
incomplete (with 
occasional blood 
feeding without 
ovipositioning) 
and complete 
(without 
feeding and 
nongonoactive)

Refractory 
to tropical P. 
falciparum strains

Historical evidence 
of natural infection 
with European 
strains

Experimental 
evidence of 
infection with some 
strains of African P. 
falciparum

An. messeae 
Falleroni

Shaded, clear, still or 
slow flowing fresh 
water, Lake margins, 
marshes, swamps, 
ditches.

Mostly zoophilic, 
exophagic

Endophilic Hibernation of 
female with full 
diapause, do not 
feed during the 
winter

Refractory 
to tropical P. 
falciparum strains

An. sacharovi 
Favre

Brackish and fresh 
still or flowing water. 
Sunlit sites with 
aquatic vegetation 
such as swamps, 
marshes, river 
margins, springs, 
seepages, pools, 
ditches, irrigation 
canals, small water 
collections.

Opportunistic 
feeder but mainly 
anthropophilic; 
exophagic and 
endophagic

Endophilic Hibernation of 
female incomplete 
(periodic feeding), 
gonotrophic 
disassociation 
(without 
oviposition)

Essentially 
refractory to 
tropical P. 
falciparum strains 
(inconclusive 
experimental 
results)

Historical evidence 
of natural infection 
with European 
strains

An. 
superpictus 
Grassi

Brackish and fresh 
still or flowing water 
in full sunlit. Small 
pools in river beds, 
irrigation canals, 
storage tanks, rice 
fields, ditches, 
borrow pits.

Mostly zoophilic 
and exophagic

Mostly 
endophilic

No information No information

Source: [6, 32].

Table 3. Bionomical characteristics of the European dominant malaria vector species.
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expected to encompass changes in temperature, precipitation and the intensity and frequency 
of extreme weather phenomena. By the end of the twenty-first century, with continuing tem-
perature increase, fewer cold and more frequent hot temperature extremes are projected to 
occur on daily and seasonal timescales, while heat waves are likely to last longer and occur 
more often. It is estimated that many regions will probably experience more frequent and 
intense extreme precipitation events [33]. Occurrence of higher temperatures for longer peri-
ods during the summer may increase chances for malaria transmission in certain previously 
inhospitable areas. Malaria endemicity however is not simply a matter of the right tempera-
ture. Climate change is but one element in a complex epidemiological setting and other com-
ponents such as human activity are probably more important determinants.

Infectivity reflects the vector competence to replicate and transmit a particular Plasmodium 
species or strain. Replication is assessed by the presence of oocysts in the mosquito midgut 
and capability to transmit is determined by the presence of sporozoites in its salivary glands. 
European Anopheles exhibit variable sensitivity to Plasmodium strains from malaria endemic 
regions. Members of the An. maculipennis Subgroup have been found capable of developing 
P. vivax sporozoites following an infected blood meal, but competence is difficult to evaluate 
given the absence of reliable P. vivax gametocyte culture. On the whole, although there is 
substantial knowledge on the vectorial potential of numerous tropical and subtropical mos-
quito species, corresponding data on European indigenous species are scarce [34]. Earlier 
studies have shown European An. atroparvus and An. labranchiae populations to be refrac-
tory to infection by tropical strains of P. falciparum, although not universally [35–38]. An. 
labranchiae has been an important malaria vector in the central and western Mediterranean, 
where both P. vivax and P. falciparum occurred in the past, and there is historical data from 
the early twentieth century confirming the existence of naturally infected Anopheles in the 
area, however, without specifying the species. A recent experimental study reported that 
An. maculipennis s.l. from Corsica were successfully infected with the NF54 African strain of 
P. falciparum; furthermore, sporozoites were detected in the salivary glands of some mosqui-
toes, indicating they were capable of transmission, albeit with very low competence [32]. An. 
labranchiae is thought to have been involved in autochthonous transmission of vivax malaria 
in southern Italy and possibly in Corsica in 2011 and 2006, respectively [39, 23].

A species that has recently become the focus of increasing attention is An. plumbeus (Stephens 
1828). It is widely distributed all over Europe (except in the far north regions), the Middle 
East and North Africa. An. plumbeus was originally known as a dendrolimnic species, encoun-
tered in forests and breeding almost exclusively in tree holes. Recent reports indicate that 
it has been adapting to human-made habitats, such as abandoned animal shelters, artificial 
water containers, septic tanks, sewage ditches, rainwater and liquid manure pits, and that 
it is becoming increasingly common in suburban and urban environments. It overwinters 
as an egg or larva, has a relatively long-life span (up to 2 months) and is an avid biter of 
reptiles, birds and mammals, while some populations have exhibited high anthropoph-
ily [30]. Experimental studies have shown it to be a competent vector for both P. vivax and  
P. falciparum [40–42]. Furthermore, it has been implicated in indigenous vivax and falciparum 
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Species Breeding habitats Feeding Resting 
habits

Overwintering Susceptibility to 
P. falciparum

An. atroparvus 
van Thiel
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and tolerates 
saltwater. Marshes, 
ditches, ground 
pools, river margins, 
streams, rock pools, 
rice fields, even used 
tyres, sun-exposed 
habitats.

Opportunistic 
feeder: mostly 
zoophilic, but 
anthropophilic too, 
Exophagic.

Exophilic Hibernation of 
female incomplete 
(periodic feeding), 
gonotrophic 
disassociation 
(without 
oviposition)

Refractory to 
Asian and African 
P. falciparum 
but competent 
in supporting a 
European strain

An. 
labranchiae 
Falleroni

Mainly freshwater 
habitats, occasionally 
brackish water and 
lagoons. Warmer 
environment than An. 
atroparvus. Sunlit rock 
holes, pits, ditches, 
drains, canals, slow 
flowing streams/
rivers, ground pools, 
ponds, lakes, rice 
fields.

Opportunistic: 
zoophilic, but 
anthropophilic too

Mostly 
exophilic

Hibernation 
of female 
incomplete (with 
occasional blood 
feeding without 
ovipositioning) 
and complete 
(without 
feeding and 
nongonoactive)

Refractory 
to tropical P. 
falciparum strains

Historical evidence 
of natural infection 
with European 
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Experimental 
evidence of 
infection with some 
strains of African P. 
falciparum
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Falleroni

Shaded, clear, still or 
slow flowing fresh 
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marshes, swamps, 
ditches.
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to tropical P. 
falciparum strains

An. sacharovi 
Favre

Brackish and fresh 
still or flowing water. 
Sunlit sites with 
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such as swamps, 
marshes, river 
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seepages, pools, 
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canals, small water 
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Opportunistic 
feeder but mainly 
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female incomplete 
(periodic feeding), 
gonotrophic 
disassociation 
(without 
oviposition)

Essentially 
refractory to 
tropical P. 
falciparum strains 
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experimental 
results)

Historical evidence 
of natural infection 
with European 
strains

An. 
superpictus 
Grassi

Brackish and fresh 
still or flowing water 
in full sunlit. Small 
pools in river beds, 
irrigation canals, 
storage tanks, rice 
fields, ditches, 
borrow pits.

Mostly zoophilic 
and exophagic

Mostly 
endophilic

No information No information

Source: [6, 32].
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expected to encompass changes in temperature, precipitation and the intensity and frequency 
of extreme weather phenomena. By the end of the twenty-first century, with continuing tem-
perature increase, fewer cold and more frequent hot temperature extremes are projected to 
occur on daily and seasonal timescales, while heat waves are likely to last longer and occur 
more often. It is estimated that many regions will probably experience more frequent and 
intense extreme precipitation events [33]. Occurrence of higher temperatures for longer peri-
ods during the summer may increase chances for malaria transmission in certain previously 
inhospitable areas. Malaria endemicity however is not simply a matter of the right tempera-
ture. Climate change is but one element in a complex epidemiological setting and other com-
ponents such as human activity are probably more important determinants.

Infectivity reflects the vector competence to replicate and transmit a particular Plasmodium 
species or strain. Replication is assessed by the presence of oocysts in the mosquito midgut 
and capability to transmit is determined by the presence of sporozoites in its salivary glands. 
European Anopheles exhibit variable sensitivity to Plasmodium strains from malaria endemic 
regions. Members of the An. maculipennis Subgroup have been found capable of developing 
P. vivax sporozoites following an infected blood meal, but competence is difficult to evaluate 
given the absence of reliable P. vivax gametocyte culture. On the whole, although there is 
substantial knowledge on the vectorial potential of numerous tropical and subtropical mos-
quito species, corresponding data on European indigenous species are scarce [34]. Earlier 
studies have shown European An. atroparvus and An. labranchiae populations to be refrac-
tory to infection by tropical strains of P. falciparum, although not universally [35–38]. An. 
labranchiae has been an important malaria vector in the central and western Mediterranean, 
where both P. vivax and P. falciparum occurred in the past, and there is historical data from 
the early twentieth century confirming the existence of naturally infected Anopheles in the 
area, however, without specifying the species. A recent experimental study reported that 
An. maculipennis s.l. from Corsica were successfully infected with the NF54 African strain of 
P. falciparum; furthermore, sporozoites were detected in the salivary glands of some mosqui-
toes, indicating they were capable of transmission, albeit with very low competence [32]. An. 
labranchiae is thought to have been involved in autochthonous transmission of vivax malaria 
in southern Italy and possibly in Corsica in 2011 and 2006, respectively [39, 23].

A species that has recently become the focus of increasing attention is An. plumbeus (Stephens 
1828). It is widely distributed all over Europe (except in the far north regions), the Middle 
East and North Africa. An. plumbeus was originally known as a dendrolimnic species, encoun-
tered in forests and breeding almost exclusively in tree holes. Recent reports indicate that 
it has been adapting to human-made habitats, such as abandoned animal shelters, artificial 
water containers, septic tanks, sewage ditches, rainwater and liquid manure pits, and that 
it is becoming increasingly common in suburban and urban environments. It overwinters 
as an egg or larva, has a relatively long-life span (up to 2 months) and is an avid biter of 
reptiles, birds and mammals, while some populations have exhibited high anthropoph-
ily [30]. Experimental studies have shown it to be a competent vector for both P. vivax and  
P. falciparum [40–42]. Furthermore, it has been implicated in indigenous vivax and falciparum 
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malaria transmission in England and Germany, respectively [21, 43]. Its potential role as a 
vector under changing climatic conditions and availability of infected human reservoir can 
only be speculated at present.

Vulnerability depends on the introduction and maintenance of a human reservoir that can 
transmit the parasite gametocytes to the mosquito populations. A patient suffering from 
malaria becomes infective for mosquitoes upon the appearance of Plasmodium gametocytes in 
the peripheral blood. In P. vivax malaria, gametogenesis occurs early in the course of the infec-
tion, within 3 days from the onset of clinical disease, whereas in P. falciparum malaria game-
tocytes usually appear 10 days after blood invasion. Therefore, a patient with vivax malaria is 
usually infective to mosquitoes frequently even before presenting for medical assistance. The 
additional delays in diagnosis and treatment, which are common in non-endemic countries, 
allow more time for transmission of the parasite to the local Anopheles populations.

In the past few years, Europe has witnessed a dramatic increase in the number of refugees 
and migrants, which peaked in 2015, with 1,257,000 asylum applications, double that of the 
previous year, a trend that continued in 2016 and 2017 [44]. Recently, a substantial increase 
in the incidence of vivax malaria has been recorded in refugees seeking asylum in European 
countries. More specifically, from spring 2014 to summer 2015, 37 cases of vivax malaria were 
diagnosed in newly arrived Eritrean refugees in Germany. Notably, their treatment was com-
plicated by relapses due to difficulties in procuring primaquine for hypnozoite eradication, 
as the drug was not licensed in Germany [45]. During the same time, 105 malaria cases were 
recorded in Eritrean refugees in Sweden, of which 84 were due to P. vivax [46]. It is specu-
lated that the refugees contracted the disease either at home or somewhere along their route 
from Eritrea through Ethiopia and Sudan. Interestingly, a cluster of 15 vivax malaria cases in 
Eritrean refugees was observed in 2010 in Israel [47].

According to data from the European Agency for the Management of Operational Cooperation 
at the External Borders of the Member States of the European Union (Frontex), a truly explosive 
increase occurred in 2015 at the Eastern Mediterranean route with 885,386 migrants arriving in 
Europe through Turkey, compared to 50,830 the previous year. These originated mainly from 
Syria, followed by Afghanistan and Somalia, and landed on Greek Islands, primarily Lesbos [48].

At present, it is not feasible to make specific, valid predictions as to where malaria might re-
emerge, based on existing data. This occurrence will probably be determined by numerous fac-
tors besides vector presence, abundance and susceptibility to infection, inter alia possible climatic 
changes in the future, human interventions and population movements among others, none of 
which can be predicted with any degree of certainty. Recent experience has shown that indige-
nous cases and outbreaks in Europe typically occur around immigrants or travelers from endemic 
areas. Neither the settlement location nor the duration of stay of the various migrant populations 
is predictable, particularly in view of the uncertainty of the current migration crisis. Notably, the 
potential repercussions of an infectious human reservoir build-up in a previously endemic area 
conducive to malaria transmission were illustrated by a malaria outbreak experienced in Greece 
in recent years. Since malaria eradication in Greece in 1974, cases were mostly imported, with 
a few sporadic reports of autochthonous transmission in 1991, 1999 and 2000 [49]. Since 2009, 
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however, locally acquired P. vivax malaria cases and clusters began to appear consistently almost 
every year, peaking in the 2011 outbreak, when 42 cases were reported from several foci around 
the country [50]. Five potential malaria vectors including An. sacharovi occur in Greece whereas 
the country’s geomorphology and climate allow for temporary and permanent mosquito  
breeding sites. The period from May to October has been established as the most favorable for 
mosquito infectivity and transmission in the area. An important contributing factor for increased 
vulnerability and malaria occurrence was the presence of migrant farm workers from Pakistan 
and Afghanistan in the affected areas. Many of these resided in poor housing conditions, situ-
ated close to mosquito breeding sites. Moreover, if they fell ill they were often reluctant to uti-
lize the freely available healthcare services, due to their frequently illegal status, thus increasing 
the chance of parasite transmission to local Anopheles populations [50]. P. vivax isolates from 
the affected areas were genotyped revealing a number of different strains [51]. Furthermore, 
there was indication of sustained transmission for two consecutive years at least in one focus; 
an observation that has truly unsettling implications in light of the current financial depression 
and immigration crisis the country is facing [51]. The Greek public health authorities initiated 
control efforts that focused on training of medical professionals to ensure early detection and 
treatment, vector control, surveillance, active case detection and public education. Finally, a mass 
drug administration program to immigrants living in the affected areas was also implemented 
[52]. The CDC has recently issued guidelines for the presumptive pre-departure treatment of 
asymptomatic malaria in refugees from sub-Saharan Africa [53]. Similar measures could be 
implemented for immigrants arriving in Europe from malaria endemic countries, which should 
include screening for malaria among the newly arrived to prevent clinical malaria in this popula-
tion and curtail the possibility of transmission to local mosquitoes. An additional measure one 
should take into account when considering malaria prevalence in immigrants, is the existence 
of asymptomatic individuals with sub-microscopic P. falciparum parasitaemia, and the fact that 
asymptomatic carriers of Plasmodium vivax liver hypnozoites are impossible to detect with any of 
the currently available methods.

There is no common malaria treatment policy currently adopted by all European countries. 
Treatment regimens are based on WHO recommendations and vary from country to country, 
occasionally even between centers within the same country. There is extensive heterogeneity 
in the management of imported falciparum malaria in Europe for which discussions toward a 
consensus for management standardization of malaria might be beneficial [54]. P. falciparum sus-
ceptibility to antimalarials is not assessed in the laboratory; rather it is extrapolated based on the 
geographical origin of the infecting strain, and national or WHO recommendations are followed 
accordingly [55, 56]. The issue of antimalarial drug resistance does not constitute an imminent 
threat for Europe. If any, it might constitute a threat to individual patient health, chiefly when 
imported P. falciparum is involved, but given that disease prevalence in Europe is extremely low 
(even taking immigrants into account), this issue currently has no public health relevance.

Regarding the susceptibility to insecticides of European putative and confirmed malaria vec-
tor species in countries where malaria is not endemic, data originates from small-scale studies 
and is limited [57, 58]. As of this date, there is no systematic report on the status of Anopheles 
susceptibility to insecticides in the European Region.
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malaria transmission in England and Germany, respectively [21, 43]. Its potential role as a 
vector under changing climatic conditions and availability of infected human reservoir can 
only be speculated at present.
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malaria becomes infective for mosquitoes upon the appearance of Plasmodium gametocytes in 
the peripheral blood. In P. vivax malaria, gametogenesis occurs early in the course of the infec-
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additional delays in diagnosis and treatment, which are common in non-endemic countries, 
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lated that the refugees contracted the disease either at home or somewhere along their route 
from Eritrea through Ethiopia and Sudan. Interestingly, a cluster of 15 vivax malaria cases in 
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at the External Borders of the Member States of the European Union (Frontex), a truly explosive 
increase occurred in 2015 at the Eastern Mediterranean route with 885,386 migrants arriving in 
Europe through Turkey, compared to 50,830 the previous year. These originated mainly from 
Syria, followed by Afghanistan and Somalia, and landed on Greek Islands, primarily Lesbos [48].

At present, it is not feasible to make specific, valid predictions as to where malaria might re-
emerge, based on existing data. This occurrence will probably be determined by numerous fac-
tors besides vector presence, abundance and susceptibility to infection, inter alia possible climatic 
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which can be predicted with any degree of certainty. Recent experience has shown that indige-
nous cases and outbreaks in Europe typically occur around immigrants or travelers from endemic 
areas. Neither the settlement location nor the duration of stay of the various migrant populations 
is predictable, particularly in view of the uncertainty of the current migration crisis. Notably, the 
potential repercussions of an infectious human reservoir build-up in a previously endemic area 
conducive to malaria transmission were illustrated by a malaria outbreak experienced in Greece 
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breeding sites. The period from May to October has been established as the most favorable for 
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and Afghanistan in the affected areas. Many of these resided in poor housing conditions, situ-
ated close to mosquito breeding sites. Moreover, if they fell ill they were often reluctant to uti-
lize the freely available healthcare services, due to their frequently illegal status, thus increasing 
the chance of parasite transmission to local Anopheles populations [50]. P. vivax isolates from 
the affected areas were genotyped revealing a number of different strains [51]. Furthermore, 
there was indication of sustained transmission for two consecutive years at least in one focus; 
an observation that has truly unsettling implications in light of the current financial depression 
and immigration crisis the country is facing [51]. The Greek public health authorities initiated 
control efforts that focused on training of medical professionals to ensure early detection and 
treatment, vector control, surveillance, active case detection and public education. Finally, a mass 
drug administration program to immigrants living in the affected areas was also implemented 
[52]. The CDC has recently issued guidelines for the presumptive pre-departure treatment of 
asymptomatic malaria in refugees from sub-Saharan Africa [53]. Similar measures could be 
implemented for immigrants arriving in Europe from malaria endemic countries, which should 
include screening for malaria among the newly arrived to prevent clinical malaria in this popula-
tion and curtail the possibility of transmission to local mosquitoes. An additional measure one 
should take into account when considering malaria prevalence in immigrants, is the existence 
of asymptomatic individuals with sub-microscopic P. falciparum parasitaemia, and the fact that 
asymptomatic carriers of Plasmodium vivax liver hypnozoites are impossible to detect with any of 
the currently available methods.

There is no common malaria treatment policy currently adopted by all European countries. 
Treatment regimens are based on WHO recommendations and vary from country to country, 
occasionally even between centers within the same country. There is extensive heterogeneity 
in the management of imported falciparum malaria in Europe for which discussions toward a 
consensus for management standardization of malaria might be beneficial [54]. P. falciparum sus-
ceptibility to antimalarials is not assessed in the laboratory; rather it is extrapolated based on the 
geographical origin of the infecting strain, and national or WHO recommendations are followed 
accordingly [55, 56]. The issue of antimalarial drug resistance does not constitute an imminent 
threat for Europe. If any, it might constitute a threat to individual patient health, chiefly when 
imported P. falciparum is involved, but given that disease prevalence in Europe is extremely low 
(even taking immigrants into account), this issue currently has no public health relevance.

Regarding the susceptibility to insecticides of European putative and confirmed malaria vec-
tor species in countries where malaria is not endemic, data originates from small-scale studies 
and is limited [57, 58]. As of this date, there is no systematic report on the status of Anopheles 
susceptibility to insecticides in the European Region.
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5. Concluding remarks

Increasing concern about emerging infectious diseases has rekindled scientific and public inter-
est in malaria. Reminders of widespread malaria endemicity across Europe in the past, the 
continuing presence of known and emerging vectors and the reality of a substantial population 
influx—including potential parasite carriers—from endemic areas combined with projections 
of climate change have raised the question of a possible re-emergence of malaria foci in the 
continent. Taking geomorphological, climatic and entomological factors into account, the risk 
of malaria resurgence appears to differ in various parts of Europe. In the northwest, manmade 
environmental changes in housing and livestock farming has led to continuing loss of breed-
ing sites for An. atroparvus, the major vector in the area. In the event of a temperature rise 
in the region, mosquito survival would increase and Plasmodium sporogony would be facili-
tated, but the scarcity of mosquito vectors and the tendency of relevant species to preferentially 
feed on animals create an epidemiological setting where there is practically no considerable 
threat of renewed autochthonous transmission. An. plumbeus, with its reported adaptability 
to urban habitats and increased anthropophily could assume a more epidemiologically sig-
nificant role as a vector in the future. Even so, however, provided that healthcare retains its 
current high standards, timely treatment of patients would prevent the buildup of an infectious 
human reservoir, thus preventing establishment of the parasite in the local mosquito popula-
tions. An influx of human gametocyte carriers could result in limited local transmission around 
untreated patients, which would be spatially and temporally restricted, provided of course that 
local healthcare services are aware of the risk and effective in early case detection and treatment.

