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Abstract

Plasmodium vivax is the most geographically widespread of the human malarias and is
capable of causing severe debilitating disease. The parasite’s unique biology poses
challenges to control of the disease and the understanding of its epidemiology. It is less
researched and well understood than the more deadly P. falciparum. In this thesis,
spatial relapse patterns and models of endemicity and clinical disease were applied to
generate robust estimates of the P. vivax burden to address a key knowledge gap in
malaria epidemiology.

First, a review of the distribution of the parasite, its vectors and populations at risk
found nearly one third of the global population living at risk, and more potential vectors
than P. falciparum. In spite of low observed endemicity, the public health impact of P.
vivax is likely to have been seriously underestimated in the past.

To accurately define the burden of P. vivax it was necessary to improve understanding
of one of the parasite’s most unique and challenging aspects, its ability to relapse. A
meta-analysis of individual records of relapse showed that relapse periodicity varied
systematically by geographic region and could be categorized by nine global regions.
The nine regions were applied to a model to quantify the relationship between
prevalence of infection and incidence of clinical disease. As relapse would have an
influence on both measures, separate relationships were drawn for each relapse zone.

The prevalence-incidence model was used to translate maps of predicted endemicity
into measures of clinical burden. The evidence-base of P. vivax prevalence was poor in
some regions and therefore a burden estimate based on surveillance reports was also
derived. Reported cases must be adjusted for parameters such as under-reporting and
treatment-seeking behaviours. A model used to fill gaps in treatment-seeking data
available from national household surveys was developed to allow burden to be
estimated using both cartographic modelling and surveillance reporting methods. To
improve fidelity, the results of the two approaches were combined to enumerate P.
vivax burden globally.

The results and conclusions of these studies are discussed with recommendations for
how these findings influence our understanding of P. vivax epidemiology and
implications for future control and elimination efforts.
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Chapter 1 - Introduction

Chapter 1 - Introduction

1.1. The human malarias

Malaria is the most important parasitic disease of mankind with a long history of human
suffering, genetic and societal change, and innovation both on the part of the parasite
and the human interventions devised to control its impact. It is a parasitic protozoan
disease of the genus Plasmodium that is transmitted by the Anopheles mosquito. There
are six species of Plasmodium that infect humans: P. falciparum and P. vivax, which
are attributable for nearly all mortality and morbidity [1], as well as P. malariae, P.
ovale (sympatric species P. ovale curtisi and P. ovale wallikeri [2]) and P. knowlesi.
Plasmodium knowlesi is a primate species restricted to Southeast Asia that was only
relatively recently shown to be endemic in human populations [3-5], and natural
transmission of two other simian species to humans has been observed in the past few

years: P. brasilianum [6] and the close relative of P. vivax, P. cynomolgi [7].

Each of the human malarias bears unique biological traits making the species more or
less vulnerable to public health control interventions. Frequently considered the most
challenging to control [8], P. vivax presents lifecycle characteristics able to overcome
the main components of the malaria control toolkit. Despite this, the species has been
relatively understudied. The epidemiological idiosyncrasies of P. vivax, and the

pathogen’s resulting global public health burden, represent the focus of this thesis.

1.2. Plasmodium vivax origins

The origin of P. vivax as a human malaria begins with transmission in primates.

Plasmodium vivax is the predominant malaria species outside of Africa and it was long
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thought that its phylogenetic roots were in Asia. The lineage that P. vivax and P.
cynomolgi share is with other Plasmodium species that infect primates only found in
Asia [9-12]. Recent sequence analyses of Plasmodium samples gathered from great
apes show that P. vivax instead originated in Africa [13]. Approximately 30,000 years
ago, ancestral P. vivax likely infected humans, chimpanzees and gorillas across Africa,
until the Duffy negative mutation began to spread [14]. Plasmodium vivax appears to be
dependent on the Duffy antigen being expressed on the surface of red blood cells for
invasion (step 5, Figure 1.1) [15]. As the mutation that causes the antigen not to be
expressed spread, the African population essentially became immune to P. vivax. This
is one of the many ways that malaria has shaped the human genome [16]. Other
heritable traits such as sickle cell disease [17, 18], haemoglobins C [19] and E,
Southeast Asian ovalocytosis [20], alpha and beta thalassemia [21] and glucose-6-
phosphate dehydrogenase (G6PD) deficiency [22] share geographic distributions that
are roughly similar to that of malaria prior to the era of control campaigns which started

around the turn of the twentieth century [23, 24].

Population genetic analyses of human samples show that P. vivax, after being driven
from Africa, now thrives in Asia and the Americas with genetically diverse parasite
populations [25]. Plasmodium vivax has proven to be highly adaptable. Human
migration brought the parasite to the Americas [26] and back to Africa [13]. Its ability
to form a dormant liver stage allowed the geographic range of the parasite to extend
well beyond the tropics into temperate ranges as far north as Russia and Finland [27]:

the most geographically extensive distribution of the human malarias.
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1.3. Biology and epidemiology

The dormant liver stage hypnozoites can generate relapses of blood-stage infection
weeks, months, or even years after the primary infection [28]. While the biological
mechanism that triggers the relapses to occur remains unknown [29], it has long been
understood that there are distinct geographic patterns in relapse phenotypes [28], with
tropical strains relapsing quickly following the primary infection from the mosquito
bite, and temperate strains relapsing after several months or more. All Plasmodium have
a liver-stage, as seen in phase A in Figure 1.1, but only P. vivax and P. ovale form the
long-term dormant stages that are capable of evading routine drug treatment and which

therefore pose important challenges for control.

The liver stages cannot be detected by common diagnostic tools, such as rapid
diagnostic tests (RDTs) and microscopy, or by high sensitivity laboratory-based
molecular assays [30]. Detection of P. vivax is further complicated by low parasite
densities in blood-stage infection. Vivax parasites invade young red blood cells
(reticulocytes), which are less common than mature erythrocytes, leading to low
parasitaemia infections and false negative diagnoses [31]. Plasmodium vivax
gametocytes are more efficiently transmitted to mosquitoes at low densities than
falciparum gametocytes [32], and infectious gametocytes also appear earlier in the
course of infection than in P. falciparum infections, making transmission-blocking
treatment less effective for P. vivax as transmission may already have occurred at the

time of the onset of clinical symptoms and therefore treatment-seeking [33].

Finally, parasite development within the mosquito (the sporogonic cycle; Stage C,
Figure 1.1) occurs more rapidly for P. vivax at equivalent temperatures, which also

contributes to its wider geographic range [34-36].
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Figure 1.1. Life cycle of Plasmodium spp. Source: Centers for Disease Control and
Prevention, CC license.

1.4.  The public health importance of Plasmodium vivax

While elimination goals ostensibly address all human malarias, the allocation of
funding and resources between P. falciparum and P. vivax has been highly disparate
[37], in part because of the dogma that P. vivax is less clinically significant than its
cousin, P. falciparum. However, P. vivax has been shown to be the most widespread of

the malaria parasites and to cause severe disease and death [38].

The ability of P. vivax to cause relapses of infection makes vivax malaria more difficult
to control than P. falciparum [32, 39]. The only class of drug that can treat the liver
stage, the 8-aminoquinolines, is contraindicated for individuals with a G6PD deficiency

and for pregnant women and infants because it may cause haemolytic anaemia [40-42].



Chapter 1 - Introduction

Primaquine, is the only 8-aminoquinoline currently licensed and has a 14-day treatment
schedule which challenges adherence [43, 44]; though, a single-dose alternative drug
tafenoquine is currently in trials [45]. Further issues arise where resistance to the gold
standard blood-stage therapy, chloroquine, is increasing [46]. These biological features
often make P. vivax the final challenge in elimination efforts [47-50]. The map below

(Figure 1.2) indicates that all countries mono-endemic with exclusively P. vivax

(outlined in red on the map) are in elimination phases (hatched overlay).

Figure 1.2. Plasmodium vivax endemic and eliminating countries. Countries are
shaded by their WHO region and those countries outlined in red are endemic only with
P. vivax and those hatched with black lines are listed as eliminating countries [49].

Malaria is one of the leading causes of death in low- and middle-income countries and a
primary cause of death in children aged 1-4 years [51]. Such impact estimates are not
stratified by parasite species, and recent initiatives calling for elimination and
eradication [52-54] similarly refer to malaria as a single disease [55] and are often
steered towards P. falciparum. The prioritization of P. falciparum and the relative
neglect of P. vivax malaria [31, 50, 56, 57] stems from P. falciparum being historically
known as ‘malignant tertian malaria’, and P. vivax as ‘benign tertian malaria’ because

of the tendency for P. falciparum infections to be more severe and deadly than P. vivax



Chapter 1 - Introduction

[58]. An increasing body of evidence has shown, however, that P. vivax should no
longer be thought of as a benign and rarely fatal disease [57, 59-63], but instead that P.
vivax is capable of causing severe disease and fatality, particularly in children [63-66].
The extent to which the public health burden of P. vivax has been underestimated is

unknown.

1.5. Mapping Plasmodium vivax and public health planning

Maps are the principal output in spatial epidemiology because they allow for the
visualization of the extent and foci of public health problems [67-70]. Evidence-based
maps of malaria have proven to be useful tools for decision makers assessing
prospective courses of action to control the disease in different parts of the world [35,
71, 72]. Knowledge of the geographic limits and burden of infection are essential for
control and elimination planning [73, 74]. Maps of clinical and economic burden serve
as benchmarks from which organizations can set control and elimination targets and
measure success [52, 53]. Modern methods used to provide mapped estimates are based
on data of known origin and fidelity, and display associated uncertainty [75, 76]. This is
considered an improvement on surveillance-based approaches which are affected by
diagnostic and reporting biases that are often difficult to quantify. Cartographic
evidence of malaria endemicity and burden have already been accepted by the malaria
research community and successfully applied to national level and regional control

priority settings [35, 71, 72, 77-79].

The limits of P. vivax transmission, and the parasite’s endemicity within those limits,
have been mapped [35]. A review of the predicted levels of endemicity and the
associated uncertainty highlights regions where more intense control measures and

improved monitoring need to be applied. Dominant anopheline vector species of
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‘malaria’ have been described [80-83], but it is not clear if all named dominant vector
species are capable of transmitting vivax malaria as well as falciparum, and how the

distributions of those species correspond to the map of predicted P. vivax prevalence.

Estimates of parasite endemicity provide predictions of prevalence in all endemic areas,
whether prevalence surveys have been conducted in those locations or not. Endemicity
is a measure of disease intensity based on prevalence. Prevalence, also commonly
referred to as parasite rate (PR) in the context of malaria, is the most commonly
available malaria metric [84]. Prevalence refers to the proportion of the population
found to be infected with P. vivax (without necessarily having clinical symptoms) at a
given time through a cross-sectional survey. Incidence, on the other hand, measures the
number of people who acquire a new clinical infection in a specified time period. These
data are collected through longitudinal studies. Clinical incidence is obtained by only
testing those patients with suspected symptoms of disease, such as fever [72]. Work on
P. falciparum serves as a proof of concept that the relationship between the common
metric of prevalence and variably-reported clinical incidence measures can be described

through modelling [72, 85].

1.6. Thesis aims

Plasmodium vivax has until very recently been considered a neglected disease. The tide
has begun to turn with mounting evidence of its severity and wide distribution — over
one third of the world is predicted to live at risk of infection. In order to address global
elimination goals, the current knowledge gaps in the understanding of the transmission
and burden of P. vivax must be addressed [31, 56, 86]. The objective of this thesis is to
present up-to-date geographic descriptions of P. vivax transmission, endemicity as well

as a global estimate of the burden of P. vivax disease with quantifiable uncertainty.
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Chapter 2 will provide a review of baseline regional descriptions of the populations at
risk of P. vivax infection, its endemicity and an audit of Anopheles species incriminated
as dominant P. vivax vectors, along with a description of their distributions and

bionomics by region.

Chapter 3 will assess the hypothesis that periodicity of P. vivax relapse differs
geographically to synchronise blood-stage parasitaemia re-emergence with local
seasonal mosquito abundance, and to ensure clearance of previous blood-stage
infection. Meta-analysis of observed relapse patterns in thousands of individuals within
various geographic classifications characterise the global patterns of variation and

timing of relapse within different transmission settings.

The relapse zones identified in Chapter 3 will be applied to the analysis in Chapter 4,
which will describe the relationship between prevalence of infection and incidence of
clinical disease. An assembled database of spatially and temporally matched prevalence
and incidence measures fit a model that is stratified by relapse zone that will allow

measures and maps of prevalence to be translated into incidence.

There are presently two primary methods to estimate malaria burden, the surveillance-
based approach, which adjusts cases reported by country control programmes and
ministries of health [87], and the cartographic approach, which models cases from
estimates of prevalence. The aim in this thesis is to apply both methods to P. vivax
malaria and determine which method best characterizes the burden in each endemic
country. In order to generate surveillance-based estimates, a number of parameters are
needed. Data on treatment-seeking behaviours cannot be derived from country reports
and must instead be derived from large-scale household surveys. Chapter 5 assembles

available survey data on treatment-seeking and also develops and applies a model to fill
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gaps for countries lacking data by using social and economic indicator variables. In
Chapter 6, burden is estimated using both the surveillance and cartographic methods.
To achieve this, reports of P. vivax incidence and relative adjustment parameters are
assembled, the limits of transmission and predicted endemicity of P. vivax is updated,
and incidence of clinical disease is modelled. A framework is applied to assign each
country a burden estimate from one of the approaches in order to generate a hybridized

global burden estimate with associated uncertainty.

This thesis is presented as a collection of publications. Chapter 2 through 4 are included
in their published form and Chapter 5 and 6 are manuscripts that have been submitted
and are in preparation respectively. Additional information from both the published and
unpublished papers is provided in the Appendix. These are co-authored publications

and author contributions are provided at the end of each chapter.
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Chapter 2 - Global public health significance

Chapter 2 — The global public health significance of

Plasmodium vivax

This first research chapter is a review of the methods used to estimate the geographic
limits of Plasmodium vivax transmission and the population at risk and prevalence of
infection within those limits. The chapter also contains a literature review to identify the
Anopheles species that have been specifically incriminated as P. vivax vectors. This
chapter lays the groundwork of the thesis to show the extent of the P. vivax public
health problem and give an indication of its complexity. The limits, populations at risk,
and prevalence predictions described here are updated as part of Chapter 6. This
description therefore serves a baseline for how the methods and the resulting estimates

have changed during the course of this doctoral work.
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Abstract

Plasmodium vivax occurs globally and thrives in both temperate and tropical climates.
Here, we review the evidence of the biological limits of its contemporary distribution
and the global population at risk (PAR) of the disease within endemic countries. We also
review the most recent evidence for the endemic level of transmission within its range
and discuss the implications for burden of disease assessments. Finally, the evidence-
base for defining the contemporary distribution and PAR of P vivax are discussed
alongside a description of the vectors of human malaria within the limits of risk. This
information along with recent data documenting the severe morbid and fatal conse-
quences of R vivax infection indicates that the public health significance of P vivax is
likely to have been seriously underestimated.

1. INTRODUCTION

Malaria is a highly significant global public health problem. Its great-
est burden is imposed on the world’s poorest countries (Sachs and Malaney,
2002). It is the third leading cause of death from infectious diseases for
children under age of five worldwide (Black et al., 2010) and the fourth
leading cause for all ages (WHO, 2008). After decades of neglect, malaria
control research and financing has experienced a resurgence in recent years
(RBMP, 2008) and targets have been raised by international initiatives aim-
ing for the goal of elimination (Feachem et al., 2009; Chitnis et al., 2010a;
Moonen et al., 2010; Tanner and Hommel, 2010; Tatem et al., 2010; Alonso
et al., 2011). While elimination goals ostensibly address all human malar-
ias, the allocation of funding and resources between the two parasites of
greatest significance, Plasmodium falciparum and Plasmodium vivax, has been
highly disparate. From 2007 to 2009, only 3.1% of all malaria research and
development funding was targeted at P vivax (PATH, 2011). Plasmodium
vivax is epidemiologically and biologically different to P falciparum and it
is not, therefore, possible to assume that control methods developed for
falciparum malaria are transferable to vivax malaria (Luxemburger et al.,
1994; Bockarie and Dagoro, 2006; Baird, 2010; Bousema and Drakeley,
2011). Evidence from P vivax infections in carefully monitored populations
show that vivax malaria should no longer be thought of as a benign and
rarely fatal disease but one that can lead to severe disease and death (Baird,
2007; Price et al., 2007b; Anstey et al., 2009). The reader is referred to an
accompanying review in this thematic volume of Advances in Parasitology
(Chapter 3, Volume 80), which addresses the clinical severity of P vivax.
The clinical importance of P vivax, along with its wide geographic distribu-
tion extending well beyond the limits of falciparum malaria (Guerra et al.,
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2006a,2006b, 2010; Gething et al., 2011b) and the challenges it presents for
control (Sattabongkot et al., 2004; Wells et al., 2010), has led to a call for
greater attention to be paid to understanding the global distribution and
burden of this neglected parasite (Baird, 2007; Price et al., 2007b; Mueller
et al., 2009a).

A key information gap impeding P, vivax control and progress towards
elimination has been the lack of geographical estimates of risk (Mendis et al.,
2001; Price et al., 2007b; Malaria Eradication Research Agenda, 2011b).
Assessment of geographic variations in levels of endemicity of the parasite
is essential to estimate the burden of the disease and measure the impact
of control and the feasibility of elimination (Pampana, 1969; Hay et al.,
2008; Tatem et al., 2010). The Malaria Atlas Project (MAP) was founded to
address this evidence gap (Hay and Snow, 2006; Hay et al., 2009; Gething
et al., 2011a), with an initial focus on P, falciparum, and the resulting global
malaria distributions have been used to assess the adequacy and equity in
control funding (Pigott et al., 2012), to inform international policy and
resource allocation (Anonymous, 2009; Feachem et al., 2009; McLaughlin
et al., 2009; World Bank, 2009; Zanzibar Malaria Control Program, 2009;
DFID, 2010; Global Partnership to Roll Back Malaria et al., 2010) and to
estimate the global burden of disease (Patil et al., 2009; Gething et al., 2010a;
Hay et al., 2010b). A suite of modelled spatial data on P, vivax transmission
and endemicity (Guerra et al. 2010; Gething et al. 2012) and P, vivax vec-
tors (Sinka et al., 2010a, 2010b, 2011, 2012) add to this evidence base for
strategic disease-control planning, implementation and monitoring. Here,
for the first time, we bring all these mapped data on P vivax together in
one place. We explain how these products were generated, their limitations
and their value, and provide an overview for each malaria-endemic region
of the world. We also consider those areas where our lack of geographical
knowledge is particularly acute and would benefit most from concerted
future research efforts. A full review of the methodologies used to generate
each mapped product is also provided at the end of this chapter.

S 2. THE GLOBAL DISTRIBUTION OF P. VIVAX
INFECTIONS

Plasmodium vivax has the widest geographical distribution of the
human malarias with an estimated 2.49 billion individuals living at risk of
infection in 2010 (Gething et al., 2012). Biological features of P vivax that
distinguish it from P, falciparum present unique challenges to the control of
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the parasite (Mendis et al., 2001; Sattabongkot et al., 2004; Wells et al., 2010);
in elimination settings, P vivax is often the ‘last parasite standing’ (Garnham,
1951; Yekutiel, 1960; Pampana, 1969; Wernsdorfer et al., 2009; Tatem et al.,
2010). Plasmodium vivax gametocytes are present earlier in the progression
of a primary or recrudescent infection than P, falciparum (Mendis et al., 2001;
McKenzie et al., 2002), such that the majority of patients have sufficient
gametocytaemia to allow transmission before the infection is diagnosed or
treated (Ratcliff’ et al., 2007; Awab et al., 2010; Douglas et al., 2010).
Plasmodium vivax gametocytes are transmitted more efficiently to Anopheles
mosquito vectors (Boyd and Kitchen, 1937; Collins et al., 2002) than those
of P, falciparum and are transmissible at lower parasite densities (Sattabongkot
et al., 2004). Within the mosquito, vivax sporozoites develop faster than P
falciparum and with slightly wider viable temperature ranges, allowing for a
greater geographical distribution (Gething et al., 2011b). In addition, due
to vector bionomics in regions where P vivax is most prevalent, methods of
control that are broadly eftective in reducing P, falciparum transmission, such
as insecticide-treated bed nets (ITNs), show far less success in the control of
P vivax (Luxemburger et al., 1994; Bockarie and Dagoro, 2006). Plasmodium
vivax malaria is typically carried with lower levels of parasitaemia, making it
relatively difficult to diagnose (Mendis et al., 2001). However, there is evi-
dence that, despite lower blood parasite loads, P vivax immunity is acquired
more rapidly than P falciparum and may result in an earlier age-prevalence
peak in areas of high transmission (Mueller et al., 2009a, 2009b). Detailed
reviews regarding the biology (Chapter 2,Volume 80), control (Chapter 6,
Volume 80), and acquired immunity (Chapter 3,Volume 81) of P vivax are
available elsewhere in this thematic issue of Advances in Parasitology.

Perhaps the most important feature of P vivax biology is its ability to relapse
in the weeks and months following a primary parasitaemia, via a dormant liver
stage known as the hypnozoite (James, 1931; Coatney, 1976; Garnham, 1989;
Prudencio et al., 2006; Chen et al., 2007; Imwong et al., 2007; White, 2011). It
has long been known that there is significant geographical variation in the rate
at which a ‘strain’ of P vivax may relapse (Coatney and Cooper, 1948; Winckel,
1955; Garnham et al., 1975). The exact mechanism through which hypnozo-
ite relapses are triggered is unknown (Cogswell, 1992; Prudencio et al., 2006;
Baird, 2009; Mueller et al., 2009a). One theory is that the mechanism is an
adaptive trait of the parasite to sequester or ‘hibernate’ during times when cli-
matic conditions would be inhospitable to the Anopheles vector of the disease
(Shute et al., 1976; Baird and Rieckmann, 2003; White, 2011). This theory is
supported by observations that temperate strains of the parasite tend to exhibit
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longer relapse intervals than tropical strains (Garnham et al., 1975; Shute et al.,
1976; Cogswell, 1992; Collins and Jeffery, 1996; Adak et al., 1998; Baird et al.,
2007; Imwong et al., 2007). Primaquine is currently the only widely avail-
able drug with activity on the hypnozoite stage capable of preventing relapse
(Baird and Hoffman, 2004; Galappaththy et al., 2007), but 1s associated with
haemolysis in individuals with glucose-6-phosphate dehydrogenase (G6PD)
deficiency (Beutler, 1994; Baird and Hoftman, 2004; Cappellini and Fiorelli,
2008). Primaquine is contraindicated in pregnant women because of the risk
of haemolytic anaemia in the foetus of unknown G6PD status (WHO, 2010a).
The reader is referred to reviews that address relapse (Chapter 2,Volume 80),
treatment (Chapters 4 and 5, Volume 80) and G6PD deficiency (Chapter 4,
Volume 81), which are provided elsewhere in this special issue Advances in
Parasitology. Relapse also has implications for understanding the burden of
P vivax malaria based on prevalence rates derived from malariometric surveys
and cartographic studies (Patil et al., 2009; Hay et al., 2010b).

To accurately illustrate P vivax endemicity, it is necessary to incorporate
the distribution of the Duffy-negative phenotype. The varying prevalence
of Duffy negativity in populations throughout the world is a significant
determinant of the distribution of P wvivax (Livingstone, 1984). Duffy-
negative individuals are, for the most part, refractory to P vivax infection
and the phenotype is found at highest frequencies in Africa, whereas it is
relatively rare elsewhere (Howes et al., 2011). A detailed review of the effect
of Dufty negativity on the epidemiology of P vivax (Chapter 2,Volume 81)
is provided elsewhere in this series. The influence of Dufty negativity on
P vivax transmission reinforces the need to differentiate strategies employed
to generate and interpret maps of P vivax endemicity from those used for
P, falciparum (Hay et al., 2009; Gething et al., 2011a).

