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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.






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]).
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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.1.
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-
vative approaches that are environment-friendly to be used in integrated control manage-
ment that would include chemotherapy, vector control, manipulation of environmental and
ecological characteristics, and vaccination. This book is one little step forward to bring to-
gether experiences of 67 malaria experts from 5 continents to present updated information
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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
(UHCY’ 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.

Sylvie Manguin, PhD
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University Montpellier

Montpellier, France

Vas Dev, PhD
Formerly with the National Institute of Malaria Research (NIMR)
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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/ul and theoretically as low as one gameto-
cyte/ul—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 ug/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.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Antimalarial drug Year of first Place of first Year of Place of emergence of
deployment deployment resistance resistance
emerged
Quinine 1630 [34] South America [34] 1910* Brazil [28, 29]
Chloroquine 1945 Global Malaria 1957 Colombia, Cambodia-
Eradication Thailand border [41,
Campaign [127] 128-130]
Amodiaquine 1948 Americas 1961 Colombia [56, 57]
[131, 132]
Atovaquone 1996 Thailand [73] 1996 Thailand [72, 73, 75]
Proguanil 1948 Various African 1949 Aden Protectorate, Yemen
countries [133] [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] 2002« Cambodia [141]
Artemether-lumefantrine 1994 China [142] 2006 Cambodia [143, 144]
Dihydroartemisinin- 2001 Cambodia [145] 2013« Cambodia [86, 146, 147]
piperaquine

"There is no high-grade resistance to quinine.
*Therapeutic 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].

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
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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].

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
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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 (5108 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 + 5108 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 (Pghl), 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. Pfindr-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

21
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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, Pfimdr-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).
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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
07439, 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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List of acronyms

ACT artemisinin combination therapy

AL artemether-lumefantrine
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CNV (gene) copy number variation

CHQ chloroquine

DDT dichlorodiphenyltrichloroethane

DP dihydroartemisinin-piperaquine

EDT early diagnosis and treatment

GMS Greater Mekong Subregion

K-13 Kelch 13 gene of P. falciparum
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LLINs long-lasting impregnated nets

LMF lumefantrine

MDA mass drug administration

MFQ mefloquine

MSAT mass screening and treatment

Pfert P. falciparum chloroquine resistance transporter
Pfmdr-1 P. falciparum multi-drug resistant gene-1
PfPI3K P. falciparum phosphatidylinositol-3-kinase
Pghl P-glycoprotein homologue 1

RBC red blood cell

SEA Southeast Asia

SNP single nucleotide polymorphism

SP sulfadoxine-pyrimethamine

UPR unfolded protein response pathway (UPR)
WWARN Worldwide Antimalarial Resistance Network
WHO World Health Organisation
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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.

Keywords: malaria elimination, multidrug-resistance, surveillance, information
systems, public health emergency of international concern (PHEIC), Cambodia,
Vietnam, Greater Mekong Subregion (GMS)
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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

Global annual malaria parasite incidence - Resurgence
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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.

= Eradication
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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, Vietham 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.1. and An. minimus s.1. 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 Vietham Border Guard Forces have provided doxycycline prophy-
laxis to more than % 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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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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Figure 3. Pf caseload increase between July 2014-June 2015 [3]. Malaria was again rising in 2017-2018 in several
provinces of Cambodia.

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
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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
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Figure 4. Decreasing malaria transmission trends in Vietnam between 2000 and 2016.
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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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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 (LLINSs) 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].
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Figure 5. Vietnam study districts in Quang Tri (Hung Hoa District) and Phu Yen Provinces (Dong Xuan District) (blue
outlined areas).

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
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Main work n Percent Number Percent Percent  Nets currently ~ Net types currently
type interviewed  of total risk used (n =186) used (n =189)
malaria  malaria malaria®
cases (1 =93) Any At At least At least
net” leasta azip aLLIN
treated hammock  type
net type
type?
Paper 94 49% 44 47% 47% 65% 11% 41% 2%
plantation
Agarwood 39 21% 14 15% 36% 95%  15% 36% 8%
harvesting
Farmer 16 8% 12 13% 75% 80%  80% 0% 38%
Trapper 16 8% 6 6% 38% 4%  25% 13% 6%
Charcoal 10 5% 8 9% 80% 70% 0% 50% 0%
production
Timber 9 5% 4 4% 44% 33%  11% 11% 0%
harvesting
Hunter 3 2% 3 3% 100% 0% 0% 0% 0%
Other 3 2% 2 2% 67% 67% 67% 0% 0%
Total ormean 190  100% 93 100% 49% 68%°  19% 32% 6%

*Cases of malaria/people interviewed.
"Number reporting any net reported being used at forest sleeping site/number interviewed in work type.
‘Number 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.
g p g g

Table 3. Malaria-risk populations and bed net use in Phu Yen Province, Vietnam in 2015.