Regarding Southern Europe, there can be no doubt that current climatic conditions are favor-
able for malaria transmission in selected areas, where competent mosquito vectors like An. 
labranchiae and An. sacharovi are also present in epidemiologically significant densities. The 
recent occurrence of sporadic autochthonous cases and minor outbreaks has demonstrated that 
previously endemic malaria parasite species, principally P. vivax, are still theoretically trans-
missible in the area. A future temperature rise might expand vector distribution and abun-
dance, increasing the risk for malaria transmission in the long run, but such a change is unlikely 
to develop overnight. However, two variables that could unpredictably influence vulnerability 
south of Europe are changing rapidly, that is, population movement and economic hardship. It 
was only 20 years ago that Turkey and central Asia experienced epidemic malaria resurgence 
from small residual reservoirs, demonstrating the catalytic impact mass population displace-
ment and socioeconomic upheaval could have on malaria epidemiology in vulnerable areas. 
Europe is currently witnessing an unprecedented influx of immigrants from malaria endemic 
areas, many of which are asymptomatic carriers of dormant Plasmodium forms. It is believed that 
the highly organized and efficient European healthcare services can avert malaria re-establish-
ment through prompt diagnosis and treatment, provided that they maintain their current high 
operational standards. However, nowadays malaria is being imported into Europe through 
areas severely affected by economic recession, which is putting an increasing strain on available 
health resources for natives and migrants alike. Therefore, although the resurgence of malaria 
in Europe is currently unlikely, it is crucially important to improve, maintain and financially 
support disease awareness, diagnostic expertise, clinical competence, sustained surveillance 
and vector control to ensure that malaria is not allowed a foothold in the European continent.
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Finally, it would be remiss not to mention that malaria history has repeatedly demonstrated 
the precariousness of malaria control. To quote Bruce-Chwatt and de Zulueta [59] “… any 
deterioration of organized services by a major catastrophe or war may bring back to Europe a series of 
communicable diseases among which malaria would not be the last.” Indeed “…the simple truth is 
that there will be no safety from any infectious disease as long as vast reservoirs of pathogens remain in 
parts of our shrinking world in which the Atlantic and the Pacific Oceans are figuratively demoted to 
the status of intercontinental rivers.”
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Abstract

After many years of silence, eradication of malaria is, once again, one of the top priorities 
on the agenda of many international health and development agencies. To meet this ide-
alistic goal, a combination of control tools is needed. From this armentarium, a malaria 
vaccine is central to prevent infection and/or disease. However, numerous malaria vac-
cine candidates have shown limited efficacy in Phase II and III studies. One reason for 
these failures has been that the assessment of efficacy in the context of malaria has been 
difficult to standardize. In this article, we have reviewed and discussed the different ways 
to assess the outcome of a malaria vaccination.

Keywords: malaria, vaccines, end-points, immunity, Plasmodium

1. Introduction

Malaria remains one of the major infectious diseases with a huge burden, affecting a large 
fraction of the world population. Although most of the deaths, caused by Plasmodium falci-
parum, P. vivax and to a lesser extent P. malariae and P. ovale, occurred in Africa; significant 
morbidity is evident in South America and Asia [1]. Different control measures such as insec-
ticide-treated bed nets, powerful drugs (i.e., artemisinin-based combination therapies) and 
early diagnostics have had a positive impact in reducing malaria mortality worldwide [2]. 
However, these methods have led to complete eradication of malaria in only a few countries 
in intertropical zones [3]. This is mainly due to increasing drug resistance of the parasites and 
the failure of vector control strategies resulting from the change in mosquito behavior and the 
emergence of insecticide resistance [4, 5]. An antimalarial vaccine is thus a necessity to achieve 
the goal of complete global malaria eradication [6, 7].
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Vaccine development in malaria have employed a composite of rational and empirical 
approaches and depended on multiple epidemiological and experimental studies. Individuals 
living in endemic regions acquire immunity over time after repeated exposure to the para-
sites. Such immunity, also called premonition, is partial, species-specific and biphasic [8, 9]. 
In the first phase, the hosts still get infected but do not develop clinical symptoms. On the 
contrary, the second phase, which is the prevention or limitation of parasite multiplication, 
takes long to develop. This second phase is heavily dependent on parasite exposure - more 
the exposure the host gets, lesser the time this immunity takes to develop [9, 10]. Hence, the 
goal of vaccine strategies is to reduce the time needed to acquire protective immunity and to 
make the immunity long-lasting.

The use of experimental models is critical to vaccine development. Many researchers advo-
cate the use of human parasites in human hosts as it is the optimal experimental model for 
malaria [11]. However, field studies are inherently limited by the inability to control multi-
ple experimental parameters such as the number of infective mosquito bites, the number of 
parasite per infective dose, and the genetic background of the host and parasite. In addition, 
there are numerous ethical considerations, which restrict access to peripheral blood samples 
for antibody and T cell studies, important for investigating long-term protection. Thus, many 
researchers have turned to more controllable models, such as monkey or human Plasmodium 
in monkeys [12–14] or rodent Plasmodium in mice [15]. Using these models, there have been 
numerous vaccination studies using genetically-attenuated parasites [16], irradiated parasites 
[17, 18], chemically-attenuated parasites [19, 20], live parasites under drug prophylaxis [21–23], 
and defined antigenic formulations [24–30]. These studies have demonstrated that vaccination 
can reduce parasite development, prevent pathology in infected animals, prevent transmission 
to mosquitoes, and even induce sterile immunity. Another major advantage of these models is 
that the outcomes following vaccination is well-defined and easily measurable, such as devel-
opment of sterile immunity, inhibition of parasite development in the liver or in the blood, and/
or prevention of certain pre-defined clinical signs or of pathologies. So far, only whole parasite 
formulations using irradiated sporozoites [31, 32] or live parasite immunization under chlo-
roquine [33–35], and a limited number of sporozoite antigen formulations, such as RTS,S [36], 
have been shown to induce sterile immunity in significant proportion of the human volunteers.

2. Vaccine developmental phases

Vaccine clinical testing in humans involves multiple phases. Phase IA involves a small group 
of naïve volunteers (<100), from non-endemic regions, with no previous experience of malaria, 
while Phase I involves malaria-exposed individuals from endemic regions. In both phases, 
vaccine safety and immunogenicity are assessed. Only after the vaccine has shown a good 
safety profile with encouraging immunogenicity data, phase IIa test study can be initiated 
with a larger set of volunteers (>100–1000) from non-endemic regions. In Phase IIa, vaccine 
efficacy is assessed by subjecting the volunteers to a challenge with mosquito bites or intrave-
nous injections of infected red blood cells. Phase IIb involves assessing the vaccine efficacy in 
a larger set of volunteers from endemic regions. Promising Phase II results qualify moving the 
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vaccine testing to Phase III, which comprises assessing vaccine safety (including potential side 
effects) and efficacy over a longer time period in a cohort consisting of thousands of volun-
teers from endemic regions. If sufficient safety and efficacy has been demonstrated in Phase 
III (2 to 5 years), the vaccine can then be licensed and marketed for human use, after which 
mass-deployment for endemic regions can be launched.

3. Testing malaria vaccines in the field

A malaria vaccine could potentially target many different stages of the infection. It could 
work by: (1) preventing de novo infection (either in the liver or the blood), (2) controlling para-
site levels in the blood and duration of the blood infection, (3) preventing pathology induced 
by the infection and thus preventing or reducing morbidity or mortality, and (4) preventing 
or reducing transmission to mosquitoes. However, not all of these outcomes can be assessed 
accurately in the field. Only the first and fourth outcomes mentioned can be assessed accu-
rately and experimentally with reproducible results, mainly due to the standard operating 
procedures that have been implemented over the years.

Outcome assessment in the field is complicated due to the nature of the infection itself. In 
endemic regions, malaria infections are usually chronic [37]. Low-level parasite persistence 
may affect immune reactivity by amplifying or down-regulating vaccine-induced immune 
responses. It may also confuse diagnostics such as fever detection [38]. Occurrence and extent 
of chronicity may vary according to age, endemicity and host genetics. Thus, in many trials, 
antimalarial treatments are applied to the tested cohorts to clear prior malarial infections to 
reduce confounding factors [39].

Presence of co-infections is another factor that makes outcome assessment in the field diffi-
cult. Often, endemic cohorts are also infected with other pathogens, such as worms, bacteria 
or viruses, without being overtly sick [40–44]. Immune responses to these pathogens may 
either potentiate or inhibit the development of the protective response induced by infection 
or vaccination [45]. Due to cost constraints, it is rarely possible to make a full analysis for all 
possible pathogens, but it is advisable to perform retrospective studies to assess their possible 
influence on the malaria vaccination outcomes.

Another major roadblock for malaria vaccine development is the absence of correlates or sur-
rogate markers of protection. These markers are crucial as they would facilitate the testing of 
large sets of vaccine formulations and would reduce costs and organization constraints [46]. 
As an example, vaccine development against Hepatitis B was greatly simplified when it was 
shown that concentration of Hepatitis B S antigen antibodies over 10 UI/ML level was a sur-
rogate marker of protection (for review Plotkin et al.) [47]. This greatly accelerated the testing 
of multiple new formulations in a limited number of volunteers and also helped in the devel-
opment of subsequent improved formulations. There is clearly a gap in our knowledge of the 
immune correlates of protection against malaria. It is still not clearly known what defense 
mechanisms are crucial in humans for mediating protection against malaria. This severely 
handicaps our progress towards effective vaccine development [48].
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opment of subsequent improved formulations. There is clearly a gap in our knowledge of the 
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handicaps our progress towards effective vaccine development [48].
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To assess vaccine efficacy in the field, it is also critical to have epidemiological data concerning 
the vaccine site. The level of endemicity will have an impact on the surveillance time follow-
ing the last immunization and also on the size of the cohort. Low endemic conditions will 
require longer follow-up and a larger cohort to obtain statistically significant results.

4. Vaccines targeting specific parasite stages

The malaria parasite has a complex life cycle, alternating between the human and mosquito 
host. In the human host, the malaria parasite transits across different body compartments and 
alternates between intracellular and extracellular locations (Figure 1). This developmental 
complexity of the malaria parasite has a profound impact on the study design of the malaria 
vaccine and assessment efficacy (Table 1).

During the pre-erythrocytic stage, the parasites exist as the extracellular motile sporozoite 
upon injection by the mosquito during feeding, and the intracellular liver parasites. Vaccines 

Figure 1. Plasmodium falciparum life cycle and vaccine strategies. The cycle in humans includes three stages: the pre-
erythrocytic stage, which is asymptomatic; the asexual blood stage, which induces pathology; and the sexual stage, 
which is transmitted to Anopheles mosquitoes. At each of these stages, the parasite expresses various proteins that are 
targets of vaccine candidates. The different vaccine strategies for each stage are indicated.
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developed to target the pre-erythrocytic stage aim at inducing antibodies that target mainly 
the sporozoites and/or inducing T cells that will eliminate intracellular hepatic forms, thus 
preventing or controlling the extent of the subsequent blood stage development.

Vaccines targeting the asexual blood stages of the parasites are divided into two categories. 
The vaccines can be anti-parasite, which aim to control and eliminate parasite development 
in the blood or anti-disease, which aim to prevent the pathologies induced by the parasite. 
These vaccines need to induce different types of immune responses targeting different phases 
of the asexual blood stage. Vaccines targeting the sexual stage parasites aim to prevent trans-
mission of gametocytes to the mosquito and/or gamete mating and ookinete development in 
the mosquito midgut.

It is worth noting that while the parasite expresses different set of genes at different stages 
of its life cycle, there are also many antigens that are expressed across the different parasite 
stages. Vaccination against these shared antigens may have an effect at different phases of the 
life cycle [22, 49–52], making them just as attractive for vaccine against malaria.

5. Anti-parasite vaccines

For anti-parasite vaccines targeting the pre-erythrocytic stage, the assessment of vaccine effi-
cacy is relatively easy. Complete efficacy for this stage is defined as sterile protection, whereby 

Targets Induced immunity Mechanisms Readout

Pre-erythrocytic vaccines

Sporozoite antigens

Liver stage antigens

Inhibition of parasite 
development and replication/
survival

Antibodies against 
sporozoites

T cells against liver stage

Presence of parasites in the 
blood

Blood stage vaccines

Asexual blood stage 
antigens

Inhibition of erythrocyte invasion 
and parasite replication/survival

Antibodies

Antibody cell dependent 
inhibition (ADCI)

Cellular immunity

Blood parasite load

Parasite derived 
toxins

Parasite adhesion 
ligands

Inhibition of pathogenesis

Antibodies neutralizing 
inflammatory factors

Antibodies inhibiting 
parasite/host interactions

Fever

Blood parasite load

Severe complications*

Transmission-blocking vaccines

Sexual blood stage 
antigens

Mosquito stage 
antigens

Inhibition of parasite 
development in the mosquito

Antibodies blocking 
gamete mating, ookinete 
formation or oocyst 
maturation

Presence of parasites in the 
mosquito vector (midgut, 
salivary glands)

Table 1. Targets and mechanisms for anti-malaria vaccines.
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which is transmitted to Anopheles mosquitoes. At each of these stages, the parasite expresses various proteins that are 
targets of vaccine candidates. The different vaccine strategies for each stage are indicated.
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These vaccines need to induce different types of immune responses targeting different phases 
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of its life cycle, there are also many antigens that are expressed across the different parasite 
stages. Vaccination against these shared antigens may have an effect at different phases of the 
life cycle [22, 49–52], making them just as attractive for vaccine against malaria.
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cacy is relatively easy. Complete efficacy for this stage is defined as sterile protection, whereby 
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no parasite can be detected in blood of immunized individuals after the sporozoite challenge. 
This is an all or none phenomenon, because a single sporozoite developing in the liver can 
lead to full-blown blood infections.

Intuitively, one would expect great success of pre-erythrocytic vaccines since the limited num-
bers of sporozoites (a mean of 5–50) injected by infected mosquitoes [53] would be easily elim-
inated by the different arms of the immune system induced by the vaccine. However, this has 
proved to be the contrary. To date, only one vaccine formulation, RTS,S, an hybrid molecule 
containing a large segment of the circumsporozoite protein and S antigen of the Hepatitis B 
virus mixed with the AS02 adjuvant, has been shown to induce sterile protection in a substan-
tial proportion of the naïve volunteers [36, 54] but to a much lower extent in field trials [55–58].

One reason that could contribute to the lack of success stories with pre-erythrocytic anti- 
parasite vaccines is the procedures implemented to assess protection. Immunized volunteers 
were subjected to five mosquito bites, a dose required to ensure that naïve control volunteers 
would develop patent parasitemia 7–14 days after challenge [59, 60]. Alternative protocols 
using purified sporozoites injected either intradermal or intravenously have been developed, 
and so far, have proven to be safe and reproducible [61, 62]. Detection of parasitemia is per-
formed by microscopy on Giemsa-stained blood smears over a 20–25-day period. Once a posi-
tive blood film is confirmed, the volunteers were treated with blood schizonticides to eliminate 
blood parasites and prevent any blood stage parasite-induced pathologies [63]. One limitation 
of this method of detection is that the time taken to detect parasites in the blood can differ up to 
7 days. Hence, a delay of parasitemia does not necessarily translate in reduction of liver load. 
Moreover, there might be other confounding factors affecting the ability to detect blood para-
sitemia that are not related to the vaccination. To address this problem, sensitive PCR methods 
have been developed to detect the first wave of released liver merozoites and to assess the 
efficacy of the vaccine against pre-erythrocytic parasites. Using elegant regression methods, 
quantitative PCR techniques [64–67] allow an estimation of the reduction of the parasite liver 
load and an accurate measure of the effect on the growth rate of blood stage parasites.

Assessing pre-erythrocytic vaccine efficacy in the field is complicated due to factors mentioned 
earlier, such as the nature of the infection and presence of other co-infections. Evaluation of 
pre-erythrocytic vaccine in the field had mostly relied on microscopy and long follow-up 
(usually 6 to 24 months). As mentioned above, this assay may not be the most suitable to 
accurately assess the efficacy of any formulation targeting the pre-erythrocytic stage. In field 
conditions, many of the volunteers have been previously infected and, depending on age and 
exposure, may have developed some immunity against blood stage parasites. Thus, to elimi-
nate possible confounding effects of a synergistic immunity of on-going blood stage infection 
with immunity induced by vaccination, it is important that volunteers are cleared by drug 
treatment of low-level parasitemia during immunization and before the surveillance period. 
It is also necessary that low-level blood infection occurrence be assessed by PCR. When imple-
mented, this approach has reduced the follow-up time period to 1 month, saving costs and 
allowing the assessment of new formulations [39].

For vaccines against the pre-erythrocytic stage of P. vivax, efficacy assessment is further compli-
cated by the fact that this species may produce non-replicating liver form called hypnozoites. 
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These hypnozoites are responsible for relapse up to 18 months after a sporozoite injection [68], 
thus complicating analysis and may require longer follow-up to detect relapse. Up to now, few 
challenges with P. vivax sporozoite have been performed [69]. There are no standard protocols 
and many issues need to be addressed [70]. First, the production of P. vivax sporozoites is 
limited since it requires infected blood from infected patients or monkeys to feed mosquitoes. 
Second, contrary to P. falciparum, no P. vivax cloned lines are available. Most of the lines avail-
able are derived from infected patients [71] or have been maintained in monkeys [72]. These 
lines contain multiple clones, which are poorly characterized at the molecular level [73]. This 
makes it difficult to obtain reproducible infection profile after experimental infection with mos-
quito bites of naïve volunteers and to characterize hypnozoite relapse profile. Moreover, as 
with anti-malarial drug studies in the field, the absence of validated genetic or serologic tools to 
distinguish between reinfection and relapse [74–77] may also prevent detecting strain-specific 
effect. For anti-parasite vaccines targeting the blood stage, efficacy is assessed after sporozoite 
or asexual blood stage parasite challenge. Sterile protection occurs when no parasite can be 
detected in blood of immunized individuals. Detection of parasitemia can be monitored either 
by microscopy or by PCR, the latter providing more information. Due to its higher sensitiv-
ity, it allows the detection of at least 3–5 parasite cycles even before the parasite is detectable 
by microscopy. PCR [78–81] bar-coding methods [82] can also be applied to genotype blood 
parasites. This allows assessing multiplicity of infection and determines whether the vaccine 
efficacy observed is strain-specific [83, 84]. Strain-specific vaccines have little interest since they 
will select vaccine-resistant parasites.

To assess the vaccine efficacy of anti-parasite vaccines, a challenge is essential. As mentioned 
earlier, challenge can be performed using sporozoites or blood stage parasites. However, due 
to the limited availability of insectaries that can provide infected mosquitoes on a regular 
basis, and the absence of accepted surrogates of protection, there is a necessity for blood stage 
challenge in healthy volunteers. Contrary to murine or monkey models where direct chal-
lenge with blood stage parasites is common, challenge with blood stage parasites in human 
has only been performed in limited vaccine studies using naïve volunteers [85, 86]. Because 
of safety reasons, blood parasites used for challenge need to be fully characterized. For a long 
time, only 3D7, a clone of the NF54 line, has been used. This line is susceptible to a wide range 
of antimalarials. Other parasite lines have been recently developed [87, 88]. However, since 
most of blood stage candidates are polymorphic, it is of utmost importance to assess the effect 
of polymorphism to have an idea of potential vaccine coverage. In addition, blood cells used 
for blood stage parasite propagation need to be pre-screened for the presence of a wide range 
of potential pathogens [86].

Despite these limitations, studies have shown that blood stage challenge can be safe and 
may allow the assessment of anti-asexual blood stage vaccine efficacy [89, 90]. Moreover, as 
recently reported, blood stage growth in vivo could be quantified more accurately after chal-
lenge with asexual blood stage parasites than with sporozoites [91], highlighting the advan-
tage of this procedure. However, as it is not possible for safety reasons to let the parasitemia 
develop to high levels, its application might be limited. Vaccine efficacy may depend on the 
development of additional immune responses by the host during infection, which requires 
more time to be active as shown in mouse model [92]. In addition, some immune mechanisms 
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may allow the assessment of anti-asexual blood stage vaccine efficacy [89, 90]. Moreover, as 
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may need higher parasite challenge dose to be triggered. Antibody-dependent cell immunity 
or ADCI has been proposed to be effective with parasitemia approaching level detectable by 
microscopy [93].

In endemic settings, efficacy of blood stage vaccines has been assessed in natural conditions 
after challenge by mosquito bites. This type of challenge is perfectly suited if the vaccine 
can induce sterile immunity. However, it might not be the most appropriate when blood 
parasite multiplication rate must be measured. This rate depends on the numbers of liver 
merozoites released and timing of their release. As mentioned above, liver merozoite release 
is not a homogenous phenomenon in terms of quantity and timing. Thus, to obtain parasite 
growth curve suitable for comparative analysis between individuals and groups, blood sam-
pling must be carefully planned. Indeed, this implies an active and close follow-up of the 
volunteers to obtain multiple time points. One possibility to obtain more homogenous results 
would be to perform the challenge with defined number of infected red blood cells at a same 
time of infection across all groups [86, 94]. However, this requires overcoming a series of hur-
dles such as the development of standardized inoculums with known number of parasites at 
the same stage of development and the availability of donor blood, which have to be heavily 
tested for the presence of any pathogens. In addition, the parasite in the challenge inoculums 
would also need to be fully characterized and clearly defined in term of parasite clonality.