Until recently, little work had been done to define the geographic lim-
its and risk of P wivax infection. The only map including vivax malaria
endemicity was that of Lysenko from 1968 (Lysenko and Semashko, 1968).
As shown in Fig. 1.1, Lysenko defined endemicity as the parasite rate
(PR) in children aged between 2 and 10 years old (hypoendemic <10%,
mesoendemic 11-50%, hyperendemic 51-75%), with the exception of the
holoendemic class (>75%) where the PR was defined in the 1-year age
cohort. The map was derived from a synthesis of historical records and
malariometric indices of all four human malaria parasites: disease and vector
presence and absence records; spleen, parasite, sporozoite and biting rates;
sickle cell incidence; and others (Hay et al., 2004; Gething et al., 2010Db).
Lysenko interpolated the data globally to determine the distribution of
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Figure 1.1 The Lysenko map of global malaria endemicity. The map was digitised
from its original source (Lysenko and Semashko, 1968) where endemicity classes were
defined by parasite rate (PR) in children between 2 and 10 years old (hypoendemic
<10%, mesoendemic 11-50%, hyperendemic 51-75%), with the exception of the holo-
endemic class (>75%) where the parasite rate was defined in the 1-year age cohort.
The ‘epidemic’ class is restricted to the temperate regions in these maps and it should
be noted that this term is used differently today. For a colour version of this figure, the
reader is referred to the online version of this book.

malaria at the peak of its historic distribution (circa 1900) using expert opin-
ion, temperature ranges and rainfall isohyets (Lysenko and Semashko, 1968;
Lysenko and Beljaev, 1969; Kaneko et al., 1998).

Lysenko’s endemicity map was not specific to one human malaria
parasite. The map was created before the advent of geographic informa-
tion systems (GIS) and lacks geographic precision — as exemplified by a
significant misplacement of the Nile River. Relative to the remote sensing
data available today, the environmental data Lysenko and Semashko used to
refine the endemicity boundaries were both limited and crude. The evi-
dence base used was not described in detail and, since the map was not gen-
erated via a formal statistical method, there was no measure of uncertainty
provided. It is therefore difficult to determine how robust the distribution
estimates of Lysenko were.

3. SPATIAL DISTRIBUTION OF P. VIVAX MALARIA,
POPULATIONS AT RISK AND ITS VECTORS

Here, we bring together maps at the regional level (Fig. 1.2) of the
limits of transmission, endemicity and estimates of the populations at risk,
along with the distribution of P vivax vectors.
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Figure 1.2 Regional tiles of Plasmodium vivax endemic countries. The regional tiles
shown were used to stratify the modelling of P. vivax endemicity. Pink = the Americas;
blue = Africa+; green = Asia; orange = Asia-Pacific; grey = non endemic for P. vivax. For
interpretation of the references to colour in this figure legend, the reader is referred to
the online version of this book.

3.1. P.vivax Malaria Limits and Endemicity

Figure 1.3 shows estimated limits of unstable (light grey) and stable (dark
grey) transmission of P vivax in Panel 1 (A1-D1) and, within Panel 2 (A2—
D2),levels of endemicity (blue to yellow to red, red being >7% prevalence).
The map is accompanied by two measures of uncertainty in our endemic-
ity estimates: one absolute measure and the second weighted by population
density in each location (Fig. 1.4).

A detailed review of the data and methodology used to create this map
is given at the end of this chapter in Section 6. In brief, we have used 9970
spatiotemporally unique records of parasite prevalence (Fig. 1.3, Panel 1), envi-
ronmental covariates and a Bayesian geostatistical model with seasonal and age-
standardisation components to generate a smooth map of point estimates of
parasite prevalence in all areas with stable transmission (Gething et al., 2012).
Throughout the world, endemicity was predicted within a relatively narrow
range, with the point estimate of the P vivax PR age-standardised to the 1-99
year age range (PvPR _go) rarely exceeding 7%. Here, we highlight important
aspects of the methodological approach taken that improve on preceding global
estimates of P vivax malaria risk, along with key assumptions and constraints:

Temporal influence. The maps presented (Figure 1.3, Panel 2) are of ende-
micity in 2010 but the data used to inform the model ranged from 1985 to
2010.The model was designed to down-weight older data, so that whilst they
can help inform the contemporary estimates, particularly in areas lacking
contemporary data, these had less influence on our estimates of prevalence.
This was reflected by higher uncertainty those areas reliant on older data.
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Figure 1.3 The spatial distribution of Plasmodium vivax malaria endemicity in 2010
in Asia, Asia-Pacific, the Americas and Africa+. The spatial distribution of P. vivax
malaria endemicity is shown at the regional levels: Asia (A), Asia-Pacific (B), the Ameri-
cas (C) and Africa+ (D). Panel 1 in A-D shows the 2010 spatial limits of P. vivax malaria
risk defined by Plasmodium vivax annual parasite incidence (PvAPI) with further medi-
cal intelligence, temperature and aridity masks. Areas were defined as stable (dark grey
areas, where PvAPI = 0.1 per 1000 per annum), unstable (medium grey areas, where
PvAPI < 0.1 per 1000 p.a.) or no risk (light grey, where PvAPI = 0 per 1000 p.a.). Only the
P. vivax malaria endemic countries (PvMECs) in each region are shaded in. The commu-
nity surveys of P. vivax prevalence conducted between January 1985 and June 2010 are
plotted. The survey data are presented as a continuum of light blue to red (see map leg-
end), with zero-valued surveys shown in white. Panel 2 in each region shows the model-
based geostatistics (MBG) point estimates of the annual mean PvPR;_g for 2010 within
the spatial limits of stable P. vivax malaria transmission, displayed on the same colour
scale. Areas within the stable limits (Panel 1) that were predicted with high certainty
(>0.9) to have a PvPR;_gg less than 1% were classed as unstable. Areas in which Duffy
negativity gene frequency is predicted to exceed 90% (Howes et al., 2011) are shown
in hatching for additional context. For interpretation of the references to colour in this
figure legend, the reader is referred to the online version of this book.
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Figure 1.3, cont'd

Seasonal fluctuations. The estimates provide the average P vivax endemicity
over a year. Seasonal fluctuations of parasite prevalence were included in
the model structure but aggregated in the outputs. Seasonal estimates are
not currently available and would be confounded by relapses that can occur
outside the transmission season (see the section ‘Relapse of Plasmodium
vivax blood infections’ below).

Smoothness of the global map. Malaria endemicity can be highly hetero-
geneous over small distances and, therefore, our model produced candidate
maps that are also highly heterogeneous. An artefact of presenting one map
that summarises the full model output using either a mean or a median
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of the estimates for each location was that this process smoothed out the
patchy nature of malaria endemicity.

Use of parasite prevalence data. It is important that our estimates were based
on real data, with a mathematical model that compensated for the fact that
the real data were neither comprehensive nor universally contemporary.
The most commonly available metric from almost all countries is preva-
lence (often referred to as parasite rate (PR)), estimated from surveys that
are conducted using a common methodology (Hay et al., 2008). Prevalence
data are relatively robust but have the disadvantage that required sample
sizes become prohibitively large when prevalence rates are low.

Use of clinical incidence data. Annual clinical incidence per 1000 people
(commonly referred to as annual parasite incidence (API) data) from public
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health records is more sensitive at low parasite prevalence values, but is
biased. For example, we do not know the proportion of people within every
district who do not seek care for malaria at a public health facility and are
therefore missed by the statistics. We used clinical incidence data to define
the areas where we know very little, other than that malaria exists but is
so low as to be essentially unquantifiable using available data. We referred
to this level of risk as unstable malaria transmission and defined it as less
than one case per 10,000 people per year (or <0.1 API). At very low lev-
els of incidence, a small change is proportionally large so API is measured
across an administrative (ADMIN) division and we averaged this figure over
4 years (providing data are available).
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Figure 1.3, cont'd

Use of biological data to refine the limits defined by clinical incidence data.
Remote sensing surfaces, showing temperature (Fig. 1.5) and aridity
(Fig. 1.6), and biological models were used to identify areas where extreme
temperature or aridity regimes would reduce or preclude P vivax transmis-
sion. The limits of transmission are adjusted accordingly.

The effect of interventions. The PR data used came from many areas where
interventions (ITNs, indoor residual spraying (IRS), etc.) have been imple-
mented so that the effect of these interventions at these locations was
included within the estimates produced by the model. This effect was not
modelled separately and cannot be extracted from our results.

The impact of Duffy negativity. Since Dufty negative individuals are largely
refractory to P vivax infection (Miller et al., 1976), high population fre-
quencies of this phenotype suppress endemicity, even where conditions are
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otherwise well suited for transmission (Guerra et al., 2010). We incorpo-
rated recent global estimates of the frequencies of Dufty negativity (Howes
et al., 2011) in our model. Regional maps of the predicted prevalence of
Dufty negativity are shown in Fig. 1.7. The fraction of the population at
each population that was Duffy-negative was excluded from the denomi-
nator in the prevalence data, such that any P vivax-positive individuals are
assumed to have arisen from the Dufty-positive population subset. Thus, in
a location with 90% Duffy negativity, five positive individuals in a survey
of 100 would give an assumed prevalence of 50% amongst Duffy posi-
tives. Correspondingly, prediction of prevalence was then restricted to the
Dufty-positive proportion, with the final prevalence estimate re-converted
to refer to the total population.This approach meant prevalence could never
exceed the Duffy-positive proportion of a population and, where P vivax
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Figure 1.4 Uncertainty associated with predictions of Plasmodium vivax endemicity
in Asia, Asia-Pacific, the Americas and Africa+.
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Figure 1.4, cont'd
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Figure 1.4, cont'd The uncertainty associated with P. vivax malaria endemicity pre-
dictions is shown at the regional levels: Asia (A), Asia-Pacific (B), the Americas (C) and
Africa+ (D). Panel 1 in A-D shows the ratio of the posterior inter-quartile range to the
posterior mean prediction at each pixel. Large values indicate greater uncertainty: the
model predicts a relatively wide range of PvPR;_gg as being equally plausible given the
surrounding data. Conversely, smaller values indicate a tighter range of values have
been predicted and, thus, a higher degree of certainty in the prediction. Panel 2 in each
region shows the same index multiplied by the underlying population density and res-
caled to 0-1 to correspond to Panel 1. Higher values indicate areas with high uncertainty
and large populations. Areas of no risk within PvMECs are shown in grey and countries
not endemic for P. vivax or outside the named region are in white. For a colour version of
this figure, the reader is referred to the online version of this book.

survey data were sparse across much of Africa, the prevalence predictions
could borrow strength from the Dufty negativity map because predictions
of prevalence were restricted to a narrower range of possible values.
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Figure 1.4, cont'd

Transmission in Africa. The predominance of Duffy negativity in Africa
has led to a historical perception that P vivax is absent from much of the
continent (Rosenberg, 2007). Evidence exists, however, of autochthonous
P vivax transmission in nearly every African country (Guerra et al., 2010)
and that P vivax is capable of causing severe disease in the continent (Mah-
goub et al., 2012). Therefore, we did not preclude any areas at risk before
modelling endemicity. We initially assumed stable P wvivax transmission,
unless the biological mask layers or clinical incidence (API) data confirmed
otherwise. In some regions provisionally labelled as stable in this way, the
endemicity model subsequently predicted extremely low prevalence, either
because of survey data reporting zero infections or because of very high
Dufty-negativity prevalence. Locations predicted with high certainty (prob-
ability >0.9) of being less than 1% prevalence were therefore re-assigned
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to the unstable transmission class. This re-assignment is shown in the final
limits presented in Fig. 1.3A1-D2.

Relapse of Plasmodium vivax blood infections. The prevalence surveys
used detect parasites in the blood and not latent infections in the liver. Pri-
mary blood infections detected by these surveys are indistinguishable from
relapses caused by previously dormant parasites from the liver. The estimates
produced by the model were, therefore, the combined prevalence of pri-
mary infections and relapses.

The impact of low parasitaemia levels. Plasmodium vivax parasites are typ-
ically found in the blood at much lower densities than are found for
P, falciparum and so are less likely to be detected by some diagnostic meth-
ods. We made no direct adjustments for these ‘sub-patent’ infections. It
is important to note that P vivax can cause fever and anaemia at lower
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Figure 1.5 Environmental suitability for transmission of P. vivax as defined by tem-
perature in Asia, Asia-Pacific, the Americas and Africa+. Areas shaded green in Asia
(A), Asia-Pacific (B), the Americas (C) and Africa+ (D) are those in which no windows
exist across an average year in which the annual temperature regime is likely to support
the presence of infectious vectors. The temperature suitability model is described in full
elsewhere (Gething et al., 2011b). For interpretation of the references to colour in this
figure legend, the reader is referred to the online version of this book.

parasitaemia levels than P falciparum (Mendis et al., 2001; Mueller et al.,
2009a).

Uncertainty in the estimates of endemicity. The modelling framework
allowed the uncertainty in predicted endemicity values to vary between
locations, depending on the observed variation, density and sample size
of surveys and the predictive utility of the suite of environmental covari-
ates (described in detail in Section 1.6). The uncertainty associated with
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Figure 1.5, cont'd

predictions is summarised by maps showing the ratio of the inter-quartile
range (IQR) to its mean (Fig. 1.4A1-D1).The IQR is a simple measure of
the precision with which each value is predicted, and standardisation by the
mean produces an uncertainty index less affected by underlying prevalence
levels and more illustrative of relative model performance. This index was
then also weighted by the underlying population density to produce a sec-
ond map indicative of those areas, where uncertainty is likely to be most
operationally important (Fig. 1.4A2-D2).

3.2. Population at Risk of P. vivax Malaria

Table 1.1 shows our estimates of the population at risk (PAR) of infec-
tion and a detailed description of the methodology used to generate these
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estimates is given at the end of this chapter in Section 6. In brief, these
estimates were generated by combining maps of the limits of transmission
described above with 1 X 1 km resolution gridded population surfaces for
2010 projected from the Global Rural-Urban Mapping Project (GRUMP)
year 2000 beta version population counts (Balk et al.,, 2006; CIESIN/
IFPRI/WB/CIAT, 2007). Regional maps of 1 X 1 km gridded population
estimates for 2010 are shown in Fig. 1.8. Fine-scale population data were
used to ensure the detailed variations in risk level described in our limits
maps are appropriately assigned to the underlying population.

3.3. Vectors of the P. vivax Parasite

Figure 1.9 shows the distribution of Anopheles species considered to be
the dominant vector species/species complexes (DVS) of human malaria
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Figure 1.6 Environmental suitability for transmission of P. vivax as defined by
extreme aridity in Asia, Asia-Pacific, the Americas and Africa+. Areas shaded in brown
are those classified as bare areas by the GlobCover land cover product in Asia (A), Asia-
Pacific (B), the Americas (C) and Africa+ (D), interpreted as lacking sufficient moisture to
support populations of Anopheles necessary for transmission. For interpretation of the
references to colour in this figure legend, the reader is referred to the online version of
this book.

(P falciparum and P vivax) within each region of the world (Sinka et al.,
2012), and a detailed description of the methods to generate these maps
is given in Section 6.4. In brief, the distribution of each of the dominant
species or species complex was individually predicted using occurrence
data (mainly abstracted from published surveys), the Boosted Regression
Trees (BRT) ecological niche modelling technique (Elith et al., 2008), envi-
ronmental covariates, and species range expert opinion maps derived from
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consultation with vector experts (Hay et al., 2010c; Sinka et al., 2010a,
2010b, 2011).The resulting maps illustrate the predicted distribution of the
DVS using a probability of occurrence metric. While the ecological covari-
ates of the model are based on annualised means of temperature and precip-
itation, the maps cannot represent the season fluctuations that may occur in
the distribution of the DVS, which may be significant in those that extend
into temperate climes. Expert opinion was also used to classify the most
important species/combinations of species per region (i.e. those with the
highest impact) and their individual distributions were overlaid, with the
most competent vectors species uppermost, to generate the maps shown.
The combined vector map aims to aid vector control planning by showing
which species need to be controlled in each area.
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A species complex is a group of closely related species that are often
indistinguishable based on morphology alone. Reference to a complex may
be indicated by referring to the species as ‘sensu lato’ or ‘s.l.” (e.g. Anopheles
gambiae s.1.) meaning ‘in the broad sense’, whereas ‘sensu stricto’ or ‘s.s.” (‘in
the strict sense’) indicates the species alone (often a sibling within a species
complex has the same name as the complex). The presence of species com-
plexes adds a level of complexity to vector control eftorts. Sibling species
that are morphologically indistinguishable and often sympatric within an
area can have such varied bionomics that one sibling is rendered a dominant
vector and the other a non-vector (Meek, 1995; Manguin et al., 2008). The
proper identification of species and knowledge of their ranges, often rapidly
altered by expanding agriculture and land use changes (Amerasinghe et al.,
1991a; Amerasinghe and Indrajith, 1994; Lee, 1998; Singh and Mishra, 2000;
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Figure 1.7 Distribution of the Duffy negative phenotype in Asia, Asia-Pacific, the
Americas and Africa+. The prevalence of the Duffy-negative phenotype, Fy(a—b-), is
shown in Asia (A), Asia-Pacific (B), the Americas (C) and Africa+ (D). The Duffy prevalence
model is full described elsewhere (Howes et al., 2011). Only the PvMECs in each region

are shown in colour. For a colour version of this figure, the reader is referred to the online
version of this book.

Vythilingam et al., 2005), is vital for appropriate allocation of vector control
resources.

A search of the current literature has identified 71 species/species com-
plexes with the potential ability to transmit P vivax (Table 1.2), which
includes all 41 species classified by Sinka et al. (2010a, 2010b, 2011) as DVS,
34 of which are shown in Fig. 1.9 (a number of species were not included in
the global multi-species maps as they were of lesser importance when clas-
sified by region and were completely overlaid by higher impacting vectors).
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This suggests, and the literature appears to corroborate, that all vectors
capable of transmitting P falciparum are also capable of transmitting P, vivax.
Interestingly, the reverse (all P vivax vectors being capable of transmitting P
falciparum) appears not to hold true.

SIGNIFICANCE OF P. VIVAX MALARIA
4.1. Asia

The Asia region (defined for these purposes as mainland Asia but exclud-
ing the Malaysian Peninsula; Fig. 1.2) has, amongst the highest endemic-
ity estimates of P vivax malaria globally (Fig. 1.3A2), a diverse range of

> 4. REGIONAL SUMMARIES OF THE PUBLIC HEALTH
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Table 1.1 Area and Populations at Risk of Plasmodium vivax Malaria in 2010
Area (million km?2) Population (million)

Region Unstable Stable Any risk Unstable Stable Any risk

America 1.38 8.08 9.46 87.66 49.79 137.45

Africat 20.60 1.86 22.46 48.72 37.66 86.38

Asia 5.60 3.63 9.24 1236.92 812.55  2049.47

Asia- 0.96 1.78 2.74 150.17 64.90 215.07
Pacific

World 28.55 15.34 43.90 1523.47 964.90  2488.37

Risk is stratified into unstable risk (PvAPI < 0.1 per 1000 people p.a.) and stable risk (PvAPI = 0.1 per
1000 people p.a.). America = Central and South America; Africa+ = Africa,Yemen and Saudi Arabia;
Asia = mainland Asia excluding the Malaysian Peninsula; Asia-Pacific = southern islands of Asia-Pacific
and the Malaysian Peninsula.
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Figure 1.8 Population surfaces for 2010 in Asia, Asia-Pacific, the Americas and
Africa+. Population estimates in Asia (A), Asia-Pacific (B), the Americas (C) and Africa+
(D) were estimated from the GRUMP beta 2000 data (Balk et al., 2006; CIESIN/IFPRI/WB/
CIAT, 2007) and are shown here at 0.0083 x 0.0083 decimal degree resolution (0.0083
decimal degrees is approximately equal to 1 km at the equator). Only the PvMECs in
each region are shown in colour. For a colour version of this figure, the reader is referred
to the online version of this book.

epidemiologically important vectors, and by far the largest populations at
risk. A low prevalence of Dufty negativity and high population densities in
many of the endemic countries in Asia make it an important global P vivax
transmission setting to understand and the vast majority (84%) of the global
PAR of'stable P vivax transmission live in this region.

Defining the limits of transmission. AP1 data were available for all coun-
tries except Uzbekistan and Democratic People’s R epublic of Korea (Korea
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DPR). Five countries reported data up to the year 2010 (Bhutan, Georgia,
Nepal, Sri Lanka and Thailand) with the majority (14/23) providing data up
to 2008. India and China’s last year of reporting was 2007.

Transmission was estimated to span 9 million square kilometres of land
in Asia (around 45% of the total land area in Asia). The majority of this area
(61%; 5.60 million km?) was at unstable risk. The areas at risk in India and
China covered 2.97 and 2.82 million km? each and, therefore, comprised
63% of the total area at risk in Asia (Panel A1 of Fig. 1.3).

Estimating endemicity. There were 2665 records of prevalence data col-
lected from the region. The three most data-rich countries were Viet Nam
(n = 657), Afghanistan (n = 493) and Bangladesh (n = 365), as illustrated in
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Panel Al of Fig. 1.3.The predicted prevalence estimates in stable transmission
areas in Asia were highly heterogeneous. Areas with point estimates above
7% were found in small parts of India, Myanmar and Thailand. Regions
with PvPR_g9 estimates between 3.5 and 7% were found in large areas of
India and pockets of China, Myanmar, Thailand, Cambodia and Lao People’s
Democratic Republic (Lao PDR). Uncertainty maps reveal that areas of
high uncertainty correspond with high transmission areas. These areas also
had sparse prevalence survey data. Relative to its size, India had very little
prevalence data available. Myanmar and Thailand also had large regions with
stable transmission but with few surveys to support the prevalence estimates.
While predictions on the Korean peninsula were made with relatively high
certainty (Fig. 1.4A1), there were no survey data available from Korea DPR.
Known prevalence values from this region as well as from India, Myanmar,
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Figure 1.9 Distribution of dominant vector species globally and in Asia, Asia-Pacific,
the Americas and Africa+.
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Figure 1.9, cont'd The global distribution of the main dominant vector species is shown
in Panel A alongside the predicted endemicity of P. vivax in 2010. The distribution of
the primary vector species are also shown at the regional level: Asia (B), Asia-Pacific (C),
the Americas (D) and Africa+ (non-endemic countries are shaded white). The legend for
Africa+ is disaggregated in to Africa and the Middle east because only the primary vec-
tor species in Africa are shown in the map. For colour version of this figure, the reader is
referred to the online version of this book.

Thailand and parts of China with stable vivax transmission would improve
the certainty of PvPR |_gg predictions for the area as a whole. Regions with
low endemicity and high density of surveys, such as Afghanistan, Cambodia
and the small region with stable transmission in Turkey, were predicted with
high certainty. The population-weighted uncertainty map difters substan-
tially for parts of this region (Fig. 1.4A2). Incorporating population esti-
mates allows weighting to highlight areas where high uncertainty and large
populations coincide. Thus, sparsely populated areas of Myanmar, Thailand,
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Cambodia, Lao PDR,Viet Nam and Korea DPR displayed small values of
this index despite uncertain predictions of prevalence. Conversely, values for
highly populated areas across India, parts of Pakistan and the stable transmis-
sion region in China, were inflated substantially. Predictions in this region
would be best improved, therefore, with more detailed prevalence data from
these population centres.

Population at risk. The PAR in Asia was, by far, the largest of all of the
regions due to large areas of risk and high population densities. There
were over two billion people living at risk in this region in 2010, which
constituted 82% of the total global PAR.The greatest PAR was found in
India, China and Pakistan with 1.13 billion, 462 and 169 million at risk,
respectively. India’s PAR comprised more than half (55%) of the Asia-
region PAR.Together, China and Pakistan made up another 30% (23 and
8%, respectively), indicating that 85% of the region’s PAR was attribut-
able to three nations. These nations also had the largest populations in this
region. Compared to India and Pakistan, a smaller proportion of China’s
overall population was living at risk of P vivax. Of China’s estimated 1.4
billion people, 33% were at risk of P vivax, whereas 95% of India’s 1.2 bil-
lion and 90% of Pakistan’s 188 million people were living at some level of
risk. When we consider both levels of risk (unstable and stable transmis-
sion), we find that 60%, or 1.2 billion, of the PAR in Asia experienced
unstable risk, indicating that over 800 million individuals in this region
lived in stable transmission areas. Countries devoid of stable transmission
areas were Iraq, Kyrgyzstan and Uzbekistan. Countries with the greatest
population at stable risk in this region were again India (642.07 million),
Pakistan (43.82 million) and China (31.92 million). Other countries that
had large (>10 million) PAR living in stable transmission areas were Korea
DPR (21.07 million), Myanmar (20.48 million), Thailand (17.11 million)
and Bangladesh (16.04 million). Ninety eight percent of the population
living in stable transmission areas was, therefore, found in 30% (7 out of
24) of the countries in Asia.

Vectors. Of the 35 potential P vivax vector species found within Asia as
a whole (Table 1.2), there are 19 DVS (Sinka et al., 2011) of which, at least
seven are considered to be species complexes (Harbach, 2004). Nine DVS
are found solely in the Asia region, whilst the remaining 10 have distribu-
tions extending into the Asia-Pacific region.