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).
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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.

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
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Paper Planation Workers 28 24% 79% 29% 14%

Agarwood harvesters 26 22% T7% 8% 4%

Trappers 12 10% 67% 33% 17%

Timber harvesters 12 10% 67% 33% 17%

Charcoal 2 3% 67% 0% 0%

Farmers 28 24% 29% 57% 29%

Other 10 8% 40% 40% 20%

Total or Mean 119 100% 61% 32% 16% |

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”.

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).
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Figure 8. Image evidence of LLIN usage. A-C represent probable use and D-F, non-use. Note in E, chickens inside.

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
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No. Intervention/item Description® Cost/form® Cost/intervention/ Results-based
case® funding (cost/year)®
1 Rapid case report, Full interview and $4.15 $4.15 $4149
initial investigations interventions at initial
and initial response patient encounter
2 Treatment plan and Document adherence and $20.47 $51 $ 51,182
follow-up late treatment success
3.1 Fociresponse (Village) Screen & treat, treat nets, $3.75 $113 $ 67,500
new nets, BCC
3.2 Fociresponse (Forest)  Screen & treat, treat nets, $15.26 $ 305 $ 122,054
new nets, BCC, IT-ASSBA
3.3  Foci response Screen & treat, treat nets, $30.51 $ 610 $ 61,027
(Cross-border) new nets, BCC, IT-ASSBA
4 Foci monitoring Screen & treat, treat nets, $7.63 $76 $76,284
new nets, BCC, IT-ASSBA
5 Forest entry point/ Screen & treat, treat nets, $3.75 $38 $ 37,500
work place monitoring new nets, BCC, IT-ASSBA
6 On-going provider Routine visits to document  $ 16.00 $ 2500 $ 30,000
quality monitoring diagnosis, treatment,
prevention and reporting
Total $ 449,696

3Screen: 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).

"These 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.

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
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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. Inmediately available interventions for integrated prevention and treatment in transmission foci.

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
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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.

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
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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).

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
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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-
magquine 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
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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
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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-naive 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
S0 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)', 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.

Malaria cases in the six GMS countries
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Figure 1. Declining trends of malaria transmission in the Greater Mekong Subregion (GMS) since 2012 (source: [2]).

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

‘Cambodia, The People’s Republic of China (specifically Yunnan Province), the Lao People’s Democratic Republic (Lao
PDR), Myanmar, Thailand, and Vietnam.
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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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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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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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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.1. 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, Ecotype % Access to LLIN % Use of Proportion of Reference
country LLIN Anopheles bites or

infective bites in

relation to sleeping

time
Eastern region: Borkeo Forest plots & 68.4% (Ratanakiri) 70.7% (forest ~After 22:00 h 71% [53,102]
& O’Chum districts, villages workers)
Rattanakiri Province;
Western region: Pailin Forest plots ~ 69.2% (Pailin); 66.3% (forest Before 22:00 h 29%
& Pursat Provinces: 81.8% (Pursat) workers)
Cambodia
Ma Noi and Phuoc Binh Village NA 85% Before 22:00 h 45% [83]
communes, Ninh Thuan (bites only)
Province, south-central o
Vietnam Way to the NA NA Before 19:00 h 13%
forest (bites of An maculatus)
Forest plots NA 53% Before 21:00 h 64%
(bites only)
Tha Song Yang, Tak Village® 78% 80% Before 21:00 h and [82]
Province, Thailand 05:00 h
Hamlets® 100% 75-95%
20.0% Suan Oi
F hut: NA NA
arm s 33.7% Pha Man
37.6% farm huts
Son Thai commune, Khan  Village 78% 95% Before 20:00 and 05:00 h
Hoa Province, central o
Vietnam Farm huts NA 62.7%" 26% farm huts
37% forest
Forest NA 25%¢

NA: not available.

3Suan Oi village.