To accurately assess the efficacy of anti-parasite blood stage vaccine, it is necessary to evalu-
ate any pre-existing immune responses to the antigens in the blood stage vaccine. Individuals 
leaving in endemic areas acquire immunity over time. The time required to develop this 
immunity depends on the endemicity level and their genetic background. This immunity may 
influence growth rate of the parasite. Pre-existing immunity can synergize with the immunity 
induced by the vaccination. Vaccination may also boost pre-existing antigen-specific immune 
responses, which would be ideal for any vaccine formulations. On the contrary, pre-existing 
immune response may inhibit or mask the immune response induced by vaccination. It has 
been shown that the antibodies to the N-terminal of P. falciparum merozoite surface protein 
1 can block the inhibitory activity of antibodies recognizing the C-terminal part [95]. Thus, if 
such an antibody interference mechanism exists for antigen(s) used in vaccine formulation, 
it would be necessary to evaluate carefully pre-existing immune responses to these antigens.

6. Anti-disease vaccines preventing or reducing morbidity and 
mortality

Anti-disease vaccines aim to prevent the pathologies induced by the parasite. Hence, to assess 
the efficacy of these vaccines, it is important to clearly define the symptoms. Symptomatic 
malaria infections are characterized by recurrent fever and if not treated could develop into 
more severe complications (i.e. anemia, multi-organ dysfunctions affecting the lungs, kidneys, 
liver and brain…), and ultimately leading to death. These different clinical occurrences can be 
considered as end-points when assessing vaccine efficacy. For safety and ethical reasons, these 
end-points are looked for in experimental clinical trials. However, they are not measured in 
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many field trials. Active and passive case detections are undertaken to detect clinical malaria 
episodes and define rate of the first episode or all episodes. Criteria to define a malaria case 
include presence of fever (≥37.5°C) and detection of malarial parasites in peripheral blood. 
Careful clinical assessment of the origin of fever is needed to ensure the fever is due to the 
parasite but not due to concomitant bacterial or viral infection. It should be mandatory to 
prevent undermining the vaccine efficacy. It is also crucial to clear any asymptomatic infec-
tions prior to vaccine testing. Clearing asymptomatic parasitemia allows a better identification 
of malaria-attributable fever [38]. Assessment of the reduction of severe symptom occurrence 
and mortality is more difficult to use as end-point. Because of active intervention (drug treat-
ment and patient management), severity and mortality occur only in small fraction of clinical 
cases. Thus, in order to have sufficient statistical power to assess the vaccine testing, very large 
cohort is required, resulting in huge cost. Moreover, there have been concerns that decreasing 
the level of exposure to the parasites might, in return, results in an increase in mortality in the 
long–term [96]. It has been suggested that reduced exposure prevents the development of nat-
urally-acquired clinical immunity [93], which is thought to result from constant parasite expo-
sure. Thus, for any vaccines entering in Phase III trials, these end-points need to be assessed.

Two types of vaccine strategies aimed at reducing specifically morbidity and mortality are 
being developed. Anti-sequestration vaccines are based on the assumption that cytoadherence 
of infected red blood cells leading to parasite sequestration in deep tissues is responsible for 
most of malaria pathologies. These vaccines are designed to target parasite ligands such as 
members of the var. multigene family encoding the proteins Plasmodium falciparum erythrocyte 
membrane protein-1 (PfEMP-1), which mediates cytoadherence [97, 98]. It has been proposed 
that parasites sequester to avoid splenic elimination [99]. The more clinically-advanced anti-
sequestration vaccine candidate aims at preventing pregnancy-associated malaria [100]. Few 
var. genes, which encode PfEMP-1 binding to chondroitin sulfate A (CSA), have been impli-
cated in placental sequestration, thus making them attractive vaccine candidates [101, 102]. 
Anti-sequestration vaccines are designed to produce antibodies, which prevent the interactions 
between infected red blood cells and their cognate host cells (endothelial cells, syncytiotropho-
blast…). This will lead to an increase in the circulation of blood parasites at all development 
stages and hence their elimination by the spleen. Primary end-point measures for such vaccines 
are both parasitological and clinical. Efficacy of desequestration as measured by the number of 
mature blood forms can be evaluated simply by microscopical observation of Giemsa stained-
blood smears. However, preventing sequestration may lead to rapid increase of parasitemia 
and possibly a faster development of fever episodes and faster treatment application. Thus, the 
time-window for monitoring parasite development might be limited. Ultimately, assessment 
of severity and mortality are the most relevant measures for desequestration vaccines. A large 
cohort is needed to assess efficacy, like any blood stage vaccine targeting parasite growth.

Another type of anti-disease vaccine is targeting parasite moieties behaving as toxins and 
inducing immune-mediated pathologies [28, 103]. As these vaccines may have no effect on the 
parasitemia, the assessment of their efficacies will require very large cohorts to assess clini-
cal outcomes with both active and passive case detection. In terms of safety, a strict clinical 
follow-up starting as early as the last vaccine dose administration is needed since these may 
perturb the immune network and induce immunopathology.
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may need higher parasite challenge dose to be triggered. Antibody-dependent cell immunity 
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considered as end-points when assessing vaccine efficacy. For safety and ethical reasons, these 
end-points are looked for in experimental clinical trials. However, they are not measured in 
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many field trials. Active and passive case detections are undertaken to detect clinical malaria 
episodes and define rate of the first episode or all episodes. Criteria to define a malaria case 
include presence of fever (≥37.5°C) and detection of malarial parasites in peripheral blood. 
Careful clinical assessment of the origin of fever is needed to ensure the fever is due to the 
parasite but not due to concomitant bacterial or viral infection. It should be mandatory to 
prevent undermining the vaccine efficacy. It is also crucial to clear any asymptomatic infec-
tions prior to vaccine testing. Clearing asymptomatic parasitemia allows a better identification 
of malaria-attributable fever [38]. Assessment of the reduction of severe symptom occurrence 
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ment and patient management), severity and mortality occur only in small fraction of clinical 
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cohort is required, resulting in huge cost. Moreover, there have been concerns that decreasing 
the level of exposure to the parasites might, in return, results in an increase in mortality in the 
long–term [96]. It has been suggested that reduced exposure prevents the development of nat-
urally-acquired clinical immunity [93], which is thought to result from constant parasite expo-
sure. Thus, for any vaccines entering in Phase III trials, these end-points need to be assessed.

Two types of vaccine strategies aimed at reducing specifically morbidity and mortality are 
being developed. Anti-sequestration vaccines are based on the assumption that cytoadherence 
of infected red blood cells leading to parasite sequestration in deep tissues is responsible for 
most of malaria pathologies. These vaccines are designed to target parasite ligands such as 
members of the var. multigene family encoding the proteins Plasmodium falciparum erythrocyte 
membrane protein-1 (PfEMP-1), which mediates cytoadherence [97, 98]. It has been proposed 
that parasites sequester to avoid splenic elimination [99]. The more clinically-advanced anti-
sequestration vaccine candidate aims at preventing pregnancy-associated malaria [100]. Few 
var. genes, which encode PfEMP-1 binding to chondroitin sulfate A (CSA), have been impli-
cated in placental sequestration, thus making them attractive vaccine candidates [101, 102]. 
Anti-sequestration vaccines are designed to produce antibodies, which prevent the interactions 
between infected red blood cells and their cognate host cells (endothelial cells, syncytiotropho-
blast…). This will lead to an increase in the circulation of blood parasites at all development 
stages and hence their elimination by the spleen. Primary end-point measures for such vaccines 
are both parasitological and clinical. Efficacy of desequestration as measured by the number of 
mature blood forms can be evaluated simply by microscopical observation of Giemsa stained-
blood smears. However, preventing sequestration may lead to rapid increase of parasitemia 
and possibly a faster development of fever episodes and faster treatment application. Thus, the 
time-window for monitoring parasite development might be limited. Ultimately, assessment 
of severity and mortality are the most relevant measures for desequestration vaccines. A large 
cohort is needed to assess efficacy, like any blood stage vaccine targeting parasite growth.

Another type of anti-disease vaccine is targeting parasite moieties behaving as toxins and 
inducing immune-mediated pathologies [28, 103]. As these vaccines may have no effect on the 
parasitemia, the assessment of their efficacies will require very large cohorts to assess clini-
cal outcomes with both active and passive case detection. In terms of safety, a strict clinical 
follow-up starting as early as the last vaccine dose administration is needed since these may 
perturb the immune network and induce immunopathology.
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7. Transmission blocking vaccines

Transmission blocking vaccines (TBV) are designed to prevent or reduce the development 
of the sporogonic stage inside the mosquito host. This leads to a reduction in the numbers of 
infected mosquitoes and hence lesser malaria transmission in the population. As such, experi-
mental clinical trials cannot provide straightforward answers of vaccine efficacy since the 
effect of such vaccine is at the population level and not at individual level. Assessment of TBV 
efficacy is done using in vitro assays and the membrane-feeding assay. Mosquitoes are fed in 
vitro with Plasmodium gametocytes mixed with serums from immunized individuals and the 
level of sporogonic development is assessed by counting the oocysts in dissected mosquito 
midguts [104] or, more rarely, the sporozoites in the mosquito salivary glands. Although this 
assay has been instrumental in identifying target antigens, it remains to be seen whether it 
might help to define correlate of protections for TBV development.

Currently, none of the TBV has progressed to clinical trials in the field. As the principal out-
come of TBV is to reduce the number of infected mosquitoes at the population level, methods 
for assessing their number in field conditions should be implemented in a timely manner. 
There are, to date, no standardized methods to estimate the number of infected mosqui-
toes in the field and estimation would require large sampling size. Moreover, it seems that 
infected mosquitoes can cluster in discrete locations [105], thus requiring extensive studies 
on the distribution of infected mosquitos before and after vaccine trials. Since the number 
of infected mosquitoes depend on the number of circulating gametocytes [106], defining 
the number of gametocyte carrier prior to vaccine implementation is also a pre-requisite. 
In addition, defining transmission intensity of the vaccine site is important since it may 
influence the outcome of the vaccination. This can be defined by seroepidemiology and geo-
graphical information system (GIS) applications. For the latter, GPS mapping of mosquitoes 
and infected humans needs be done. It must be noted that one major limitation of these trials 
is that they assume that the human and mosquito populations tested are not mobile, which 
is often not true. An influx of infected individuals can modify the outcome by creating new 
reservoirs, and an influx of external infected mosquitoes would maintain transmission. It 
has been suggested that TBV can be tested with accuracy only in enclaved locations such 
as islands. Ultimately, the main expected outcome is that TBV will reduce transmission and 
thus reduce morbidity and mortality. The effect of such vaccine is at the population level, a 
large and costly cohort will be needed to be assessed over a long period of time. However, 
recent advances in modeling might facilitate TBV assessment by identifying end-point mea-
sures, which may serve as correlates of protection [107, 108]. Different end-point measures 
have been developed to assess TBV efficacy. For TBV that targets gametocytes, numbers 
of gametocytes and duration of gametocytes are important measures since it is expected 
that reduction in the number of gametocyte-carriers (reservoir) will decrease transmission. 
Microscopic determination of gametocytes on Giemsa-stained smears has long been used 
but they must be complemented with PCR methods since they have shown to underesti-
mate gametocyte load [109]. Gametocyte infectivity to mosquitoes can be measured with the 
membrane-feeding assay mentioned earlier or with feeding of mosquitoes directly on the 
skin of gametocyte carriers, which reproduces the natural situation. An honest correlation 
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between the two assays has been described in few studies [110] but the membrane-feeding 
assay still awaits definitive validation [111]. In summary, it would be relevant for future 
TBV trials to perform feeding directly on gametocyte carriers using local mosquitoes. These 
mosquitoes would have to be raised in local insectaries and tested for the absence of any 
other human pathogens. Measures of TBV efficacy should not be limited to development 
of oocysts but also to salivary glands sporozoites since the latter are the infectious forms to 
humans. Hence, future studies should aim at measuring salivary gland sporozoite loads and 
sporozoite infectivity.

8. Concluding remarks

Here we discussed the different types of malaria vaccines and the different ways to access 
the vaccine efficacy. We also highlighted the limitations involved and the difficulties encoun-
tered by researchers aiming to develop an efficacious vaccine against a complex parasite 
such as Plasmodium. Despite decades of research efforts in vaccine development, no efficient 
malaria vaccine (i.e. with an efficacy >50%) has been developed. The most clinically-advanced 
RTS,S, which has been tested in Phase III, conferred at best 30–40% protection against clini-
cal malaria [112]. Modeling studies have been proposed that, together with other malaria 
interventions, RTS,S vaccination may reduce the incidence of clinical malaria and deaths in 
many sub-Saharan African countries [113, 114]. Thus, this has led to the approval of licensure 
for the RTS,S vaccines by the European Union. However, the World Health Organization 
has not recommended its use in the extended program of immunization for children due to 
its discouraging vaccine efficacy data. Thus, the future of this vaccine for mass deployment 
remains uncertain. One of the major reasons of the limited efficacy of RTS,S vaccines and 
the discontinuation of various other vaccine development efforts is certainly due to antigen 
polymorphism [83]. In addition to antigen polymorphism, the malaria parasite utilizes many 
other immune escape mechanisms [115], which have severely hampered the development 
of malaria vaccines. With the renewed interest in malaria eradication, the development of 
an effective malaria vaccine is high on the agenda. Diverse strategies are being proposed 
to develop better vaccines: identification of new vaccine candidate [116], combinations of 
different antigens targeting the same stage or different stages [117]; new delivery systems 
and prime-boost strategies using different modalities [118]; and new adjuvants to induce 
stronger and longer lasting efficient immune responses [119–122]. However, for all vaccine 
types described, the absence of validated surrogates of protection to help select and priori-
tize different vaccine formulations is a major roadblock, which should be given priority to 
accelerate vaccine testing.
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large and costly cohort will be needed to be assessed over a long period of time. However, 
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between the two assays has been described in few studies [110] but the membrane-feeding 
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other immune escape mechanisms [115], which have severely hampered the development 
of malaria vaccines. With the renewed interest in malaria eradication, the development of 
an effective malaria vaccine is high on the agenda. Diverse strategies are being proposed 
to develop better vaccines: identification of new vaccine candidate [116], combinations of 
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stronger and longer lasting efficient immune responses [119–122]. However, for all vaccine 
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Abstract

Transmission-blocking vaccines (TBVs) utilize Plasmodium sexual stage proteins to induce
antibodies that prevent parasites from infecting blood-fed mosquitoes. This type of vac-
cine, which can be considered a “vaccine of solidarity,” reduces Plasmodium infections
within communities without conferring direct protective immunity to the vaccine recipi-
ents. The leading TBV candidates have advanced to field clinical trials, where vaccine-
induced antibody function has been demonstrated in mosquito-feeding assays. However,
the duration of functional antibody responses has been short-lived; hence current devel-
opment has focused on improved adjuvant and vaccine delivery systems to generate long-
lasting immune responses. For the future implementation of TBVs, community percep-
tions and understandings should be considered, and education should be provided on the
concept and its value. Implementation will need to be undertaken in harmony with
current malaria control policies.

Keywords: transmission-blocking vaccine, malaria, mosquito-feeding assays, elimination,
eradication

1. Introduction

Malaria elimination and eradication have received renewed attention as the best long-term
solution to this ancient scourge. However, existing tools that have been programmatically
implemented have been insufficient to achieve elimination in areas of Africa, as well as at a
global scale. Thus, new products are needed to pursue elimination, and efficacious vaccines
are generally conceded to be ideal population-based interventions to support disease eradica-
tion. In this chapter, we describe the rationale and status of transmission-blocking vaccines
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(TBV), which will contribute to malaria elimination and eradication. We place TBV in the
context of overall malaria vaccine development and highlight the role and challenges of TBV
field trials, which are needed to confirm activity and guide implementation.

2. Current malaria burden and need for elimination/eradication

Malaria is the most important parasitic disease and is endemic across the globe, most impor-
tantly sub-Saharan Africa, South and Southeast Asia, Papua New Guinea, and South America.
Its burden remains unacceptably high, especially in sub-Saharan Africa, despite the significant
gains with the use of current tools including vector control, diagnostics, chemoprevention and
treatment. In 2016, 216 million malaria cases and 445,000 deaths were recorded worldwide
mostly caused by Plasmodium falciparum, 90% of which occurred in sub-Saharan Africa [1].
Since artemisinins constitute the core component of the current malaria treatments, the recent
emergence of artemisinin resistance in Southeast Asia [2–4] has become a serious obstacle for
the malaria elimination agenda. Although the current phenotypes of artemisinin resistance are
limited to slow parasite clearance and parasite recrudescence, their impact in malaria-endemic
areas could result in a considerable increase of malaria cases, deaths, and economic costs
according to predictive models [5, 6]. Indeed, the probable spread of artemisinin resistance to
sub-Saharan Africa, where the burden of malaria is the highest, could jeopardize the lives of
millions of children. Furthermore, the spread of insecticide and mosquito behavioral resistance
compromises malaria control via the failure of vector control interventions such as indoor
residual spraying (IRS) and insecticide-treated nets (ITN). Given that current strategies will
eventually fail, new tools are urgently needed for malaria control and treatment. To overcome
these constraints, transmission-blocking vaccines (TBVs) offer a new approach by targeting
developing parasites in the mosquito host (a bottleneck in the malaria parasite lifecycle) and
thereby contributing to malaria elimination and potentially eradication.

3. Need for malaria vaccine strategy

Vaccines are powerful tools that could accelerate malaria elimination efforts. Historically,
vaccine-based strategies have contributed to the successful eradication of infectious diseases
in humans and animals, including smallpox and rinderpest [7, 8]. Poliomyelitis is now close to
eradication through routine Expanded Programme on Immunization (EPI) and massive
immunization campaigns in some areas. Vaccination is a safe and cost-effective strategy that
is easily implemented in large populations to reduce or even eliminate disease morbidity and
mortality. Vaccine-induced immune responses protect individuals against infection or disease
and can also stop transmission of the causative agent. With high coverage, vaccines protect not
only recipients but also non-immunized individuals within the population through the effect
of herd immunity. Malaria vaccines, even those with modest efficacy, such as the RTS,S
product (see below in “Current status of malaria vaccine research”), are expected to avert
millions of clinical malaria cases and thousands of severe malaria cases, hospitalizations, and
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deaths, according to prevalence-based predictive models [9–11]. The complex malaria parasite
lifecycle (Figure 1) offers several stages that can be targeted by various vaccine strategies,
which in combination may interrupt transmission.

4. Benefits of malaria transmission-blocking vaccines

Current malaria vaccine approaches target various parasite lifecycle stages including liver and
blood stages in the individual and sexual stages in the mosquito (Figure 1). Liver stage
vaccines, best typified by whole sporozoite (SPZ) vaccines that induce sterile protection [12],
presumably act through T cell responses [13] and possibly antibodies and prevent progression
of liver stage infections to blood stage parasitemia. Blood stage vaccines on the other hand

Figure 1. Malaria parasite life cycle and vaccine targets. Transmission-blocking vaccines are directed against the
sexual stages of malaria parasite development in the mosquito, while other stages of the parasite life cycle can be
targeted with different vaccine approaches. The vaccine concepts, candidate vaccines, and candidate antigens
discussed in this chapter are presented according to their targeted stage of the parasite life cycle, as well as their
anticipated biological effects: transmission-blocking, anti-infection, and anti-disease effects. Illustration by Alan
Hoofring, Medical Arts Design Section, NIH.
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vaccine-based strategies have contributed to the successful eradication of infectious diseases
in humans and animals, including smallpox and rinderpest [7, 8]. Poliomyelitis is now close to
eradication through routine Expanded Programme on Immunization (EPI) and massive
immunization campaigns in some areas. Vaccination is a safe and cost-effective strategy that
is easily implemented in large populations to reduce or even eliminate disease morbidity and
mortality. Vaccine-induced immune responses protect individuals against infection or disease
and can also stop transmission of the causative agent. With high coverage, vaccines protect not
only recipients but also non-immunized individuals within the population through the effect
of herd immunity. Malaria vaccines, even those with modest efficacy, such as the RTS,S
product (see below in “Current status of malaria vaccine research”), are expected to avert
millions of clinical malaria cases and thousands of severe malaria cases, hospitalizations, and
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deaths, according to prevalence-based predictive models [9–11]. The complex malaria parasite
lifecycle (Figure 1) offers several stages that can be targeted by various vaccine strategies,
which in combination may interrupt transmission.

4. Benefits of malaria transmission-blocking vaccines

Current malaria vaccine approaches target various parasite lifecycle stages including liver and
blood stages in the individual and sexual stages in the mosquito (Figure 1). Liver stage
vaccines, best typified by whole sporozoite (SPZ) vaccines that induce sterile protection [12],
presumably act through T cell responses [13] and possibly antibodies and prevent progression
of liver stage infections to blood stage parasitemia. Blood stage vaccines on the other hand

Figure 1. Malaria parasite life cycle and vaccine targets. Transmission-blocking vaccines are directed against the
sexual stages of malaria parasite development in the mosquito, while other stages of the parasite life cycle can be
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confer protection that reduces malaria episodes, disease severity, and/or parasitemia. Addi-
tionally, immunity against VAR2CSA, a member of the P. falciparum erythrocyte membrane
protein 1 family that binds to chondroitin sulfate A, may prevent placental malaria [14].