A total of 10,667 unique occurrence points were georeferenced for the
19 DVS across Asia. Records of species occurrence obtained from observa-
tions recorded to point (<10 km?) and wide area (10-25 km?) locations
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(sites) were used for analyses. In some cases, more than one occurrence
point was obtained for a single site. The greatest number of points were
found for the Anopheles culicifacies complex (n = 1568) followed by the
Anopheles subpictus (n = 1143) and Anopheles barbirostris (n = 1064) com-
plexes. From the 15 Asian P vivax malaria endemic countries (PvMECs),
where anopheline occurrence data were found, data were obtained from
5388 sites. The greatest number of sites were in Myanmar (n = 1830), India
(n = 1529) and China (n = 355). There was only one reported occurrence
located in Turkey.

The predicted distributions of the DVS in Asia resulted in a complex
multi-species map, where the main vector species overlap over large areas of
land and exist independently in small areas (Fig. 1.9B). It is beyond the scope
of this review to describe the individual distributions and bionomics of the
19 potential DVS in this region, however, a complete discussion of the ranges
and bionomics of the global DVS may be found elsewhere (Sinka et al.,
2010a,2010b, 2011, 2012). The DVS described in the following paragraphs
are those that were deemed to be primary malaria vectors by the project’s
technical advisory group (TAG), which are therefore shown prominently in
Fig. 1.9A, and showed conclusive evidence for the ability to transmit P vivax
(Table 1.2). The potential primary DVS that met these criteria were the
An. culicifacies complex (Culicifacies Complex; An. culicifacies s.1.), the Anoph-
eles dirus complex (Dirus Complex; An. dirus s.l.), the Anopheles minimus
complex (Minimus Complex; An. minimus s.1.), Anopheles sinensis, Anopheles
stephensi and Anopheles superpictus.

Anopheles culicifacies s.l. is a prominent vector across the Indian subcon-
tinent, found in sympatry with An. stephensi and Anopheles fluviatilis s.1.
Species B of the Culicifacies Complex is considered a non-vector of P, fal-
ciparum, currently attributed to highly zoophilic behaviour. However, there
is evidence shown in Table 1.2 that the species is also partially refractory to
P vivax and, hence, perhaps to malaria parasites overall (Adak et al., 2005;
Vijay et al., 2011). Evidence of wild-infected populations and experimental
infections suggest that at least species A and C of the complex are primary
vectors of malaria on the Indian subcontinent. Bangladesh, Myanmar, Thai-
land, Cambodia, Lao PDR and Viet Nam are dominated by the Dirus and
Minimus Complexes (Fig. 1.9B). The range of the An. sinensis complex
covers the majority of China, where it is shown to co-exist with Anoph-
eles lesteri along the eastern areas of the country and the Korean peninsula.
However, the overlapping distributions of these two vector species may be
an artefact of mis-identification in some areas rather than true sympatry
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(Sinka et al., 2012). In addition to its sympatric range with An. culicifacies
s.l. and An. fluviatilis s.I. over India, An. stephensi was predicted to occur in
Afghanistan and Pakistan, where it was sympatric with An. superpictus.

The sources for the following summary can be found in Sinka et al.
(2011) and Sinka et al. (2010a).

The DVS cover a large range of varying ecological niches and the
presence of a large number of species complexes in the region means
that variation in behaviours are often seen. Indeed, behavioural variability
within a species is also common, for example, Anopheles annularis has a range
extending across India, down through South-East Asia, across many of the
Indonesian islands and Timor Island. However, An. annularis only has a focal
role in malaria transmission in selected areas of India. Elsewhere it is con-
sidered of little importance.

The Indian DVS have overlapping, sympatric ranges and include a num-
ber of species complexes. For example, there are five sibling species in the
An. culicifacies complex (species A, B, C, D and E) and although species A, C,
D and E are all reported to be vectors of malaria in India (Sinka et al.,2011),
species E is the most important because of its highly anthropophilic and
endophilic behaviour. Members of the complex are found across the plains
and up into the highlands (Iyengar, 1954; Barik et al., 2009). Larval habitats
include a variety of man-made and naturally occurring water bodies and
tolerance of brackish water has been observed in species E (Roberts, 1996).
Species C shows plasticity in its behaviour, being found in both forested and
deforested areas. Varied bionomics are therefore observed both within and
among members of this species complex.

The other primary Indian DVS are An. fluviatilis s.I. and An. stephensi.
Variable behaviour is observed amongst the three members of the Fluvia-
tilis Complex (species S, T and U). Within the complex, there are reports
of anthropophilic, zoophilic and exo- and endophagic populations, bit-
ing at dusk and during the night. Anopheles stephensi is primarily zoophilic
and endophagic, and both An. fluviatilis s.I. and An. stephensi rest primarily
indoors. Anopheles stephensi is unusual amongst Anopheles species in that it
appears to be able to use virtually any water condition/habitat as a larval
site, hence, its success in urban areas. Less is known regarding the larval
habitats of An. fluviatilis s.1., but the complex is associated with slow-moving
streams or river margins.

Amongst the northern Asia DVS, An. sinensis s.l. and An. superpictus are
considered potential primary vectors of P vivax. In Thailand, members of the
An. sinensis complex are considered zoophilic and exophagic, and therefore,
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of little vectorial importance. In the Korean Peninsula, on the other hand,
An. sinensis s.l. shows a propensity for biting humans and has been identi-
fied as a primary vector (Lee et al.,2001).The larvae of An. sinensis complex
are assoclated with lowland, shallow, freshwater habitats. Adult females may
hibernate to overwinter from October to April when the temperatures drop
below 19 °C (Chow, 1970). Little is known regarding the biting habits of
An. superpictus, particularly regarding host preference, but they are generally
considered to be exophagic. The larvae are commonly found in shallow,
flowing, fresh, sun-lit water. However, the species can adapt to human influ-
ences by using man-made pits and holes.

The primary DVS in the south-eastern part of Asia are the An. dirus and
An. minimus complexes, both of which contain highly competent vector
species. Within the Dirus Complex, which contains seven sibling species,
again there is some variability in behaviours (depending on location and
sibling species) but the main vectors of the complex (An. dirus s.s. and Anoph-
eles baimaii) are both highly anthropophilic and will feed both indoors and
out. Biting activity appears highly sibling/species dependent with Anopheles
scanloni (a focal vector within the complex) biting at dusk, An. dirus biting
in the evening (between 2000 h and 2300 h) and An. baimaii biting as late as
0200 h. In general, outdoor resting both before and after feeding has been
reported for this species complex. The larvae of this complex inhabit small,
temporary, freshwater bodies and are therefore most abundant during the
rainy (monsoon) season. Anopheles minimus s.I. has three siblings, only two
of which (An. minimus s.s. and Anopheles harrisoni) are considered viable
contemporary vectors. Variability in reported behaviour may be a conse-
quence of misidentification or lack of differentiation between these two
species, although both are also considered opportunistic and plastic in their
behaviour. Anopheles minimus s.s. is potentially more anthropophilic, but also
adaptable depending on host availability. Overall, An. harrisoni is considered
more exophagic, exophilic and zoophilic than its sibling. Minimus Com-
plex larvae are typically associated with small- or moderate-sized streams
with slow, clear, cool and partially shaded water. Anopheles minimus s.s. has
been observed in a wider range of habitats from canopied forests to open
fields. Anopheles harrisoni, on the other hand, is more commonly associated
with agricultural areas. Further studies that utilise molecular assays to dif-
ferentiate sibling species are needed to understand the varied behaviour and
habitat preference of An. minimus s.s. and An. harrisoni.

It is clear that the behaviour of the Asian vectors is complicated, variable
and, as yet, not well understood. However, many of the species do exhibit
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characters that are amenable to control, for example, those that bite indoors
at night are conducive to control using I'TNs and indoor resting facilitates
the effectiveness of IRS.

Asia summary. Plasmodium vivax is an important public health problem
across large parts of Asia. Six of the 10 largest PAR estimates of the 95
PvMECs were in Asia and these countries accounted for 87% of the global
PAR. Control of P vivax in PvPMECs in Asia would, therefore, dramatically
reduce the impact of this widespread disease. In Asia, in particular, densely
populated areas are endemic with stable P vivax transmission. This is due
to environmental suitability as well as a vector species (An. stephensi) that is
well suited to urban transmission. The limits and endemicity maps produced
show that P vivax has a wide geographic range in this region, across which
the level of transmission is generally low, with small pockets of intense stable
transmission (Fig. 1.3A1 and A2). In high-prevalence areas, such as those
found in parts of India (Orissa State) and Myanmar, the clinical character of
P vivax has been found to behave more like P, falciparum, resulting in cases of
severe disease and death (Mendis et al., 2001; Baird, 2007; Price et al., 2007a;
Kochar et al., 2009; Mahgoub et al., 2012). Uncertainty estimates were high
throughout India and much of Myanmar and population-weighted esti-
mates emphasise the need to improve the estimates in India with more sur-
vey data (Fig. 1.4A1 and A2). Improved P, vivax surveillance in these regions
would greatly improve prevalence predictions. By 2012, several countries in
this region (Azerbaijan, Bhutan, China, Georgia, Korea DPR, Republic of
Korea, Kyrgyzstan, Sri Lanka, Tajikistan, Thailand, Turkey, Uzbekistan and
Viet Nam) had entered the malaria elimination phase (The Global Health
Group and the Malaria Atlas Project, 2011). Improved control in neigh-
bouring countries with intense, stable transmission, such as Myanmar, will
improve the success of those nations already working towards elimination
by reducing the potential for imported malaria from human migration
(Tatem and Smith, 2010). As elimination efforts continue, spatially detailed
mapping will be needed to capture focal areas of transmission that remain.
Further and improved vector surveillance using molecular techniques to
disaggregate species complexes is needed to illuminate which vectors are
truly the primary vector species of P vivax to allow for appropriate control
measures to be deployed in this highly variable region.

4.2, Asia-Pacific

The Asia-Pacific region (defined for these purposes as the southern islands of
Asia-Pacific and the Malaysian Peninsula; Fig. 1.2) has amongst the highest
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endemicity estimates of P vivax malaria (Fig. 1.3B) and the most complex
spectrum of vectors. This region has a relatively small land mass, which
means it has a much lower estimated PAR but the range in epidemiological
and entomological factors here mean it presents a unique and challenging
control setting.

Defining the limits of transmission. Annual parasite index data were pro-
vided for all the P vivax-endemic countries in Asia-Pacific. The PPMECs in
this region are Indonesia, Malaysia, the Philippines, Papua New Guinea, the
Solomon Islands, Timor-Leste and Vanuatu.

Transmission was estimated to span 2.74 million km? of land in this
region, which is primarily made up of islands. The area at risk in Asia-
Pacific constituted 6% of the global area at risk. Indonesia, the largest coun-
try in the region, had the greatest area at risk, consisting of 1.71 million km?
of land, which was 90% of the country’s total area (1.90 million km?) and
60% of the total area at risk for the region.

Estimating endemicity. There were 5277 records of prevalence data col-
lected from Asia-Pacific, which made up more than half (53%) of the global
Pvivax PR survey database. This was primarily due to a large data contribu-
tion from Indonesia, which provided 4457 (84%) data points in the Asia-
Pacific region and 45% of the global dataset (Fig. 1.3B1).

As with mainland Asia, P vivax endemicity in regions with stable trans-
mission was predicted to vary greatly across the Asia-Pacific region as shown
in Panel B2 of Fig. 1.3. PvPR |_gy point estimates were predicted to exceed
7% in small parts of Indonesia and the Solomon Islands, and much of Papua
New Guinea. Estimates towards the east of the region (Sumatra and Kali-
mantan) were generally low, while endemicity values of around 5% were
predicted to the north (Malaysian Borneo and the Philippines). The vast
number of surveys from Indonesia meant that the certainty of the predic-
tions in that portion of the region was relatively high (Fig. 1.4B1). Uncer-
tainty was greatest on New Guinea and parts of Borneo, where prevalence
data were sparse. The Philippines, which also had little survey data available,
was predicted with relatively low certainty. Again, the population-weighted
uncertainty map was substantively different (Fig. 1.4B2). While the highly
populated areas of Asia were predicted with less certainty, the high-density
areas of Asia-Pacific, which also had a high number of prevalence surveys
(Indonesia), showed an increase in certainty in the population-weighted
estimates. Uncertainty was also greatly reduced following population-
weighting in focal areas in Papua, Indonesia and Papua New Guinea, where
population density is low. The Philippines had relatively low uncertainty
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even when weighted by population estimates, indicating that this region
would benefit from increased prevalence surveillance data.

Population at risk. Relative to the geographic size of the region, Asia-
Pacific had a large PAR due to pockets of intense transmission in highly
populated endemic areas. It was estimated that there were 215 million peo-
ple at risk in this region. This was only 11% of the PAR in mainland Asia.
However, the proportion of the population that was at any risk of P vivax
relative to the total population of the PYMECs in Asia-Pacific was compa-
rable to the Asia region: the PAR was 59% of the total population in Asia-
Pacific and 58% in Asia. The largest PAR in Asia-Pacific was in Indonesia,
with an estimated population of 129.28 million individuals at risk of P vivax
out of a total population of 231.60 million (56%) in 2010.The PAR of stable
and unstable transmission in Indonesia was 60% of the PAR of Asia-Pacific
as a whole. The next largest PAR estimates were from the Philippines and
Malaysia. The Philippines had 50.34 million people at risk or 54% of the
total population of the Philippines and 23% of the regional PAR. Malaysia
had 27.88 million (99.8% of the Malaysian population; 13% of the regional
PAR) people at risk. Papua New Guinea had a PAR of 5.64 million (81%
of the national population; 3% of the regional PAR) and Timor-Leste had
1.15 million (98% of the national population; 0.5% of the regional PAR).
The Solomon Islands and Vanuatu had a PAR less than one million: 0.53
and 0.24 million (both nearly 100% of the total national populations and
<0.3% of the regional PAR). Seventy percent of the total PAR in the region
was exposed to unstable transmission. Unstable transmission predominated
in Indonesia and Malaysia, where 79% (26.78 million) and 84% (4.45 mil-
lion) of the PAR, respectively, were exposed to that level of transmission.
In the Philippines, 53% (26.59 million) of the PAR lived in areas of stable
transmission. Nearly all of the transmission in Vanuatu was stable (99.57%).
The entire PAR in both Timor-Leste and the Solomon Islands experienced
stable transmission. More than half of the population (59%) in Asia-Pacific
is at risk of some level of vivax malaria transmission and the 215 million
people at risk was 8.7% of the global PAR.

Vectors. Of the 26 potential vector species of P vivax (Table 1.2), we
predict that 16 are DVS that occur in Asia-Pacific (Anopheles aconitus,
An. annularis, An. balabacensis, An. barbirostris complex, An. dirus complex,
An. farauti complex, An. flavirostris, An. koliensis, An. lesteri, An. leucosphyrus &
An. latens (sister species grouped together here due to known mis-identifica-
tion problems within the current literature), Maculatus Group, An. minimus
complex, An. punctulatus complex, An. sinensis complex, An. subpictus complex
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and An. sundaicus complex), six of which are found only in Asia-Pacific
(An. balabacensis, An. farauti complex, An. flavirostris, An. koliensis, An. leuco-
sphyrus & An. latens, and the Punctulatus Group) (Sinka et al., 2011). The
predicted distributions of the DVS in this region are shown in Fig. 1.9B.

For the 16 Asia-Pacific DVS, 9052 unique georeferenced occurrence
records were assembled. The most data-rich species/species complexes
were the An. farauti (n = 1737), An. subpictus (n = 1143) and An. barbirostris
(n = 1064) complexes; and the most data-poor were An. leucosphyrus &
An. latens (n = 12). Occurrence data were reported from all seven PPMECs in
this region. Most of the data originated from Papua New Guinea (n = 1503
sites), followed by Indonesia (n = 890), Solomon Islands (n = 160), Malaysia
(n = 145), the Philippines (n = 124), Vanuatu (n = 36) and Timor-Leste
(n = 1). Given the heterogeneity in vector distribution in this region,
improved data collection from many of these countries would improve the
fidelity of the predicted distributions of this complicated region.

The distribution and behaviour of the DVS discussed below are those
that met the criteria for having broad distributions in the region (Fig. 1.9C)
and have been conclusively incriminated as vectors of P vivax (Table 1.2).
A complete discussion of their ranges and bionomics may be found elsewhere
(Sinka et al., 2011, 2012).The species that were identified as specific vectors
of P vivax in Asia-Pacific are An. barbirostris s.l., An. farauti s.l., An. koliensis,
An. leucosphyrus & An. latens and An. punctulatus s. I.

Anopheles barbirostris s.1. is predicted to occur across large areas of inland
Sumatra and Borneo. It is typically a highland species, but is also found in
coastal regions (e.g. western Timor). Adult females of this species complex
tend to feed outdoors on animals during dusk and night time, bringing its
significance as a vector of malaria into question. Further molecular analysis
and identification of the sibling species is needed to determine if varia-
tions observed in biting behaviours are due to plasticity within a species
or differences amongst different species in the complex. A variety of larval
habitats are also observed for An. barbirostris s.I. Though they are typically
considered swamp breeds, a variety of water depth, size, light intensity and
movement has been observed. This variation may again be due to the dif-
ferences among species within the complex rather than the plasticity of a
single species.

Anopheles farauti s.1., An. koliensis,and An. punctulatus s.1. are in sympatry across
most of the islands of New Guinea, New Britain and into the Solomon Islands.
All three are found within the Punctulatus Group. There are two sibling species
in the Punctulatus Complex: An. punctulatus s.s. and Anopheles sp.near punctulatus.
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The latter of the two species is relatively uncommon, whereas An. punctulatus
s.s. 1s reportedly widespread and an important vector on the island of New
Guinea. The distribution of An. punctulatus s.s. spans eastern Indonesia, Papua
New Guinea and the Solomon Islands. Adult females feed readily on humans
outdoors or occasionally indoors. Those that feed indoors may rest there, but are
more likely to exit to find an outdoor resting spot. Peak biting times vary based
on the geographic location. The larvae of An. punctulatus s.s. thrive in temporary
pools that result from disturbed ecology. The habitats tend to be small, shallow,
sunlit pools of water that may be turbid, but never brackish.

The distribution of the eight cryptic species of the Farauti Complex
is largely dependent on the species’ tolerance of salinity such that some
members are coastal species (e.g. An. farauti s.s.) while others are restricted
to inland areas with freshwater larval habitats (e.g. Anopheles hinesorum). The
feeding habits of An. farauti s.1. also vary; host preference changes based on
the availability of hosts and resting may be dependent on where feeding
occurred. Peak biting times fluctuate with location, but it should be noted
that daytime biting may occur. The larval habitats of members of the com-
plex are typically in natural rain-fed water bodies, but artificial containers
such as water drums or coconut shells may also be used.The habitats range
in salinity and light intensity due to the wide geographic distribution of the
species complex.

The predicted distribution of An. koliensis is similar to that of the Punct-
ulatus Complex. The adult females tend to be anthropophilic, but will feed
on other animal hosts. Although females may go indoors in search of a host,
resting typically occurs outdoors. Feeding can occur throughout the night,
with variable peak times based on location. The larval habitats of An. koli-
ensis are intermediate between those of An. farauti s.I. and An. punctulatus
s.l. and are generally associated with permanent freshwater bodies in open
grassland such as irrigation ditches.

Anopheles leucosphyrus and An. latens are sister species of the Leucosphy-
rus Complex. Both species are found in forested areas with the former on
the island of Sumatra and the latter on the southern portions of the Thai
and Malaysian Peninsula and parts of Borneo. Both species are considered to
be important vectors of malaria and were long thought of as the same spe-
cies until molecular and cross-mating studies distinguished between them
(Baimai et al., 1988). Little 1s known of the bionomics of An. leucosphyrus
s.s. because much of the literature on ‘An. leucosphyrus’ is now known to
refer to An. latens. The species has been shown to bite humans both inside
and outside, however. Anopheles latens bites throughout the night with peak
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times that vary based on the seasonal climate and location. Its larval habitats
include shaded temporary pools found in the forest such as swamps, stump
ground holes or wheel tracks.

The bionomics of the DVS in Asia-Pacific are as variable as in mainland
Asia. This is due to variation observed both within species complexes and
among separate species. Such variations increase the challenge of develop-
ing a single universal vector control strategy across the region, however, a
combination of methods could prove effective (Lindsay et al., 2004).

Asia-Pacific summary. The vivax malaria problem in Asia-Pacific is
complex and presents a variety of challenges to control. Indonesia and the
Philippines are densely populated over large land masses (Fig. 1.8B) and
P vivax is predicted to be endemic across most of their national terri-
tories. They have the fourth and fifth largest PAR estimates globally with
129 million at risk in Indonesia and 50 million in the Philippines. Some
of the highest predicted PvPR_g9 values were also observed in this region
(Fig. 1.3B1). As in the Asia regions, it is in these areas, where intense P vivax
transmission occurs (e.g. Indonesia and Papua New Guinea), where drug
resistance is emerging and malaria cases of equivalent clinical severity to P
falciparum have been observed (Baird, 2004; Pukrittayakamee et al., 2004; Tjitra
et al., 2008; Price et al., 2009).This and the large areas of unstable transmission
make this region a worthy and vital candidate for research, control and even-
tually elimination efforts; four of the seven PYMECs have already declared
their status of working towards elimination: Malaysia, the Philippines, the Sol-
omon Islands and Vanuatu (The Global Health Group and the Malaria Atlas
Project, 2011). Uncertainty estimates, shown in Fig. 1.4B1 and B2, were high
in areas that also displayed high PvPR |_g9 estimates (Fig. 1.3B2), such as Papua
New Guinea. While the population-weighted correction shows that parts of
these regions are, for the most part, sparsely populated (Fig. 1.8B), improved
surveillance to facilitate high-resolution mapping will be essential to tackle
the final transmission hotspots of this region as elimination efforts progress.
The vector situation in this region is complex and further research is needed
to differentiate members of species complexes and incriminate those vectors
that are vectors of P vivax so that appropriate control measures may be taken.

4.3. Americas

The Americas have amongst the highest P vivax endemicity values in the
world but these typically occur in areas of very low population density, so the
populations at risk are much lower than those found in Asia (Fig. 1.3C1 and
Fig. 1.8C).The diversity of vector species is also less in this region (Fig. 1.9C).
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Defining the limits of transmission. Plasmodium vivax annual clinical inci-
dence data were available from all 19 countries that are considered to be
endemic in the Americas. The most recent year of reporting was 2008 for
the majority of the countries. Guyana, Nicaragua and Panama reported data
up to 2007; Belize, El Salvador, French Guiana and Guatemala provided
data up to 2006 and Colombia’s last year of reporting was 2005.

Endemic areas in this region were estimated to span 9.46 million km?,
most of which were found in the Amazon basin. The majority of the areas at
risk in the Americas (85%; 8.08 million km?) were at stable transmission (Fig.
1.3C1).This indicated that, for the most part, the disease was either endemic
or wholly absent in this region with limited areas at risk of unstable transmis-
sion. The transmission level was generally found to be inversely proportional
to the population density: areas experiencing stable transmission were those
of lower population density. For example, the largest area at risk of stable
transmission in a single country was 4.40 million km? in Brazil, which was
54% of the stable transmission area for the Americas region. However, the
population at stable risk in Brazil was 26% (13.02 million) of the region’s total
PAR of stable transmission. The Americas comprised 53% of the global land
area at stable transmission but only 5% of the population at that level of risk.

Estimating endemicity. There were relatively few PR records and surveys
for the Americas, with 388 unique records available for modelling. The
three most data-rich countries in this region were Brazil (n = 175; 45%),
Venezuela (n = 65; 17%) and Peru (n = 51; 13%), as shown in Fig. 1.3C1.

The predicted prevalence, or PvPR_g9, was highly variable throughout
the Americas. Much of the areas of stable transmission had PRs between 3
and 5%, with isolated areas nearing 0% and others exceeding 7%. Regions of
high prevalence (>7%) were found in Amazonia (Northeast Brazil) and Cen-
tral America (Nicaragua and Honduras). The uncertainty in the PrPR{_g9
predictions was relatively high overall due to the relatively sparse PR sur-
vey data in this region (Fig. 1.4C1). However, when population density
was incorporated into the weighted uncertainty calculations, the resulting
uncertainty index was greatly lowered because the areas with stable risk and
high uncertainty predictions had low population densities (Fig. 1.4C2). This
implies that the observed uncertainty has relatively little operational impor-
tance at the global scale, although highlights the current lack of precision for
defining high-risk foci in remote Amazonian settings.