*Pha Man & Komonae hamlets, Thailand [82].
‘Regular use of LLIN.

Table 1. Overview of residual malaria parasite transmission (RMT) in various ecological settings in Greater Mekong
Subregion.
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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

Highlevelsof malariatransmissionoccurringin forest-fringe areas of Southeast Asiais 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.1., 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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Morphological Nested PCR, Circumsporozoite Prior heating of eluate PCR confirmation

Anopheles Cambodia [93] ELISA, Thailand [97]  and circumsporozoite of ELISA-positives

species’ ELISA, Bangladesh Bangladesh [95]

[98]

Total Positive/ Total Positive Total Positive Total Positive /
collection  total collection  /total collection  /total collection total
(%) (%) (%) (%)

An. maculatus 21.43 4/640 43 2/97

s.

An. annularis 14.43 3/431 0.78 1/19

s.l.

An. kochi 0.93 1/44

An. barbirostris 6.6 3/55 3.52 1/105 2.9 1/140 7.4 1/186

5.5.

An. 5.08 3/139

peditaeniatus

An. hyrcanus 0.09 2/2

An. nigerrimus ~ 0.87 1/21 41 1/104

An. 3/219 24.7 25/1169

philippinensis

An. vagus 419 25/1978

An. nivipes 10.8 1/264

An. jeyporiensis 3.1 1/142 18.9 2/479

An. karwari 5.16 11/244 17

"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.

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.I. were collected, of which 31 were
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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. knowles, 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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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-
magquine therapy or with tafenoquine —a related single dose hypnozoitocide recently de-
veloped by GSK and Medicines for Malaria Venture (MMYV); 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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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.

Keywords: asymptomatic malaria, transmission, longitudinal carriage, malaria
elimination, diagnostics

1. Epidemiology and relevance of asymptomatic infections

It has long been acknowledged that not all Plasmodium falciparum infections lead to clinical
symptoms, and in the vast majority of malaria endemic settings most infections are asymp-
tomatic. In the last two decades data on infection prevalence in endemic populations have
been generated using nucleic acid amplification techniques (NAAT). The use of these sensi-
tive diagnostic methods showed that, on average, there are approximately twice the number
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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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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-
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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.

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
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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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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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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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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.

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
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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/pl).

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
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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]).

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
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mosquitoes infected by a population: influence of transmission setting and infection duration. The grey lines represent
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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
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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.

Acknowledgements

CD and BG would like to acknowledge funding from the Bill & Melinda Gates Foundation
(OPP1034789 & OPP1173572). LO is funded by a UK Royal Society Dorothy Hodgkin
Fellowship, and also acknowledges grants from the Bill & Melinda Gates Foundation and
Medicines for Malaria Venture. HS is supported by an Imperial College junior research
fellowship.

List of abbreviations

HbAA haemoglobin A (homozygous)
HbAS haemoglobin AS (heterozygous)
HbC haemoglobin C

HbS haemoglobin S

141



142  Towards Malaria Elimination - A Leap Forward

HRP-2 histidine-rich protein 2

MDA mass drug administration

msp-2 merozoite surface protein 2

NAAT nucleic acid amplification techniques
PCR polymerase chain reaction

RDT rapid diagnostic test

RNA ribonucleic acid

Author details

Chris Drakeley™, Bronner Gongalves!, Lucy Okell* and Hannah Slater?

*Address all correspondence to: chris.drakeley@lshtm.ac.uk

1 Department of Immunology and Infection, London School of Hygiene and Tropical
Medicine, UK

2 Department of Infectious Disease Epidemiology, Imperial College London, UK

References

(1]

[2]

(5]

Okell LC, Ghani AC, Lyons E, Drakeley CJ. Submicroscopic infection in Plasmodium
falciparum-endemic populations: A systematic review and meta-analysis. The Journal of
infectious Diseases. 2009;200:1509-1517. DOI: 10.1086/644781

Wu L, van den Hoogen LL, Slater H, Walker PG, Ghani AC, Drakeley CJ, et al.
Comparison of diagnostics for the detection of asymptomatic Plasmodium falciparum
infections to inform control and elimination strategies. Nature. 2015;528:586-593. DOLI:
10.1038/nature16039

Cox MJ, Kum DE, Tavul L, Narara A, Raiko A, Baisor M, et al. Dynamics of malaria para-
sitaemia associated with febrile illness in children from a rural area of Madang, Papua
New Guinea. Transactions of the Royal Society of Tropical Medicine and Hygiene.
1994;88:191-197