Vaccines that target the sexual stages, known as TBVs, are the focus of this chapter. TBVs do
not directly protect immunized individuals but specifically block onward transmission by
preventing mosquito infection. TBVs utilize antigens expressed during mosquito parasite
stages (gametocytes, gametes, zygotes and ookinetes) to induce functional antibodies that
attack the parasite in the mosquito and impair its viability, inhibit its development, or impede
its interaction with the mosquito midgut. The effector antibody responses involved in these
types of vaccines include neutralization and complement-mediated lysis. A broader concept
coined as a Vaccine to Interrupt Malaria Transmission (VIMT) by the Malaria Eradication
Research Agenda (MalERA) includes not only TBVs but also pre-erythrocytic and blood stage
vaccines, as well as mosquito molecules involved in parasite development [15] such as Anoph-
eles gambiae aminopeptidase 1 (AnAPN1), carboxypeptidase, and saglin.

Ideally, TBVs will elicit effective antibodies that prevent malaria parasite development in
mosquitoes after uptake of blood meals. This will reduce the number of circulating infectious
mosquitoes below a threshold that sustains transmission. TBVs are among the tools being
encouraged for use during pre-elimination and elimination phases of malaria eradication
according to malERA [15] and could be an effective alternative or adjunct to vector control.
Compared to vector control interventions, TBVs are ecologically safer, cost-effective, and
readily enable high coverage of populations.

Most TBV antigens are genetically conserved, which may be due to limited immune pressure.
The effect of immune pressure exerted by TBV against the parasite remains unknown and will
need to be monitored in future. Notably, sexual stages are critical for the generation of parasite
genetic diversity and regulation of parasite virulence, hence the effects of TBVs on these
phenomena also warrant monitoring. In addition, malaria parasites experience a considerable
population bottleneck in the mosquito for only a handful of parasite zygotes progressing to
oocysts on the mosquito midgut. Altogether, while these observations make the mosquito
phase an attractive target for vaccine development, much remains to be done to achieve
implementable and effective TBVs.

5. Current status of malaria vaccine research

The development of effective vaccines against eukaryotic organisms is far from easy and has
been particularly difficult for P. falciparum, a protozoan parasite characterized by three
genomes (nuclear, mitochondrial, and apicoplastid), an adenine-thymine rich (~80%) nuclear
genome [16] encoding >5000 genes, and a complex lifecycle involving several developmental
stages between vertebrate and invertebrate hosts. Malaria vaccine development has been
hampered by several factors during a century of effort, including the genetic diversity of
P. falciparum, complexity of its biology, and difficulty obtaining long-lasting effective immunity.
Interestingly, adults living in hyperendemic settings are continuously exposed to infective
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mosquito bites and naturally acquire immunity that controls parasitemia and reduces clinical
episodes of malaria over time. Responses against some parasite proteins have been associated
with this natural protection, which makes them promising vaccine targets [17].

Today, the most advanced malaria vaccine is RTS,S, a pre-erythrocytic stage vaccine consisting
of a virus-like particle (VLP) that displays hepatitis B surface antigen alone (S) and fused with
a P. falciparum circumsporozoite protein fragment containing its central repeats and T cell
epitopes (RTS). RTS,S has completed Phase III clinical trial (vaccine given to thousands of
people and tested for efficacy and safety) and showed an efficacy of 51.3% (95%CI, 47.5–54.9)
against clinical malaria in 5- to 17-month children over 12 months after three doses of the
vaccine. A fourth dose was required to sustain protection over longer periods [18]. RTS,S is
currently in pilot implementation studies involving 360,000 young children, expected to be
given the vaccine in Ghana, Kenya, and Malawi. Although this represents important progress
given the absence of any other human vaccine against a eukaryotic pathogen, more research is
needed to develop vaccines that meet the Malaria Vaccine Technology Roadmap goals of 50%
efficacy against severe malaria for more than one year and ≥75% long lasting efficacy against
clinical malaria. For example, alternative dosages, timing and number of doses, are being
evaluated as strategies to improve RTS,S efficacy [19, 20].

Attenuated whole SPZ vaccines have shown high-level sterile protection (>90%) against
homologous challenge in early clinical trials [21] and thus have been heralded as a promising
malaria vaccine approach. The concept of immunization using the whole SPZ was first
attempted in 1910 by the French scientist Sergent using an avian model of malaria [22]. Several
decades later, protective immunity was induced in mice following inoculation of X-irradiated
SPZ of P. berghei [12]. In 1973, this approach was shown to be protective in humans, using X-
irradiated SPZ of P. falciparum to vaccinate, followed by challenge with the non-irradiated
homologous strain delivered by mosquito bites [23]. More recently, inoculation of non-
attenuated fully infectious SPZ from chemo-sensitive strains along with administration of
effective antimalarial drugs, known as chemoprophylaxis vaccination, was shown to induce
sterilizing immunity [24]. Immunity induced by chemoprophylaxis vaccination is dose-
dependent and requires substantially smaller SPZ inocula compared to irradiated SPZ [25].

Finally, genetic attenuation of parasites through the deletion of liver developmental stage-
specific genes by homologous recombination is also being pursued to generate whole SPZ
vaccines [26]. Numerous technologies may generate genetically attenuated parasite vaccines,
including flippase (Flp)/Flp recognition target, Cre/loxP recombination, zing-finger nucleases,
and the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated protein 9 (CRISPR/Cas9) system [27–30]. Genetic attenuation enables generation of
parasites that arrest at late liver stages, exposing a broader liver stage-specific antigen reper-
toire to the immune system over a longer duration. However, genetic attenuation can be
incompletely effective for preventing breakthrough to blood stage parasitemia, and this needs
to be monitored carefully in clinical studies. Further, the requirement for mosquitoes to deliver
SPZ vaccines had been considered as an insuperable obstacle to development of a whole SPZ
vaccine for mass immunization. This obstacle has been partially overcome by the production
of purified, aseptic, and cryopreserved SPZ for syringe injection by Sanaria Inc. [31].
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Vaccines that target the sexual stages, known as TBVs, are the focus of this chapter. TBVs do
not directly protect immunized individuals but specifically block onward transmission by
preventing mosquito infection. TBVs utilize antigens expressed during mosquito parasite
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attack the parasite in the mosquito and impair its viability, inhibit its development, or impede
its interaction with the mosquito midgut. The effector antibody responses involved in these
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Research Agenda (MalERA) includes not only TBVs but also pre-erythrocytic and blood stage
vaccines, as well as mosquito molecules involved in parasite development [15] such as Anoph-
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mosquitoes after uptake of blood meals. This will reduce the number of circulating infectious
mosquitoes below a threshold that sustains transmission. TBVs are among the tools being
encouraged for use during pre-elimination and elimination phases of malaria eradication
according to malERA [15] and could be an effective alternative or adjunct to vector control.
Compared to vector control interventions, TBVs are ecologically safer, cost-effective, and
readily enable high coverage of populations.

Most TBV antigens are genetically conserved, which may be due to limited immune pressure.
The effect of immune pressure exerted by TBV against the parasite remains unknown and will
need to be monitored in future. Notably, sexual stages are critical for the generation of parasite
genetic diversity and regulation of parasite virulence, hence the effects of TBVs on these
phenomena also warrant monitoring. In addition, malaria parasites experience a considerable
population bottleneck in the mosquito for only a handful of parasite zygotes progressing to
oocysts on the mosquito midgut. Altogether, while these observations make the mosquito
phase an attractive target for vaccine development, much remains to be done to achieve
implementable and effective TBVs.

5. Current status of malaria vaccine research

The development of effective vaccines against eukaryotic organisms is far from easy and has
been particularly difficult for P. falciparum, a protozoan parasite characterized by three
genomes (nuclear, mitochondrial, and apicoplastid), an adenine-thymine rich (~80%) nuclear
genome [16] encoding >5000 genes, and a complex lifecycle involving several developmental
stages between vertebrate and invertebrate hosts. Malaria vaccine development has been
hampered by several factors during a century of effort, including the genetic diversity of
P. falciparum, complexity of its biology, and difficulty obtaining long-lasting effective immunity.
Interestingly, adults living in hyperendemic settings are continuously exposed to infective
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mosquito bites and naturally acquire immunity that controls parasitemia and reduces clinical
episodes of malaria over time. Responses against some parasite proteins have been associated
with this natural protection, which makes them promising vaccine targets [17].

Today, the most advanced malaria vaccine is RTS,S, a pre-erythrocytic stage vaccine consisting
of a virus-like particle (VLP) that displays hepatitis B surface antigen alone (S) and fused with
a P. falciparum circumsporozoite protein fragment containing its central repeats and T cell
epitopes (RTS). RTS,S has completed Phase III clinical trial (vaccine given to thousands of
people and tested for efficacy and safety) and showed an efficacy of 51.3% (95%CI, 47.5–54.9)
against clinical malaria in 5- to 17-month children over 12 months after three doses of the
vaccine. A fourth dose was required to sustain protection over longer periods [18]. RTS,S is
currently in pilot implementation studies involving 360,000 young children, expected to be
given the vaccine in Ghana, Kenya, and Malawi. Although this represents important progress
given the absence of any other human vaccine against a eukaryotic pathogen, more research is
needed to develop vaccines that meet the Malaria Vaccine Technology Roadmap goals of 50%
efficacy against severe malaria for more than one year and ≥75% long lasting efficacy against
clinical malaria. For example, alternative dosages, timing and number of doses, are being
evaluated as strategies to improve RTS,S efficacy [19, 20].

Attenuated whole SPZ vaccines have shown high-level sterile protection (>90%) against
homologous challenge in early clinical trials [21] and thus have been heralded as a promising
malaria vaccine approach. The concept of immunization using the whole SPZ was first
attempted in 1910 by the French scientist Sergent using an avian model of malaria [22]. Several
decades later, protective immunity was induced in mice following inoculation of X-irradiated
SPZ of P. berghei [12]. In 1973, this approach was shown to be protective in humans, using X-
irradiated SPZ of P. falciparum to vaccinate, followed by challenge with the non-irradiated
homologous strain delivered by mosquito bites [23]. More recently, inoculation of non-
attenuated fully infectious SPZ from chemo-sensitive strains along with administration of
effective antimalarial drugs, known as chemoprophylaxis vaccination, was shown to induce
sterilizing immunity [24]. Immunity induced by chemoprophylaxis vaccination is dose-
dependent and requires substantially smaller SPZ inocula compared to irradiated SPZ [25].

Finally, genetic attenuation of parasites through the deletion of liver developmental stage-
specific genes by homologous recombination is also being pursued to generate whole SPZ
vaccines [26]. Numerous technologies may generate genetically attenuated parasite vaccines,
including flippase (Flp)/Flp recognition target, Cre/loxP recombination, zing-finger nucleases,
and the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated protein 9 (CRISPR/Cas9) system [27–30]. Genetic attenuation enables generation of
parasites that arrest at late liver stages, exposing a broader liver stage-specific antigen reper-
toire to the immune system over a longer duration. However, genetic attenuation can be
incompletely effective for preventing breakthrough to blood stage parasitemia, and this needs
to be monitored carefully in clinical studies. Further, the requirement for mosquitoes to deliver
SPZ vaccines had been considered as an insuperable obstacle to development of a whole SPZ
vaccine for mass immunization. This obstacle has been partially overcome by the production
of purified, aseptic, and cryopreserved SPZ for syringe injection by Sanaria Inc. [31].
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The blood stage is another important focus for malaria vaccine research, as this stage is
responsible for the clinical manifestations of malaria. People living in endemic areas are
repeatedly exposed to blood stage parasites and acquire protective antibodies over years that
control parasitemia and prevent disease; consequently, a blood stage vaccine can be composed
of antigens targeted by naturally acquired immunity that prevent clinical episodes of malaria
[17, 32]. For example, immune responses to combinations of merozoite antigens were associ-
ated with 100% protection against clinical episodes of malaria in Kenyan observational cohorts
[17]. Unfortunately, the efficacy of merozoite antigen vaccines in interventional trials has been
poor, limited in part by antigenic diversity, which must be overcome for effective strain-
transcending vaccines [33, 34].

6. Transmission-blocking vaccine (TBV) development

The first demonstration of antibodies that prevented mosquito infection was reported in 1958
using the avian species Plasmodium gallinaceum [35]. However, it remained until 1976 for
studies to show that such antibodies might recognize gamete proteins and therefore act against
the parasite in the invertebrate rather than vertebrate host [36, 37]. These gamete proteins were
subsequently characterized to be P230 and P48/45, and later the zygote/ookinete surface pro-
teins P28 and P25 were shown to be TBV targets; “P” refers to Plasmodium (the antigens have
homologs in all Plasmodium species to date), and the number refers to their molecular weights
on SDS-PAGE [38, 39]. P28 and P25 are paralogs, most abundant on the surface of zygotes and
ookinetes, glycosylphosphatidylinositol (GPI)-anchored, and involved in ookinete formation.
Today, these four parasite proteins represent the leading TBV candidates. Ookinete-secreted
proteins have also been identified as targets for TBVs, including chitinase 1, von Willebrand
factor-A domain-related protein, thrombospondin-related anonymous protein-related protein,
membrane-attack ookinete protein, secreted ookinete adhesive protein (SOAP), and cell-
traversal protein for ookinetes and sporozoites (CelTOS) [40, 41].

TBVs that have reached human clinical trials include only Pfs25 and its Plasmodium vivax
ortholog Pvs25, and Pfs230. Early clinical trials of Pfs25 and Pvs25 yielded poor results due to
either poor production of antibodies with transmission-blocking activity or to significant
reactogenicity attributed to adjuvant formulations [42–44]. These challenges have been
addressed by advances in vaccine expression systems, delivery platforms, and adjuvant for-
mulations. Production of recombinant TBV antigen has been assessed in numerous systems,
including Escherichia coli, Saccharomyces cerevisiae, Pichia pastoris, and baculovirus/insect cells,
to yield better-folded proteins that are stable in solution and recreate conformational epitopes.
Pfs230 and Pfs45/48 vaccines in particular are hampered by difficulty in expressing them in
their appropriate conformations. To overcome this, research has focused on the expression of
immunogenic fragments rather than full-length proteins [45, 46].

Several approaches to vaccine particle preparation have also been pursued to increase immu-
nogenicity. These include conjugation to carriers (such as Pseudomonas aeruginosa exoprotein A
(EPA) [47] and bacterial outer membrane protein complex (OMPC) [48]) or fusion to partners
that complex to generate particles (such as C4 bp oligomerization domain (IMX313) expressed
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in E. coli [49, 50] or modified lichenase carrier (LiKM) produced in Nicotiana benthamiana [50]).
Viral vector vaccines, such as Chad63/Modified Vaccinia Ankara, are also being assessed to
improve immunogenicity [49].

Adjuvants, such as Alhydrogel® and Montanide®, have been used for clinical trials of TBVs
with reactogenicity issues observed with both; however, recent trials of Alhydrogel®-formu-
lated TBV have demonstrated good safety and reactogenicity profiles. Recently, GSK®’s lipo-
somal adjuvant AS01 has been considered for TBVs. AS01 incorporates the TLR4 ligand MPL
and the saponin derivative QS-21, and because AS01 is used for formulating the pre-
erythrocytic vaccine RTS,S, this would simplify future efforts to combine products.

TBV candidates that are in clinical and preclinical developments are summarized in Table 1.
Human studies of Pfs25 and Pvs25 showed that priming doses of the vaccines do not induce
detectable antibody levels [42, 51]. Antibody production is measurable after the first boost and
then rapidly declines; additional boosts are required to retain antibody titers. However, the
raised antibodies have been proven to be functional, i.e. capable of reducing oocyst formation
in mosquito-feeding assays, and this activity strongly correlates to antibody titer [42, 51]. In
addition to Pfs25/Pvs25 candidates, Pfs230 conjugated to EPA and adjuvanted in Alhydrogel®

or AS01 has advanced to clinical trials for evaluation either alone or in coadministration with
Pfs25 (https://clinicaltrials.gov/, trials NCT02334462 and NCT02942277).

Vaccine candidate Type Stage of
development

Clinical trial identifier or
reference number

Pfs25M-EPA/AS01 and/or Pfs230D1M-
EPA/AS01

Subunit vaccine Phase 1 NCT02942277

Pfs230D1M-EPA/Alhydrogel® and/or Pfs25
EPA/Alhydrogel®

Subunit vaccine Phase 1 NCT02334462

Pfs25-EPA/Alhydrogel® Subunit vaccine Phase 1 NCT01867463, 51

Pfs25 VLP-FhCMB VLP vaccine Phase 1 NCT02013687

ChAd63 Pfs25-IMX313+/-MVA Pfs25-
IMX313

Viral vector &
nanoparticle vaccines

Phase 1 NCT02532049

Pfs25 & Pvs25/Montanide ISA 51 Subunit vaccine Phase 1 [43]

Pvs25H/Alhydrogel® Subunit vaccine Phase 1 [42]

Pfs25-Pfs25 Conjugate vaccine Phase 1 NCT00977899

Plant-Produced Pfs230 LiKM Subunit vaccine Preclinical [57]

Pfs48/45 Subunit vaccine Preclinical [58, 59]

Pvs48/45 DNA vaccine Preclinical [60]

Pvs47 DNA vaccine Preclinical [60]

Pfs28 Subunit vaccine Preclinical [61, 62]

PfHAP2 Subunit or viral vector
vaccine

Preclinical [55, 63]

AnAPN1 Subunit vaccine Preclinical [59, 64]

Table 1. Transmission-blocking vaccine (TBV) candidates in clinical and preclinical developments.
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The blood stage is another important focus for malaria vaccine research, as this stage is
responsible for the clinical manifestations of malaria. People living in endemic areas are
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control parasitemia and prevent disease; consequently, a blood stage vaccine can be composed
of antigens targeted by naturally acquired immunity that prevent clinical episodes of malaria
[17, 32]. For example, immune responses to combinations of merozoite antigens were associ-
ated with 100% protection against clinical episodes of malaria in Kenyan observational cohorts
[17]. Unfortunately, the efficacy of merozoite antigen vaccines in interventional trials has been
poor, limited in part by antigenic diversity, which must be overcome for effective strain-
transcending vaccines [33, 34].
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The first demonstration of antibodies that prevented mosquito infection was reported in 1958
using the avian species Plasmodium gallinaceum [35]. However, it remained until 1976 for
studies to show that such antibodies might recognize gamete proteins and therefore act against
the parasite in the invertebrate rather than vertebrate host [36, 37]. These gamete proteins were
subsequently characterized to be P230 and P48/45, and later the zygote/ookinete surface pro-
teins P28 and P25 were shown to be TBV targets; “P” refers to Plasmodium (the antigens have
homologs in all Plasmodium species to date), and the number refers to their molecular weights
on SDS-PAGE [38, 39]. P28 and P25 are paralogs, most abundant on the surface of zygotes and
ookinetes, glycosylphosphatidylinositol (GPI)-anchored, and involved in ookinete formation.
Today, these four parasite proteins represent the leading TBV candidates. Ookinete-secreted
proteins have also been identified as targets for TBVs, including chitinase 1, von Willebrand
factor-A domain-related protein, thrombospondin-related anonymous protein-related protein,
membrane-attack ookinete protein, secreted ookinete adhesive protein (SOAP), and cell-
traversal protein for ookinetes and sporozoites (CelTOS) [40, 41].

TBVs that have reached human clinical trials include only Pfs25 and its Plasmodium vivax
ortholog Pvs25, and Pfs230. Early clinical trials of Pfs25 and Pvs25 yielded poor results due to
either poor production of antibodies with transmission-blocking activity or to significant
reactogenicity attributed to adjuvant formulations [42–44]. These challenges have been
addressed by advances in vaccine expression systems, delivery platforms, and adjuvant for-
mulations. Production of recombinant TBV antigen has been assessed in numerous systems,
including Escherichia coli, Saccharomyces cerevisiae, Pichia pastoris, and baculovirus/insect cells,
to yield better-folded proteins that are stable in solution and recreate conformational epitopes.
Pfs230 and Pfs45/48 vaccines in particular are hampered by difficulty in expressing them in
their appropriate conformations. To overcome this, research has focused on the expression of
immunogenic fragments rather than full-length proteins [45, 46].

Several approaches to vaccine particle preparation have also been pursued to increase immu-
nogenicity. These include conjugation to carriers (such as Pseudomonas aeruginosa exoprotein A
(EPA) [47] and bacterial outer membrane protein complex (OMPC) [48]) or fusion to partners
that complex to generate particles (such as C4 bp oligomerization domain (IMX313) expressed
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in E. coli [49, 50] or modified lichenase carrier (LiKM) produced in Nicotiana benthamiana [50]).
Viral vector vaccines, such as Chad63/Modified Vaccinia Ankara, are also being assessed to
improve immunogenicity [49].

Adjuvants, such as Alhydrogel® and Montanide®, have been used for clinical trials of TBVs
with reactogenicity issues observed with both; however, recent trials of Alhydrogel®-formu-
lated TBV have demonstrated good safety and reactogenicity profiles. Recently, GSK®’s lipo-
somal adjuvant AS01 has been considered for TBVs. AS01 incorporates the TLR4 ligand MPL
and the saponin derivative QS-21, and because AS01 is used for formulating the pre-
erythrocytic vaccine RTS,S, this would simplify future efforts to combine products.