Population at risk. The PAR in the Americas was relatively low given the
geographic limits of P vivax due to low population densities in areas of high
transmission. It was estimated that there were 137.45 million people living
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at risk of P vivax in the Americas in 2010. The majority of the PAR was in
areas of unstable transmission (64%; 87.66 million) and 36% (49.79 million)
were exposed to stable P vivax transmission. Brazil had the largest PAR with
45.22 million people living at any risk, which 1s 26% of its total population
and represents 33% of the region’s PAR). The largest number of people liv-
ing at stable risk (13.02 million) was in Brazil, followed by Venezuela with
4.43 million at stable risk and 22.87 million total at risk (83% of the national
population and 17% of the regional PAR). Colombia was estimated to have
7.53 million at stable risk and 19.15 million at risk (56% of its total popula-
tion and 14% of the region’s total). El Salvador, with a PAR 3.17 million, did
not have any individuals living at stable risk. French Guiana (PAR 158,000)
and Suriname (PAR 30,000; the lowest PAR in the region) did not have any
populations living at unstable risk. The portion of the PAR at stable trans-
mission in Belize was also nearly 100%; only 30 individuals out of 220,000
at risk were in unstable transmission areas. Of the 1.5 billion people living at
unstable and 964 million at stable transmission around the globe, 5.8% and
5.2% of those were found in the Americas, respectively.

Vectors. Of the 20 potential vectors (Table 1.2) of P vivax in the Americas,
nine are considered DVS. These include Anopheles albimanus, An. albitarsis
complex, An. aquasalis, An. darlingi, An. freeborni, An. marajoara, An. nunez-
tovari complex, An. pseudopunctipennis and An. quadrimaculatus (Sinka et al.,
2010b). The predicted distribution of these species is shown in Fig. 1.9D.
There were 4141 georeferenced spatiotemporally unique occurrence points
obtained for Anopheles DVS from 25 countries in the Americas. Twenty-two
percent of the occurrence records (n = 926) referred to An. darlingi and 20%
(n = 851) to An. albimanus. The remaining species had occurrence data of
between 63 (An. freeborni) and 572 (An. quadrimaculatus s.1.) records. Of the
total number of point locations identified (1 = 1509), the greatest number
came from the United States (n = 377), followed by Brazil (n = 304) and
Belize (n = 228). The PYMECs with the fewest point records (<10) were
French Guiana (n = 7), El Salvador (n = 3), Paraguay (n = 2), Guyana
(n = 1), Honduras (n = 1) and Nicaragua (n = 1).

Distribution maps indicate a relatively straightforward vector pro-
file across the PvMECs of the Americas. Of the nine DVS in this region,
An. darlingi and An. albitarsis s.l. met the criteria for further description
because these species are predicted to have a wide distribution in the region
and conclusive supporting evidence indicating transmission of P vivax in the
wild, indeed, the distribution of An. darlingi is remarkably similar to that of
P vivax in the region (1.3C2 and 1.9D). Although An. darlingi is considered

74



Chapter 2 - Global public health significance

58 Katherine E. Battle et al.

a riverine species inhabiting forest locations, it has been observed to take
advantage of deforestation, exploiting areas with reduced canopy cover com-
pared to those more densely forested locations. The larval habitats of this
species are typically clear and natural water bodies such as slow-flowing, clear
rivers and streams. Adult female An. darlingi are both exo- and endophagic,
though they tend to rest outdoors regardless of where their blood meal was
taken. Host preference also varies within this species as does biting activity
(time of biting), which may adapt to correspond to human behaviour (i.e. late
night human activity influences or causes late night biting by An. darlingi).

The Albitarsis Complex is composed of five sibling species including
the known vectors, An. albitarsis, An. deaneorum and An. marajoara. Members
of this complex exhibit some behaviours that are similar to An. darlingi, for
example, the adult females tend to rest indoors but will bite indiscriminately
without much host preference both indoors and outdoors. The larval habi-
tats tend to be clear, sunlit, freshwater.

The Americas summary. National surveillance data have shown a wide-
spread decrease in morbidity and mortality from both major Plasmodium
species across the American continent since 2000 (WHO/PAHO, 2008).
This is due largely to the successtul implementation of integrated vector
management (Roberts et al., 1997; Butler and Roberts, 2000; Rojas et al.,
2001; Killeen et al., 2002; Roberts et al., 2002; Shift, 2002; WHO/PAHOQO,
2006) and has led eight of the 21 PvMECs in the Americas (Argentina,
Belize, Costa Rica, El Salvador, Mexico, Nicaragua, Panama and Paraguay)
to target malaria elimination (The Global Health Group and the Malaria
Atlas Project, 2011). However, the prevalence estimates of P vivax in the
Americas are heterogeneous with isolated areas of intense transmission
(Fig. 1.3C2). Vector occurrence data coverage was uniformly low in the
American PvMECs. Improved vector research in the Americas will advance
the maps of species-specific distributions, which is essential for the contin-
ued success of vector management to curb malaria morbidity and mortal-
ity. Pockets of high transmission (PvPR > 7%) were observed in large areas
of the region. However, it is important to note that these were generally
in areas with low population estimates. Sparse prevalence data resulted in
high uncertainty estimates in the region that were greatly reduced when
the density of the population in endemic areas was taken into consideration
(Fig. 1.4C). Anopheles darlingi appears to be the primary vector in this region;
however, eight of the potential vectors of P vivax in this region lack con-
clusive evidence regarding their potential to transmit the parasite. Therefore,
further research is needed to decisively incriminate the vectors of P vivax in
the Americas.
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Plasmodium vivax makes up the vast majority of malaria transmission that
occurs in the Americas (Arevalo-Herrera et al., 2010). Survey data from this
region were relatively sparse and records represent a picture of heteroge-
neous transmission levels. The Americas contributed a small fraction (5.5%)
of global PAR of P vivax, but comprised nearly a quarter (22%) of the global
area at risk. Areas of high transmission in highly dispersed populations may
present unique challenges to malaria control. To advance elimination efforts,
high-resolution mapping will be needed to accurately illustrate the degree
of heterogeneity in this region and areas that require the greatest resources.
This will demand more data from areas with high predicted prevalence
and uncertainty, such as Honduras and Nicaragua in Central America and
northwest Brazil in South America. Although Brazil is a large and populous
country, its areas of stable transmission occur in sparsely populated regions
of the Amazon basin. In 2010, Brazil had the seventh largest PAR of P vivax
globally (45 million), the largest area at risk (4.90 million km?) as well as the
largest area at stable risk (4.40 million km?) and, therefore, has an important
role to play in the region’s future of malaria control and elimination.

4.4, Africa+

The estimates for endemicity and populations at risk of P vivax malaria in
Africat (defined here as Africa, Saudi Arabia and Yemen) are mitigated by
the high prevalence of Duffy negativity in these populations, and the vector
situation in this region is relatively straightforward.

Defining the limits of transmission. High P falciparum endemicity in Africa,
coupled with high prevalences of Duffy negativity, has meant that collection
of P vivax—specific data has not been a priority in the past. The data available
from which to estimate the limits of P vivax transmission is, therefore, limited.
Plasmodium vivax annual parasite incidence (PvAPI) data were only available
from six Africat+ countries (13%). The last year of reporting available was
2009 for four countries (Dijbouti, Namibia, South Africa and Swaziland);
whilst for the remaining two countries (Saudi Arabia and Yemen) the last
available reports were from 2006. Based on the limited PvAPI and PvPR data
available for Africa+, and the presence of suitable vectors and climatic condi-
tions, forty-six countries are assumed to be P vivax endemic in this region.

The area at risk was estimated to span over 22 million km? of Africa,
Yemen and Saudi Arabia. Despite the historical misconception that P vivax
is absent from the African continent, 84% of the 22.46 million km? of land
in the region was at some risk of P vivax transmission (Fig. 1.3D2). How-
ever, the vast majority (92%; 20.60 million km?) of total area at risk was
estimated to house unstable transmission.
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Estimating endemicity. There were 1640 records of prevalence data from
97 sources obtained for Africa+, 79% of which reported an absence of
P vivax. Approximately 16% of the global PvPR data records used in
the modelling were from surveys conducted in Africa, Yemen and Saudi
Arabia. Ethiopia, Zambia and Sudan were the most data rich countries,
contributing 50% (n = 826), 18% (n = 295) and 18% (n = 290) of the
total data, respectively.

The predicted prevalence estimates were uniformly low for areas at
stable risk in Africa, Yemen and Saudi Arabia as shown in Fig. 1.3D2. The
point estimates of predicted PvPR | g9 rarely exceeded 2%. The uncertainty
of the predictions in this region was also very low (Fig. 1.4D). The incor-
poration of information regarding the proportion of Duffy negative indi-
viduals strengthened the predictions in this area and compensated for the
sparse parasite rate data available from this region (Fig. 1.3D1, Fig. 1.4D and
Fig. 1.7D). Areas with higher PvPR|_oy (Ethiopia, South Sudan and Mada-
gascar) predictions were also found to have the highest uncertainty, likely
because these areas were outside the range of high Duffy negativity and
could not borrow from the certainty conferred by that restriction. As with
the Americas, the uncertainty in Africat+ was reduced in the population-
weighted predictions because of the low population density found in parts of
the continent, particularly Madagascar (Fig. 1.4D2). Uncertainty remained
relatively high in the highlands of Ethiopia, which are more densely popu-
lated and are therefore important targets for control.

Population at risk. The PAR in Africa+ was low given the large geo-
graphic coverage of the region because of the high prevalence of Dufty
negativity (Fig. 1.3D1 and Fig. 1.7D). There were an estimated 86 million
people living at risk of P vivax in Africa, Yemen and Saudi Arabia in 2010,
which was 3.5% of the global total. More than half (56%), or 48.72 million,
of the PAR were those living in unstable transmission and the remaining
37.66 million (44%) lived in areas at the level of stable transmission. Nine
countries had an estimated PAR of zero, all of which are located in West
Africa: Céte d’Ivoire, Ghana, Guinea, The Gambia, Guinea-Bissau, Senegal,
Sierra Leone and Sio Tomé and Principe. Togo, Equatorial Guinea, Gabon
and Burkina Faso also had a total PAR of less than one thousand individuals.
Thirty-four countries in the Africa+ region had zero individuals at risk of
stable transmission. Of the 12 countries with stable transmission, Madagas-
car was the only country where the entire PAR (5.23 million) experienced
stable transmission. Madagascar has the fourth highest PAR in the region;
the highest were Ethiopia, Sudan and Yemen with 35.19 million (41% of
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the PAR in the Africa+ region), 14.78 million (17%) and 13.06 million
(15%) people at risk in each, respectively.

Although the high proportion of Dufty-negative individuals in Africa
is thought to result in an absence of the parasite across the continent, evi-
dence of transmission in Africat+ (Guerra et al., 2010; Ménard et al., 2010)
supported the decision to assume stable transmission in all areas of Africa+
that were not excluded by PrvAPI data or biological masks. Areas were then
reclassified following PrvPR_gg predictions such that locations with ende-
micity levels below 1% were reclassified as unstable; this was the majority
of the region. High proportions of Dufty negativity are especially common
among the population of West Africa. Ghana, for example, had a PAR of
24 million individuals when accounting for environmental exclusions and
before the inclusion of Dufty negativity, which subsequently reduced the
PAR of Ghana to zero. The incorporation of the Duffy negativity layer
reduced the PAR of the Africat region from 840 million to 86 million,
which is 3.5% of the global PAR of P vivax.

Vectors. The high impact of malaria on the African continent is largely
due to the efficiency of the African DVS in transmitting P falciparum. How-
ever, P vivax may also play an important role. As more countries on the con-
tinent move towards elimination, there may be in shift in the endemicity of
P vivax as levels of P, falciparum decline. It is essential to know which vector
species are capable of transmitting P, vivax.

Africa is the home to two of the most efficient vector species of human
malaria: An. gambiae and An. funestus (Gillies and de Meillon, 1968; Coluzzi,
1999). Of the 10 potential vectors of P vivax in Africa+ (Table 1.2), eight
(Anopheles arabiensis, An. funestus complex, An. gambiae complex, An. Labran-
chiae, An. melas, An. merus, An. moucheti and An. nili complex (Sinka et al.,
2010a)) are considered to be DVS of human malaria, but their importance
in transmitting P vivax is still uncertain. For example, it is unclear whether
the forest vector An. moucheti is a poor/non-vector of P vivax or that this
parasite simply does not exist in areas where this species occurs (Table 1.2).
The distributions of An. arabiensis, An. funestus s.I. and An. gambiae s.1. and
the DVS that occur in Saudi Arabia and Yemen are shown in Fig. 1.9E. Only
the three primary DVS are shown in Africa because of the lack of evidence
of the ability for the other African DVS to transmit P vivax (Table 1.2). For
the African DVS there were 8338 spatially and temporally unique occur-
rence records. The majority of these occurrence records were obtained for
An. funestus s.l. (n = 2692), An. arabiensis (n = 2301) and An. gambiae s.1.
(n = 2291). Point data were obtained from 44 countries. The largest number
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of point records per country were from Kenya (n = 757), followed by Tan-
zania and Cameroon (n = 383 for both nations). For the most part, the
other countries on the continent had less than 100 point records, with
the exception of Burkina Faso (n = 310), Equatorial Guinea (n = 113),
Ghana (n = 106), Madagascar (n = 198), Mali (n = 166), Nigeria (n = 190),
Senegal (n = 209), Sudan (n = 125), the Gambia (n = 192) and Uganda
(n = 135). African countries classified as P vivax endemic that had very
few (<5) vector occurrence point records were Central African Republic
(n = 3), Congo (n = 2), Liberia (n = 4), Namibia (n = 5) and Togo (n = 1).

The compiled species distribution maps (Fig. 1.9E) illustrate a relatively
straightforward picture of the distribution of the region’s DVS: Anopheles
arabiensis, An. funestus s.l.,and An. gambiae s.l. which all have broad distribu-
tions in the region and are confirmed vectors of P vivax. These three DVS
dominate in heterogeneous ranges of different pairs and combinations (of
one another) in such a way that the species are present on their own in only
focused locations. The co-dominant range of the An. funestus complex and
An. gambiae in Central Africa is surrounded by an ‘envelope’ that houses
all three primary DVS, that is further surrounded by An. arabiensis and the
Funestus Complex, and then only An. arabiensis on the periphery. Anoph-
eles arabiensis tolerates drier environments and is therefore absent from the
forested areas of western Central Africa. The An. funestus complex distribu-
tion indicates a presence throughout all of sub-Saharan Africa, including
Madagascar, but excluding much of southern Africa. Anopheles gambiae has a
more complex distribution across a band from East (including Madagascar)
to West Africa.

The bionomics of all the African DVS of malaria are summarised in full
elsewhere (Sinka et al., 2010a). Here, we briefly describe the behaviours of
those three DVS identified as potential P vivax vectors in the region. Anoph-
eles arabiensis, An. funestus s.l., and An. gambiae s.I. are known to be primary
vectors of P falciparum, but have also been incriminated as vectors of P vivax
through the detection P wvivax circumsporozoite proteins in wild-caught
specimens (Table 1.2). Anopheles arabiensis is often described as zoophilic,
exophagic and exophilic, yet its behaviour appears to be quite variable,
depending on location. For example, An. arabiensis found in West Africa
are generally more anthropophilic and endophagic than those in the East.
Such behavioural variability may enhance this species’ ability to transmit P
vivax (or any human malaria) allowing it to adapt to avoid control methods
such as IRS. Moreover, with peak biting times ranging from evening (1900)
to early morning (0300), An. arabiensis may also avoid control via I'TNs.

79



Chapter 2 - Global public health significance

The Global Public Health Significance of Plasmodium vivax 63

Anopheles arabiensis tends to be found in drier climates within Africa and
larval habitats are typically small, temporary, clear, sunlit freshwater pools
similar to those of An. gambiae s.I. However, An. arabiensis larvae have also
been sampled from large or small man-made water bodies, including rice
fields, as well as flowing or even brackish waters.

There is less variation observed in the bionomics of An. funestus s.l.
relative to An. arabiensis. This species is known to be highly anthropophilic
and endophilic and have a late biting time (after 2200), making IRS or
['TNs highly eftective interventions (although pyrethroid resistance has now
been reported (Hargreaves et al., 2000; Coetzee and Fontenille, 2004)). The
larval habitats of the Funestus Complex tend to be large, permanent (or
semi-permanent) bodies of freshwater such as a pond, lake edge or rice
field, where the larvae use emergent plants as protection against predation.
There is some variation in the behaviour of members of the complex and
further investigations using molecular identification methods are needed
to determine the distribution of the difterent subtypes and the bionomics
they exhibit.

Anopheles gambiae s.1. is perhaps the most well-known vector of human
malaria and the most studied. It occupies a wide geographic range and is
considered to be a highly efficient vector because of its highly anthropo-
philic biting behaviour and relatively long adult life stage. Females gen-
erally feed late at night indoors and also rest indoors, again making IRS
and ITNs successful intervention strategies. However, in studies com-
paring feeding and resting location preference, An. gambiae s.s. exhibited
both indoor and outdoor feeding and resting habits (Sinka et al., 2010a).
This is likely ascribed to different chromosomal and molecular forms now
identified within the species (Bockarie et al., 1993). The larval habitats of
An. gambiae s.1. were long thought to be restricted to clear sunlit, temporary
pools such as puddles or hoof prints, however, larvae have been reported
from turbid and even polluted water and from large semi-permanent water
sources such as rice fields. The variation of larval habitats is again attributed
to divergences of the chromosomal or molecular forms.

The vector species of P vivax in Africa occupy wide geographic ranges
across the region and exhibit variation in behaviours both among and
within individual species or species complexes. This may present challenges
for control, yet, the tendency for these species to bite and rest indoors at
night makes control methods such as ['TNs effective control strategies.Vivax
malaria is not currently the main focus of malaria research in this region and
incrimination studies on wild populations have yet to be performed on half
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of the potential DVS in this region (Table 1.2). Further research identifying
which anopheline species are the most efficient vectors of this parasite will
be beneficial to the Africa+ region as goals of control and elimination of
P, falciparum are realised and the focus moves to address P vivax.

Africat+ summary. Estimates of the PAR of P vivax in Africa, which is
climatically well suited for malaria transmission, were very low, with the
exception of countries around the Horn of Africa. This was because of the
assumption that Dufty negative individuals, found in high frequencies on
the continent (Howes et al., 2011), are refractory to P vivax infection. This
supposition was incorporated into the model, despite observations of P vivax
malaria infections in Dufty-negative individuals in Madagascar (Menard
et al.,2010) and on the mainland of the continent (Ryan et al.,2006; Mendes
etal.,2011;Wurtz et al., 2011). While this information contradicts our work-
ing assumption of complete protection, there is insufficient evidence to
determine if these are more than just rare occurrences on the continent that
would have a significant effect on the epidemiology of P vivax in Africa.

Prevalence estimates for Africa are characterised by low predicted values
and high levels of uncertainty (Fig. 1.4D). The PR data from Africa that
served as the input data for the endemicity predictions were sparse, with
the exception of a few regions (Fig. 1.3D1). This is largely because P vivax
is not the main priority for Africa. There were 753 million people at risk of
stable P falciparum in Africa in 2010 (Gething et al., 2011a), compared to the
38 million at stable risk P vivax. However, 30% (228 million) of the 753 mil-
lion were living in regions of low stable transmission (PPR,_;; < 5%); the
prevalence of P falciparum in these areas falls to a point where elimina-
tion is viable, the situation of P vivax will increase relatively, a consequence
of its tendency to be the last parasite standing during elimination efforts
(Garnham, 1951; Yekutiel, 1960; Pampana, 1969; Wernsdorfer et al., 2009;
Tatem et al.,2010).This reinforces the need for increased vector surveillance
and incrimination of species specifically for P vivax. The endemicity map
(Fig. 1.3D2) presented indicates that while P vivax is present at very low lev-
els in Africa, it is circulating. Consideration for how those prevalence esti-
mates may be affected by decreasing P, falciparum levels must be considered.

4.5. Areas Where Lack of Geographical Data is Acute

Asia. Although there was thorough coverage of annual clinical incidence
data and a large number of prevalence data records, given the large area of
PvMEC:s in Central Asia (20.5 million km?), there were still large regions
with a dearth of data (Fig. 1.3A1). These regions are highlighted by the
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uncertainty maps (Fig. 1.4A). India, the nation with the largest PAR of P
vivax globally, had disproportionately little prevalence data available. Given
that parts of India are predicted to experience intense transmission, high-
resolution mapping is needed to identify foci of transmission and this will
only be achieved through improved surveillance coverage or the release of
data that have not been previously shared. The uncertainty map also high-
lights lack of data in Myanmar. Regions of high uncertainty, which were
also present in the population-weighted estimates, correspond with areas
plotted to be highly endemic (PvPR_g9 > 7%). Improved certainty in pre-
dictions in this country would be beneficial as neighbouring Thailand and
China work towards malaria elimination. There would also be utility in the
provision of contemporary data as progress towards elimination is made (e.g.
in China) and transmission dynamics are therefore altered.

Asia-Pacific. Coverage of annual clinical incidence and prevalence sur-
vey data was relatively strong for this region (Fig. 1.3B1). However, the
vast majority of the prevalence data originated from Indonesia. Sites on
the island of New Guinea and parts of Borneo had very sparse prevalence
data and were therefore predicted with greater uncertainty (Fig. 1.4B1 and
B2). These regions have some of the most intense P vivax transmission set-
tings in the world. Improved surveillance would help localise hotspots and
generate prime targets for control. The Philippines should also be noted as
being a region with high uncertainty that was retained even after account-
ing for population density in the predictions. The smaller islands of this
region would benefit from improved vector data collection since many had
very little vector data available. This would improve the fidelity of the spe-
cies distribution models in this region to better inform control decisions.

The Americas. Relative to other regions with stable P vivax transmission,
there were very little prevalence data available for this region (Fig. 1.3C1).
Improved PR data from this part of the world, particularly those countries
with intense transmission (Brazil, Honduras and Nicaragua), would benefit P
vivax mapping eftorts. High-resolution mapping is needed to accurately map
these highly focalized transmission settings, and this will require broad cov-
erage survey data. There was good vector data coverage in this region, which
is likely linked to the research and implementation of successtul vector con-
trol efforts in the Americas. However, data collection on vector occurrence
could be further improved. Some of the countries with the highest transmis-
sion (Honduras and Nicaragua) had the fewest occurrence records available.

Africa+.The Pvivax data available from Africa+ were also sparse, a reflec-
tion of the perception that the parasite is largely absent from the continent
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(Fig. 1.3D1). In this region, the importance of P vivax is overshadowed by P

falciparum and as such is not recorded in many countries. However, P vivax
infection has been observed in Dufty-positive and -negative individuals in
the region, hence, it would be prudent for countries to monitor the preva-
lence of the parasite. While prevalence data were lacking from the region as
a whole, the areas that would benefit most from improved surveillance are
those with higher intensity transmission: Ethiopia, Madagascar and Somalia.
This would reduce the uncertainty of the predictions and allow for better
monitoring of control efforts. Lastly, the vector data available for the DVS
in the region was relatively poor. Although the vector profile of Africa+
is straightforward, increased occurrence records may capture intricacies in
distribution patterns and help distinguish vector and non-vector species of
species complexes.

E 5. DISCUSSION

Plasmodium vivax malaria imposes serious public health burdens and
is the most widespread of all the human malarias, particularly in women
and children in poorly resourced communities (Poespoprodjo et al., 2008,
2009). Robust evidence demonstrates that P vivax, despite long-held con-
vention, is not a ‘benign’ infection (Baird, 2007; Price et al., 2007b). More-
over, studies show that 60-year-old drugs used to treat vivax malaria are
failing throughout much of the P vivax-endemic world (Baird, 2009; Price
et al., 2009). The hypnozoitocidal component of that treatment, prima-
quine, is a deeply flawed therapy due to the threat it imposes to G6PD
deficient patients (Baird, 2007). The reader is also referred to the chapter
by Howes et al. that appears elsewhere in this thematic issue of Advances in
Parasitology (Chapter 4,Volume 81). These issues are brought into focus as
international targets, such as the Millennium Development Goals (http://
www.mdgmonitor.org/), are developed to halt or mitigate malaria inci-
dence and further goals are set for the elimination of the disease (WHO,
2007; Feachem and Sabot, 2008; The Global Health Group and the Malaria
Atlas Project, 2011). Neglect of the impact and study of P vivax is incompat-
ible with these expressed goals.