Rogier C, Commenges D, Trape JF. Evidence for an age-dependent pyrogenic thresh-
old of Plasmodium falciparum parasitemia in highly endemic populations. The American
Journal of Tropical Medicine and Hygiene. 1996,54:613-619

Muller I, Genton B, Rare L, Kiniboro B, Kastens W, Zimmerman P, et al. Three differ-
ent Plasmodium species show similar patterns of clinical tolerance of malaria infection.
Malaria Journal. 2009;8:158. DOI: 10.1186/1475-2875-8-158



6]

%]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

Understanding the Importance of Asymptomatic and Low-Density Infections...
http://dx.doi.org/10.5772/intechopen.77293

Vantaux A, Samreth R, Piv EP, Khim N, Kim S, Berne L, et al. Contribution to malaria
transmission of symptomatic and asymptomatic parasite carriers in Cambodia. The
Journal of Infectious Diseases. 2018;217(10):1561-1568. DOI: 10.1093/infdis/jiy060

Missinou MA, Lell B, Kremsner PG. Uncommon asymptomatic Plasmodium falciparum
infections in Gabonese children. Clinical Infectious Diseases. 2003;36:1198-1202. DOI:
10.1086/374555

Felger I, Maire M, Bretscher MT, Falk N, Tiaden A, Sama W, et al. The dynamics of
natural Plasmodium falciparum infections. PLoS One. 2012;7:e45542. DOI: 10.1371/journal.
pone.0045542

Landier ], Kajeechiwa L, Thwin MM, Parker DM, Chaumeau V, Wiladphaingern J, et al.
Safety and effectiveness of mass drug administration to accelerate elimination of arte-
misinin-resistant falciparum malaria: A pilot trial in four villages of eastern Myanmar.
Wellcome Open Research. 2017;2:81. DOI: 10.12688/wellcomeopenres.12240.1

Tripura R, Peto TJ, Chalk ], Lee 5], Sirithiranont P, Nguon C, et al. Persistent Plasmodium
falciparum and Plasmodium vivax infections in a western Cambodian population: Impli-

cations for prevention, treatment and elimination strategies. Malaria Journal. 2016;15:181.
DOI: 10.1186/s12936-016-1224-7

Nguyen TN, von Seidlein L, Nguyen TV, Truong PN, Hung SD, Pham HT, et al. The per-
sistence and oscillations of submicroscopic Plasmodium falciparum and Plasmodium vivax
infections over time in Vietnam: An open cohort study. The Lancet Infectious Diseases.
2018;18(5):565-572. DOI: 10.1016/51473-3099(18)30046-X

Schneider DS, Ayres JS. Two ways to survive infection: What resistance and tolerance can
teach us about treating infectious diseases. Nature Reviews. Immunology. 2008;8:889-
895. DOI: 10.1038/nri2432

Kwiatkowski DP, Luoni G. Host genetic factors in resistance and susceptibility to
malaria. Parassitologia. 2006;48:450-467

Carneiro I, Roca-Feltrer A, Griffin JT, Smith L, Tanner M, Schellenberg JA, et al. Age-
patterns of malaria vary with severity, transmission intensity and seasonality in sub-
Saharan Africa: A systematic review and pooled analysis. PLoS One. 2010;5:e8988. DOLI:
10.1371/journal.pone.0008988

Doolan DL, Dobano C, Baird JK. Acquired immunity to malaria. Clinical Microbiology
Reviews. 2009;22:13-36. DOI: 10.1128/CMR.00025-08

Hofmann NE, Karl S, Wampfler R, Kiniboro B, Teliki A, Iga ], et al. The complex relation-
ship of exposure to new Plasmodium infections and incidence of clinical malaria in Papua
New Guinea. eLife. 2017;6:€23708. DOI: 10.7554/eLife.23708

Gwamaka M, Kurtis JD, Sorensen BE, Holte S, Morrison R, Mutabingwa TK, et al. Iron
deficiency protects against severe Plasmodium falciparum malaria and death in young
children. Clinical Infectious Diseases. 2012;54:1137-1144. DOI: 10.1093/cid/cis010