TBV candidates that are in clinical and preclinical developments are summarized in Table 1.
Human studies of Pfs25 and Pvs25 showed that priming doses of the vaccines do not induce
detectable antibody levels [42, 51]. Antibody production is measurable after the first boost and
then rapidly declines; additional boosts are required to retain antibody titers. However, the
raised antibodies have been proven to be functional, i.e. capable of reducing oocyst formation
in mosquito-feeding assays, and this activity strongly correlates to antibody titer [42, 51]. In
addition to Pfs25/Pvs25 candidates, Pfs230 conjugated to EPA and adjuvanted in Alhydrogel®

or AS01 has advanced to clinical trials for evaluation either alone or in coadministration with
Pfs25 (https://clinicaltrials.gov/, trials NCT02334462 and NCT02942277).

Vaccine candidate Type Stage of
development

Clinical trial identifier or
reference number

Pfs25M-EPA/AS01 and/or Pfs230D1M-
EPA/AS01

Subunit vaccine Phase 1 NCT02942277

Pfs230D1M-EPA/Alhydrogel® and/or Pfs25
EPA/Alhydrogel®

Subunit vaccine Phase 1 NCT02334462

Pfs25-EPA/Alhydrogel® Subunit vaccine Phase 1 NCT01867463, 51

Pfs25 VLP-FhCMB VLP vaccine Phase 1 NCT02013687

ChAd63 Pfs25-IMX313+/-MVA Pfs25-
IMX313

Viral vector &
nanoparticle vaccines

Phase 1 NCT02532049

Pfs25 & Pvs25/Montanide ISA 51 Subunit vaccine Phase 1 [43]

Pvs25H/Alhydrogel® Subunit vaccine Phase 1 [42]

Pfs25-Pfs25 Conjugate vaccine Phase 1 NCT00977899

Plant-Produced Pfs230 LiKM Subunit vaccine Preclinical [57]

Pfs48/45 Subunit vaccine Preclinical [58, 59]

Pvs48/45 DNA vaccine Preclinical [60]

Pvs47 DNA vaccine Preclinical [60]

Pfs28 Subunit vaccine Preclinical [61, 62]

PfHAP2 Subunit or viral vector
vaccine

Preclinical [55, 63]

AnAPN1 Subunit vaccine Preclinical [59, 64]

Table 1. Transmission-blocking vaccine (TBV) candidates in clinical and preclinical developments.

Malaria Transmission-Blocking Vaccines: Present Status and Future Perspectives
http://dx.doi.org/10.5772/intechopen.77241

369



7. Field studies of TBVs and Malian experiences

Field clinical trials are a major component of TBV development. TBV candidates are generally
discovered in laboratories in the North with extensive infrastructure for modern biological
sciences to conduct discovery research. After passing preclinical evaluations, TBV candidates
must be tested in humans to qualify as viable vaccines. Safety and tolerability of the products
are assessed first, generally in malaria-naïve individuals in non-endemic countries during a
first-in-human phase 1 study. If the product meets acceptable safety and tolerability criteria,
then it advances to Phases I, II, and III field clinical trials, which often means evaluation in
malaria-endemic settings. Field studies are essential for assessing interruption of malaria
transmission in the communities living in malaria-endemic areas.

A field clinical trial is not just a simple study but rather a multifaceted activity that builds on
strong partnerships between research institutions and affected communities. Various capabil-
ities are required for successful clinical trials, including confidence-based collaborative
research teams, facilities, equipment, written procedures, training programs, community
engagement, collaboration with ethics review committees, and collaborations with health and
political authorities. The partnerships include vaccine inventors, developers, sponsors/funders,
and institutions that have appropriate capacities and experience in conducting field clinical
trials of malaria vaccines.

The main components of a TBV field clinical trial comprise immunization of study volunteers
with prime and boost doses, intensive safety follow-up and reporting, mosquito-feeding
assays, and the measurement of antibody responses using enzyme-linked immunosorbent
assay (ELISA) for titers and standard membrane-feeding assay (SMFA) for activity. The immu-
nization of volunteers is a major event that involves professionals with sundry expertise. The
professionals include clinicians who assess volunteers for inclusion/exclusion criteria and
monitor their health after receiving the vaccination, pharmacists who manage the randomiza-
tion list as well as vaccine preparation, physicians who administer the vaccines, and
intensivists who provide care for any post-immunization emergency. Medical biologists ensure
proper biological sample collection, processing, transport, and storage as well as immediate
measurement of biological parameters. Medical entomologists perform mosquito-feeding
assays and associated dissections for endpoint analysis, and data managers enter and ensure
quality of data according to established procedures.

8. Measuring vaccine activity

Unlike other vaccines where controlled human malaria infection (CHMI) studies are useful for
assessing efficacy, field assessment of TBV efficacy currently requires mosquito-feeding assays
on individuals living in malaria-endemic areas. Several mosquito-feeding assays can be uti-
lized to assess the capacity of vaccine-induced antibodies to interfere with mosquito infectivity
including direct skin-feeding (DSF) assay, direct membrane-feeding assay (DMFA), and stan-
dard membrane-feeding assay (SMFA). The DMFA entails feeding of laboratory-reared
uninfected mosquitoes on venous blood immediately after collection from study participants
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(Figure 2A). Feeding occurs through various types of membranes, such as pig intestine or
Parafilm®, to access infected blood housed in a heated chamber that attracts mosquitoes. This
method takes the diversity of infection in the population into account. The standard
membrane-feeding assay (SMFA) is the gold-standard technique for functional evaluation of
antibodies in TBV studies, given its use of a well-characterized laboratory parasite isolate and
mosquito line that lend themselves to standardization. Mosquitoes feed on cultured gameto-
cytes together with either volunteer serum or purified immunoglobulin (Figure 2B). SMFA is
similar to DMFA in the machinery and process for feeding but fails to capture parasite
diversity effects on vaccine activity.

In DSF assays, cups of field-adapted, laboratory-reared mosquitoes are fed on the skin of
human volunteers to assess the ability of vaccine antibody responses to block malaria trans-
mission in near-natural conditions (Figure 3). In a recent advance, the Malaria Research and
Training Center (MRTC) in Bamako (Mali) and the Laboratory of Malaria Immunology and
Vaccinology (LMIV) at NIAID/NIH, in Rockville, MD (USA) have established the infrastruc-
ture, logistics, and safety database to support scale up of DSF assays on a community-wide
basis (Figure 3). These DSF assays use a line of locally caught Anopheles coluzzii recently
adapted for breeding in a contained insectary. In these studies [52], uninfected mosquitoes
(generally 30–60 per assay) are fed on study volunteers on a regular basis during the malaria
transmission season, with the expectation that an effective vaccine will reduce the number of
infected mosquitoes compared to controls. We believe DSFs, in which insectary-raised clean
mosquitoes are directly fed on infected individuals, may be more likely to be predictive of an
intervention’s impact on transmission than membrane feeds.

Figure 2. Membrane-feeding assays. (A) Overall setup of a direct membrane-feeding assay (DMFA). DMFA was
performed at the Malaria Research and Training Center (MRTC), Mali with mosquitoes feeding through a membrane on
whole venous blood taken in citrate-phosphate-dextrose or heparin from infected donors. The mosquitoes used were F1
or F2 progeny of wild-caught mosquitoes, or MRTC colony-bred mosquitoes (Anopheles coluzzii) maintained for many
generations after local capture. The gametocyte source was fresh venous blood collected from infected study volunteers in
Mali. (B) Standard membrane-feeding assay (SMFA) showing an individual feeding chamber. SMFA performed at the
Laboratory of Malaria Immunology and Vaccinology (LMIV), National Institute of Allergy and Infectious Diseases
(NIAID)/National Institutes of Health (NIH), Rockville, MD, USA with mosquitoes feeding through a membrane on
laboratory-cultured parasites (gametocytes) suspended in media with immune or nonimmune serum/plasma or IgG.
The mosquitoes used were an established laboratory strain (commonly Anopheles stephensi).
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transmission season, with the expectation that an effective vaccine will reduce the number of
infected mosquitoes compared to controls. We believe DSFs, in which insectary-raised clean
mosquitoes are directly fed on infected individuals, may be more likely to be predictive of an
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For all these methods (SMFA, DMFA, DSF), mosquitoes are dissected about a week after
feeding for oocyst detection and counting by microscopy. The results of the mosquito-feeding
assay allow the calculation of transmission-blocking activity and transmission reducing

Figure 3. Direct skin feeds (DSF). DSF was performed at the Malaria Research and Training Center (MRTC), Mali at the
study sites. MRTC colony-bred mosquitoes (Anopheles coluzzii) raised in containment fed directly on skin of consenting
study participants. The gametocyte source was infected study volunteers in Mali. Ethical approvals were obtained from
both the NIAID/NIH IRB (National Institute of Allergy and Infectious Diseases/National Institutes of Health, Rockville,
MD, USA Institutional Review Board) and the Mali FMPOS (Faculty of Medicine, Pharmacy and Odonto-Stomatology)
Ethics Committee.
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activity, which are respectively the ratio of the proportions of infected mosquitoes and the
mean counts of oocysts, between test and control mosquitoes.

The measurement of antibody titers during field clinical trials of TBVs (generally by ELISA) is
required to assess the immunogenicity of vaccine candidates. Samples are assayed to detect any
pre-existing immunity against vaccine candidates, to determine vaccine immunogenicity after
prime and boost doses, and to monitor the decay of antibody titers during the follow-up. In
addition, antibody titer data can be linked with mosquito-feeding assay data to determine the
correlation between antibody production and functionality. Many further investigations can be
performed with samples collected from the study volunteers for other exploratory objectives.

9. The Malaria Research and Training Center (MRTC) field trials
experience

The achievement of all field activities requires an institution endowed with strong capacities
and trained staff. Malaria Research and Training Center (MRTC), founded in 1992 at the
Department of Parasitic Diseases Epidemiology based at the University of Sciences, Tech-
niques and Technologies of Bamako (USTTB) in Mali, is a leading institution in conducting
field clinical trials of TBVs in Africa. The center is the result of a partnership between the
Malian government and US National Institutes of Health (NIH) to build capacity in malaria
research and training in Mali. The USTTB collaboration has been designated by NIH as an
International Center for Excellence in Research (ICER).

MRTC comprises six equipped and autonomous clinical trial sites located in malaria-endemic
Malian villages that fulfill International Conference on Harmonization (ICH) requirements and
adhere to Good Clinical Practices (GCP) and a central laboratory in Bamako (the capital city of
Mali) where several teams are based. The MRTC infrastructure includes a clinical laboratory
certified by the College of American Pathologists and an equipped insectary, among others. In
addition, the center has 15 other field sites that host epidemiological studies and other collab-
orations with external partners.

From 2003 to 2016, MRTC completed 13 asexual stage vaccine clinical trials and one TBV field
clinical trial evaluating Pfs25H-EPA/Alhydrogel® (Bancoumana, Mali, from 2013 to 2016,
NCT01867463) in collaboration with LMIV at NIH. Field clinical trials of six more candidate
TBVs are ongoing: Pfs25M-EPA/Alhydrogel® and Pfs230D1M-EPA/Alhydrogel®, as well as
the combination of Pfs25M-EPA/Alhydrogel® + Pfs230D1M-EPA/Alhydrogel® (Bethesda, USA
and Bancoumana, Mali; started in 2015, NCT02334462), and Pfs25M-EPA/AS01, Pfs230D1M-
EPA/AS01, and the combination of Pfs25M-EPA/AS01 + Pfs230D1M-EPA/AS01 (Bamako,
Doneguebougou and Bancoumana, Mali; started in 2016, NCT02942277). The success of these
studies depends onMRTC’s technical capacities and strength in community engagement. Dynamic
MRTC teams execute intense programs of volunteer immunization and thorough follow-up
(Figure 4), as well as high-throughput processing of samples in laboratories, rearing of mosquitoes,
mosquito-feeding assays, dissection of mosquitoes, real-time data entry and cleaning, and constant
transportation of persons, samples, and materials between central laboratory and study sites.
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For all these methods (SMFA, DMFA, DSF), mosquitoes are dissected about a week after
feeding for oocyst detection and counting by microscopy. The results of the mosquito-feeding
assay allow the calculation of transmission-blocking activity and transmission reducing
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niques and Technologies of Bamako (USTTB) in Mali, is a leading institution in conducting
field clinical trials of TBVs in Africa. The center is the result of a partnership between the
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research and training in Mali. The USTTB collaboration has been designated by NIH as an
International Center for Excellence in Research (ICER).

MRTC comprises six equipped and autonomous clinical trial sites located in malaria-endemic
Malian villages that fulfill International Conference on Harmonization (ICH) requirements and
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certified by the College of American Pathologists and an equipped insectary, among others. In
addition, the center has 15 other field sites that host epidemiological studies and other collab-
orations with external partners.

From 2003 to 2016, MRTC completed 13 asexual stage vaccine clinical trials and one TBV field
clinical trial evaluating Pfs25H-EPA/Alhydrogel® (Bancoumana, Mali, from 2013 to 2016,
NCT01867463) in collaboration with LMIV at NIH. Field clinical trials of six more candidate
TBVs are ongoing: Pfs25M-EPA/Alhydrogel® and Pfs230D1M-EPA/Alhydrogel®, as well as
the combination of Pfs25M-EPA/Alhydrogel® + Pfs230D1M-EPA/Alhydrogel® (Bethesda, USA
and Bancoumana, Mali; started in 2015, NCT02334462), and Pfs25M-EPA/AS01, Pfs230D1M-
EPA/AS01, and the combination of Pfs25M-EPA/AS01 + Pfs230D1M-EPA/AS01 (Bamako,
Doneguebougou and Bancoumana, Mali; started in 2016, NCT02942277). The success of these
studies depends onMRTC’s technical capacities and strength in community engagement. Dynamic
MRTC teams execute intense programs of volunteer immunization and thorough follow-up
(Figure 4), as well as high-throughput processing of samples in laboratories, rearing of mosquitoes,
mosquito-feeding assays, dissection of mosquitoes, real-time data entry and cleaning, and constant
transportation of persons, samples, and materials between central laboratory and study sites.
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For community engagement, MRTC has built participative, durable, and confidence-based
partnerships with communities at and around the study sites. Initially, community leaders
comprising village heads, elderly, family heads, women’s and youth’s representatives, local
health providers, and school teachers are consulted for permission to build research facilities
and conduct clinical trials in the communities [53] (Figure 4). Subsequently, individual con-
sents are obtained from interested volunteers according to international guidelines.

Local residents are fully involved and meaningfully impacted by the research activities. The
presence of research teams and facilities, along with successful execution of clinical trials, has
contributed to significant improvement of the local healthcare system and even the economy of
the host villages. This positive impact has reinforced community confidence towards clinical
trials and subsequently strengthened community engagement, positioning MRTC to success-
fully conduct TBV field clinical trials in Mali.

10. Bottlenecks and perspectives for TBVs

The future development and potential implementation of current TBV candidates will need to
address important regulatory issues. A major issue involves the conceptual framework for a

Figure 4. General profile of a malaria transmission-blocking vaccine trial in Mali. This is general study process (flow-
chart) followed at the Malaria Research and Training Center (MRTC), Mali in carrying out a malaria vaccine study.
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vaccine that does not directly benefit a recipient, but instead benefits a community only when
the proportion of the population that receives the vaccine achieves the threshold needed to
reduce malaria prevalence and incidence. This threshold may vary between communities
depending on the baseline intensity and ecology of malaria transmission. A TBV can be
considered a “vaccine of solidarity,” whereby the individual accepts vaccination to contribute
to protection of his/her community and thereby ultimately to his/her own benefit. Before any
decision to participate, individuals must balance the risks of immunization and the benefits for
the community and ultimately themselves. To address this issue during clinical trials, candi-
date study participants must pass a test of comprehension that indicates the participant’s
understanding that the TBV has no potential to directly prevent their own infections. At
present, there are few data in the literature on individual and community perceptions and
understanding of TBV. Education on the mechanisms of action and potential community/
individual benefits of TBV will be required before implementation.

Additionally, this community-based approach and vaccine coverage goal sets a high bar to
achieve, even for a malaria vaccine. The vaccine needs to be efficacious not only in children but
also in the majority of individuals in the community that contribute to transmission. The
impact of factors such as malaria exposure, immunodeficiency, coinfection, pregnancy, and
age on antibody responses will require careful study after qualification of promising TBV
candidates. Thus, further research is needed to understand transmission dynamics within a
community, durability and boosting of TBVs, and immunogenicity throughout all individuals
within a community.

Furthermore, the DSF assay that experimentally exposes humans to mosquito bites raises
ethical concerns and logistical burdens that may impact scientific objectives and study designs,
and in some communities, recruitment and retention of volunteers. Mosquitoes used for DSF
are reared in controlled and contained conditions to ensure the safety of the volunteers. While
DSF has approval by ethical review committees, community perceptions should be considered
to reassure participants and promote participant engagement in the process and rationale to
prevent loss to follow-up that can compromise trial objectives. Our experience in Mali shows
that strong community relationships and individual education in study design and goals have
resulted in high participation and retention rates for studies that incorporate DSF assays.

The leading TBV candidates are either not exposed (Pfs25) to the immune system naturally or
induce only modest responses naturally, and thus natural boosting may do little or nothing to
extend antibody responses. Human antibodies should act quickly before degradation in the
mosquito and before parasite traversal of midgut epithelium (~24 h) that limits its accessibility
to antibody. The need for TBV to maintain high levels of potent antibody that preclude
mosquito infection is the major hurdle for developing TBV. Today, several strategies are being
pursued to overcome this hurdle, including the improved adjuvants and delivery systems
discussed above. Additional antigens are also under exploration such as Pfs48/45 [54] and
PfHAP2 [55] that could expand the portfolio of TBV in future.

As there is no existing human-based intervention that uniquely aims at blocking parasite
transmission, such a tool could shift interest toward the interruption of transmission in com-
parison to the urgent need for interventions that protect and treat children under five and
pregnant women. Once TBV tolerability and impact in the field are confirmed in advanced
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vaccine that does not directly benefit a recipient, but instead benefits a community only when
the proportion of the population that receives the vaccine achieves the threshold needed to
reduce malaria prevalence and incidence. This threshold may vary between communities
depending on the baseline intensity and ecology of malaria transmission. A TBV can be
considered a “vaccine of solidarity,” whereby the individual accepts vaccination to contribute
to protection of his/her community and thereby ultimately to his/her own benefit. Before any
decision to participate, individuals must balance the risks of immunization and the benefits for
the community and ultimately themselves. To address this issue during clinical trials, candi-
date study participants must pass a test of comprehension that indicates the participant’s
understanding that the TBV has no potential to directly prevent their own infections. At
present, there are few data in the literature on individual and community perceptions and
understanding of TBV. Education on the mechanisms of action and potential community/
individual benefits of TBV will be required before implementation.

Additionally, this community-based approach and vaccine coverage goal sets a high bar to
achieve, even for a malaria vaccine. The vaccine needs to be efficacious not only in children but
also in the majority of individuals in the community that contribute to transmission. The
impact of factors such as malaria exposure, immunodeficiency, coinfection, pregnancy, and
age on antibody responses will require careful study after qualification of promising TBV
candidates. Thus, further research is needed to understand transmission dynamics within a
community, durability and boosting of TBVs, and immunogenicity throughout all individuals
within a community.

Furthermore, the DSF assay that experimentally exposes humans to mosquito bites raises
ethical concerns and logistical burdens that may impact scientific objectives and study designs,
and in some communities, recruitment and retention of volunteers. Mosquitoes used for DSF
are reared in controlled and contained conditions to ensure the safety of the volunteers. While
DSF has approval by ethical review committees, community perceptions should be considered
to reassure participants and promote participant engagement in the process and rationale to
prevent loss to follow-up that can compromise trial objectives. Our experience in Mali shows
that strong community relationships and individual education in study design and goals have
resulted in high participation and retention rates for studies that incorporate DSF assays.

The leading TBV candidates are either not exposed (Pfs25) to the immune system naturally or
induce only modest responses naturally, and thus natural boosting may do little or nothing to
extend antibody responses. Human antibodies should act quickly before degradation in the
mosquito and before parasite traversal of midgut epithelium (~24 h) that limits its accessibility
to antibody. The need for TBV to maintain high levels of potent antibody that preclude
mosquito infection is the major hurdle for developing TBV. Today, several strategies are being
pursued to overcome this hurdle, including the improved adjuvants and delivery systems
discussed above. Additional antigens are also under exploration such as Pfs48/45 [54] and
PfHAP2 [55] that could expand the portfolio of TBV in future.

As there is no existing human-based intervention that uniquely aims at blocking parasite
transmission, such a tool could shift interest toward the interruption of transmission in com-
parison to the urgent need for interventions that protect and treat children under five and
pregnant women. Once TBV tolerability and impact in the field are confirmed in advanced
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clinical trials, consideration must be given for how this vaccine should be implemented along-
side other malaria control tools. Ultimately, TBVs are envisioned as one tool in the toolbox of
interventions, including antimalarial drugs, vector control measures, and other vaccines, that
will be required for malaria elimination.