The P vivax PR estimates reviewed here are, across the American,
African and Asian regions, uniformly low in comparison with PR esti-
mates derived for P falciparum (Gething et al., 2011a). The PR spectrum for
P, vivax ranges from 0% to 7%, whereas for P falciparum, it is 0 to 70%. This
seems to imply P, falciparum transmission is an order-of-magnitude greater,
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but this is potentially misleading. The absolute prevalence of Pvivax in heavily
endemic zones may also reach or exceed 70%. Relatively low parasite den-
sities in blood (arising from its strict preference for reticulocytes) may lead
to high rates of false-negative diagnoses by microscopy or rapid diagnos-
tic tests (RDTs) (Mueller et al., 2009a). Microscopic diagnoses very often
underestimate the true prevalence of P vivax in blood in both high- and
low-transmission settings (Mueller et al., 2009b; da Silva et al., 2010; Harris
et al., 2010; Katsuragawa et al., 2010; Steenkeste et al., 2010). Further details
regarding the diagnosis of P vivax may be found in a review elsewhere in
this thematic volume of Advances in Parasitology (Chapter 4, Volume 80).
Missed diagnosis is important in mixed species infections where P vivax may
be a minor contributor to parasitaemia and often overlooked (Mayxay et al.,
2004). There is no proven evidence that this is due to cross-species immu-
nity, rather that plasmodia species are mutually suppressive in mixed infec-
tions (Richie, 1988). While P, falciparum tends to dominate P vivax, infection
with P vivax reduces the intensity of falciparum infections (Snounou and
White, 2004). Mixed infections are complex and often under-diagnosed
(Mayxay et al., 2004) and it is difficult to interpret the effect they may
have on prevalence estimates. The reader is referred to a review of acquired
immunity to P vivax provided in this volume (Chapter 3,Volume 81).

The difference in PR spectrums between P vivax and P, falciparum could
also be a reflection of the age range used as the input data for the endemic-
ity model. To model endemicity, P vivax predictions were standardised across
the 1-99 age range, rather than the 2—10 years of age range, which was
used for P falciparum (Gething et al., 2011a). Malaria transmission peaks in
2—10-year olds and, therefore, the use of the 1-99-year age range ‘dilutes’ the
prevalence estimates. Regardless, it is evident that the association between
the risk of disease and parasite prevalence is markedly different for P vivax
than P, falciparum, with significant risk of P vivax disease at lower parasite
densities.

The maps reviewed here represent progress towards an improved under-
standing of the epidemiology of this unique malaria parasite. Included
in this work is the first ever P vivax-specific global endemicity map and
updated limits of transmission. These maps are intended to aid control strat-
egy formulation and operational decision-making. Stratification by trans-
mission intensity has been supported by mathematical modelling in the
context of P, falciparum management (Smith et al., 2006, 2008; Okell et al.,
2008; Smith and Hay, 2009; Chitnis et al., 2010a, 2010b; Griftin et al., 2010;
Ross et al., 2011), but P vivax is rarely differentiated by endemicity level.
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Consensus has yet to be reached in defining suitable control-oriented strata
for P vivax. Without such stratified control, there has been little impetus
to fill that knowledge gap and generate reliable stratified risk maps. These
P vivax mapping efforts may also be unified with those for P, falciparum (Hay
et al., 2009; Gething et al., 2011a) to help rectify this and elucidate where
control efforts of the two parasites can be amalgamated. An example of such
is the potential use of artemisinin-combination therapy (ACT) as presump-
tive treatment for diagnosed malaria in co-endemic areas discussed in the
review of the use of anti-malarial drugs to reduce P vivax transmission that
is provided elsewhere in this volume (Chapter 5).

Primaquine, the only drug currently licensed to treat the liver stage of
the parasite is contraindicated in individuals with G6PD deficiency. The
map of P vivax endemicity is an important complement to the recently
developed map of G6PD deficiency (Howes et al., 2012) and will help to
identify areas with high prevalence of both P vivax and G6PD deficiency.
Overlaying these is essential for estimating the potential risk of adverse
outcomes that could occur from treatment with primaquine in areas where
G6PD deficiency testing cannot be guaranteed (Ruwende and Hill, 1998;
Cappellini and Fiorelli, 2008). The reader is again referred to a review of
G6PD deficiency that details the geographic distribution, genetic variants
and the implication of primaquine therapy provided elsewhere in this the-
matic issue of Advances in Parasitology (Chapter 4,Volume 81).

Plasmodium vivax endemicity maps provide bench-marks for progress in
control and elimination. This information is increasingly needed by inter-
national organizations and groups that are once again assessing the prospect
of eradication of all species of human malaria (Lines et al., 2007; Feachem
and Sabot, 2008; Greenwood, 2008; RBMP, 2008; Mendis et al., 2009;
Malaria Eradication Research Agenda, 2011b). At present, these maps are
of particular importance outside of Africa, where P vivax is the primary
threat. Thirty of the 95 PYMEC:s are in Asia and their populations comprise
91% of the global PAR of P vivax. Knowledge of the global distribution
and impact of P vivax is also important to estimate market size and invest-
ment priorities for those developing targets for drug (Malaria Eradication
Research Agenda, 2011a) and vaccine (Brown et al., 2009; Malaria Eradi-
cation Research Agenda, 2011c) research and development. The maps also
facilitate national priority setting and advocacy.

The maps of dominant vector species of human malaria presented here
(Fig. 1.9) and information regarding the potential vector species of P vivax
(Table 1.2) highlight a further knowledge gap in our understanding of P
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vivax compared to P falciparum. Classification of anopheline species as vec-
tors of malaria has typically meant vectors of P falciparum malaria. This is
most evident in the Africa+ region, but conclusive information is also miss-
ing from the Asian and American regions, where P vivax is the dominant
parasite. In many countries, the status of vector species is determined by
absence of evidence rather than decisive evidence of absence of the para-
site. The research into transmission of P vivax is lagging behind that of P
falciparum. Improved vector surveillance would benefit all regions, but not
without incrimination studies that focus specifically on P vivax.

Currently, the cartographic foundations for estimating the public health
burden of P vivax do not exist and this is perhaps the highest priority for
moving forward. The link between P vivax prevalence and clinical burden
must be established for regions where the disease is monoendemic as well
as where it is sympatric with P falciparum. National estimates of P vivax rely
on routine case reporting sources that vary in their fidelity and are often
crudely distinguished from P falciparum (WHO, 2011). Cartographic esti-
mates of P vivax burden would provide valuable information regarding the
impact of the disease independent of inherent biases that may accompany
health system data (Gupta et al., 2009; Rowe et al., 2009; Hay et al., 2010a,
2010b; Malaria Eradication Research Agenda, 2011b; Mueller et al., 2011).
There is also a need to define the burden of P vivax in clinically vulnerable
groups such as pregnant women (Nosten et al., 1999; Mueller et al., 2009a)
and, most notably, children. To estimate the burden of P vivax, it will first be
necessary to gain a better understanding of the impact of relapsing infections
on prevalence. The degree to which relapses contribute to clinical disease
is known to vary geographically, but the cause and pattern of the variation
is still poorly understood (Battle et al., 2011; Betuela et al., 2011; White,
2011) and calls for further investigation. The extent to which P falciparum
affects the burden of P vivax remains unknown, and now emerges as an
important question in elimination strategy (Maitland et al., 1996, 1997;
Snounou and White, 2004; Genton et al., 2008).

This chapter described the global public health significance of P vivax in
light of new cartographic technology and evidence, along with the funda-
mentally important emerging understanding of the infection as threatens to
lite. The parasite occurs across a broader geographic range, in more diverse
habitats, in more anopheline vector species, and threatens more people
than P, falciparum.Vivax malaria is an overwhelmingly Asian and Asia-Pacific
problem, home to 91% of the 2.49 billion PAR, dozens of mosquito vector
species, and endemic habitats as distinct as the temperate Korean peninsula
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and tropical New Guinea. This is the same region where treatments are
failing due to drug resistance or reluctance to use threatening and impracti-
cal treatments like primaquine.Vivax malaria today threatens many people
with very serious illness and is especially difficult to prevent and treat. The
evidence presented in this chapter and others in this thematic issue disclaim
the long-held presumption of inconsequence with infection by P vivax.

g 6. METHODS

The full methods that would allow the reader to reproduce these maps
are given in Gething et al. (2012) and Sinka et al. (2010b). Here, we bring
together the full suite of methodologies and present a set of summaries that
highlight the data used and the assumptions made to allow the value of the
resulting estimates to be assessed.

6.1. Defining the Limits of P. vivax Transmission

To adequately assess the global burden of P vivax, the limits of the infection
and the global distribution of risk must first be identified. Knowledge of the
spatial distribution, and the clinical incidence within those limits, provide a
foundation on which control efforts and measures of progress can be based.
MAP began these efforts through defining the spatial limits of infection and
the PAR, informed by ecological variables and the distribution of Dutfty
negative individuals, and then applied those limits to mapping the transmis-
sion and varying levels of P vivax endemicity globally.

6.1.1. International Limits of P. vivax

The global spatial limits of P wvivax malaria were first defined for 2009
(Guerra et al., 2010) and the methods and results have since been updated
for 2010 (Gething et al., 2012). A list of 95 P, vivax malaria endemic coun-
tries (PvMEC:s), illustrated in Fig. 1.10A1-D1, was identified using previous
methods based on international health and travel guidelines (Centers for
Disease Control and Prevention, 2009; Guerra et al., 2010; WHO, 2010b;
Gething et al., 2011a). The PvMECs were grouped into three regions: the
Americas; Africa, Saudi Arabia and Yemen (Africa+); and Central and South
East Asia (CSE Asia), which was further divided into Asia and Asia-Pacific
in order to resolve PAR estimates (referred to here as Asia and Asia-Pacific)
(Fig. 1.2). The borders of these countries, along with national survey infor-
mation and relevant, published sources and personal communications,
defined the first version of the P vivax spatial limits map (Guerra et al.,2010).
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region. Maps are shown by region: Asia (A), Asia-Pacific (B), the Americas (C) and Africa+.
Panel 1 = all regions of the regional P. vivax endemic countries; 2 = downgrading or
exclusion of risk informed by annual parasite incidence data (PvAPI); 3 = additional
exclusion of risk informed by the biological temperature mask; 4 = additional down-
grading or exclusion of risk informed by the aridity mask; 5 = additional downgrad-
ing or exclusion of risk informed by medical intelligence and international travel and
health guidelines; 6 = the final limits definition after additionally downgrading risk in
stable areas predicted to have very low prevalence by the model-based geostatistics
(MBG) model. Stable transmission is shown in red, unstable transmission in pink, P. vivax
malaria free areas in grey and countries non-endemic for P. vivax or outside of the region
in white. For interpretation of the references to colour in this figure legend, the reader is
referred to the online version of this book.

PyAPI data, which report the number of confirmed P vivax malaria cases
per administrative unit per 1000 people per annum (p.a.) from PvMECs,
were used to further constrain the spatial limits of infection (Fig. 1.10A2—-
D2). PvAPI data were obtained from a variety of sources which are provided
in detail elsewhere (Gething et al., 2012). Data were unavailable for 41 of
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Figure 1.10, cont'd

the 95 PvMECs, which were all within the Africa+ region, with the excep-
tion of Uzbekistan. Ideally, the PvAPI data were available per administrative
unit per year with each record containing information regarding the num-
ber of people in each administrative unit and the number of P, falciparum

89



Chapter 2 - Global public health significance

The Global Public Health Significance of Plasmodium vivax 73

A mapiE:

=< malaria atias srajoct

. - :
Tasowy 2 s ¥

N g e
~
Ao i,
y: 7
o

'yg"’“\,r.s' ¥ B Wi
L fa / tt k%
o €/ Y

b wataria allas eralect

Figure 1.10, cont'd

90



Chapter 2 - Global public health significance

74 Katherine E. Battle et al.

- i
R T

o ] -
2 '-M,g:; £ 5 =

-~ Yo el f ;\\
;e'#w?* =& .{ - . BN
- e 1.&7 = N -~
iy 3
e g
" < A
%

i~ - “§

Figure 1.10, cont'd

and P, vivax cases. When necessary, the missing data were extrapolated from
PvAPI data estimates from preceding years or parasite species ratios con-
firmed by alternative sources. The aim was to obtain data for the four most
recent previous years (up to 2010) at the second administrative (ADMIN?2)
level (or third, ADMINQ3, if data were available). To map the PvAPI data,
the information was reconciled to the digital administrative boundaries
available from the 2009 Global Administrative Unit Layers (GAUL) from
the Food and Agriculture Association of the United Nations (FAO) within
the Food Security for Action Programme (FAO, 2008). PvAPI data were
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Figure 1.10, cont'd

arranged to classify areas at risk into three categories: malaria free, unstable
(<0.1 cases per 1000 p.a.) or stable (0.1 cases per 1000 p.a.) transmission.
These values were based on the Global Malaria Eradication Programme
classifications; API values of <0.1%o were considered a reliable indication to
cease IRS and to shift to the consolidation phase of eradication (Pampana,
1969; Yekutiel, 1980; Guerra et al., 2008; Hay et al., 2008). This followed
a transition from a cut oft of 0.5 cases per 1000 p.a., which was deemed
less reliable because malaria would at times return after the cessation for
spraying at an API of 0.5%o0 (Guerra et al., 2008). This was likely because
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surveillance, whether passive or active, was not wholly reliable or reflective
of true endemicity levels. The more conservative categorization that is also
applied here, of unstable transmission equating to less than 0.1 cases per
1000 p.a. allowed for less confidence in the fidelity of the prevalence source
information and accounted for inaccuracies in district or provincial level
reporting (Snow et al., 2005; Erhart et al., 2007; Sharma, 2007).

Biological masks were applied to further constrain the risk in the P vivax
endemic regions. Environmental conditions can suppress malaria transmis-
sion by limiting various components of the transmission cycle. Tempera-
ture has been shown to affect vector survival, emergence and feeding rates
(Ross, 1911; Detinova, 1962; Mahmood and Reisen, 1981; Ahumada et al.,
2004).The most limiting eftect of temperature on malaria transmission is the
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interaction between vector lifespan and the length of the sporogonic cycle;
as temperature varies throughout the year, as does the length of the extrin-
sic incubation period during which the parasite matures to the sporozoite
stage within the gut of the mosquito (Nikolaev, 1935). For transmission to
occur, the anopheline population must survive long enough for sporogony
of the parasite to occur. A model that assesses the eftects of temperature on
P vivax over time (Gething et al., 2011b) was used to generate a grid of
temperature suitability proportional to vectorial capacity, a measure of trans-
mission potential (Garrett-Jones, 1964; Smith and McKenzie, 2004). Daily
vector survival was calculated as a function of local temperature and vector
lifespan was assumed to be 1 month (Kiszewski et al., 2004), with excep-
tions being made for areas with longer living species (Anopheles sergentii and
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An. superpictus) (Guerra et al., 2008; Sinka et al., 2010a). The interaction
between vector lifespan and the length of the sporogonic cycle was modelled
for each pixel of the temperature suitability grid (Fig. 1.5), so that pixels in
which there was no time during the year that sporogony could be completed
were classified as being at no risk for P vivax transmission (Fig. 1.10A3-D3).

A second environmental driver of suitability for P vivax transmission
is availability of sufficient moisture. A mask of aridity was used to exclude
areas where arid conditions would preclude anopheline survival at all life
stages (Shililu et al., 2004; Gray and Bradley, 2005). Arid areas were identified
using the global GlobCover Land Cover product (ESA/ESA GlobCover
Project, led by MEDIAS-France/POSTEL) (Bicheron et al., 2008). The
aridity mask (Fig. 1.6) was treated differently from the temperature mask
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Figure 1.10, cont'd

to accommodate for the possibility of human and vector species adapting
to arid conditions so that risk classes were downgraded depending on the
land cover. GlobCover bare areas classified as stable risk according to the
PvAPI were downgraded to unstable, and unstable risk was stepped down
to malaria free (Fig. 1.10A4-D4).

Medical intelligence was also used to refine the limits of P vivax risk
(Fig. 1.10A5-D5). International travel guidelines (Centers for Disease
Control and Prevention, 2009; WHO, 2010b) and data obtained through
personal communications were applied to identify urban and sub-national
malaria free-areas. Urban areas have less malaria transmission than rural
areas because of the distinct ecological conditions that result from a man-
made environment (Hay et al., 2005; Tatem et al., 2008). Difterent species
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of Anopheles mosquitoes respond at varying degrees, but urbanisation has
been shown to reduce malaria transmission across Africa and in parts of the
Americas (Hay et al., 2005; de Castro et al., 2006). In Asia, a principal vec-
tor, An. stephensi, has adapted to urban environments by breeding in artificial
water collections (Sharma et al., 1993; Sinka et al., 2011) to the extent that
stable transmission has been observed in the majority of cities (70 out of
86 cities examined) in India reporting annual parasite index data (Akhtar
et al., 2009). Anopheles culicifacies s.1. has also been shown to transmit malaria
in urban settings, but population densities and sporozoite rates indicate that
this species is more affected by the environmental changes of urban areas
(Nalin et al., 1985; Sharma et al., 1993; Sharma, 1995; Sinka et al., 2011).
Therefore, it was assumed that urban transmission was maintained by only
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An. stephensi. Cities specified as being malaria free by the international travel
and health guidelines (Centers for Disease Control and Prevention, 2009;
WHO, 2010b) or other sources were mapped using the GRUMP urban
extent layer (Balk etal.,2006). Urban areas outside of the range of An. stephensi
were classified as being at no risk of P vivax transmission and areas within
the vector species’ range were down-graded by one risk level (stable to
unstable; unstable to malaria free) accordingly. In addition to urban areas,
some administrative areas, such as islands, were also declared malaria free by
the international travel and health guidelines and a few specific personal
communications. These areas were also classified as no risk if they were not
already specified as such by the PvAPI layer. The final limits for each region
are shown in Fig. 1.10A6-D6.
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Figure 1.10, contd

6.1.2. The Availability of PvAPI Data by Region
Plasmodium vivax AP data were available from 53 countries at a variety of
administrative levels from years ranging between 2002 and 2010.

Asia. Annual parasite index data were aggregated at a variety of admin-
istrative levels. Azerbaijan, Bhutan, Cambodia, Kyrgyzstan and Thailand pro-
vided data at the first administrative (ADMINT1) level. China reported data
from areas known to have little to no transmission regions at ADMINT1, and
at ADMINS in the remaining areas. Myanmar and Nepal reported all data
from ADMIN3 units. The remaining countries (Afghanistan, Bangladesh,
Georgia, India, Iran, Iraq, Lao PDR, Pakistan, Republic of Korea, Sri Lanka,
Tajikistan, Turkey and Viet Nam) collected PvAPI data from ADMIN2
units. PvAPI data were available from 4443 risk units in Asia.
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Asia-Pacific. Annual parasite index data were provided for all of the P vivax
endemic countries in Asia-Pacific. Only Malaysia provided data up until 2010.
Indonesia and Timor-Leste had data until 2008 available and 2007 was the
last reporting year for the remaining countries. Malaysia, the Solomon Islands,
Timor-Leste and Vanuatu provided data at the ADMINT level and Indonesia,
Papua New Guinea and the Philippines reported data from ADMIN2 units.
PvAPI data were obtained from a total of 559 risk units in Asia-Pacific.

The Americas. PvAPl data were available from all PUMECs in the
Americas. For the years reported, which varied by country, six countries
(Belize, El Salvador, Guatemala, Guyana, Nicaragua and Suriname) reported
data at the first administrative (ADMINT1) level and Venezuela reported data
at the ADMINT and ADMIN2 level. Eleven countries (Argentina, Bolivia,
Brazil, Colombia, Costa Rica, Ecuador, French Guiana, Honduras, Mexico,
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Figure 1.10, contd

Panama and Paraguay) reported ADMIN2 data and Peru reported data from
ADMINS3 units. Data were available for a total of 12,514 administrative (or
risk) units in the Americas.

Africa+. PvAPI data were aggregated at a variety of levels by the six (out
of 46) PvYMEC:s that reported data in the region. For the years of avail-
able data, Dijbouti, Saudi Arabia and Yemen reported ADMINT level data,
Namibia reported from a mix of ADMINT and ADMIN?2 units, and South
Africa and Swaziland had data available at the ADMIN2 level. Data were
provided for a total of 377 risk units for the Africa+ region.

6.1.3. The Global Distribution of the Duffy Blood Group
The distribution of Dufty-negative populations was used as another exclu-
sion layer to constrain the limits of P vivax transmission (Fig. 1.7). The reader
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is again referred to a detailed review of the eftect of the lacking Dufty anti-
gen on resistance to P vivax provided in this thematic issue of Advances in
Parasitology (Chapter 2,Volume 81). The Dufty antigen refers to a receptor
expressed on the surface of red blood cells, which P vivax has been shown to
be dependent upon for erythrocytic invasion (Miller et al., 1976; Barnwell
et al., 1989; Wertheimer and Barnwell, 1989). Duffy-negative individuals,
who lack the antigen, are therefore largely refractory to P vivax infection and
high frequencies of the phenotype are presumed to suppress P vivax ende-
micity in areas that would otherwise be well suited for transmission. A con-
tinuous map of the Duffy-negative phenotype, described in detail elsewhere
(Howes et al., 2011) and briefly here, was used as the exclusion surface.

To model the global distribution of the Duffy-negative phenotype,a data-
base of Dufty blood group surveys was assembled. Surveys of Dufty-variant
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frequencies were compiled from systematic searches of published literature,
personal communications and sources obtained through previously pub-
lished databases (Mourant et al., 1976; Cavalli-Sforza et al., 1994). Surveys
dating back to 1950, when the blood group was first described (Cutbush
and Mollison, 1950), were included. Results were refined so that only
population-based surveys were used and potentially biased samples were
removed. Survey data were geopositioned following guidelines described
previously by MAP (Guerra et al., 2007).

In addition to the frequency of the blood group variants, the diag-
nostic method used in each survey was recorded to classity the type of
information provided to ultimately inform the model. The Duffy antigen
has two main variant forms, Fy* and Fy®. These differ by a single amino
acid substitution (Gly42Asp), which is encoded in two alleles, FY*A and
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FY*B, that vary based on a single base substitution (G125A) (Zimmer-
man, 2004; Langhi and Bordin, 2006). A separate single base substitution
in the gene’s promoter region (T-33C) may block the expression of the
gene and result in a null ‘erythrocyte silent’ (ES) phenotype. This mutation
is most commonly associated with the FY*B (FY*BES) allele (the FY*AES
allele is extremely rare) (Langhi and Bordin, 2006; Sellami et al., 2008).
These four alleles (FY*A, FY*B, FY*BES, FY*AES) result in 10 possible
genotypes and four possible phenotypes: Fy(a+b+), Fy(a+b—), Fy(a—b—)
and Fy(a—b—) (Howes et al., 2011). Methods to diagnose Dufty types can
focus on different aspects of the system: the individual polymorphic sites,
the genotype, the presence or absence of the antigen, and which particu-
lar type of antigen is being expressed. The assembled data were therefore
grouped into five types according to which diagnostic approach was used:
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1) Genotype, where full genotypes were reported; ii) Phenotype, where full
serological diagnoses (anti-Fy* and anti-Fy® sera) were used; iii) Promoter,
it results only stated antigen expression or non-expression (no distinc-
tion between Fy* and FyP); iv) Phenotype-a, if only Fy* was tested for (no
distinction between Fy® and the negative phenotype); and v) Phenotype-b,
if only Fy® was tested for (no distinction between Fy* and the negative
phenotype).

This dataset formed the evidence-base for a geostatistical model used to
predict a continuous map of the prevalence of the Dufty-negative phenotype
[Fy(a—b—)], the phenotype encoded by the FY*BES/ FY*BES genotype. The
FY*AFES is highly infrequent and so was modelled as a small constant rather
than a spatially variable allele. Although not all of the five data types directly
informed the prevalence of Dufty negativity, the model was able to infer
useful information directly from each (by ruling out certain genotypes),
so all were included as model inputs. To allow this, the model structure
was based on the frequencies of the two loci involved in the system: the
promoter type (determining expression versus non-expression at the T-33C
site) and the coding region (determining the G125A polymorphism). The
Bayesian framework considered the two loci as spatially independent ran-
dom fields, and used the survey data to map the frequency of the expression
of each variant. Each of the data types informed different aspects of these
loci: some informed both loci and others excluded possible variants. The
model also incorporated a land cover variable to distinguish sub-Saharan
African populations from others on the continent. This was to inform the
model of the high probability of association between silencing mutation of
the Fy® variant and the FY*BFS allele, which was observed in high frequen-
cies across sub-Saharan Africa.