143



144  Towards Malaria Elimination - A Leap Forward

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Taylor SM, Parobek CM, Fairhurst RM. Haemoglobinopathies and the clinical epidemi-
ology of malaria: A systematic review and meta-analysis. The Lancet Infectious Diseases.
2012;12:457-468. DOI: 10.1016/S1473-3099(12)70055-5

Gong L, Maiteki-Sebuguzi C, Rosenthal PJ, Hubbard AE, Drakeley CJ, Dorsey G, et al.
Evidence for both innate and acquired mechanisms of protection from Plasmodium
falciparum in children with sickle cell trait. Blood. 2012;119:3808-3814. DOI: 10.1182/
blood-2011-08-371062

Williams TN, Mwangi TW, Wambua S, Alexander ND, Kortok M, Snow RW, et al. Sickle
cell trait and the risk of Plasmodium falciparum malaria and other childhood diseases. The
Journal of Infectious Diseases. 2005;192:178-186. DOI: 10.1086/430744

Piel FB, Howes RE, Patil AP, Nyangiri OA, Gething PW, Bhatt S, et al. The distribution of
haemoglobin C and its prevalence in newborns in Africa. Scientific Reports. 2013;3:1671.
DOI: 10.1038/srep01671

Piel FB, Patil AP, Howes RE, Nyangiri OA, Gething PW, Williams TN, et al. Global dis-
tribution of the sickle cell gene and geographical confirmation of the malaria hypothesis.
Nature Communications. 2010;1:104. DOI: 10.1038/ncomms1104

Ringelhann B, Hathorn MK, Jilly P, Grant F, Parniczky G. A new look at the protection
of hemoglobin AS and AC genotypes against Plasmodium falciparum infection: A census
tract approach. American Journal of Human Genetics. 1976,28:270-279

Gouagna LC, Bancone G, Yao F, Yameogo B, Dabire KR, Costantini C, et al. Genetic
variation in human HBB is associated with Plasmodium falciparum transmission. Nature
Genetics. 2010;42:328-331. DOL: 10.1038/ng.554

Goncalves BP, Sagara I, Coulibaly M, Wu Y, Assadou MH, Guindo A, et al. Hemoglobin
variants shape the distribution of malaria parasites in human populations and their
transmission potential. Scientific Reports. 2017;7:14267. DOI: 10.1038/s41598-017-14627-y

Rek J, Katrak S, Obasi H, Nayebare P, Katureebe A, Kakande E, et al. Characterizing
microscopic and submicroscopic malaria parasitaemia at three sites with varied transmis-
sion intensity in Uganda. Malaria Journal. 2016;15:470. DOI: 10.1186/s12936-016-1519-8

Miller MJ. Observations on the natural history of malaria in the semi-resistant West
African. Transactions of the Royal Society of Tropical Medicine and Hygiene. 1958;52:
152-168

Koepfli C, Ome-Kaius M, Jally S, Malau E, Maripal S, Ginny ], et al. Sustained malaria
control over an eight-year period in Papua New Guinea: The challenge of low-density
asymptomatic infections. The Journal of Infectious Diseases. 2017;216(11):1434-1443.
DOI: 10.1093/infdis/jix507

Portugal S, Moebius ], Skinner J, Doumbo S, Doumtabe D, Kone Y, et al. Exposure-
dependent control of malaria-induced inflammation in children. PLoS Pathogens.
2014;10:e1004079. DOI: 10.1371/journal.ppat.1004079



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Understanding the Importance of Asymptomatic and Low-Density Infections...
http://dx.doi.org/10.5772/intechopen.77293

Mueller I, Schoepflin S, Smith TA, Benton KL, Bretscher MT, Lin E, et al. Force of infec-
tion is key to understanding the epidemiology of Plasmodium falciparum malaria in Papua
New Guinean children. Proceedings of the National Academy of Sciences of the United
States of America. 2012;109:10030-10035. DOI: 10.1073/pnas.1200841109

Coulibaly D, Travassos MA, Tolo Y, Laurens MB, Kone AK, Traore K, et al. Spatio-
temporal dynamics of asymptomatic malaria: Bridging the gap between annual malaria
resurgences in a Sahelian environment. The American Journal of Tropical Medicine and
Hygiene. 2017;97:1761-1769. DOI: 10.4269/ajtmh.17-0074