11. Conclusions

Malaria control has improved with the redoubling of efforts and financial resources in recent
years, but existing tools will lose their effectiveness over time. The best long-term strategy to
address the malaria scourge is its elimination and ultimately eradication, but existing tools are
insufficient for this purpose. This gap has been recognized by the WHO Roadmap for Malaria
Vaccines that specifically calls for vaccines that can be used for elimination [56]. TBVs prevent
human-to-mosquito transfer of parasites and hence are well-suited for use in elimination and
eradication programs. Development of TBV has been hindered by the nature of the target
antigens, which have been difficult to express in proper conformation and are poorly immu-
nogenic, as well as the dearth of resources dedicated to their development. However, increas-
ing attention to elimination by policy makers and funding agencies has reignited interest in
this research area, and improved platforms for vaccine expression and delivery have yielded
promising new TBV candidates that have in some cases advanced to field trials. Collaborative
multidisciplinary teams are now rising to the task of testing TBVs in the field, which also
require specialized facilities to measure transmission-blocking activity of vaccines. Regulatory
issues will need to be addressed as TBVs are developed and implemented, particularly because
these products are designed to benefit the community and not the individual directly. How-
ever, vaccines have been essential for eliminating or eradicating other infectious agents, and
TBVs could be a vital component of a multipronged effort to eradicate malaria from the face of
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Abstract

The effective and reliable management of malaria vectors is still a global challenge. 
Recently, it has been noted that the first vaccine against Plasmodium falciparum malaria, 
RTS,S/AS01 showed only transient protection, particularly in infants, and rapid resis-
tance has been developing to artemisinin-based drugs. Therefore, the control of malaria 
mosquito vectors according to strategies of integrated vector management (IVM) is 
receiving emphasis. A rather wide number of novel mosquito control tools have been 
tested, including attractive toxic sugar baits, eave tubes, nano-synthesized pesticides 
loaded with microbial- and plant-borne compounds, biocontrol agents with little non-
target effects, new adult repellents, oviposition deterrents, and even acoustic larvicides. 
However, their real-world applications remain limited. Most National Malaria Control 
Programs in Africa still rely on indoor residual spraying (IRS) and long-lasting insec-
ticidal nets (LLINs) to reduce malaria incidence but generally have insufficient impact 
on malaria prevalence. Here, we focus on facts, trends, and current challenges in the 
employment of the above-mentioned vector control tools in the fight against malaria. We 
emphasize the needs for better vector control tools used in IVM to overcome the chal-
lenges posed by outdoor transmission and growing levels of insecticide resistance, which 
are threatening the efficacy of LLINs and IRS.

Keywords: Anopheles, attractive toxic sugar baits, eave tubes, long-lasting insecticidal 
nets, mosquito insecticide resistance, Plasmodium falciparum, Plasmodium vivax

1. Introduction

Malaria is a major challenge to public health; it is caused by Plasmodium parasites, obliga-
torily transmitted to humans through the bites of infected female mosquitoes of the genus 
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Anopheles (Diptera: Culicidae). There are five known species of Plasmodium that cause malaria 
in humans, P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi [1–5]. Currently, 91 coun-
tries are endemic for malaria [6]. However, the African region is the most affected with 90% of 
the cases and 92% of deaths [7–9]. Added to that, malaria has a major impact on the economic 
development of these countries accounting for both direct and indirect medical costs, such as 
long-term disabilities and decrease in tourism [10–13].

In the past decade, two significant developments for malaria prevention and treatment were 
achieved. The first was the discovery of artemisinin, a very effective drug against Plasmodium 
falciparum; this molecule has been studied by the Chinese scientist Y. Tu [14–16]. The second 
was the development of the vaccine against P. falciparum (RTS,S/AS01), by GlaxoSmithKline 
Biologicals, the PATH Malaria Vaccine Initiative, supported by the Bill & Melinda Gates 
Foundation, and carried out at several African research centers [17, 18]. However, the vaccine 
only protected transiently the subjects against malaria [19].

Importantly, new drugs and vaccines are needed to achieve further substantial decrease in 
the prevalence and incidence of malaria globally and address the increasingly resistance of 
Plasmodium to the drugs currently available such as chloroquine and artemisinin [20–22]. 
More importantly, effective and scientific-driven control strategies for reducing Anopheles 
vector densities remain the gold standard to prevent malaria transmission [23–25]. However, 
controlling mosquito populations is a difficult task and is unlikely to be achieved by employ-
ing only one tool, such as the use of insecticides commonly employed in the past [26, 27]. Now 
it is clear that local malaria elimination across different endemic environments will not be 
achieved with current vector control tools, but will require using several approaches together 
in the form of integrated vector management (IVM) [28].

2. New tools to fight malaria vectors in an IVM perspective

To decrease the risk of vector-borne disease transmission and increase the effectiveness and 
sustainability of IVM in reducing mosquito populations, local features should be considered 
[29]. Therefore, guidelines were developed by the global vector control response (GVCR) 
including: (1) strengthening inter- and intra-sectoral action and collaboration; (2) enhance vec-
tor control surveillance and evaluation of interventions; (3) scale up and integrate tools and 
approaches; and (4) engage and mobilize communities. The goals of this initiative included 
increasing the effectiveness of reducing mosquito vectors for both capacity and capability as 
well as encouraging applied research and innovation [13].

The use of IVM aiming for optimum mosquito control contrasts with strategies used in the 
past that heavily relied on insecticide spraying. Current mosquito control strategies make 
use of every available tool. For that reason, regular assessments of local disease transmission 
dynamics and scientific-driven decision-making criteria are important for achieving effective 
vector-borne disease transmission reduction [27].

Several tools have been proposed to control vector mosquitoes, especially for the Anopheles 
genus [23, 30]. However, current malaria management programs widely rely on indoor 
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 residual spraying (IRS), and long-lasting insecticidal nets (LLINs) [5], contrasting with 
contemporary IVM guidelines. Moreover, residual transmission of malaria has been com-
monly found using both IRS and LLINs mosquito control strategies [31]. The presence 
of the insecticide can be translated as a powerful selective pressure, selecting mosquitoes 
that are able to avoid contact with it. Key shifts in mosquito behavior such as seeking for 
human hosts outdoors, avoiding contact with LLINs, and finding resting places outside 
houses decrease the effectiveness of long-lasting insecticidal strategies [32, 33]. The efficacy 
of LLINs and IRS can be increased if used together with new tools and guidelines available 
for controlling mosquito populations, as recommended by the Vector Control Advisory 
Group (VCAG). Some environments are also suited for using Bacillus thuringiensis serovar. 
israelensis (Bti) to manage breeding sites [34–38]. Moreover, promising new tools for mos-
quito control are being developed, the most notable being “eave tubes” and attractive toxic 
sugar baits (ATSB).

Rural houses in African countries often are constructed with a gap between the walls and the 
roof to improve ventilation. Anopheles mosquitoes usually enter the houses exploiting this 
architectural structure exposing the residents to infective bites [39]. The “eave tubes” technol-
ogy comprises the use of plastic tubes with adulticide-coated mesh under the roofline and the 
installation of a screen to close the remaining gap (Figure 1). When mosquitoes try to enter 
the house through the eaves, they come in contact with the insecticide and die. This technique 
is based on the attractive power that the human residents represent for the Anopheles mos-
quitoes comprising an “attract and kill” strategy (Figure 2) [40, 41]. The ATSB method is also 
found under the same strategy of “lure and kill”; it exploits the instinct of mosquitoes, both 
males and females to seek and feed on sugar sources [42, 43]. The ATBS can be deployed in 
bait stations or sprayed on plants and are co-formulated with low-risk toxic substances, such 
as boric acid [44–50]. Even though more studies and epidemiological field trials are required, 
“eaves tubes” and ATSB methods are leading new technologies for vector control that are 
highly effective, target-specific, and with minimal nontarget effects and contamination of the 
environment.

Several other modern strategies exploiting different approaches are being developed, includ-
ing the use of cytoplasmic incompatibility caused by Wolbachia endosymbiotic bacteria. This 

Figure 1. The “eave tubes” technology comprises the use of plastic tubes with adulticide-coated mesh under the roofline 
and the installation of a screen to close the remaining gap. (A) Graphic representation of a house without “eaves tubes” 
and (B) with “eaves tubes”.
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technique has been used to control Aedes aegypti and has achieved promising results [51]. 
Currently, it is undergoing field testing in Brazil and Colombia; however, further studies 
are needed to transfer this technology to other mosquito species since there are inherent 
risks for the release of mosquitoes infected with Wolbachia, and the result should be moni-
tored for undesirable effects such as increased levels of West Nile virus infection observed 
in Culex tarsalis mosquitoes [52–54]. Other species of bacteria such as Enterobacter Esp_Z and 
Chromobacterium Csp_P have been used to inhibit the development of Plasmodium in mos-
quitoes such as Anopheles stephensi [55], by increasing the mosquito immune response to 
Plasmodium parasites [31, 56].

The release of irradiated sterile male mosquitoes that will seek and mate with wild females 
impairing the production of offspring (SIT) is once more being considered as a promising tool 
for controlling mosquitoes. However, its effectiveness is likely to be decreased by the pres-
ence of cryptic species and the presence of multiple Anopheles vectors. The same issue should 
be considered with the use of genetically modified mosquitoes carrying a lethal gene (RIDL), 
since this technique is species specific and may not be indicated to control outdoor malaria 
transmission. Genetically modified mosquito techniques based on impairing the Plasmodium 
life cycle inside the mosquito is still in preliminary phases of development and is not likely to 
be available in the near future [30, 57–61].

The above strategies can be used in the IVM context along with well-established control 
tools, such as selective microbial and plant-borne pesticides effective against immature mos-
quitoes, oviposition deterrents, insecticide-coated clothes and other surfaces for personal 
protection, spatial repellents reducing human-vector contact such as microencapsuled insec-
ticide paint formulation, as well as synthetic and plant-borne repellents [23, 62–69].

The development of plant-based larvicides is of particular interest, and several plant spe-
cies were successfully used for the synthesis of nano-mosquitocides; nonetheless, plant-based 

Figure 2. Attractive toxic sugar baits (ATSB) employing an “attract and kill” strategy. This technique consists of using 
natural attractants such as fruit or flower scent to lure mosquitoes to sugar feeding in a solution containing toxic 
substances that will lead to its death.
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 ovicidal and ovideterrent products are still scarce. This technology can provide rapid synthe-
sis of toxic substances and mosquito repellents useful to manage mosquito populations, with 
minimal toxicity to humans. Even though mosquito control strategies relying on plant-based 
larvicides are a fast-growing research area, it is still in the preliminary phase of development 
and several steps should be taken into account, that is, (1) development, characterization, and 
optimization of potential botanical components suitable for nano-biosynthesis; (2) identifi-
cation of potential toxic nanoparticles; (3) feasibility of utilization of plant-based industrial 
by-products as nano-mosquitocides; (4) field evaluation of the effectiveness of plant-based 
nanoparticles to control mosquito populations; and (5) effect of plant-based nanoparticles on 
non-target species and environment [70, 71].

Natural predators also have been used to control immature mosquitoes including cyclopoid 
copepods, Toxorhynchites mosquitoes, water bugs, backswimmers, tadpoles, and fishes [72–74].  
The efficacy of mosquito predators may vary accordingly to different environmental settings 
and their impact on non-target aquatic species and difficulty in using multiple or artificial 
breeding containers should be considered for their use in control strategies [71, 75]. Another 
approach for controlling mosquitoes is based on endectocide ivermectin, a molecule that has 
been used for more than 30 years to control lymphatic filariasis. This molecule remains in the 
human bloodstream following a standard oral dose and can kill Anopheles mosquitoes that 
feed on the blood of medicated persons [76–79]. Controlling vector mosquito populations is 
a difficult task and so the addition of new technologies to be considered for IVM will help 
improve the effectiveness of vector-borne disease transmission [80–83].

Current strategies for malaria vector control used in most African countries still rely on LLINs 
and IRS, which generally are not sufficient to achieve successful malaria control and local 
elimination [13, 25, 84]. Even though LLINs and IRS are very effective for in-house reduction 
of malaria transmission, in endemic areas, it has been showed that insecticide-treated bed 
nets reduce malaria prevalence only by 13% [85–91]. Furthermore, due to the high abundance 
of mosquitoes, even low levels of Plasmodium transmission undermine efforts to reduce the 
prevalence of malaria, since human hosts are bitten multiple times increasing the chance of 
coming in contact with the parasite. The prevalence of P. falciparum is strongly related to the 
number of infective bites per person per year or annual entomological inoculation rates (EIRs), 
ranging from <1 to >500. Malaria prevalence is positively associated with high EIRs; however, 
even low annual EIRs (<5) can be associated with malaria prevalence levels of 40–60%. For 
a significant reduction in the prevalence of malaria, EIRs must be lower than 1 [92]. Vector 
control strategies implemented in Africa have so far been unable to achieve such low levels of 
malaria transmission [93].

Besides, with the increase in the control efforts focused into indoor mosquitoes, the dynamics of 
malaria transmission is shifting from the highly endophilic to more exophilic outdoor-adapted 
species within the Anopheles gambiae complex [94–99]. In Asia, the main malaria vectors of the 
Anopheles dirus complex are exophagic and difficult to target with conventional control strate-
gies [31]. Moreover, increasing resistance to insecticides renders LLINs and IRS less effective 
for controlling Anopheles populations. As well, even though larvicides are effective against 
immature mosquitoes, they are not recommended for application in rural areas [100–105].
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3. Conclusions and issues to watch for

The importance of basic knowledge on mosquito vector behavior and ecology for the devel-
opment of tailor-made vector control strategies is considered key in the recent WHO Health 
and Environment Linkages Initiative (HELI), highlighting its importance for sustainable long-
term mosquito control actions [106–111].

Recently, an updated research agenda for malaria elimination and eradication (malERA) was 
published [26, 112–114]. It comprises a multidisciplinary approach to the most important 
challenges of controlling malaria. Several factors significantly impact the dynamics of malaria 
transmission. Specifically, shifts in mosquito ecology and behavior caused by anthropogenic 
alterations in the environment have a major impact on the effectiveness of control strategies. 
These alterations include, but not limited to, urbanization, human movement, availability 
of breeding containers and water bodies, hosts for blood feeding and availability of sugar 
sources and resting places. Moreover, mosquito insecticide resistance, behavioral avoidance, 
high vector biodiversity, competitive and food web interactions, mosquito population dynam-
ics and dispersion also play a major role in the complex scenario comprising the dynamics of 
malaria transmission [17, 115, 116].

The development of reliable and effective mosquito control strategies is no easy task, and sev-
eral challenges must be overcome to achieve a long-term sustainable reduction of mosquito 
populations. Most of the new strategies and tools developed for controlling vector mosquito 
populations are not rigorously tested, and most of the time, their real epidemiological impact 
is not properly assessed rendering the deployment of ineffective mosquito control strategies 
with limited result on the prevalence of vector-borne diseases [117]. These challenges can be 
classified as systemic, structural, informational, environmental, human movement, political 
and financial ones [13]. Key core issues have to be addressed in order to decrease the prev-
alence of malaria, such as (1) vector surveillance is often neglected or insufficient in most 
countries at risk of mosquito-borne diseases, rendering control efforts ineffective; (2) malaria 
endemic countries are often endemic for more than one major mosquito-borne disease deplet-
ing the availability of resources; (3) there is a lack of scientific evidence to guide the efforts for 
mosquito control; (4) anthropogenic alterations in the environment and global warming are 
responsible for driving the abundance of vector mosquitoes, directly affecting the effective-
ness of control strategies; (5) the increase in the human population and movement of people 
is associated with the dispersion of vector mosquitoes, exposing non-immune populations to 
new diseases; and (6) funds for vector surveillance are negligible and even though financial 
support has been made available for LLINs and IRS for controlling Anopheles mosquitoes, 
other vector-borne diseases are largely neglected [13, 17, 118, 119].

Priorities in vector control should be defined by the national vector-borne disease control pro-
gram and studies designed and performed in consultation with national and international 
experts in the relevant field. The plan should consider a list of strategic key areas necessary to 
implement vector control in a given country, followed by research guidance from academic insti-
tutes and companies [27]. The most important topics to be considered that are also in agreement 
with the WHO criteria, comprise: (1) assessment of the health system limitations to improve pro-
cesses and methods aiming for the improvement in efficacy of vector control; (2) implementation 
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of mosquito surveillance for the development of guidelines and models of the risk of disease 
transmission (Figure 3); (3) development of effective and environmentally friendly strategies to 
reduce malaria and other vector-borne disease transmission, following the recommendations by 
VCAG and considering the increase of insecticide resistance [100, 102]. To our understanding, 
traditional insecticide-based control efforts, such as IRS and LLIN, should be used in combina-
tion with novel eco-friendly tools, such as “eave tubes technology,” ATSB methods, and even 
the employment of the ectendocide ivermectin [40, 44, 76]. These new mosquito control tools 
should be accompanied by (4) an evaluation of their effectiveness, assessment of their useful-
ness and impact through randomized controlled trials with entomological and epidemiological 
outcomes (Figure 3), this has been done for traditional control strategies such as LLINs and IRS; 
(5) the monitoring of man-made alteration in the environment and its impact in the dynamics 
of malaria vectors; and (6) the establishment of a multi-disciplinary team with different areas of 
expertise (Figure 3) [100, 102, 120]. Indeed, the transdisciplinary cooperation among profession-
als is important for ensuring adequate evaluation of the epidemiological impact triggered by 
novel mosquito vector control strategies.

Here we illustrate the complex scenario comprising the epidemiology of malaria and how 
anthropogenic selective pressures are modulating the ecology and behavior of vector mos-
quitoes. To our understanding, there is no other choice rather to use rigorous, science-driven 
strategies for controlling vector mosquito populations.
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Abstract

Global capacity for developing new insecticides and vector control products, as well as 
mathematical models to evaluate their likely impact upon malaria transmission has greatly 
improved in recent years. Given that a range of new vector control products are now emerg-
ing that target a greater diversity of adult mosquito behaviours, it should soon be feasible to 
effectively tackle a broader range of mosquito species and settings. However, the primary 
obstacles to further progress towards more effective malaria vector control are now pauci-
ties of routine programmatic entomological surveillance, and capacity for data processing, 
analysis and interpretation in endemic countries. Well-established entomological methods 
need to be more widely utilized for routine programmatic surveillance of vector behaviours 
and insecticide susceptibility, the effectiveness of vector control products and processes, 
and their impacts on mosquito populations. Such programmatic data may also be useful for 
simulation analyses of mosquito life histories, to identify opportunities for pre-emptively 
intervening early in the life cycle of mosquitoes, rather than targeting transmission events 
occurring when they are older. Current obstacles to more effective utilization, archiving 
and sharing of entomological data largely centre around global inequities of analytical 
capacity. These prohibitive and unfair imbalances can be addressed by reorienting funding 
schemes to emphasize south-centred collaborations focused on malaria-endemic countries.
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Elimination of malaria parasite transmission from most of the tropics will require scal-
able, affordable new vector control interventions, which improve upon long-lasting 
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insecticidal nets (LLINs) and indoor residual spraying (IRS) for population suppression 
of mosquitoes which feed or rest indoors, and also extend control of adult mosquitoes 
outdoors [1–3]. However, the greatest challenge that lies ahead is defining exactly which 
of these intervention options is necessary and optimal [4] in each of the diverse vector 
systems that support malaria transmission across the tropics [5–7]. Product developers 
and manufacturers need a manageably short list of ecologically-defined target product 
profiles to work with, based on quantitatively characterized traits of wild vector popula-
tions [6, 8]. Assuming an adequate arsenal of diverse and mutually-complementary vector 
control strategies can be made available [2, 3], malaria control programmes will then need 
to select the most effective subset of these options that they can afford and realistically 
implement [9], based on longitudinal, nationally-representative surveys of key behav-
ioural and physiological traits [6–11].

As a result of long-term investments in the industrial development pipeline initiated over a 
decade ago [12], a diversity of new insecticide formulations for malaria vector control prod-
ucts are coming onto the market and entirely new insecticide classes will soon follow [13, 14]. 
It is also encouraging that a growing diversity of new or repurposed vector control methods 
are emerging which either use insecticides more efficiently and effectively, or even do entirely 
without them [2, 3]. Indeed, a range of new vector control technologies are now emerging for 
tackling a much wider range of mosquito behaviours and species in more diverse tropical 
settings [2, 3].

2. Knowledge and methodology limitations to improved vector 
control products and practices

Several detailed models of malaria transmission have been independently developed over 
the last decade, and integrated into collaborative ensemble platforms [15–21] that have suc-
cessfully informed global policy [22]. However, as these models develop and improve, fur-
ther progress is increasingly limited by lack of knowledge rather than global mathematical 
capacity:

Differences in the predicted impact size arise due to the different assumptions made about malaria trans-
mission in each model, which represent realistic uncertainties in our understanding of this process [22].

….assessment of the consequences of uncertainties in parameter values, are generally much more time-
consuming and challenging than the modelling itself [23].

Unfortunately, knowledge and data are most limiting in relation to the underlying ento-
mological input parameters that these mathematical models are most sensitive to [24]. 
While the blood-stage dynamics of malaria parasites in humans are now simulated based 
on hundreds of observed time courses for individual human infections, and calibrated 
against tens of thousands of malaria prevalence data sets from the field, epidemiologically 
important variability in survival demographics between different mosquito populations 
[25] remains to be captured in commonly-used malaria transmission models. Given the 
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central importance of mosquito survival and gonotrophic cycle duration as targets for 
many vector control measures [24], it is remarkable that we know little about foraging and 
mortality processes occurring outside the artificial indoor environment of experimental 
huts (Figure 1). Only a handful of sites exist globally for which estimates of local vector 
survival, host preference, biting pattern, and adult emergence rates are all available, so that 
malaria transmission models can be explicitly tailored to the dynamic properties of local 
vector populations [26]. Indeed, several independently formulated families of models rely 
heavily on a single village in southern Tanzania for several of their most important vector 
parameter estimates [4, 15, 27, 28].