The Bayesian model-based geostatistical framework predicted Dufty
group expression frequencies in all geographic locations across a 5 X 5 km
grid to generate a continuous global surface of each variant. The Duffy neg-
ativity phenotype was expressed by the squared frequency of the FY*BES
allele. The map reveals that the homozygous null phenotype is highly con-
strained to sub-Saharan African populations, with localized high-frequency
areas in the Americas. Historical perceptions have supported the assump-
tion that P vivax is absent from much of the African continent (Rosenberg,
2007). However, evidence of autochthonous transmission within Africa
indicated that areas of the continent should not be excluded a priori. This
map, therefore, provided an evidence-based exclusion layer for Dufty-nega-
tive populations resistant to P vivax infection in Africa.
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6.2. Global Endemicity of P. vivax

6.2.1. P.vivax Parasite Rate Data

To map P vivax malaria endemicity within the limits of stable transmis-
sion, in addition to the updated geographic boundaries and corresponding
populations at risk of P vivax, an updated georeferenced database of P vivax
parasite rate (PvPR) survey data were compiled. PR was used here because
it is the most ubiquitous of the malariometric measures of risk (Hay et al.,
2009). PvPR data represent the proportion of a randomly sampled popula-
tion to have detectable P vivax parasitaemia when screened via microscopy
or RDTs and is the most consistently measured index of malaria endemic-
ity. The final database consisted of unique surveys obtained from published
and unpublished literature sources spanning the period 1985-2010. The
database included information on the survey origin, how the location was
determined (georeferencing method), time period, age group, sample size
and diagnostic method used.

The PvPR database was made up of 9970 spatiotemporally unique
records from 432 diftferent sources. Data were available from 53 countries,
12 of which were in the Americas, 19 in the Africa+ region, 15 in Asia and
7 in Asia-Pacific. There were 44 PvMECs not represented in the database,
most of which were in Africa, with the exception of Argentina, Azerbaijan,
Belize, Bhutan, Korea DPR, El Salvador, Georgia, Guyana, Iran, Kyrgyzstan,
Panama, Paraguay, Republic of Korea and Uzbekistan. Details of the PR
data that were input into the model from each region are given below.

6.2.2. Modelling P. vivax Endemicity

To generate a continuous surface of P vivax endemicity using PR data, a flex-
ible modelling framework based on model-based geostatistics (MBG) (Diggle
et al., 1998; Diggle and Ribeiro, 2007) was used. With areas of stable transmis-
sion converted into a 5 X 5 km grid, MBG models allow for endemicity values
to be predicted at each pixel as a function of the geographically varying mean
of survey values and a weighted average of neighbouring data values. MBG
models are well suited for predicting endemicity values, in this case PRs, for a
number of reasons. First, the mean PR values may be defined as a function of
multiple environmental covariates that influence malaria transmission. Second,
a covariance function may be employed to define the spatial heterogeneity of
the PR data and, in turn, define the appropriate weight for each data point
when generating a prediction. Third, uncertainty can be based on the nature
and density of data surrounding a pixel. Fitting MBG models with Bayesian
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inference and a Markov chain Monte Carlo (MCMC) algorithm produces
uncertainty metrics around the final predictions as well as the model inputs
in the form of predictive posterior distributions (Patil et al., 2011). Areas with
the least uncertainty are those with a large number of recent surveys with
relatively homogenous results, whereas greater uncertainty would be found in
places with sparse or old surveys with ranges of different observed PRs.

To model a global endemicity surface of P vivax malaria,an MBG frame-
work that had been successfully employed for falciparum malaria (Hay
et al.,2009; Gething et al., 2011a) was used following modifications made to
accommodate biological features unique to P vivax.The modelling methods
incorporate surveys from a wide time period such that older surveys are
given less weight than recent ones. The environmental covariates included
were those that had an a priori expectation to affect malaria transmission
intensity. These were urban areas defined by the GRUMP urban extent
product (Balk et al., 2006; CIESIN/IFPRI/WB/CIAT, 2007), a long-term
average vegetation index product used as a proxy for available moisture for
vector reproduction and survival (Hay et al., 2006; Scharlemann et al., 2008),
and the temperature suitability index derived from the model described
above, which identifies areas suitable for transmission based on the require-
ments of vector survival and sporogony (Gething et al., 2011b).

PR data were standardised by age because of variation in infection rates
observed in different age groups. It is often observed that malaria preva-
lence rises rapidly in infancy before reaching a plateau in early childhood
and declining through adolescence and adulthood. This phenomenon was
modelled using a previously described framework (Smith et al., 2007) to
standardise for the prevalence variability among age groups. The model was
informed with finely age-stratified PvPR surveys to represent vivax-specific
age profiles (Mueller et al., 2009b; Lin et al., 2010) and was used to convert
all the observed survey prevalence values to standardised age-independent
values for use in the MBG modelling. Predictions were made for all-age
prevalence estimates for individuals aged one to 99 years (PvPR_gq). Chil-
dren aged <1 year were not included because of the potential confounding
effect of maternal antibodies, but all other ages were included. This deviated
from the method of using the 2- to 10-year cohort for falciparum malaria
(Guerra et al., 2007; Gething et al., 2011a), because all age ranges are typi-
cally sampled for P vivax, which is found at relatively lower prevalence rates.

To determine the endemicity of P wivax, it was also important to
incorporate Duffy negativity into the modelling framework because of
the refractory nature of the phenotype to the parasite. The map of Dutfty
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negativity described above informed the model of the fraction of Dufty-
negative individuals in the population at each pixel of the predicted sur-
face. The parasite endemicity prediction could be made, therefore, from the
vivax-susceptible or Dutfty positive portion of the population. This meant
that the proportion of PvPR could not exceed the percentage of the popu-
lation who were Dufty positive and that predictions in data-sparse portions
of Africa could borrow strength from the Dufty negativity surface because
estimates were limited to a more restricted range of potential outcomes.

The endemicity surface that results from the MBG modelling frame-
work described is a 5 X 5 km grid of predictions for PvPR_g9 within
the limits of stable P vivax transmission. For practical reasons, and because
areas endemic for P vivax have distinct ecological, entomological and epi-
demiological characteristics, the P vivax endemic world was divided into
four regions: the Americas, Africa+, Asia and Asia-Pacific. Separate models
were fitted to each region so that a PvPR_gg estimate averaged across the
12 months of 2010 was found. The endemicity map was created by using
the mean of each posterior distribution as a point estimate and uncertainty
was shown as the ratio of the posterior distribution IQR to its mean. The
IQR was found to express the precision with which the PvPR _g9 values
were predicted. Calculation of the ratio of the IQR of each posterior dis-
tribution to its mean generated an index that demonstrated how the model
performance varied with data density in different locations. This index was
also weighted by population density to generate a map to show where high
levels of uncertainty may be operationally significant.

6.3. The Refined Population at Risk of P. vivax

The various data sources described above were combined to produce the
final spatial limits map (Fig. 1.10A6-D6). After the implementation of
MBG modelling, some of the regions that were estimated as being within
the limits of stable transmission were downgraded to unstable transmission.
If the model outputs of PvPR were extremely low due to a large abundance
of surveys reporting zero infections in that area or, in Africa, because of
high Duffy negativity, a decision rule was applied such that pixels that were
predicted with high certainty (probability >0.9) to be less than 1% PvPR
were reassigned as unstable.

The PAR of P vivax malaria was estimated using the constrained limits
of infection and population values for 2010 projected from the year 2000
GRUMP beta version population counts. The result was a 1 X 1 km spa-
tial grid of population surface of the number of people living at stable or
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unstable risk in each country as well as surface area of the regions at risk. The
population surface, along with uncertainty maps, was also used to calculate
a population-weighted index of uncertainty. The initial PAR based on the
PvMECs was 5.36 billion individuals in a land area of 69 million km?. After
applying the PrAPI data (1.3 billion PAR excluded), temperature suitability
(sporogony duration; 61 million PAR excluded), aridity (32 million PAR
excluded), medical intelligence (713 million PAR excluded) and the Dufty
negativity (768 million PAR excluded) layers, the remaining PAR was 2.49
billion in an area of 44 million km?. This indicates that P vivax was endemic
across approximately a third of the world’s surface. Halt of that area was
found in Africa (51%) and a quarter was in both America (22%) and Asia
(27%). However, high population density in parts of Asia and the large pro-
portion of the protective Duffy-negative phenotype found in African pop-
ulations, meant that 82% of the 2.49 billion people at risk were in Asia with
the remaining 17% being spread across Asia-Pacific (9%), the Americas (6%)
and Africa (3%). Well over half of the PAR lived in areas of unstable trans-
mission (62%; 1.52 billion) where transmission was very low and unlikely
to exceed one case per 10,000 people per annum. A total of 965 million
people were estimated to be living at risk of stable transmission. The ende-
micity maps (Fig. 1.3A2—-D2) demonstrate that the transmission potential in
and among stable transmission areas may vary greatly, even within relatively
small geographic areas.

6.4. Mapping the Range of Dominant Vector Species

Vector distribution maps have long been used as a tool to aid malaria con-
trol globally. Examples of these maps date back to the 1950s and include
vector species maps (May, 1951) and the ecological zones of malaria epi-
demiology determined by Macdonald based on climatology and known
vector species ranges (Macdonald, 1957). More recent ecological (Mouchet
et al., 2004) and global vector distribution (Kiszewski et al., 2004) maps
have been widely adopted by the malaria research community. A recent
series of publications by MAP has attempted to update malaria vector dis-
tribution maps with a comprehensive and extensive evidence base (Hay
et al., 2010c; Sinka et al., 2010a,2010b, 2011, 2012). There are 465 formally
described species of Anopheles mosquitoes and more than 50 unnamed
species and species complexes (Harbach, 2011). Approximately 70 species
and species complexes have been incriminated to transmit malaria parasites
(Service and Townson, 2002) and of those, 41 have been identified as DVS
(Hay et al., 2010c). Determination of vector dominance is generally based
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on factors that increase overall vectorial capacity (Takken and Lindsay, 2003),
including abundance, propensity for feeding on humans and the mean adult
longevity (to determine if the species lives long enough to transmit the
parasite) (Hay et al., 2010c¢). In the process of determining vector domi-
nance, it was noted which anophelines may have the potential to transmit
P vivax. A literature search of ‘vivax’ and the Anopheles species name was
performed to identify evidence supporting wild transmission of the vivax
parasite. The list of the Anopheles species, species complexes and groups as
well as the evidence gathered regarding the potential for transmission of
P vivax are shown in Table 1.2.

To predict the geographic range of the 41 DVS of malaria, known
occurrence points, expert opinion maps, ecological data and modelling
techniques were applied. To begin, 15,837 occurrence records from 4800
sources were acquired from systematic searches of formal and informal lit-
erature sources and compiled into a comprehensive database (Hay et al.,
2010c; Sinka et al., 2012). Expert opinion (EO) maps were then digitized
from exhaustive searches of published maps, which are referenced in detail
elsewhere (Sinka et al., 2010a, 2010b, 2011), and refined by consultation
with a TAG. A suite of environmental and climatic variables known to shape
vector distribution landscapes (such as elevation, land surface temperature
and precipitation) were also included in the database (Sinka et al., 2010b).
BRT modelling methodology (Elith et al., 2008) was applied to generate a
predicted distribution map for each DVS. Distributions were generated for
nine species/species complexes in the Americas; 13 for Africa, Europe and
the Middle East; and 19 in Asia, 14 of which were in Asia (five were only in
Asia), and 16 in Asia-Pacific (three were only in Asia-Pacific). Information
was also gathered regarding the bionomics of the DVS, which greatly aftects
the potential impacts of common malaria interventions such as ITNs and
IR S. Behaviours that were searched for and catalogued by species included
larval site and habitat types, and adult resting and biting behaviours.

The predicted ranges of the DVS varied greatly across the regions, with
relatively straightforward vector profiles in the Americas and Africa and very
complex vector distributions across Asia. The distribution maps illustrate a
probability of occurrence, but do not indicate the predicted prevalence. A
positive (coloured) pixel does indicates that the probability of occurrence
is >0.5 (>0.5 and <1.0) and that a negative pixel (not coloured/grey) rep-
resents a probability of occurrence <0.5 (0—0.5).The regional maps shown
here are generated from an amalgamation of individual DVS distribution
maps. The TAG identified the top three DVS per country (if the country
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had more than three DVS) and ranked the DVS by their importance. Where
there was great variation within countries (e.g. Indonesia), more detailed
spatial information regarding the DVS was gathered. The rankings were
then used to determine the order in which the species-specific distribution
maps were layered to generate global-scale maps for the Anopheles vectors
of greatest public health importance.

LIST OF ABBREVIATIONS

ACT Artemisinin-based combination therapy
ADMIN Administrative unit

Africa+ Africa,Yemen and Saudi Arabia

Asia Mainland Asia excluding the Malaysian Peninsula
Asia-Pacific The Malaysian Peninsula and the islands of Asia and the Pacific
CSE Asia Central and South East Asia

DVS Dominant vector species or species complexes
ELISA Enzyme-linked immunosorbent assay

G6PD Glucose-6-phosphate dehydrogenase
GRUMP Global Rural-Urban Mapping Project
IQR Inter-quartile range

Lao PDR Lao People’s Democratic Republic
Korea DPR Democratic People’s Republic of Korea
MAP Malaria Atlas Project

MBG Model-based geostatistics

MCMC Markov chain Monte Carlo

PAR Populations at risk

PrAPI P vivax annual parasite incidence

PvMEC P vivax malaria endemic country

PvPR P vivax parasite rate

PvPR,_g9 P vivax parasite rate in 1-99-year olds
RDT Rapid diagnostic test

s.l. sensu lato

s.s. sensu stricto

TAG Technical advisory group
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Chapter 3 — Geographical variation in Plasmodium vivax

relapse

This chapter describes analyses done to characterize the observed geographic variation
of Plasmodium vivax relapse periodicity. This work has been published in the Malaria
Journal and is included here in its final form. The Additional files referred to in the text
are provided in the Appendix of the thesis and online. Additional files 1 and 4, which
were published in document form, appear in the appendix. Additional files 2 and 3
include over 230 and 30,000 records respectively, and were therefore not included here,

but can be accessed through the article doi:10.1186/1475-2875-13-144.

As described in Chapter 1, the ability of P. vivax to cause relapsing infections presents
challenges to understanding the epidemiology of P. vivax and its control. The
geographic variation in relapse patterns described here are applied to the model in
Chapter 4 which describes the relationship between prevalence of infection and

incidence of clinical disease, both of which would be influenced by relapsing infections.
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Abstract

the global variation in relapse.

temperate areas.

Background: Plasmodium vivax has the widest geographic distribution of the human malaria parasites and nearly
2.5 billion people live at risk of infection. The control of P. vivax in individuals and populations is complicated by its
ability to relapse weeks to months after initial infection. Strains of P. vivax from different geographical areas are
thought to exhibit varied relapse timings. In tropical regions strains relapse quickly (three to six weeks), whereas
those in temperate regions do so more slowly (six to twelve months), but no comprehensive assessment of
evidence has been conducted. Here observed patterns of relapse periodicity are used to generate predictions of
relapse incidence within geographic regions representative of varying parasite transmission.

Methods: A global review of reports of P. vivax relapse in patients not treated with a radical cure was conducted.
Records of time to first P. vivax relapse were positioned by geographic origin relative to expert opinion regions of
relapse behaviour and epidemiological zones. Mixed-effects meta-analysis was conducted to determine which
geographic classification best described the data, such that a description of the pattern of relapse periodicity within
each region could be described. Model outputs of incidence and mean time to relapse were mapped to illustrate

Results: Differences in relapse periodicity were best described by a historical geographic classification system used
to describe malaria transmission zones based on areas sharing zoological and ecological features. Maps of incidence
and time to relapse showed high relapse frequency to be predominant in tropical regions and prolonged relapse in

Conclusions: The results indicate that relapse periodicity varies systematically by geographic region and are categorized
by nine global regions characterized by similar malaria transmission dynamics. This indicates that relapse may be an
adaptation evolved to exploit seasonal changes in vector survival and therefore optimize transmission. Geographic
patterns in P. vivax relapse are important to clinicians treating individual infections, epidemiologists trying to infer

P. vivax burden, and public health officials trying to control and eliminate the disease in human populations.

Keywords: Malaria, Plasmodium vivax, Map, Relapse, Periodicity, Recurrence, Recrudescence, Strain

Background

Malaria is a significant global public health problem and
the greatest burden of disease is found in the world’s
poorest countries [1]. The majority of malaria morbidity
and mortality is caused by two of the five species of
Plasmodium that naturally infect humans, Plasmodium
falciparum and Plasmodium vivax. The broader global
distribution of P. vivax relative to P. falciparum puts an
estimated 2.5 billion people at risk for endemic vivax
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malaria [2,3]. An increasing body of evidence has shown
that P. vivax should no longer be thought of as a benign
and rarely fatal disease [4-9], but instead as being cap-
able of causing severe disease and death, particularly in
pregnant women and small children [9-12].

Plasmodium vivax is epidemiologically and biologically
different to P. falciparum and it is not, therefore, appro-
priate to assume that control methods developed for
falciparum malaria are directly transferable to P. vivax
[13-16]. Biological features of P. vivax that distinguish it
from P. falciparum also present unique challenges to
the control of the parasite [17-19]; in elimination set-
tings, P. vivax is often the “last parasite standing” following

© 2014 Battle et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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P. falciparum elimination [20,21]. Plasmodium vivax ga-
metocytes are present earlier in the progression of a pri-
mary or recrudescent infection compared to P. falciparum
[17,22], such that the majority of patients have sufficient
gametocytaemia to allow for transmission before diagnosis
or treatment may occur [23-25]. In addition, P. vivax ga-
metocytes are transmitted more efficiently to Anopheles
mosquito vectors than those of P. falciparum and are
transmissible at lower parasite densities [18,26,27]. Within
the mosquito, P. vivax sporozoites develop faster than P.
falciparum at equivalent temperatures, which contributes
to its exploitation of a wider geographic range [28].
Perhaps the most epidemiologically important feature
of P. vivax biology is its ability to relapse in the weeks
and months following a primary parasitaemia via a dor-
mant liver stage known as the hypnozoite [29-31]. This
potential for long-term latency provides the obvious ad-
vantage of safe harbour during cold winter months when
circulation in blood creates potential host immune sys-
tem dangers without the benefit or opportunity for on-
ward transmission. Therefore the term “infection” has
various meanings for P. vivax. Infection may refer to the
introduction and presence of parasites in the body, but
with P. vivax, unlike P. falciparum, this can also refer to
a symptom-less latent infection. The origin of renewed
parasitaemia following a primary vivax infection or a
“recurrence” is also ambiguous; it could be due to a
hypnozoite-triggered relapse, a resurgence of erythro-
cytic parasites as a recrudescence, or an entirely new re-
infection. See Figure 1 and Table 1 for a description of
the pathways between types of infection and attack, and
distinctions in terminology. The hypnozoite fundamen-
tally distinguishes P. vivax from P. falciparum in almost
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every important biological, epidemiological, clinical, and
public health respect.

The hypnozoite stage in the life cycle of P. vivax and
the potential for relapse makes chemical therapies that
target only the blood stage of infection ineffective as a
radical cure. The 8-aminoquinolines are the only class of
drugs known to have activity on the hypnozoite parasite
[32-34]. Primaquine therapy, the only currently licensed
radical cure, comes with caveats that add to the chal-
lenge of controlling the parasite to the point of elimin-
ation. Primaquine is associated with potentially fatal
haemolysis in individuals with glucose-6-phosphate de-
hydrogenase (G6PD) deficiency [32,35,36] and is contra-
indicated in pregnant women because of the risk of
acute haemolytic anaemia in the foetus of unknown
G6PD status [37]. The hypnozoite stage and the paucity
of therapy for safe and effective treatment render vivax
malaria an exceedingly difficult challenge for clinicians
and those responsible for the control of endemic mal-
aria. Relapse also has critical implications for under-
standing epidemiological metrics such as the basic
reproduction number and force of infection, obtained
from prevalence rates derived from malariometric sur-
veys and cartographic studies that form a central part in
elimination scenario planning [38,39].

It has long been known that there is significant
geographical variation in the rate at which a “strain” of
P. vivax relapses [40-42]. Temperate and subtropical
strains often exhibit either a long incubation or latent
period (Figure 1) of around eight to ten months. Trop-
ical strains are characterized by short incubation times
and short latency (approximately three to six weeks) [43].
Incubation period refers to the time from sporozoite

\

Hypnozoite and .
> schizont Inf?)?;'gg Clf Latency:
infection of liver short-term, long-
term or both
Incubation Pre-patency Patency
Failure to clear blood
Sporozoite v
inoculation SUb patency Patoncy
Hypnozoite
| infection of liver
Long-term latency Patency
Figure 1 Pathways to infection of blood and clinical attacks in Plasmodium vivax malaria.
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Table 1 Glossary of terms relevant to Plasmodium vivax relapse

Term Definition

Infection Presence of parasites in any of its forms of incubation, prepatency, patency, subpatency or latency.

Incubation The period between inoculation of sporozoites and release of merozoites into the blood stream (primary exo-erythrocytic cycle).

Prepatency The period prior to a primary attack where asexual parasites in the blood are both not detectable and asymptomatic, though present.

Patency The period of clinical attack with demonstration of asexual parasites in blood as the cause of illness.

Subpatency The period following a primary attack where asexual parasites are both not detectable and asymptomatic, though present.

Recrudescence  An event following sub-patency when parasites are both demonstrated to be present and the cause of another clinical attack
or asymptomatic patency.

Latency The period between a primary attack and a relapse; in some strains also the period between inoculation of sporozoites and the
occurrence of a patent primary attack, typically six months or more.

Relapse Patent asexual parasitaemia originating from activation of latent hypnozoites.

Re-infection Patency by asexual blood stage parasites deriving from a new inoculation of sporozoites.

Recurrence A newly patent parasitaemia occurring at any point after clearance of sub-patency of a primary parasitaemia where the origin is

not known with certainty as being a reinfection, recrudescence or relapse.

Definitions are presented in chronological order of events.

inoculation (the mosquito bite) to the primary blood-stage
infection. The latent period describes the time from the
primary attack to relapse. How hypnozoite relapse is trig-
gered, and the source of this phenotypic variation, is unre-
solved [44]. One theory is that the mechanism is an
adaptive trait of the parasite to sequester or “hibernate”
during times when climatic conditions would be inhospit-
able to the parasite’s anopheline mosquito vectors [45-47].
Another is that latent hypnozoites are activated by a sys-
temic febrile illness, explaining the large number of P.
vivax relapses that follow P. falciparum infections [47-49].
These hypotheses need not be mutually exclusive.
Regardless of the triggering mechanism and aetiology
of relapse, evidence from both controlled experimental
and natural settings indicate considerable geographical
variation in the timing of relapse. Although the historical
perception has been that frequent relapsing strains ori-
ginate from the tropics and long-latency strains from
temperate regions [31], it does not sufficiently describe
the observed variation in relapsing phenotypes. This bin-
ary classification conflicts with evidence of long-latency
strains in tropical regions in the Americas, for instance.
Coatney et al. [43] described in 1971 that there were
three patterns of relapse. These included the Chesson
strain of New Guinea-South Pacific which exhibits a
short incubation period (seven to fourteen days), fol-
lowed by regular re-invasions of the bloodstream within
approximately three weeks after the primary infection
and may continue to relapse for more than 18 months
without a radical cure of the hypnozoite stage. The St
Elizabeth strain from southern USA has a similar incu-
bation period to the Chesson strain, but hypnozoites re-
main quiescent for several months following the primary
infection before relapsing at regular intervals of three to
four weeks for up to two years [43]. A third variety, such
as the strain once found in the Netherlands [42], has a

long period of incubation (around eight months) before
the primary clinical episode followed by frequent re-
lapses (the lower arm of Figure 1). This three-type classi-
fication likely oversimplifies the degree of variation in P.
vivax relapse periodicity and offers limited information
regarding the geographic origin of the described pheno-
types. Furthermore, the majority of P. vivax strains have
short incubation periods and the greatest difference lies
in the latency period from primary attack to first relapse.