Ouedraogo AL, Goncalves BP, Gneme A, Wenger EA, Guelbeogo MW, Ouedraogo A,
et al. Dynamics of the human infectious reservoir for malaria determined by mosquito
feeding assays and ultrasensitive malaria diagnosis in Burkina Faso. The Journal of
Infectious Diseases. 2016,213:90-99. DOI: 10.1093/infdis/jiv370

Rogier C, Tall A, Diagne N, Fontenille D, Spiegel A, Trape JE. Plasmodium falciparum clini-
cal malaria: lessons from longitudinal studies in Senegal. Parassitologia. 1999;41:255-259

Goncalves BP, Huang CY, Morrison R, Holte S, Kabyemela E, Prevots DR, et al. Parasite
burden and severity of malaria in Tanzanian children. The New England Journal of
Medicine. 2014;370:1799-1808. DOI: 10.1056/NE]Moa1303944

Murphy SC, Prentice JL, Williamson K, Wallis CK, Fang FC, Fried M, et al. Real-time
quantitative reverse transcription PCR for monitoring of blood-stage Plasmodium falci-
parum infections in malaria human challenge trials. The American Journal of Tropical
Medicine and Hygiene. 2012;86:383-394. DOI: 10.4269/ajtmh.2012.10-0658

Lyke KE, Laurens M, Adams M, Billingsley PF, Richman A, Loyevsky M, et al.
Plasmodium falciparum malaria challenge by the bite of aseptic Anopheles stephensi mos-
quitoes: Results of a randomized infectivity trial. PLoS One. 2010;5:e13490. DOI: 10.1371/
journal.pone.0013490

Churcher TS, Sinden RE, Edwards NJ, Poulton ID, Rampling TW, Brock PM, et al.
Probability of transmission of malaria from mosquito to human is regulated by mos-
quito parasite density in naive and vaccinated hosts. PLoS Pathogens. 2017;13:e1006108.
DOI: 10.1371/journal.ppat.1006108

Burkot TR, Graves PM, Cattan JA, Wirtz RA, Gibson FD. The efficiency of sporozoite
transmission in the human malarias, Plasmodium falciparum and P. vivax. Bulletin of the
World Health Organization. 1987;65:375-380

Dondorp AM, Desakorn V, Pongtavornpinyo W, Sahassananda D, Silamut K, Chotivanich
K, et al. Estimation of the total parasite biomass in acute falciparum malaria from plasma
PfHRP2. PLoS Medicine. 2005;2:e204. DOI: 10.1371/journal.pmed.0020204

Kun JF, Missinou MA, Lell B, Sovric M, Knoop H, Bojowald B, et al. New emerging
Plasmodium falciparum genotypes in children during the transition phase from asymp-
tomatic parasitemia to malaria. The American Journal of Tropical Medicine and Hygiene.
2002;66:653-658

145



146  Towards Malaria Elimination - A Leap Forward

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Searle KM, Katowa B, Kobayashi T, Siame MNS, Mharakurwa S, Carpi G, et al. Distinct
parasite populations infect individuals identified through passive and active case detec-
tion in a region of declining malaria transmission in southern Zambia. Malaria Journal.
2017;16:154. DOI: 10.1186/512936-017-1810-3

Goncalves BP, Kapulu MC, Sawa P, Guelbeogo WM, Tiono AB, Grignard L, et al.
Examining the human infectious reservoir for Plasmodium falciparum malaria in areas
of differing transmission intensity. Nature Communications. 2017;8:1133. DOI: 10.1038/
s41467-017-01270-4

Ouedraogo AL, Bousema T, de Vlas SJ], Cuzin-Ouattara N, Verhave JP, Drakeley C, et al.
The plasticity of Plasmodium falciparum gametocytaemia in relation to age in Burkina
Faso. Malaria Journal. 2010;9:281. DOI: 10.1186/1475-2875-9-281

Rono MK, Nyonda MA, Simam JJ, Ngoi JM, Mok S, Kortok MM, et al. Adaptation of
Plasmodium falciparum to its transmission environment. Nature Ecology & Evolution.
2017;2:377-387. DOI: 10.1038/541559-017-0419-9

Johnston GL, Smith DL, Fidock DA. Malaria's missing number: Calculating the human
component of R0 by a within-host mechanistic model of Plasmodium falciparum infection
and transmission. PLoS Computational Biology. 2013;9:e1003025. DOI: 10.1371/journal.
pcbi 1003025