Many of the biggest knowledge gaps relating to malaria vector biology arise from our inability 
to observe, track or label mosquitoes over large, important parts of their life cycles that occur 
outdoors. Crucially, the outdoor environment represents a refuge for mosquitoes from cur-
rently prioritized indoor-targeted interventions like LLINs and IRS. Important limitations to 
existing entomological methodology includes: (1) representative sampling of outdoor-resting, 
blood-fed mosquitoes for surveying host choice, especially beyond the peri-domestic environ-
ment; (2) observing, tracing or tracking mosquitoes when they are not host-seeking, especially 
outdoors; (3) quantifying and mapping participation of males and females in mating swarms; 
(4) quantifying and mapping of oviposition behaviour and; (5) mapping dispersal between 
emergence, mating, feeding, resting, and oviposition sites.

Figure 1. A schematic illustration of major gaps in knowledge about even the most simplistic conceptual model of a 
mosquito life cycle that are relevant to interventions targeting human-feeding mosquitoes. For simplicity, some common 
mosquito life history processes excluded, viz., include feeding on animals, feeding upon sugar, swarming and mating. 
Source: Ref. [29–32].
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3. Underutilization of existing methodology for informing malaria 
vector control programmes

While the methodological limitations described above merit investment, a far bigger limita-
tion is underutilization of long-established and widely-accepted methodologies to inform 
vector control product development, deployment and assessment. It is remarkable just how 
few study sites are available with consistently-collected, long-term legacy data that capture 
longitudinal trends for coverage with important interventions along with both entomologi-
cal (human biting rate, sporozoite infection prevalence, entomologic inoculation rate) and 
epidemiological (parasitological incidence and prevalence, as well as disease burden) out-
comes to enable satisfactory analysis. Dielmo is a rare exception on the vast continent of 
Africa, where the same entomological methods for monitoring vector population densities 
and malaria inoculation rates have been continuously applied in a consistent manner for 
more than two decades [33]. More recently, these vector population dynamics surveys have 
been supplemented with repeated characterisations of behavioural interactions between 
humans and mosquitoes [34]. These additional measurements of human exposure distribu-
tion across indoor and outdoor environments at different times of the day certainly help 
explain why robust residual transmission persists, and reveals worrying signs of a worsen-
ing situation [34, 35].

While this intensively studied village provides a valuable illustration of how informative 
such longitudinal surveillance can be, it is not necessarily representative of other parts of 
Senegal, much less any other country in Africa [35]. National malaria control or elimination 
programmes all need their own, nationally-representative set of surveillance sites like Dielmo, 
where malaria transmission is continually and indefinitely monitored using consistent meth-
ods. Such platforms are needed to reliably monitor the dynamics of malaria vector populations 
and transmission intensity across all major ecological and epidemiological strata, so that the 
limitations and failures of interventions can be identified, distinguished (Figure 2), investi-
gated and responded to.

Looking more broadly at programmatically-relevant entomological measurements, insecti-
cide susceptibility testing is now widespread, but measurements of important mosquito and 
human behaviours are remarkably sparse (Figure 3). The species identity of blood hosts that 
mosquitoes feed upon has long been recognized as a crucial determinant of malaria transmis-
sion intensity and an indicator of intervention impact [6, 36–39]. Although adequate field and 
laboratory methodology for surveying the blood meal choices of most vector species have 
been available for over 50 years, species-specific reports of this metric remain remarkably 
scarce for all but a few key vector species (Figure 3B). The principles of how to weight indoor 
and outdoor human landing catch data in proportion to survey results for where people 
spend each time of the night were first outlined by Garrett-Jones in 1964 [40], yet today less 
than a dozen such estimates of how human exposure is distributed have been reported, in 
most cases for undifferentiated mixtures of vector complexes or groups (Figure 3C). Only 
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two of the four villages for which a full minimum set of parameters for modelling malaria 
transmission based on local measurements (Figure 3D) relate to a single species, neither of 
which relied on disaggregation of species-specific data, because only one sibling species from 
within the relevant complex was abundant.

There are also limitations to the quality of data collection, archiving and analysis that result in most 
available entomological measurements being reported at the level of species groups or complexes, 
rather than disaggregated on a species-by-species basis. For example, despite clear evidence for 
differences among species in both the mechanisms of insecticide resistance and in the prevalence 
of resistance phenotypes [41–44], the species-specific data presented in Figure 3A represents only 
27% of the total available [45]. The remaining 73% of archived data represent aggregated mortal-
ity rates for mixtures of two or more undifferentiated species [45]. In some cases, species-level 
classification simply was not conducted. In others, species identification was conducted but the 
bioassay results were only provided for the pooled species. In other examples, the species data 
was compromised because only a subset of the mosquitoes assayed, for example only bioassay 
survivors, were identified to the species level. This lack of species-specific data reduces the power 
to investigate trends in insecticide resistance and to detect associations between resistance in wild 
vector populations and malaria transmission experienced by the human population. The data in 
Figure 3B represents only the small fraction (12%) of all available data on human blood indices 
that unambiguously relates to a single species rather than an undifferentiated mixture of two or 
more. Only three [46–48] of the small handful of estimates for the proportion of human biting 
exposure occurring indoors or while asleep (Figure 3C) relate to a single, clearly identified and 
disaggregated species.

Generic (e.g., Microsoft Access®) or freely available (e.g., mySQL®) relational database 
applications have been adopted as standard tools and used ubiquitously by almost all epi-
demiologists and field biologists for decades, but medical entomologists generally lag far 
behind, especially in low income countries. If links between data fields are lost they cannot 

Figure 2. A schematic illustration of how the different trajectories of intervention limitations and failures can be captured 
and distinguished through longitudinal surveillance of vector population and transmission dynamics (adapted from [6]).
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disaggregated species.

Generic (e.g., Microsoft Access®) or freely available (e.g., mySQL®) relational database 
applications have been adopted as standard tools and used ubiquitously by almost all epi-
demiologists and field biologists for decades, but medical entomologists generally lag far 
behind, especially in low income countries. If links between data fields are lost they cannot 

Figure 2. A schematic illustration of how the different trajectories of intervention limitations and failures can be captured 
and distinguished through longitudinal surveillance of vector population and transmission dynamics (adapted from [6]).
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Figure 3. The global distribution of reported measurements for (A) insecticide resistance, (B) the proportions of 
bloodmeals obtained from humans, (C) the proportion of human exposure to bites occurring indoors, for Anopheles vectors 
of malaria, and (D) the only four locations, we are aware of, where estimates for the mean adult biting density, survival 
and human blood index for even a single vector, as well as human population size and infectiousness are all available, 
so that malaria transmission and control can be modelled in a site-specific manner based on local estimates of these 
parameters. Panels A and B respectively represent the species-specific subset of all insecticide susceptibility bioassay [45] 
and human blood index [7, 49] data collated by the time they were most recently published as dataset summary reports. 
The studies represented in Panel C include only three reports of species-specific estimates [46–48] for the proportion 
of human biting exposure occurring indoors, with the remaining handful all relating to undifferentiated mixtures 
of species in a complex or group [34, 50, 51]. Panel D represents only four locations in only three countries (Nigeria, 
Tanzania, Papua New Guinea), all of which were small rural villages with intense transmission and anthropophagic 
vectors (otherwise at least some of these parameters would probably have been impossible to measure), but nevertheless 
yielded remarkably different vector-parasite demography patterns and suitability for various complementary vector 
control measures beyond LLINs and IRS [26, 52].
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be reinstated and the utility of the unlinked data is severely reduced. The most obvious and 
common example is a collection of morphologically indistinguishable mosquitoes that are 
used in an insecticide bioassay, then separated into live and dead mosquitoes, and tested 
for species and sporozoite infection. If unique identifiers are not assigned to each mosquito 
and linked to data on bioassay survival, species, sporozoite presence and blood meal for that 
individual mosquito, then any analysis of the relationships among species, insecticide sus-
ceptibility, infection and blood meals is severely hampered. Too often, all that is reported is 
the sporozoite rate, species composition, etc., for the whole sample, i.e., the aggregate value 
for all the mosquitoes in the original collection even though they comprise a mixture of two 
or more different species. This is probably the single most important limiting factor when it 
comes to species-specific measurements for the variables that matter most, or the interactions 
between them.

In addition to being so limited in quantity and quality, the utility of existing vector bionomic 
data is also compromised by the fact that it has mostly been collected haphazardly and oppor-
tunistically with project-based research funding. As a result, it has typically been collected 
on scales varying from villages to districts, over only a few years at a time. Different research 
studies in any given setting typically have different objectives that often necessitate different 
sampling and trapping approaches, so collating data sets from multiple projects often yields 
a patchwork of data with substantial temporal gaps and methodological inconsistencies that 
confound unambiguous interpretation [6–8, 11].

4. Addressing data deficits through programmatic entomological 
surveillance platforms

The latest guidelines from WHO for entomological surveillance, monitoring and evaluation 
offer an excellent new framework for comprehensively applying existing field and analytical 
methods, and for conducting operational research into improving their use practices in the 
future [53]. In order for national programmes to make evidence-based decisions about what 
vector control measures to deploy, and evaluate their ongoing impact, the remarkably diverse 
arsenal of entomological methods already at our disposal [54] now need to be adapted to 
programmatic surveillance platforms that are nationally representative of all major ecologi-
cal and epidemiological strata in the country [6–8, 11]. Such programmatic platforms should 
emphasize the absolute minimum number of essential entomological metrics, with strong 
data quality control and assurance processes to maximize confidence and minimize ambigu-
ity of interpretation (Figure 4).

Data quantity and quality obviously trade off against each other, especially when working 
across very large geographic areas, so it is often necessary to select the smallest number of 
surveillance sites required to adequately represent all major epidemiological and ecologi-
cal strata in the country. Based on our experience, a minimum of five surveillance sites per 
stratum is suggested to adequately capture variation within each stratum. The recent WHO 
guideline of one sentinel site per million people [53] also represents a good benchmark that 
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vector control measures to deploy, and evaluate their ongoing impact, the remarkably diverse 
arsenal of entomological methods already at our disposal [54] now need to be adapted to 
programmatic surveillance platforms that are nationally representative of all major ecologi-
cal and epidemiological strata in the country [6–8, 11]. Such programmatic platforms should 
emphasize the absolute minimum number of essential entomological metrics, with strong 
data quality control and assurance processes to maximize confidence and minimize ambigu-
ity of interpretation (Figure 4).

Data quantity and quality obviously trade off against each other, especially when working 
across very large geographic areas, so it is often necessary to select the smallest number of 
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cal strata in the country. Based on our experience, a minimum of five surveillance sites per 
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Entomological Surveillance as a Cornerstone of Malaria Elimination: A Critical Appraisal
http://dx.doi.org/10.5772/intechopen.78007

409



can be modified according to need by countries that are particularly large, small or diverse. 
In addition to routine surveys of established surveillance sites, ad hoc spot checks and focus 
investigations are also recommended as ways to further improve vector surveillance and 
control [53]. Additionally, much more intensive, finer-scale surveillance of vector popula-
tion dynamics is required wherever pro-active mosquito abatement methods, specifically 
larvicide application or space spraying, are deployed. These vertically-managed methods 
for delivering insecticides across large areas need to be repeated on a regular basis, often 
as frequently as every week. In order for mosquito population density measurements to be 
useful for monitoring purposes, they need be collected at spatial scales fine enough to identify 

Figure 4. A suggested flow diagram for cyclical collection and assessment of programmatic surveillance data to inform 
malaria vector control on national scales. Formal annual review cycles may be supplemented by ad hoc review meetings 
at short notice, whenever surprizing or alarming trajectories are observed through ongoing data monitoring.
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operational coverage gaps as soon as they arise. Entomological monitoring to inform daily 
operations of such area-wide insecticide applications therefore need to be repeated on a cor-
respondingly regular basis, and on geographic scales approximately matched to the scale at 
which insecticide application succeeds or fails. While active larval searches can be useful for 
monitoring the effectiveness of insecticide applications, they are prone to large observational 
biases, especially towards over-representing the most obvious and accessible habitats most 
likely to be effectively covered. Adult mosquitoes, however, fly and gravitate towards stimuli 
so they can be passively monitored with traps. Adult mosquito density measurements are 
therefore a far more reliable way to verify impact and inform operational implementation of 
larviciding or space-spraying programmes that actively deliver relatively short-lived insecti-
cides across large areas. For such pro-active area-wide interventions, much higher spatial and 
temporal resolution is required than for more passive human-targeted approaches like LLINs 
and IRS, which rely on mosquitoes being attracted to protected individuals and households.

National surveillance platforms need to not only monitor the most useful predictors and 
indicators of successful vector control, but also the products and delivery processes that are 
essential to achieving impact in practice. Biologically-rational selection of an optimal overall 
intervention approach, such as LLINs, IRS or larviciding, does not in itself guarantee success. 
First, it is essential that the most efficacious products within that class are procured, and that 
they are then effectively delivered. WHO pre-qualification and centralized procurement help 
target investments towards reliable products. Subsequently, laboratory-based efficacy testing 
of products sampled from various stages of the supply chain are an invaluable means to qual-
ity assure, and even quality control, product supplies. However, beyond successful procure-
ment and supply, it is also essential to ensure that vector control products are satisfactorily 
delivered and remain effective over the lifetimes required of them. While the coverage of area-
wide, frequently re-applied products like larvicides can be difficult to quantify objectively 
[55, 56], coverage indicators for human-targeted measures like LLINs and IRS can be readily 
incorporated into questionnaires for routine epidemiological surveys. Reliable, standardized 
methodology has long been available for measuring the extent and durability insecticidal 
activity of walls, roofs and ceilings treated with IRS, and have been applied to great effect 
across multi-country scales, to demonstrate programmatically-relevant variations in product 
performance [57]. Standardized methods for assessing the physical and insecticidal durabil-
ity of LLINs reveal similarly important variations in performance, including some notable 
shortfalls relative to the requirements for recommendation of a ‘3-year net’ [58]. Regardless of 
how well they are developed, manufactured and tested before they are delivered, products do 
not always ‘do what they say on the tin’, so their effectiveness in the field needs to be regularly 
assessed and re-assessed on nationally representative scales.

5. Directly interpretable entomological metrics of mosquito 
behaviours, insecticide susceptibility, intervention effectiveness, 
and intervention impact

Entomological monitoring to inform routine programme implementation needs to yield 
measurements that can be directly and informatively interpreted, so that those collecting the 
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they are then effectively delivered. WHO pre-qualification and centralized procurement help 
target investments towards reliable products. Subsequently, laboratory-based efficacy testing 
of products sampled from various stages of the supply chain are an invaluable means to qual-
ity assure, and even quality control, product supplies. However, beyond successful procure-
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delivered and remain effective over the lifetimes required of them. While the coverage of area-
wide, frequently re-applied products like larvicides can be difficult to quantify objectively 
[55, 56], coverage indicators for human-targeted measures like LLINs and IRS can be readily 
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methodology has long been available for measuring the extent and durability insecticidal 
activity of walls, roofs and ceilings treated with IRS, and have been applied to great effect 
across multi-country scales, to demonstrate programmatically-relevant variations in product 
performance [57]. Standardized methods for assessing the physical and insecticidal durabil-
ity of LLINs reveal similarly important variations in performance, including some notable 
shortfalls relative to the requirements for recommendation of a ‘3-year net’ [58]. Regardless of 
how well they are developed, manufactured and tested before they are delivered, products do 
not always ‘do what they say on the tin’, so their effectiveness in the field needs to be regularly 
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data in the field can readily use and quality control it. As discussed in the section that fol-
lows, simple summary metrics of mosquito behaviour and insecticide susceptibility do have 
limitations that need to be addressed with simulation models, but nevertheless need to have 
decision-making value in their own right.

Despite their limitations, existing simple insecticide bioassays provide an excellent example. 
Some insecticides can induce delayed but nevertheless invaluable mortality among mosqui-
toes that are classified as highly resistant based on the 24-hour holding period traditionally 
used in standard susceptibility assays [59]. Nevertheless, complete and rapid mortality within 
a day of exposure can only be a good thing and favours the selection of an insecticide verified 
to do so. Once interventions like LLINs or IRS have been deployed, it is always encouraging if 
they can be verified to exhibit durable insecticidal efficacy in the field, using well-established 
cone or wire ball assays with fully-susceptible insectary-reared mosquitoes.

For measuring impact, reduced biting densities and sporozoite prevalence rates can be 
directly interpreted as indicators of intervention success. Also, vector population rebounds 
can be identified by directly examining simple graphs of longitudinal trends in density and 
infection prevalence (Figure 2). Any such suspected intervention failure should trigger care-
ful examination of all the above vector behaviour and insecticide susceptibility metrics, as 
well as indicators of effective vector control products and delivery processes in the field.

On the behavioural front, high estimates for the proportion of human exposure to mosquito 
bites occurring indoors is always an encouraging indicator that LLINs should at least provide 
strong personal protection [6]. They may also achieve vector population control if they are 
also susceptible to the insecticidal active ingredients and obtain a large proportion of blood 
meals from humans [1, 6–8]. Once high LLIN use has been achieved, high proportions of 
residual transmission may occur outdoors, and the vector may become more reliant upon 
livestock as a source of blood, indicating that spatial insecticide emanators or veterinary 
endectocides may be considered as possible supplementary interventions [7]. While surveys 
of bloodmeal sources among samples of engorged mosquitoes are always biased to over-
represent the indoor-resting and human-feeding fraction of the vector population [36, 37], 
very high estimates of the human blood index are nevertheless a strong indicator of both 
vectorial capacity and vulnerability to attack with human-centred approaches [1, 6–8, 38]. 
Conversely, where large proportions of blood meals are found to originate from livestock, this 
is an encouraging indicator that veterinary formulations of endectocides could be useful as a 
supplementary vector control tool [6–8].

Perhaps the most important reason for entomological surveillance data to be readily and 
directly interpretable is so that data interrogation begins with the front-line staff who collect 
it in the field. The closer to the point of collection that data is examined and interpreted, the 
sooner it is acted upon and the sooner it is queried for completion and correctness. Even 
within our specialized research groups, we have recently achieved huge improvements in 
entomological data quality simply by having it entered by the people who collected it on 
the day it was recorded. Entomological surveillance indicators that can be directly and intui-
tively interpreted in the field are much easier to quality control and quality assure, especially 
through decentralized data collection platforms.

Towards Malaria Elimination - A Leap Forward412

Appropriate graphical tools are particularly important for helping programme staff to accu-
rately interpret data. For example, many entomologists directly interpret the results of indoor 
and outdoor human landing catches without weighting these biting rate measurements in 
proportion to estimates of where people spend various times of the night (Figure 5A and B).  
This common misinterpretation is even endorsed by the latest WHO guidelines [53], which rec-
ommend numerical expression in the form of an endophagy index, comprising the mean indoor 
biting rate divided by the sum of the mean indoor and outdoor biting rates. This approach 
usually grossly overestimates the outdoor fraction of transmission exposure because partici-
pants in human landing catches behave in a deliberately misrepresentative manner, spending 
an average of half their time indoors and half outdoors across all times of the night. In the vast 

Figure 5. Two examples of how raw mosquito and human behaviour data must be combined with simple analytical 
models to allow visualization and quantification of where and when human exposure actually occurs as a behavioural 
interaction [6, 47, 61, 62].
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majority of human populations, most people sleep indoors at night for security reasons, so 
very little of the biting activity measured outdoors is relevant to normal human exposure pat-
terns [60]. Taking the major African malaria vector An. gambiae as an example, the traditional 
narrative describing it as endophilic is inaccurate, because their biting rates indoors and out-
doors are usually similar and they have no strong or consistent preference for attacking people 
in either location [50]. It is the timing of biting activity that caused most historical exposure 
to occur indoors. This human-specialized mosquito species  usually exhibits biting activity 
peaks that occur in the middle of the night when most people are asleep indoors (Figure 5A), 
and therefore vulnerable to attack unless protected with an LLIN. It is therefore more accurate 
to say that these vectors are highly nocturnal, feeding mostly at times when humans exhibit 
strong endophilic tendencies [35], and that is why most human exposure occurred indoors at 
night before the scale up of LLIN use (Figure 5C).

Contrasting with vector populations like those of Anopheles farauti in the Solomon Islands, 
where humans are mostly exposed to outdoors, the most important feature of this behav-
ioural interaction is again the timing of host-seeking activity. By feeding predominantly in the 
evening, this species can readily attack humans indoors or outdoors while they are still awake 
and active so bed net use is impractical (Figure 5B and D). Again, biting densities are similar 
indoors and outdoors (Figure 5B), so it is inaccurate to describe this vector as exophagic in the 
strict sense, and much more important to emphasize that so much exposure occurs outdoors 
because it is crepuscular, with feeding activity that peaks at dusk when people are awake, 
active and cannot use bed nets.

The overall exposure distribution estimates represented by the areas under the curves in 
Figure 5C and D, can then be combined with direct field estimates for the proportion of 
bloodmeals obtained from humans to visualize the maximum limit of biological coverage 
[63] achievable with human-targeted measures like LLINs as simple box graphs (Figure 6). 