Geographic zones have been proposed for distinguish-
ing areas with similar timing and frequency of P. vivax
relapse following sporozoite inoculation. Figure 2A,
adapted from White [47], and modified by the boundar-
ies of the malaria endemicity map proposed by Lysenko
and Semashko (for the maximum range of malaria circa
1900) [50], illustrates a proposed distribution of relapse
phenotypes. White noted the historical perception that
strains that relapse quickly originate from Southeast
Asia. Temperate and subtropical areas are characterized
by long-latency strains. The Indian subcontinent and
South America are thought to contain both long-latency
and frequent relapsing strains. A second geographic de-
scription of variation in time to relapse is described in a
recent study by Lover and Coker [51]. The authors ana-
lysed the time to relapse in experimentally infected indi-
viduals relative to the geographic origin of the strain.
They found that, overall, temperate strains relapse more
slowly than tropical ones. However, they also found that
New World tropical strains relapse more slowly than
Old World tropical strains, and Eurasian temperate
strains relapse more slowly than temperate strains from
the Western Hemisphere [51]. Figure 2B illustrates this
implied classification system.

While the maps in Figure 2 were derived from obser-
vations of relapse phenotype, others have grouped re-
gions based on similar ecological and epidemiological
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P. vivax latency phenotypes
A | Frequent relapse
| Frequent relapse + long latency
Long latency i 57

b
f 2

_' Long latency - Pv transmission unknowné

- New World, tropical !
-o|dw°|1dtrog.ca| ]
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Figure 2 Proposed distributions of Plasmodium vivax relapse latency phenotypes. Panel A, adapted from White [47], shows the historical
distribution of frequent relapsing and long-latency relapse strains. The geographic limits were modified using a historical malaria endemicity map
from Lysenko and Shemashko [50]. Tropical frequent relapsing strains are in pink and long-latency strains in grey. Much of Africa is shown with
grey hatching because the influence of Duffy negativity and its effect on vivax transmission in this part of the world is not yet understood. Purple
areas are thought to have both long-latency and frequent relapsing strains. Panel B shows the Old and New World classification system based on
the analysis and findings from Lover and Coker [51]. Tropical zones (red and pink) harbour strains that relapse more quickly than those in temperate
zones (light and dark blue). New World tropical strains (pink) relapse more slowly than Old World tropical strains (red) and Old World temperate strains
(dark blue) relapse slower than New World temperate strains (light blue). The dotted lines indicate the +23.5° latitude lines to delineate temperate and

-

tropical areas. Old World refers to Africa, Eurasia and the Pacific and New World to the Americas and Caribbean regions.

J

characteristics in the absence of relapse observations.
These regions may reveal patterns of relapse and help
elucidate determinants of the periodicity observed. The
zones proposed by Macdonald [52] are shown in
Figure 3. They are described by Macdonald as “zoogeo-
graphical” malaria regions and share commonalities with
many historical biogeographical zonations [53-55]. The
approximate boundaries of the zones are delineated by
climatic variables that influence malaria transmission
rates, such as temperature and rainfall, the intensity of
transmission observed, as well as the abundance and be-
haviours of the locally dominant vector species [52].

A systematic review of P. vivax relapse events was
conducted with the aim of revealing systematic geo-
graphical patterns of relapse frequency and a quantita-
tive description of the potential time to relapse in
different regions of the P. vivax-endemic world.

Methods

Data assembly

A formal literature search for data was conducted on
PubMed [56] with the keywords: “vivax AND relapse”
on 15 November, 2012 and updated on 24 October,
2013. The search returned 449 references. This list was
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Figure 3 Zoogeographical zones of malaria transmission. Zones defined by Macdonald (1957) based on regions with similar ecological and

augmented with the reports of P. vivax relapse cited by
Baird and Hoffman [32] and from the reference list of
two recent reviews of variation in relapse periodicity
[47,51]. Additional studies were obtained by correspond-
ence with colleagues active in this research area. Malaria
in the military was also examined using references from
the US Army and medical records from British soldiers
who contracted malaria during duty in World War II.
Medical records were obtained from contacts and the
Malaria Research Library, now the Malaria Reference
Library, kept at the London School of Hygiene and
Tropical Medicine. The aim was to obtain as much data
as possible regarding P. vivax recurrence in all regions
where vivax malaria is or has been endemic. The litera-
ture sources ostensibly refer to the recurrence events as
relapses; however treatment trials and studies conducted
in endemic areas may include recrudescences and rein-
fections in measures of relapse. Because much of the
data on P. vivax relapse in patients not treated with
primaquine originated before use of the drug became
common following World War II [57], no restrictions
were applied on study dates.

The exclusion criteria for the studies were minimal.
Data were not used from patients who had been treated
with a sufficient dose (15 mg per kg for 7 or 14 days) of
primaquine, or any 8-aminoquinoline drug (pamaquine,
plasmochin or pentaquine), due to the effect of the drug
on hypnozoites, and therefore patterns of relapse. For
example, a series of clinical trials demonstrated that 8-
aminoquinoline drug failures (relapses) occurred 60—
90 days post-patency, whereas untreated relapses almost
always occurred between day 17 and day 35 post-
patency [58]. Studies that had treated patients with a
five-day course of 15 mg base of primaquine or less,

which was shown to be ineffective in preventing relapse
[59], were permitted. Relapse in patients treated with a
seven-day course of primaquine in South America,
where the treatment schedule has been shown to be in-
adequate [60], were also considered. Blood-stage treat-
ments were not exclusion criteria, but were noted for
analysis purposes. Mefloquine prophylaxis and treatments
such as mepacrine (quinacrine, atabrine) or chloroquine
may cause a delay in relapse because the drugs retain
suppressive levels in the patient for long periods after
treatment [61,62], making it difficult to distinguish the ob-
served relapse as a first or second relapse. A 14-day cut-
off was applied to data abstracted from drug treatment
trials. Any re-appearance of infection before the 14th day
was categorized as a treatment failure, while infection after
day 14 was listed as a relapse. This conservative cut-off
was applied to maximize sensitivity. A primary relapse is
unlikely to occur before two weeks, even in fast relapsing
strains [63]. However, a 14-day cut-off may result in some
recrudescence events being classed as a relapse.

When possible, data on time to recurrence from the
start of treatment of the primary infection were ab-
stracted to the individual level. Start of treatment was
almost invariably the first day of patency, and we consid-
ered it most probable that the vast majority of recur-
rences represented relapses. The majority of studies
reported by the day, but those that reported the week or
month of relapse were also included (with the last day of
the month or week given as the time to relapse). Studies
that aggregated months together were excluded. The
period of follow-up was recorded for all individuals in
each study, including those that did not experience a re-
lapse. Data on the type of patient (prison volunteer, mal-
aria therapy patients, soldiers, etc.) were also collected
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as it is likely that this would have influenced the time to
first relapse. Data on duration of prepatent period from
studies performed in experimental settings were re-
corded where this information was available.

Georeferencing

Geopositioning of relapse studies was implemented using
established methods [64] for those references that did not
provide specific coordinates for the study site. The latitude
and longitude of entries that provided cities or towns were
located as points (<10 sq km) using Google Maps [65].
The centroid of small and large polygons (>25 to <100 sq
km and >100 sq km, respectively), such as islands, regions
or countries were obtained using ArcMAP 10.0 [66] to de-
termine the latitude and longitude of those areas. The lati-
tude and longitude values recorded corresponded to the
origin of infection. Therefore, infections in returning trav-
ellers were geopositioned to the place of travel and malaria
therapy or experimental trials were positioned to the ori-
gin of the strain used.

Statistical analysis

The number of cases, total person time observed, and
mean and standard deviation of time to first relapse were
calculated among individuals who experienced at least one
relapse in each study. The incidence rate of relapse was
calculated from the number of relapse events and total
person time. The factors affecting this rate were modelled
using mixed-effects meta-analysis in the package metafor
[67,68] within the statistical programming language R
[69]. As data must be normalized for use in metafor, how
to best accomplish this was tested by applying different
transformations to the data from each study and assessing
deviation from normality by the Shapiro-Wilk test.

The geographic zones described above (Figures 2 and 3)
were included in the meta-analysis of relapse rate as cat-
egorical moderators. These included the three phenotypic
zones shown in White (hereafter referred to as the White-

Table 2 Comparison of geographic classification systems

System ©° P H? R? AIC AICc
White-3 13 971 340 336% 7077 7079
Lover 16 975 408  194% 7284 7290
White-5 09 954 218 573% 6236 6240
Macdonald 08 950 200 599% 6127 6141
Modified Macdonald 08 950 199  60.1% 6129 6140

Mixed-effects meta-analysis has been performed for 214 different studies or
study arms by using the R package metafor [68]. The statistics are: T2, amount
of residual heterogeneity; 12, residual heterogeneity/unaccounted variability;
H?, unaccounted variability/sampling variability; R?, calculated from the residual
heterogeneity (1% and the residual heterogeneity of an empty model as
suggested by Raudenbush [70]; AIC, Akaike information criterion; and AlCc,
corrected AIC. The values of AIC, BIC and AlCc are based on the restricted
maximum likelihood, as this corresponds to the REML (restricted maximum
likelihood) estimator recommended by experts [67].
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3 system), which were also shown differentiated by Old
World and New World (White-5), the four zones de-
scribed by Lover and Coker, and lastly the 12 zoogeo-
graphical regions as described by Macdonald [47,51,52].
Model choice was performed between these geographic
systems using information criteria given by metafor (see
Table 2). For the best geographic system obtained from
this, a meta-analysis of mean time to first relapse among
patients with observed relapse events was performed. See
Additional file 1 for more information regarding model
choice and the meta-analysis. Kaplan-Meier survival
curves were generated from pooled individual data from
each zone. These curves are intended to illustrate the ob-
served qualitative patterns of relapse in each zone.

Relapse maps

To visualize geographic variation in relapse, maps were
generated by plotting points of median time to relapse
in individuals who experienced a relapse from each
study included in the final dataset. Regional maps were
produced to illustrate the relapse incidence and mean
time to relapse modelled within the geographic system
chosen in the meta-analysis.

Results

Data assembly

Following the literature search and collection of unpub-
lished sources, 121 references were found to contain data
on time to first recurrence in patients not treated with a
sufficient radical cure. Further details regarding the results
of the literature review are found in Additional file 1. De-
tails and summary statistics for the 121 references show-
ing time to first recurrence are shown in Additional file 2.
Of those, 87 references reported data at the individual
level with time to relapse reported in days or values less
than or equal to one month (Figure 4). The resulting data-
set contained information on 30,049 individuals, of whom
5,731 experienced at least one recurrence. These data are
provided in Additional file 3. The observed recurrences
are most likely to be relapses, but, in probably rare in-
stances, recrudescences may also be represented among
data classified as early relapse (<60 days). The list of ref-
erences included in the final database is available in
Additional file 4.

Relapse rate data were available from 29 different
countries and regions. The vast majority of the data were
from India (78%, 23537/30049); although of the patients
to experience a relapse, only one third (34%, 1931/5731)
originated from the subcontinent (Additional file 1).
There were data from 23 known strains in experimental
infections, but the majority of individuals contracted
wild P. vivax (94%, 28149/30049). Many of the subjects
were not residents of endemic areas. For example, over
one third of the patients to relapse (37%, 2731/5731) were
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Results from PubMed search
“vivax and relapse”™

2411013
449
-58
(not relevant) |

-58
Background/reviews

-104
Insufficient relapse rate data

-3
‘ Other data (modelled)

[ -87

PQfradical cure

‘ -36

Unclear relapse/reinfection

Results from bibliographies of Results from military and
relevant studies/reviews Malaria Research Laboratory
archives
202 11
604
References to review
-26
Case studies
-118
No relapse data
-13

Pf (mixed infections)

-29
Unable to obtain

-9
Unknown strain origin

-29
Relapse rate only available at
group level

121
References with relapse
rate data

92
Individual-level data

8,395 relapse in 44,624
individuals

Excluded references that

aggregated time >1 month

And individual relapse <14
days

Figure 4 Schematic overview of the literature review procedure and results to obtain individual records of relapse and follow-up.

military personnel deployed from non-endemic regions. A
summary of key aspects of the dataset, such as treatment
and patient type, is available in Additional file 1.

Statistical analysis

Regardless of the transformation applied to the raw data
for each study (identity, log, square root or Freeman-
Tukey [71]), the time to first relapse deviated significantly
from normal (plots shown in Additional file 1). The devi-
ation was smallest under the log-transformation, which is
common for incidence-rate data [72]. The model choice
analysis was therefore carried out using log-transformed
data. The Macdonald classification system yielded the best
description of the data, judging by pseudo-R? the Akaike

information criterion (AIC) and corrected AIC (AICc,
which accounts for small sample sizes, see Table 2). Pos-
sible ways to simplify the Macdonald system such that
geographically contiguous zones with similar transmission
suitability would be combined were assessed. Further de-
tails are provided in Additional file 1. Combining zones 4
and 11 slightly improved the model fit. Zones 5 and 6, and
9 and 10, respectively, were also combined as there were
no relapse data available from zones 6 and 9. The revised
zones are shown in Figure 5A.

Table 3 presents two estimates of relapse incidence
rate for the modified Macdonald system as the number
of first relapses per 100,000 person days. One is the
crude estimate based on raw data, and the other is the
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(See figure on previous page.)

for zone 2 extends beyond the plot.

Figure 5 Revised zoogeographical zones and observed time to first relapse. Panel A illustrates the revised zoogeographical zones used to
describe the time to first relapse. Panel B shows the median observed time to relapse in each study used to obtain individual data. The size of
each point varies by sample size and the time to first relapse is shown on a spectrum of red (less than one month) to dark blue (>12 months).
Violin plots in Panel € show the observed time to first relapse in individuals from each zone in Panels A and B. The coloured areas correspond to
each zone and to a smoothed approximation of the frequency distribution (a kernel density plot) of the time relapse within each geographic
region. The black central bar represents the interquartile range and the white circles indicate the median values. Note that the maximum value

result obtained from the meta-analysis. The highest ob-
served and predicted incidence values are found in zones
9+10 and 12, corresponding to Southeast Asia and
Papua New Guinea (PNG) plus the Solomon Islands
(Melanesia). It is predicted that there will be approxi-
mately 800-1,200 relapses per 100,000 person days in
this part of the world, compared with the estimated 130
relapses in northern Asia and Europe (zones 4 and 11).
The crude and predicted estimates are very different for
some zones (namely 3 and 8). This is because the
mixed-effect meta-analysis attributes unusually low and
high case numbers to inter-study variation and these do
not contribute substantively to the rate estimate. A rele-
vant incidence measure could not be calculated for zone
8 (India) because the observed data included several
large studies (>2,000 patients) in which the majority of
patients did not experience a relapse (Additional file 1).
Table 4 shows the raw and modelled estimates of mean
relapse time for each of the geographic zones in the modi-
fied Macdonald system. These were obtained by running a
meta-analysis for mean time to relapse and its standard
deviation within each study (in a separate analysis from
the original run for the incidence rates), and these are cal-
culated from only the observed relapse events. This pro-
duces a modelled estimate of relapse time that is based on

Table 3 Relapse incidence rates for the modified Macdonald
system

the least variable data sources. The Indian zone figures are
therefore more plausible in these results. The modelled
results show the fastest times to relapse are found in
Southeast Asia (zone 9+ 10) and Melanesia (zone 12),
around 45 days. South America (zone 3) also had a rapid
time to relapse (65 days). However, there were relatively
few records from zone 3 (Figure 5B) and some of the het-
erogeneity in relapse patterns may have been missed. Zone
1, North America, is predicted to have relapse times of
about six months. Central America, zone 2, is estimated to
have a relapse time of five to six months, driven by a few
studies with long relapse intervals observed in Mexico [74].
The Mediterranean zone (5 + 6), a region of seasonal trans-
mission, has a modelled mean time to relapse of five
months. Based on the raw data, the mean time to relapse
from the few data points in the sub-Saharan Africa zone (7)
was only one month. Finally, the northern Europe and Asia
zone (11 +4) has by far the longest modelled mean time to
relapse of ten months.

Finally, Figure 6 presents the survival curves for the
modified Macdonald system. Note that the meta-analysis
models described above do not yield survival curves. The
curves in Figure 6 are based on the Kaplan-Meier survival
function estimator, and they are calculated from pooled
raw data within the geographic zones to provide a quantita-
tive comparison of relapse patterns among zones. For

Table 4 Mean time to relapse among geographic zones

Model-based,
REML with 95% Cl

Based on raw data,
ML with 95% ClI

Ecological zone

Model-based,
REML with 95% Cl

Based on raw data,
ML with 95% CI

Ecological zone

1 357 (Cl: 318-400) 455 (Cl: 313-662)

2 217 (Cl: 198-238) 259 (Cl: 120-557)

3 419 (Cl: 328-528) 1093 (Cl: 535-2,233)
5+6 214 (Cl: 186-245) 262 (Cl: 82-839)

7 221 (Cl: 191-255) 213 (Cl: 95-477)

8 25 (Cl: 24-26) 62 (Cl: 33-116)
9+10 975 (CI: 811-1163) 836 (Cl: 351-1,995)
11 +4 138 (Cl: 120-159) 134 (Cl: 64-278)

12 1023 (Cl: 981-1,067) 1224 (Cl: 689-2,174)

100 (Cl: 99-101)

185 (Cl: 162-208)

2 239 (Cl: 239-240) 164 (Cl: 117-212)
3 53 (Cl: 53-53) 65 (Cl: 18-113)
5+6 153 (Cl: 153-153) 151 (Cl: 80-221)
7 31 (Cl: 30-31) 107 (Cl: 57-158)
8 181 (Cl: 180-181) 120 (Cl: 82-159)
9+10 289 (Cl: 288-290) 41 (Cl: =11-92)
11 +4 89 (Cl: 87-90) 299 (Cl: 254-345)
12 122 (Cl: 121-123) 47 (Cl: 12-81)

The numbers are presented as first relapses per 100,000 person days. The

The model-based estimates have been calculated by using the R package

estimate based on raw data is obtained by dividing the number of relapses by
follow-up time and using Ulm’s exact formula [73] for confidence intervals. The
model-based estimates are calculated from the results obtained from meta-
analysis performed by the R package metafor. ML refers to the maximum
likelihood and REML to restricted maximum likelihood.

metafor, which acknowledges interstudy variation. Thus the numbers differ
from raw means calculated from the data. ML refers to the maximum likelihood
and REML to restricted maximum likelihood. Please note that sample means by
the very definition concern only observed events, and consequently this table
ignores person time from censored observations.
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Asia, zone 11: northern Europe and Asia, zone 12: Melanesia.

o | Zone 1 o | Zone2  HI==E=E o | Zone 3
e T T T T T T e T T T T T T e T T T T T T
0 100 300 500 700 0 100 300 500 700 0 100 300 500 700
- _W
= Q]
— (=]
o
©
o] o _|
[e) =]
—
a
—1 =
g h
% o o o
00 (=] o (=]
o | Zone 5 o Zone7 o | Zone 8
e T T T T T T e T T T T T T e T T T T T T
0 100 300 500 700 0 100 300 500 700 0 100 300 500 700
o | Zone 10 oo o _| Zone 11 o | Zone 12
e T T T T 1 e T T T T 1 e T T T T 1
0 100 300 500 700 0 100 300 500 700 0 100 300 500 700

Days to first relapse

Figure 6 Survival curves for the modified Macdonald system. Shown are the Kaplan-Meier estimates (solid lines) with 95% confidence intervals
(dotted lines). For each curve, all individual-level data from the respective zone have been pooled. The curves terminate at the longest follow-up day

in each zone. The ticks indicate censoring events, i.e, losses to follow-up or the completion of a study without relapse. Zone 1: North America, zone 2:
Central America, zone 3: South America, zone 5: Mediterranean and North Africa, zone 7: sub-Saharan Africa, zone 8: Monsoon Asia, zone 10: Southeast

example, in zone 1, the majority of the patients observed
had relapsed by day 300, whereas in zone 12, most patients
had relapsed before day 100. The curve in zone 8 does not
reveal much regarding the time to relapse because of the
small number of relapsing patients.

Relapse maps
The revised zoogeographical zones used in the analyses
described above are shown in Figure 5A. In Figure 5B

the median time to relapse for study locations is speci-
fied with points inside the geographic zones. The map il-
lustrates a concentration of fast-relapsing strains in
Southeast Asia and Melanesia. The heterogeneity in re-
lapse periodicity observed in zone 8 is also apparent in
this map. The variation in the North American zone is
due to the behaviour of strains occasionally relapsing
quickly after a long incubation period between inoculation
and primary attack (data available from experimental
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inoculations only), but for the most part relapses followed
a long period of latency after a short incubation period.
Summary statistics of the time to relapse by zone are
shown in Additional file 1. Panel C in Figure 5 is a violin
plot of observed time to relapse in each zone. This illus-
trates that those shorter relapses in North America are
fairly rare. The violin plots also show that the longer pe-
riods to relapse in Central America and Southeast Asia
are rare. Heterogeneity in other zones, such as 8 and 11 +
4, is also demonstrated by the violin plots. Figure 7 illus-
trates the results of the predicted relapse incidence and
mean time to relapse by region. In Figure 7A, zone 8 is
hatched out as the resulting estimate is biologically im-
plausible and is most likely caused by the handful of stud-
ies with large numbers of patients not reporting relapse
during the observation period.
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Discussion

The aims of this paper were to review the timing and
frequency of P. vivax relapse of known origin in patients
not treated with a hypnozoitocide to characterize vari-
ance in these patterns within geographic dimension, to
identify a system to classify the variation in relapse ob-
served and to describe the pattern of relapse in each
area. A modified classification of the zoogeographical
zones of malaria transmission outlined by Macdonald
[52] was found to best describe the observed variation in
relapse incidence. The rate of relapse and mean time
from primary infection to relapse was predicted in each
of the nine zones. These quantitative estimates of the
contribution of relapses to P. vivax case incidence are
crucial in informing estimates of disease burden and the
origin of acute attack, i.e., from biting mosquitoes or

?fﬁ;ﬁ\; f:r;s

é\
Rslapssh‘lcldencepeﬂmuwpsam j x
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Figure 7 Modelled relapse incidence and mean time to relapse. Panel A illustrates the relapse incidence per 100,000 person days on a
spectrum of blue to red, with red being the highest incidence of relapse. Zone 8 is hatched to indicate that the predication is particularly
uncertain. Panel B illustrates the predicted mean time to relapse on a spectrum from blue to red, with red being most frequent relapse. The
numbers of the zones correspond to those shown in Figure 5A.
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emergent hypnozoites. This understanding, in turn, in-
forms critical decision-making in control strategies that
effectively weigh the benefit of anti-mosquito versus hyp-
nozoitocidal interventions. They also help identify re-
gions in which strains have long-term latency and are
therefore undetectable to standard diagnostic methods
(rapid diagnostic tests and microscopy) for long periods
of time.

The results presented here further refine historical in-
terpretations and recent analyses of the geographic vari-
ation in relapse periodicity. As shown in Figure 2,
tropical strains relapse more rapidly than temperate
strains and New World strains vary from those in the
Old World. White’s illustration of the variation in re-
lapse phenotype shown in Figure 2A shows that South-
east Asia and Asia-Pacific is the only region having
exclusively frequent relapse behaviour. The results also
showed infections from this region to relapse quickly,
with a few rare exceptions. White showed that both fre-
quent relapsing and long-latency strains are present in
India and South America. The data from India appear to
affirm this, with relapse patterns from the subcontinent
and surrounding areas so heterogeneous that it was im-
possible to generate logical model predictions of relapse
incidence for the region. The low incidence in region 8
shown in Table 3 is not believed to be a reflection of the
presence of long relapsing strains, but rather a result of
natural infections that either did not result in a relapse
or the resulting parasitaemia was too low to be detected
by the study. There is not presently an explanation for
the lack of relapses, but this phenomenon has also been
observed in recent tafenoquine trials in India [75]. The
variation in relapse timing in the raw data observed in
India (Figure 5B) is likely a result of the wide variation
in transmission settings found within this zone. There
are tropical forest areas, similar to zone 12, dry habitats
like those in zone 5 and highland areas that border zone
11. In addition, the presence of Anopheles stephensi,
adapted to breeding in artificial water collections [76,77],
has extended transmission into urban areas. Therefore,
in addition to issues of data availability and study design,
the range of ecological settings in the zone, and likely
some of the other zones, may also contribute to the vari-
ance in relapse behaviours observed.

The results presented for South America were differ-
ent from what was shown in White’s phenotype map
(Figure 2A). South America was predicted to have a high
relapse incidence, comparable to Southeast Asia, and a
two-month mean time from primary attack to relapse.
The data available from this region were limited and de-
termining the cause for the observed difference is there-
fore difficult. There has been renewed interest in the
origin of the American strains of P. vivax, whether they
originate from somewhere in Asia or were sent west from
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Africa by migration and the slave trade, as has been pro-
posed for P. falciparum [78]. This could influence the
nature of the relapse periodicity observed. Improved un-
derstanding of the phylogeny of P. vivax may reveal infor-
mation about the pattern of relapse in this region.