Churcher TS, Bousema T, Walker M, Drakeley C, Schneider P, Ouedraogo AL, et al.
Predicting mosquito infection from Plasmodium falciparum gametocyte density and esti-
mating the reservoir of infection. eLife. 2013;2:e00626. DOI: 10.7554/eLife.00626

WWARN Gametocyte Study Group. Gametocyte carriage in uncomplicated Plasmodium
falciparum malaria following treatment with artemisinin combination therapy: A sys-
tematic review and meta-analysis of individual patient data. BMC Medicine. 2016;14:79.
DOI: 10.1186/s12916-016-0621-7

Imwong M, Stepniewska K, Tripura R, Peto T], Lwin KM, Vihokhern B, et al. Numerical
distributions of parasite densities during asymptomatic malaria. The Journal of
Infectious Diseases. 2016,213:1322-1329. DOI: 10.1093/infdis/jiv596

Farnert A, Snounou G, Rooth I, Bjorkman A. Daily dynamics of Plasmodium falciparum
subpopulations in asymptomatic children in a holoendemic area. The American Journal
of Tropical Medicine and Hygiene. 1997;56:538-547

Koepfli C, Schoepflin S, Bretscher M, Lin E, Kiniboro B, Zimmerman PA, et al. How
much remains undetected? Probability of molecular detection of human Plasmodia in
the field. PLoS One. 2011;6:€19010. DOI: 10.1371/journal.pone.0019010

Magesa SM, Mdira YK, Akida JA, Bygbjerg IC, Jakobsen PH. Observations on the peri-
odicity of Plasmodium falciparum gametocytes in natural human infections. Acta Tropica.
2000;76:239-246

Chardome M, Janssen PJ. Inquiry on malarial incidence by the dermal method in the
region of Lubilash, Belgian Congo. Annales de la Société Belge de Médecine Tropicale
(1920). 1952;32:209-211



[53]

[54]

[55]

[56]

[57]

(58]

Understanding the Importance of Asymptomatic and Low-Density Infections...
http://dx.doi.org/10.5772/intechopen.77293

Nixon CP. Plasmodium falciparum gametocyte transit through the cutaneous microvas-
culature: A new target for malaria transmission blocking vaccines? Human Vaccines &
Immunotherapeutics. 2016;12:3189-3195. DOI: 10.1080/21645515.2016.1183076

Koepfli C, Mueller I. Malaria epidemiology at the clone level. Trends in Parasitology.
2017;33:974-985. DOI: 10.1016/j.pt.2017.08.013

Falk N, Maire N, Sama W, Owusu-Agyei S, Smith T, Beck HP, et al. Comparison of PCR-
RFLP and Genescan-based genotyping for analyzing infection dynamics of Plasmodium
falciparum. The American Journal of Tropical Medicine and Hygiene. 2006;74:944-950

Griffin JT, Hollingsworth TD, Reyburn H, Drakeley CJ, Riley EM, Ghani AC. Gradual
acquisition of immunity to severe malaria with increasing exposure. Proceedings of the
Biological Sciences. 2015;282:20142657. DOI: 10.1098/rspb.2014.2657

Collins WE, Jeffery GM. A retrospective examination of sporozoite- and trophozoite-
induced infections with Plasmodium falciparum: Development of parasitologic and clini-
cal immunity during primary infection. The American Journal of Tropical Medicine and
Hygiene. 1999;61:4-19

Jeffery GM, Eyles DE. The duration in the human host of infections with a Panama strain
of Plasmodium falciparum. The American Journal of Tropical Medicine and Hygiene.
1954;3:219-224

147






Chapter 7

Insecticide Resistance in Malaria Vectors: An Update at
a Global Scale

Jacob M. Riveron, Magellan Tchouakui,
Leon Mugenzi, Benjamin D. Menze,
Mu-Chun Chiang and Charles S. Wondji

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.78375

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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Figure 1. Global distribution of the dominant vector species of malaria [137].

example, resistance to DDT, the most common OC used in IRS, has been reported in An.
gambiage 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
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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.1.

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
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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.1. 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.1. 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. gambiage 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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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.

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 DDT and OPs in one specific location of Colombia, close
to the border with Venezuela [72]. Other malaria vectors, such as An. benarrochi and An.
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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.

Susceptible mosquitoes Resistant mosquil.'u;s
L]

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 y-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.
gambige 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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Susceptibility bioassay tests

Biochemical assays

Molecular assays

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.