Figure 6. Box diagrams illustrating how the two different vectors described in Figure 5 differ in terms of their overall 
behavioural vulnerability to population suppression with long-lasting insecticidal nets, expressed as the maximum 
achievable biological coverage of blood resources used by the mosquitoes [6].
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Presenting measured behavioural interactions between mosquitoes and humans in such intu-
itive graphical formats is important for enabling accurate interpretation, and can be facilitated 
with user-friendly spreadsheet templates or automated visualization options in surveillance 
data dashboards.

6. Life history analyses to identify otherwise non-obvious vector 
control challenges and opportunities

The use of models to look at entire life histories of mosquitoes was central to the very earliest 
work of Ross [64], and to the ethos of epidemiological entomology defined by Garrett-Jones half 
a century ago [65]. While direct interpretation of simple indicators should provide the essen-
tial core of evidence used to inform programmatic decisions, astute application of analytical 
models to examine the life histories of mosquito populations can also yield important insights 
that would not otherwise be obvious.

For example, the slow-acting toxicity of pyrethroids to mosquitoes that are clearly resistant to 
this insecticide class was only recently identified as being central to the sustained impacts of 
LLINs [59]. While most African Anopheles populations are now sufficiently resistant against 
pyrethroids to survive immediately after exposure, they do suffer increased mortality over 
the longer term, essentially all of which occurs within the 10 days required for the parasite to 
complete sporogonic development [59]. As a result, while pyrethroid resistance clearly does 
compromise the impacts of LLINs [66], it falls far short of abrogating them entirely, so they 
remain an invaluable tool for malaria vector control [59].

Also, fitting process-explicit models of mosquito population dynamics to vector density 
trends may yield some insights that cannot be obtained by direct interpretation. Such mecha-
nistic modelling analyses have been successfully applied to field data to identify negative 
density-dependence of mosquito reproduction, which make vector populations more robust 
to control than would otherwise be expected [67]. Similar models have been fitted to the 
population trajectories of self-propagating populations in large cages, which were experi-
mentally exposed to different vector control measures and combinations thereof. These bio-
logically-informative analyses quantified impacts on specific target parameters like survival 
and fecundity, helped confirm that near-extinction of these small populations was achieved, 
and revealed a surprising mode of action for one of these emerging technologies (Ng’habi 
et al., Unpublished). Such approaches could be readily extended to data from routine popu-
lation dynamics monitoring, allowing the complementarities, synergies and redundancies 
achieved by combinations of vector control measures to be understood at an unprecedented 
level of detail.

Relatively simple deterministic models have also been used to illustrate how insecticide 
resistance traits and intervention avoidance behaviours can interact synergistically, allow-
ing resilient mosquito populations to persist despite widespread LLIN use without neces-
sitating any major adaptations of their preferred feeding times [68]. By foraging cautiously 
and repeatedly inside houses, to maximize their feeding opportunities while minimizing 
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Figure 6. Box diagrams illustrating how the two different vectors described in Figure 5 differ in terms of their overall 
behavioural vulnerability to population suppression with long-lasting insecticidal nets, expressed as the maximum 
achievable biological coverage of blood resources used by the mosquitoes [6].
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Presenting measured behavioural interactions between mosquitoes and humans in such intu-
itive graphical formats is important for enabling accurate interpretation, and can be facilitated 
with user-friendly spreadsheet templates or automated visualization options in surveillance 
data dashboards.
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mentally exposed to different vector control measures and combinations thereof. These bio-
logically-informative analyses quantified impacts on specific target parameters like survival 
and fecundity, helped confirm that near-extinction of these small populations was achieved, 
and revealed a surprising mode of action for one of these emerging technologies (Ng’habi 
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lation dynamics monitoring, allowing the complementarities, synergies and redundancies 
achieved by combinations of vector control measures to be understood at an unprecedented 
level of detail.

Relatively simple deterministic models have also been used to illustrate how insecticide 
resistance traits and intervention avoidance behaviours can interact synergistically, allow-
ing resilient mosquito populations to persist despite widespread LLIN use without neces-
sitating any major adaptations of their preferred feeding times [68]. By foraging cautiously 
and repeatedly inside houses, to maximize their feeding opportunities while minimizing 
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their contact with LLINs, even nocturnal species like An. arabiensis can continually search 
around from one house to the next until an unprotected non-user is located [68]. By combin-
ing endophagy with exophily in this way, An. arabiensis can achieve feeding success rates 
despite high LLIN coverage that are only a quarter lower than in the absence of nets [68]. 
Furthermore, the resilience of such nocturnal but behaviourally plastic species may be fur-
ther enhanced by physiological resistance to insecticides and opportunistically feeding upon 
animals, resulting in redistribution of feeding activity onto a combination of livestock and 
humans who either lack nets or are encountered outdoors at times when they are unpro-
tected [68, 69].

However, life history analyses of how resilient mosquito species survive despite high LLIN 
coverage also identifies some exciting intervention opportunities that would not otherwise 
be obvious. For example, the most direct corollary of the observation that mosquitoes forage 
cautiously through several houses to find an unprotected human is that this creates enhanced 
opportunities to kill them if more effective indoor control methods can be deployed [7, 68, 69]. 
Emerging options for doing just that range from insecticidal eave tubes [70] and eave baffles 
[71] to untreated entry traps [72] and three-dimensional window screening [73].

More detailed consideration of life history distributions for the same vector population also 
reveals an even more counter-intuitive opportunity for such housing modifications to have 
an impact upon residual transmission. By the time a female An. arabiensis is old enough to 
have incubated malaria parasites through to infectious sporozoites, she will usually have 
completed at least 4 gonotrophic cycles, during which time she will most probably have been 
inside a house at least once [69]. So even though approximately half of all transmission events 
occur outdoors, they are all preceded by at least one house-entry event during which the 
guilty mosquito may be killed [69]. It is therefore possible to reduce levels of malaria trans-
mission occurring outdoors using interventions that target mosquitoes when they enter or 
attempt to enter houses [69].

More strategically, this particular simulation analysis [69] also suggests a thematic perspec-
tive that may be useful to apply more broadly to life history analyses. It may often be more 
valuable to look for opportunities to intervene early in the life cycle of mosquitoes rather than 
targeting transmission events occurring when they are far older. The life histories of adult 
mosquitoes are cyclical so targeting mosquitoes when they engage in frequently repeated 
behaviours, in this case house entry, can have far greater impact than would be obvious from 
face-value interpretation of the fraction of single feeding events that occur indoors.

7. Global inequities of data handling and analytical capacity

So why are most reported entomological data not linked to explicit species identification data, 
and why are insightful analytical approaches so underutilized by control programmes? The 
simple answer is that most of the existing global capacity for advanced analysis of malaria-
related data is in the wrong places, predominantly located at centres of excellence in high 
income countries with no local malaria transmission (Figure 7).
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To a large extent, these geographic inequities of data analysis capacity are an understandable 
consequence of pre-existing global poverty, education and opportunity patterns. However, 
accepting the status quo illustrated in Figure 7 is not consistent with the ‘think global, act 
local’ ethos of successful malaria elimination programmes, and these global capacity inequi-
ties need to be addressed urgently if malaria is ever to be eradicated.

If the strategic vision presented by the global modelling community in Figure 8 continues 
to be implemented in the context of the world map in Figure 7, several consequences are 
inevitable:

1. Malaria-related data will be collected in low-income countries but largely analyzed in 
high-income countries with no malaria problem to speak of.

2. Collectors of malaria-related data will have insufficient opportunity and training support 
to analyze their own data, develop their analytical skills and influence policy and practice. 
The data interrogation processes essential to timely use and effective quality control of 
surveillance data will remain underdeveloped where they are needed most.

3. Analysts of malaria data will continue to live far away from the point of data collection 
and the programme staff who collect it in the field, so their ability to critically analyze and 
interpret it will remain limited by lack of hands-on field experience and direct access to 
those who have it.

4. These two communities will remain separated by thousands of kilometers, as well as 
their very different roles and perspectives (Figure 9A). The synergistic interface required 
between human beings to achieve optimal data collection processes, critical analyses and 
appropriate programmatic responses (Figure 9B) will not be realized.

Figure 7. The global geographic distribution of current members and collaborators in the Malaria Modelling Consortium 
(MMC), as well as analytical contributors to the World Health Organization 2015–2017 World Malaria Report (WHO-WMR),  
overlaid upon a map with contemporary malaria endemicity (white).
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5. Ongoing geographic separation of data collection and analysis functions will continue to 
exacerbate recent trends towards overspecialization and excessive compartmentalization 
of entomologists, epidemiologists and mathematical modellers. Generalist but neverthe-
less expert malariologists, as exemplified by the working competence in entomology, epide-
miology and process-explicit modelling of Ross or Garrett-Jones (Figure 9B), will remain 
a rare breed.

A particularly worrisome issue, which we doubt will spontaneously self-resolve, is the inabil-
ity of programmes in malaria endemic countries to critically appraise the reliability and rel-
evance of advanced modelling studies carried out at a distance. Some of the greatest mistakes 
in the history of global malaria policy and practice have arisen from over-confident interpre-
tation of models that were very useful but nevertheless imperfect [75]. In the vast majority of 
endemic countries today, neither the national malaria control programmes nor the national 
universities and research institutes they should be able look to for locally-available expert 

Figure 8. The schematic illustration of the comprehensive framework for malaria modelling presented by the malERA 
Consultative Group on Malaria Modelling in 2011 [74]. Consultations will allow policy makers, research scientists, 
and other stakeholders (U, users/stakeholders) from different country-specific health systems (HSM, country-specific 
health system models) to draw advice and analysis from multiple, independently derived models (M) grounded on data 
collected (D, data bases) from research on vector ecology, malaria epidemiology, and control through an interface that 
emphasizes direct engagement between modellers or modelling groups and end users.
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advice, currently have sufficient capacity to appraise the merits and limitations of state-of-
the-art modelling analyses.

While analytical and predictive models can add considerable value to any data interpreta-
tion exercise, they also have some fundamental limitations that need to be considered. Even 
the most complex mathematical model is a deliberately simplified conceptual representation 
of reality. It is therefore important to critically understand what the limitations of both the 
models and the data themselves are, and how those uncertainties limit confidence in their 
interpretation:

… fitting complex models to multiple types of data is challenging, and model predictions are always 
likely to be unreliable at very high spatial resolution. The twin objectives of understanding the dynam-
ics and making quantitative predictions can also be in conflict, because the push to include all relevant 
factors in a locally calibrated predictive model rapidly leads to complex behaviour that can no longer 
be explained [23].

One of the most important reasons to develop a cadre of expert modellers in endemic coun-
tries is so they can advise their national programmes based on a full understanding of the 
uncertainties and inaccuracies of model-generated evidence. Expert modellers working at 
locally-owned and governed institutions in malaria-endemic countries have a vital role to 
play in guiding critical appraisal by their non-specialist colleagues who might otherwise 
be tempted to either disregard the results of modelling analyses they do not understand, or 
accept them at face value based on a level of trust that may not be warranted:

‘ … it is challenging for a non-specialist to distinguish modelling that is useful from poor quality 
modelling that may support misguided policies’ [23].

8. Epidemiological implications of the Portfolio Effect: Malaria 
transmission systematically tends to be more stable than it appears

Mosquito dispersal, human movement, heterogeneities in the intensity of transmission, and 
over-dispersed distributions of parasite infection durations have all been recognized as factors 

Figure 9. A schematic illustration of how data collection and analysis roles are currently distributed (A), and how they 
should be actively reformed going forward (B).
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that stabilize malaria transmission and frustrate efforts to eliminate it [23]. Indeed, the impor-
tance of all these phenomena has been illustrated with a range of different mathematical mod-
els. However, all models are systematically biased to underestimate the stability of complex 
biological systems simply because they are models [23, 76, 77]. Conservation biologists have 
recently adopted the portfolio effect concept from economics, to guide their thinking in relation 
to ecosystem management. Diversification stabilizes investment portfolios, thereby reducing 
risks of catastrophic losses [78]. The same is true of complex, biologically and environmen-
tally diverse ecosystems, which are always more stable than any of their component species, 
habitats or subsets thereof [79]. Mathematical models are deliberately designed to be sim-
pler than the biological system they are intended to mimic [23, 76, 77], so they systematically 
underestimate their complexity, stability and resilience. Malaria transmission therefore tends 
to be more stable and less vulnerable to control than face-value interpretation of predictive 
mathematical models suggest (Killeen & Reed, Unpublished).

The extent to which portfolio effects make malaria transmission resilient against vector con-
trol is probably impossible to quantify. Nevertheless, simply being mindful of the overall 
principle can help moderate expectations of intervention impacts upon guilds of multiple 
vectors distributed across highly heterogeneous environments. The diversity of overlapping 
transmission dynamics these complex biological and environmental interactions generate 
result in malaria transmission that is far more resilient to programmatic-scale control than 
any single characterized species or location. In many tropical settings, elimination of malaria 
will probably necessitate elimination of its most efficient vectors [80], possibly including 
key vectors of residual transmission which readily, flexibly and opportunistically feed upon 
either humans or animals [1]. Malaria parasite populations that spread their reproductive 
bets across two or more vectors with different behaviours, ecological niches, seasonal dynam-
ics and vulnerability to specific control measures will always be more difficult to eliminate, 
and will usually require more diverse intervention packages, than in settings with a single 
vector species. Furthermore, where individual vector species spread their own reproductive 
bets across multiple aquatic habitat types, resting sites or blood sources, this creates refu-
gia that limit the impact of any given vector control measure applied in any given time and 
place. No matter how much detail we try to capture in our mathematical models of vector 
biology and malaria transmission, they will always under-represent the full complexity and 
diversity of those interactions, so they are biased towards under-estimating the resilience of 
malaria transmission against vector control. Whatever vector population response trajectory 
is expected following introduction of a new vector control measure, the portfolio effect will 
tend to flatten it out to some unknown extent. The only sensible way to integrate the implica-
tions of the portfolio effect into our efforts is to interpret entomological surveillance data and 
simulation models with considerable restraint (Killeen & Reed, Unpublished).

9. A healthier future for malaria surveillance data collection, 
ownership and utilization

Global inequities of capacity and opportunity are a difficult but massively important issue to 
discuss [81]. We have no wish to offend any of our colleagues based at prestigious institutes 
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in wealthier, cooler, malaria-free countries, nor do we suggest that the capacities they bring to 
the table are anything less than invaluable. However, the existing status quo is neither effective 
nor fair, and will persist until it is deliberately addressed with far more south-centred fund-
ing schemes and productive data sharing mechanisms (Figure 9). The time has come for the 
systematic redistribution of funding investment, to unambiguously prioritize locally-owned 
and governed institutions in the low-income countries struggling with malaria on an ongoing 
basis.

And data governance structures that incentivize productive south–south and south–north (as 
distinct from north–south) collaborations are equally important. For many surveillance staff, 
investigators and institutions in developing countries, ownership of their data and the analyt-
ical opportunities it provides constitute their most important means leverage when negotiat-
ing fair conditions in collaborations through which they can develop their data handling and 
analytical capacities. South-centred platforms for archiving and sharing data, that empower 
data collectors and incentivize development-friendly collaborations with expert partners 
from high-income countries, are urgently needed. Looking beyond entomological surveil-
lance, invaluable lessons may be learned from the encouraging experiences of regional and 
global networks for monitoring anti-malarial drug resistance [82].

The funding and data sharing policies that have shaped the global capacity distribution illus-
trated in Figure 7 need to be progressively and aggressively reformed. Vocal advocacy for such 
strategic changes are a job for everyone in the malaria surveillance community. Each of us are, 
in our own way, responsible for the landscape as it stands today, and have no-one to blame but 
ourselves if such inequities and inefficiencies are allowed to persist. Unless we all play our part 
in actively finding solutions, we must accept that we are passively perpetuating the problem.

10. Conclusions

Considerable progress towards development and deployment of a much broader diversity of 
vector control tools can be achieved through far more widespread adaptation of established 
entomological field methods to programmatic surveillance platforms. However, ensuring 
such data are effectively collected, analyzed, interpreted and acted upon will require that cur-
rent geographic inequities of analytical capacity are decisively addressed. Specifically, fund-
ing and data sharing systems need to be re-oriented to prioritize south-centred collaborations 
that enable low-income malaria-endemic countries to develop and institutionalize their own 
expertise base.

Acknowledgements

We thank numerous colleagues for invaluable discussions over the years that have contributed 
to this perspective, particularly Tom Smith, Samson Kiware and John Gimnig for sharing their 
experiences with entomological informatics, as well as Mafalda Viana, Jason Matthiopoulos 
and Heather Ferguson for their insights on life history modelling.

Entomological Surveillance as a Cornerstone of Malaria Elimination: A Critical Appraisal
http://dx.doi.org/10.5772/intechopen.78007

421



that stabilize malaria transmission and frustrate efforts to eliminate it [23]. Indeed, the impor-
tance of all these phenomena has been illustrated with a range of different mathematical mod-
els. However, all models are systematically biased to underestimate the stability of complex 
biological systems simply because they are models [23, 76, 77]. Conservation biologists have 
recently adopted the portfolio effect concept from economics, to guide their thinking in relation 
to ecosystem management. Diversification stabilizes investment portfolios, thereby reducing 
risks of catastrophic losses [78]. The same is true of complex, biologically and environmen-
tally diverse ecosystems, which are always more stable than any of their component species, 
habitats or subsets thereof [79]. Mathematical models are deliberately designed to be sim-
pler than the biological system they are intended to mimic [23, 76, 77], so they systematically 
underestimate their complexity, stability and resilience. Malaria transmission therefore tends 
to be more stable and less vulnerable to control than face-value interpretation of predictive 
mathematical models suggest (Killeen & Reed, Unpublished).

The extent to which portfolio effects make malaria transmission resilient against vector con-
trol is probably impossible to quantify. Nevertheless, simply being mindful of the overall 
principle can help moderate expectations of intervention impacts upon guilds of multiple 
vectors distributed across highly heterogeneous environments. The diversity of overlapping 
transmission dynamics these complex biological and environmental interactions generate 
result in malaria transmission that is far more resilient to programmatic-scale control than 
any single characterized species or location. In many tropical settings, elimination of malaria 
will probably necessitate elimination of its most efficient vectors [80], possibly including 
key vectors of residual transmission which readily, flexibly and opportunistically feed upon 
either humans or animals [1]. Malaria parasite populations that spread their reproductive 
bets across two or more vectors with different behaviours, ecological niches, seasonal dynam-
ics and vulnerability to specific control measures will always be more difficult to eliminate, 
and will usually require more diverse intervention packages, than in settings with a single 
vector species. Furthermore, where individual vector species spread their own reproductive 
bets across multiple aquatic habitat types, resting sites or blood sources, this creates refu-
gia that limit the impact of any given vector control measure applied in any given time and 
place. No matter how much detail we try to capture in our mathematical models of vector 
biology and malaria transmission, they will always under-represent the full complexity and 
diversity of those interactions, so they are biased towards under-estimating the resilience of 
malaria transmission against vector control. Whatever vector population response trajectory 
is expected following introduction of a new vector control measure, the portfolio effect will 
tend to flatten it out to some unknown extent. The only sensible way to integrate the implica-
tions of the portfolio effect into our efforts is to interpret entomological surveillance data and 
simulation models with considerable restraint (Killeen & Reed, Unpublished).

9. A healthier future for malaria surveillance data collection, 
ownership and utilization

Global inequities of capacity and opportunity are a difficult but massively important issue to 
discuss [81]. We have no wish to offend any of our colleagues based at prestigious institutes 

Towards Malaria Elimination - A Leap Forward420

in wealthier, cooler, malaria-free countries, nor do we suggest that the capacities they bring to 
the table are anything less than invaluable. However, the existing status quo is neither effective 
nor fair, and will persist until it is deliberately addressed with far more south-centred fund-
ing schemes and productive data sharing mechanisms (Figure 9). The time has come for the 
systematic redistribution of funding investment, to unambiguously prioritize locally-owned 
and governed institutions in the low-income countries struggling with malaria on an ongoing 
basis.

And data governance structures that incentivize productive south–south and south–north (as 
distinct from north–south) collaborations are equally important. For many surveillance staff, 
investigators and institutions in developing countries, ownership of their data and the analyt-
ical opportunities it provides constitute their most important means leverage when negotiat-
ing fair conditions in collaborations through which they can develop their data handling and 
analytical capacities. South-centred platforms for archiving and sharing data, that empower 
data collectors and incentivize development-friendly collaborations with expert partners 
from high-income countries, are urgently needed. Looking beyond entomological surveil-
lance, invaluable lessons may be learned from the encouraging experiences of regional and 
global networks for monitoring anti-malarial drug resistance [82].

The funding and data sharing policies that have shaped the global capacity distribution illus-
trated in Figure 7 need to be progressively and aggressively reformed. Vocal advocacy for such 
strategic changes are a job for everyone in the malaria surveillance community. Each of us are, 
in our own way, responsible for the landscape as it stands today, and have no-one to blame but 
ourselves if such inequities and inefficiencies are allowed to persist. Unless we all play our part 
in actively finding solutions, we must accept that we are passively perpetuating the problem.

10. Conclusions

Considerable progress towards development and deployment of a much broader diversity of 
vector control tools can be achieved through far more widespread adaptation of established 
entomological field methods to programmatic surveillance platforms. However, ensuring 
such data are effectively collected, analyzed, interpreted and acted upon will require that cur-
rent geographic inequities of analytical capacity are decisively addressed. Specifically, fund-
ing and data sharing systems need to be re-oriented to prioritize south-centred collaborations 
that enable low-income malaria-endemic countries to develop and institutionalize their own 
expertise base.
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