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.

Description

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.

Limitations

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.

Description

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

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.

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 frans-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,



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

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 DDT and 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 DDT was 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 Cote 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 in West 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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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

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen 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. [{(cc) ExgIN



180 Towards Malaria Elimination - A Leap Forward

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 2011 3000 419 566 15 <100
Uncomplicated Pf: 2012 240 8.2 91.8 _ 0
ART +NQ; AS + AQ; D-P
‘ 2013 <100 641 359 - 0
Severe malaria:
AM; AS; pyronaridine 2014 <100 107 89.3 - 0
P. vivax: CQ +PQ (8d) 2015 <100 30 788 18.2 0
2016 <10 00 1000 — 0
Cambodia 2011 203,600 626 374 - 400
Uncomplicated Pf: 2012 146,000 504 496 @ — 220
AS + MQ, D-P
, 2013 76,500 458 542 - 110
Severe malaria:
AM; AS; QN 2014 89,700 588  41.2 - 150
P. vivax: D-P + PQ (14d) 2015 120,300 613 387 — 210
2016 83,300 582 418 - 140
Laos 2011 42,800 907 71 02 <100
Uncomplicated Pf: 2012 112,700 834  16.6 - 250
AL
_ 2013 93,500 670 330 - 170
Severe malaria:
AS + AL 2014 117,300 529 471 - 180
P. vivax: CQ +PQ (14d) 2015 87,900 23 577 - 120
2016 27,390 395  60.5 - <100
Myanmar 2011 1,506,000 684 316 - 2800
Uncomplicated Pf: 2012 1,974,000 718 282 @ — 4000
AL; AM; AS + MQ; D-P; PQ
. 2013 585,000 704 296 - 1100
Severe malaria:
AM; AS; QN 2014 360,000 69.9  30.1 - 700
P. vivax: CQ + PQ (14d) 2015 236,500 641 359 - 400
2016 142,600 603 397 - 240
Thailand 2011 24,900 405 595 0.1 <100
Uncomplicated Pf: 2012 32,600 398 602  — <100
D-P
i 2013 33,300 440 468 9.3 <100
Severe malaria:
QN + doxycycline 2014 37,900 378 541 8.1 <100
P.vivax: CQ +PQ (14d) 2015 8000 417 580 0.2 <100

2016 11,520 325 461 215 <100
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Country/drug policy” Year  No. of malaria cases % of confirmed cases® No. of death cases
Pf Pv Others

Vietnam 2011 22,630 643 357 - <100
Uncomplicated Pf: 2012 26,610 61.3 38.7 — <100

D-P 2013 23,140 58.0  42.0 — <100

Severe malaria: 2014 21,200 54.2 45.8 — <100

AS; QN 2015 12,560 489  51.0 0.2 <100

P. vivax: CQ + PQ (14d) 2016 6000 576 421 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 20112016 [7].

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
18SrRNA), 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 gPCR 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
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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 GG6PD
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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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.

Keywords: Plasmodium falciparum, P. vivax, drug-resistance, malaria elimination,
APMEN, challenges

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

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Democratic People's
Republic of Korea

Figure 1. Member countries of the Asia Pacific Malaria Elimination Network countries (APMEN).

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 20162030 (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 20162030 (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,
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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. malarige, 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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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].

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
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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].

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
(VeWG) 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
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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]

India [213]

Indonesia [214]

An. lesteri, An. sinensis, An. sineroides, An. kleini, An. yatsus hiroensis, An. lindesayi japonicas, An.
koreicus

An. culicifacies, An. baimaii, An. fluviatilis, An. minimus, An. stephensi, An. maculatus, An. sundaicus

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  An. kleini, An. pullus, An. belenrae, An. sineroides, An. sinensis, An. lesteri

[218]

Solomon Islands An. punctulatus, An. koliensis, An. farauti

[217]

Sri Lanka [210, An. culicifacies, An. annularis, An. subpictus, An. tessellatus, An. stephensi

219]

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.

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
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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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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]).

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
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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]).

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 LLINSs are intensified. RACD has been implemented in Africa and
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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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IRS indoor residual spraying

ITN insecticide-treated nets

Lao PDR Lao People’s Demographic Republic

LLIN long-lasting insecticidal nets
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NDVI normalised difference vegetation index
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PCD passive case detection

PCR polymerase chain reaction

RACD reactive case detection
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