The analysis by Lover and Coker [51] revealed that
tropical regions relapse more quickly than temperate
strains. However, Central America and sub-Saharan
Africa had relapse patterns similar to the Mediterranean
with moderate relapse incidence (around 250 relapses
per 100,000 person days) and five to six months between
primary infection and relapse. These regions seem to be
better described as an “intermediate” relapsing pheno-
type between the frequent relapsing strains in Southeast
Asia and South America and the long-latency temperate
strains in North America and Europe/Asia.

The results of the northern temperate regions concur
with the findings of Lover and Coker [51]. The authors
noted that while in general, temperate strains relapse
more slowly than tropical strains and that New World
tropical strains were slower than Old World strains, the
opposite was true of the temperate strains. Based on this
analysis, the New World temperate strains relapsed
more rapidly than the Old World temperate strains
(Figure 7). The modelled results showed that the relapse
incidence was 455 per 100,000 person days and mean time
to relapse was six months in North America. However,
again, this high incidence compared to that in northern
Asia and Europe (134 relapses per 100,000 person days)
could be due to a few exceptional experimental subjects
who received large sporozoite inoculations [79-81].

The utility of the predictions made is limited by the
nature of the data available. There are few contemporary
data on P. vivax infections in patients not treated with a
hypnozoitocide. Therefore, much of the data used were
from drug trials on adult workers, military personnel
and prison “volunteers”, as well as data from when mal-
aria was used to treat neurosyphilis patients. The age
and immunity of the patients would perhaps not be rep-
resentative of relapse as it would occur among residents
of the strain region of origin. This could be important
because the children in many endemic settings likely
carry the greatest burden of relapsing infections [82].
Some experimental challenge subjects were inoculated
with relatively heavy sporozoite dosages, a factor that
greatly influences the time from primary attack to re-
lapse [47] and is likely to differ from relapses following
more modest numbers of sporozoites acquired from wild
anophelines. It is straightforward to attribute an infec-
tion as a relapse or re-infection in experimental settings,
but this could not be distinguished for P. vivax infec-
tions acquired in the wild. Effort was made to obtain
studies where the follow-up period was conducted in a
non-endemic area (for example, in a hospital in a city).
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Of the 5731 records of relapse 88% (n = 5030) were ob-
tained from experimental or non-local populations (such
as military personnel). Lastly, the strains used in therapy
and drug trials in the first half of the twentieth century
were of “known” origin and infections were geopositioned
to those sites. However, it is not certain if the strains used
were of their named origin. For example, the “Madagascar”
strain was obtained from an Indian seaman whose last
port of call was in Madagascar [83] and may conceivably,
therefore, originate from elsewhere.

A principal limitation of this work is the inability to
conclusively identify a recurrent infection as a relapse,
recrudesence or reinfection. This is particularly an issue
given the rising rate of resistance to standard treatments
such as chloroquine [84]. In cases of chloroquine failure,
recurrence can occur one to two months after initial
treatment [63], making differentiation between relapse and
recrudescence a challenge. Chloroquine and chloroquine-
combination therapies were by far the most common
treatment regimens (82%, 24787/30049). Of those patients
to receive chloroquine, 2519 patients experienced a re-
lapse or recurrence, 523 of which occurred before 60 days.
This is equivalent to 9% (523/5731) of the relapse records.
In addition, the effect of resistance on recurrence is likely
abated by the historical nature of the dataset. The first
cases of chloroquine-resistant P. vivax were reported in
1989 [85]. Of the 5731 records of relapse, 2080 occurred
before 60 days and 82% of those (n = 1701) were observed
before 1989. Therefore, increased resistance is unlikely to
have a large effect on the results and instances of recrude-
sence being classed as a relapse would have been rare.
While the relapse signal represented in these data cer-
tainly contains some noise due to reinfection or recrudes-
cence, we considered these other sources of recurrences
improbable relative to relapse. Figures 5C and 6 seem con-
sistent with this assumption because recurrence due to re-
infection or recrudescence would have been far more
stochastic than relapse, obscuring or effacing the patterns
shown by the randomness of timing of those events rela-
tive to primary parasitaemia.
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There are aspects of the data that were not incorpo-
rated into the analysis performed here that could be ad-
dressed in future work. First, it was difficult to account
for strains with long incubation periods before primary
infection (information only available for a subset of data
from experimental settings) followed by relatively short
time to relapse. This was occasionally exhibited by the
North American St Elizabeth strain and P. vivax multi-
nucleatum from China (see Additional file 3). The link
between the sporozoite dose and latency, mentioned
above, was shown in the literature to be an important fac-
tor in determining relapse patterns [46,86,87], but was not
incorporated into the analysis as it cannot be known for
wild infections. This may be a possible explanation why
the incidence of relapse in North America was greater
than that predicted for Central America. However, this
was likely not a common problem with the experimental
studies used. The majority of studies aimed to induce pa-
tency and the sporozoite inoculations were large, but not
extreme. There were only a handful of studies included
that used particularly large inoculations in order to study
the effect of dosage on relapse pattern [79-81].

The type of patient varied among studies (prison volun-
teers, military personnel, malaria therapy patients, outpa-
tients in an endemic area, etc.) and the drug type and
dosage varied within and among studies. In some studies,
primary attacks were treated with insufficient doses of 8-
aminoquinolines or drugs that have long half-lives. Mepa-
crine has a half-life of up to a month and can delay
relapses by about 30 days [88,89] and chloroquine, the
most common drug in the dataset, can delay parasite re-
appearance by anywhere from two to six weeks [47]. In-
clusion of the subject-type and treatment as explanatory
variables was tested; however, the results were similar to
the simpler model used (see Additional file 1). Finally, the
analysis only addressed the periodicity between primary
attack and first observed recurrence (relapse). The mod-
elled estimates of incidence do not account for multiple
relapses. Both the frequency and number of relapses will
vary based on a variety of factors including inoculums, age

Table 5 Strategies for modelling survival data obtained from many dissimilar sources

Statistical method Accounts for individual-level variation ~ Accounts for R packages
between-study
variation
Fixed-effects meta-analysis No; operates on summary statistics No Many software packages, e.g., meta and metafor
Mixed-effects meta-analysis ~ No; operates on summary statistics Yes Many packages, e.g, meta and metafor;
also general-purpose software such as
Ime4 may be used
Survival analysis for Yes No A number of packages, e.g., survival, eha and flexsurv
pooled data
Survival analysis with Yes Yes Most notably R/coxme; flexible software seems to

mixed effects

be hard to find

Data were analysed using mixed-effects meta-analysis, which is common for this type of study. All of the methods have strengths and weaknesses.
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of patient and origin of infection. While many studies did
not follow patients long enough to report multiple re-
lapses, further work in this area will be essential to obtain
measures of the P. vivax force of infection.

In addition to the limitations posed by the data and
survey study designs, the analysis is limited by the types
of statistical methods available for this kind of task (see
Table 5). It would be preferable to use a statistical model
that is both hierarchical (to account for between-study
variation) and employs a suitable survival-analysis likeli-
hood. Unfortunately, software used to fit this type of
model was numerically unstable and hence the mixed-
effects meta-analysis was employed.

The mechanism of hypnozoite activation to cause an
acute attack (relapse) remains unknown. There is clearly
variation in relapse “phenotype”. Based on the results
presented here, timing of relapse appears to vary geo-
graphically in conjunction with areas of similar ecology
and malaria transmission patterns. However, it is difficult
to determine whether long latency occurs in regions of
frequent relapse (tropical areas such as zones 9 + 10 and
12). A long-latency relapse may be thought to be another
short-term relapse in a succession of rapid relapses, and
the genotype cannot reveal if it is in fact a separate relapse
“event” [47]. Nonetheless, understanding broad patterns
of relapse is of use epidemiologically. There tends to be
fewer overall relapses in the long-latency strains because
hepatocytes that host the hypnozoites may die before the
relapse event occurs. The resulting burden of hypnozoites
from different strains or regions has implications for sen-
sitivity to primaquine and therefore the dosage of prima-
quine that should be used [47]. This was observed in
treatment of soldiers returning from Korea (fewer hypno-
zoites) [90] relative to those returning from the Pacific
(high hypnozoite burden) [58] and will have implications
for future control strategies.

Conclusions

Frequency of relapse varies geographically. The associ-
ation between relapse rate and the geographic regions
does not clarify causation. Geographic variation does not
directly imply environmental cues as triggers for relapse,
even if the revised Macdonald system resembles the distri-
bution of transmission suitability. Relapse frequency may
result from evolved responses to average transmission
season duration or arise from proximate cues, such as
triggers from other infections, correlated with P. vivax
transmission and/or vector suitability periods. There is
likely an interaction between activation of latent hypno-
zoites from infection and an evolved trait for strains from
areas of seasonal transmission to remain dormant during
periods of low mosquito abundance. Regardless of the
cause, these patterns are important for the treatment of
individual infections, measures of P. vivax burden and the
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prospects for control and eventual elimination of the dis-
ease from endemic areas.
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Chapter 4 — Defining the relationship between Plasmodium

vivax parasite rate and clinical disease

To generate a global estimate of Plasmodium vivax clinical burden, it was necessary be
able to translate readily available estimates of P. vivax parasite into estimates of clinical
incidence rates. This chapter has been published and is shown here in its final form.
Supplementary figures to the publication are shown in the Appendix. In addition, a
separate data descriptor detailing the database assembled for the purpose of the analysis
has been published and is also included in the Appendix. The analysis utilizes the
geographic zones identified in the previous chapter to allow for the relationship
between the prevalence of infection and incidence of clinical disease to differ based on

the regional relapse epidemiology.
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Abstract

observed to contain long-latency relapse phenotypes.

control efforts.

Background: Though essential to the development and evaluation of national malaria control programmes,
precise enumeration of the clinical illness burden of malaria in endemic countries remains challenging where local
surveillance systems are incomplete. Strategies to infer annual incidence rates from parasite prevalence survey
compilations have proven effective in the specific case of Plasmodium falciparum, but have yet to be developed for
Plasmodium vivax. Moreover, defining the relationship between P. vivax prevalence and clinical incidence may also
allow levels of endemicity to be inferred for areas where the information balance is reversed, that is, incident case
numbers are more widely gathered than parasite surveys; both applications ultimately facilitating cartographic
estimates of P. vivax transmission intensity and its ensuring disease burden.

Methods: A search for active case detection surveys was conducted and the recorded incidence values were
matched to local, contemporary parasite rate measures and classified to geographic zones of differing relapse
phenotypes. A hierarchical Bayesian model was fitted to these data to quantify the relationship between prevalence
and incidence while accounting for variation among relapse zones.

Results: The model, fitted with 176 concurrently measured P. vivax incidence and prevalence records, was a linear
regression of the logarithm of incidence against the logarithm of age-standardized prevalence. Specific relationships
for the six relapse zones where data were available were drawn, as well as a pooled overall relationship. The slope
of the curves varied among relapse zones; zones with short predicted time to relapse had steeper slopes than those

Conclusions: The fitted relationships, along with appropriate uncertainty metrics, allow for estimates of clinical
incidence of known confidence to be made from wherever P. vivax prevalence data are available. This is a prerequisite
for cartographic-based inferences about the global burden of morbidity due to P. vivax, which will be used to inform

Keywords: Malaria, Plasmodium vivax, Epidemiology, Incidence, Prevalence, Model

Background

Reliable estimates of clinical incidence of malaria have
been an enduring challenge for epidemiologists working
to measure the impact of the disease, define targets
for control, and evaluate progress towards elimination
[1-10]. Direct clinical incidence surveys are costly and
time-consuming; as a result, many published large-scale
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estimates of incidence rely on passive reporting of cases to
routine health information systems. These data are often
incomplete or inaccurate [11,12] and must be adjusted
using relationships between variables of unknown cer-
tainty [10]. Prevalence, or parasite rate (PR), on the other
hand, is a more easily measured and widely available mal-
aria metric [13]. A species-specific modelled relationship
between Plasmodium vivax PR (PvPR) and the rate of
clinical illness, similar to that developed for Plasmodium
falciparum [5,14], would be an important step towards
the generation of a continuous global map of P. vivax
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burden from which national and sub-national aggregate
estimates of annual incidence can be compiled with
known uncertainties.

Enumeration of the global disease burden attributable
to P. vivax malaria has been identified as a key knowledge
gap [15-17]. Large discrepancies exist in the currently
available burden estimates [18], which have been calcu-
lated using a variety of methods. Figures based on cases
reported to health systems estimate P. vivax incidence to
be 15.8 million cases per year [2,18]. However, estimates
derived from the ‘cartographic’ approach using mapped
endemicity classes and populations at risk suppose that
these values would be far greater: 132-391 million cases
annually [4,17]. The cartographic method bypasses some
of the challenges inherent in the surveillance-based ap-
proach, in which the numbers of cases reported are ad-
justed to account for incompleteness in reporting, usage
of health facilities, and diagnostic confirmation, and it is
difficult to quantify the precision of these adjustments.
The cartographic approach, on the other hand, estimates
cases through a geostatistical model of endemicity con-
strained by the input data, with strength borrowed impli-
citly from observations at neighbouring sites, such that
the resulting case estimates carry a formal uncertainty
metric testable via cross-validation. Both techniques have
their limitations and reconciling them is a long-term goal;
the first step towards which is a fuller implementation of
the cartographic approach for P. vivax.

A global map of P. vivax prevalence from which carto-
graphic incidence estimates may be generated has been
published for 2010 [19] and efforts to update this map
are underway. The 2010 map, shown in Figure 1, displays
the stable and unstable limits of transmission as defined
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according to annual parasite incidence (API) data, as well
as the predicted PvPR (as a population average over the
one to 99 year-old age range) at a 5 x 5 km pixel scale
within the stable limits of P. vivax transmission (API >0.1
per 1,000 per annum) [20]. As this map illustrates, large
swaths of densely populated areas are exposed to stable
transmission, though it remains unclear how many clinical
infections arise from the 2.5 billion people who live within
the limits of P. vivax transmission [21] because the rela-
tionship between PvPR and incident morbidity has not yet
been reliably established for P. vivax.

It is necessary to model P. vivax separately from P.
falciparum because of the biological and epidemio-
logical differences that affect their observed prevalence of
infection and patterns of clinical incidence [22]. Vivax
malaria circulates in the blood at much lower parasite
densities than P. falciparum, making it less likely to be
detected by diagnostic techniques commonly used to mea-
sure prevalent infections: light microscopy and rapid diag-
nostic tests (RDTs) [22]. Nevertheless, low blood-parasite
densities are still able to elicit symptomatic disease [23].
Cartographic estimates of PvPR are an approximate order
of magnitude lower than those for P. falciparum [19,24].
Although prevalence values exceeding those shown on the
scale in Figure 1 are observed, particularly among children
(see associated dataset [25]), the community prevalence of
P. vivax is consistently low relative to P. falciparum, as
illustrated in Figure 2. A possible explanation for this ef-
fect is natural immunity, which is acquired more rapidly
against P. vivax than P. falciparum, such that infection
prevalence peaks in young children, with PvPR in adults
significantly lower [22]. Prevalence of P. vivax starts to de-
cline after the second year of age, whereas P. falciparum

Risk free
- ® Incidence study site

."II.)I i ' Unstable transmission
o Unstable transmission and high Duffy negativity o)

Figure 1 The spatial distribution of Plasmodium vivax endemicity in 2010 overlaid by ACD study sites. The spatial distribution of P. vivax [19] is
shown using the MBG point estimates of the annual mean PvPR (1 to 99 year-olds) within the spatial limits of stable transmission, displayed on a
continuum of blue (low prevalence) to red (high prevalence). Areas within the stable limits that were predicted with high certainty (>0.9) to have
a PVPR less than 1% were classed as unstable. Regions where Duffy negativity gene frequency is predicted to exceed 90% [42] are shown in hatching
for additional context. The location of study sites of the incidence records used in the final analysis are shown as purple points.
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Figure 2 Comparison of Plasmodium falciparum and Plasmodium vivax prevalence. Prevalence values, obtained from the mapped P. falciparum
and P. vivax endemicity surfaces [19,24]. Data for P. falciparum has been standardized to the 1 to 99 years age range to reflect P. vivax data [36].

median values.

The shaded areas correspond to each species and show a smoothed approximation of the frequency distribution (a kernel density plot) of
parasite prevalence within each geographic region. The black central bar represents the interquartile range and the white circles indicate the

prevalence continues to rise until later in life in all but the
most intense transmission settings [26,27].

The most significant biological difference between P.
vivax and P. falciparum is the ability of P. vivax to form
liver stages capable of causing relapsing infections weeks
to months after the initial inoculation [28]. Hence, in
contrast to P. falciparum, which has only sporozoite-
induced infections, blood-stage parasitaemia in P. vivax
can arise from either mosquito-borne sporozoites or liver-
borne hypnozoites. This has significant consequences for
measuring the force of infection of blood-stage P. vivax.
However, for the purpose of estimating the burden of
clinical disease, the origin of the infection is not of utmost
significance. A primary mosquito-borne infection and a
relapsing hypnozoite-borne infection are both capable of
causing symptomatic illness as well as onward transmis-
sion, and incidence from both are correlated with parasite
prevalence. Hence, this study did not attempt to differenti-
ate the incidence of relapse from the incidence of new in-
fections, but rather examined the relationship between
prevalent parasitaemia and incidence of clinical disease
by geographic regions stratified by differing relapse pat-
terns [28].

Issues inherent in estimating the burden of P. vivax
malaria are addressed here by defining the relationship
between published symptomatic P. vivax incidence rates
derived from active case detection (ACD), matched with
age-standardized measures of infection prevalence.

Methods

Data assembly

The aim of the data assembly was to build a comprehen-
sive database of reports of clinical (symptomatic) inci-
dence of P. vivax measured by ACD since 1 January, 1985,
to be consistent with the PvPR data used to develop global
endemicity maps. A formal literature search was con-
ducted in PubMed [29] on 27 November, 2013 using the

search terms: ((malarialMeSH Terms]) AND (“Incidence”
[Mesh] OR “Epidemiology” [Mesh] OR “epidemiology”
[Subheading])) AND (“1985/01/01”[Date - Publication] :
“3000”[Date - Publication]). This returned 11,272
references.

Abstracts of all references returned were reviewed to
determine if clinical incidence data could potentially be
included in the paper. Reviews, case studies, and reports
on imported malaria, animal studies, vector-only studies,
and technical analyses (such as genetic mapping or
transmission models) were excluded at this stage. Stud-
ies that did not explicitly report P. vivax incidence data
collection in the abstract were not excluded in case it
was reported in the main body.

The full texts of the 898 selected references, plus 78
publications flagged from previous studies [14,30], were
then checked for the following criteria: (i) they contained
longitudinal survey data involving ACD of symptomatic
cases (typically defined by presence or recent history of
fever); (ii) they were conducted in the general commu-
nity (i.e., not patient sub-groups); (iii) malaria was diag-
nosed using microscopy or RDTs; and, (iv) results were
presented in such a way that the number of cases and
person-time observed could be determined. Due to diag-
nostic limitations, cases could not be distinguished as
hypnozoite-borne and sporozoite-borne infections. There
were no restrictions placed on age of the study population.
For the initial data extraction, no limit was placed on the
length or regularity of ACD, as long as the case detection
methods were specifically reported. Studies that used pas-
sive case detection (PCD) only or were cross-sectional
surveys were excluded.

Studies were geopositioned to a region (Africa, Americas
or Central and Southeast (CSE) Asia), country and place
name, and mapped to a specific latitude and longitude
using location information from the source and gazetteers
such as Encarta [31] and Google Maps [32], as described

150



Battle et al. Malaria Journal (2015) 14:191

previously [33]. The studies were also classified to a geo-
graphic zone of relapse phenotype as defined by Battle
et al. [28]. Patterns in the timing of the first relapse event
are thought to vary geographically among the zones illus-
trated in Additional file 1: Figure S1. The size and age
range of a study cohort was extracted, and a single study
reporting on multiple age ranges was disaggregated into
separate records. Likewise, if a study contained different
treatment or intervention arms, these were entered as sep-
arate records, and any control methods in place separate
from the study were noted accordingly. Details regarding
the time and length of the survey were recorded, along
with type (ACD only or ACD + PCD) and frequency of
detection. The number of cases and the person-years
observed were recorded to determine incidence, as well as
the diagnostic method, case definition, and any parasite
density threshold applied to that definition.

If the number of person-years observed was not re-
ported, it was estimated by multiplying the population of
the study cohort by the length of the study. As this
method of estimation may over-estimate person-time due
to study members being lost to follow-up (and therefore
under-estimate incidence), it was recorded whether person-
time was explicitly reported in the study or if it had to
be estimated.

Matching incidence to prevalence

Where possible, PvPR data were extracted from the
same publication as the incidence data to provide a
temporally matched measure of prevalence in the same
community. If PvPR data were not reported, the Malaria
Atlas Project (MAP) database [33,34] was searched for a
prevalence study conducted in the same community in
the same time period as the incidence study. For the re-
cords without a matched PvPR value, a predicted preva-
lence was extracted from the P. vivax MAP endemicity
surface using ArcGIS [35]. The methodology used to
generate this surface is described in detail elsewhere
[19,20], but briefly: the predicted PvPR values represent
an annualized mean prevalence in all ages (1-99 years)
drawn from a species-specific model-based geostatistical
(MBG) framework using 9,970 PvPR surveys collected
from 1985 to 2010 plus a suite of environmental covari-
ates to estimate the prevalence in every 5 x 5 km square
within the limits of stable transmission.

To facilitate modelling of the prevalence — incidence
relationship, each inferred prevalence was standardized
to a common age range of 0 to 85 years using the age-
standardization model developed by Smith et al. initially
for P. falciparum [36] and later updated for P. vivax
[19]. The age-standardization was implemented using a
freely available software package developed by the au-
thors for the R statistical programming environment
[37,38]. The full dataset used in this study and further
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details regarding its assembly are available in a dedicated
publication [25]. A schematic of the data assembly stages
is shown in Figure 3.

Model development

A Bayesian hierarchical model was developed to describe
the relationship between the population prevalence and
clinical incidence of vivax malaria. The model included a
composite likelihood function to account for various
aspects of the data: (i) the inherent randomness of the
standard sampling distributions for both the parasite
positive count (binomial) and the clinical case count
(Poisson) at each site; (i) a potential over-dispersion
(extra-Poissonian variance) in the incidence observations
attributable to site and study-specific random effects;
(iii) a dependence of observed clinical incidence on the
frequency of ACD [39]; and (iv) the impact of variation
in the range of ages targeted by each study design given the
importance of exposure-based, and hence age-dependent,
immunity to clinical illness. While the asynchronous sam-
pling of incidence and prevalence in different transmission
seasons evinced by some surveys was not modelled ex-
plicitly, its contribution to the observational variance was
effectively allowed for by these study- and site-specific
random effects terms.

To account for (iii), in the absence of a single widely
accepted parametric model of the effect of ACD occur-
rence, a non-parametric approach was used to infer this
relationship. A modular statistical distribution was defined
over the space of monotonically decreasing functions eval-
uated at the seven unique regularities of detection used in
the ACD studies in the database: daily, every other day,
every third day, five times per week, weekly, fortnightly,
and monthly. The generative model for this distribution
(denoted in Figure 4 as non-parametric gamma) was
defined with respect to the joint order statistic of seven
random variables; each gamma-distributed with a shape
parameter of two and a rate parameter of one.

To account for (iv) a pair of scale coefficients were
introduced to the likelihood function and fit simultan-
eously with all other random effects: the first acting to
scale down the expected incidence for studies excluding
children below 5 years of age, the second acting to scale
up that for studies excluding older children and adults
above 15 years of age. The age standardization of con-
temporary prevalence estimates described above was
propagated to the input data as an adjustment of the nu-
merator (observed parasite positives) in the binomial
likelihood.

The fitted model for the prevalence — incidence rela-
tionship adopted here was a linear regression of the
logarithm of the incidence rate against the logarithm of
prevalence with zone-specific clustering effects. Note: as
standard terminology in the statistical literature, the term
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Figure 4 The mathematical form of the model summarized in standard hierarchical Bayesian notation.
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‘linear’ here denotes linearity in the coefficients, not ne-
cessarily the explanatory variables on which they act. Up
to six unique intercepts and slopes were allowed to repre-
sent the six geographically bounded relapse phenotype
zones represented in the dataset. Since variation in the
epidemiology of P. vivax is not strictly defined by the geo-
graphic divisions proposed, the model was allowed to fit
multiple zones with a common prevalence — incidence re-
lationship by labelling these six possible slope-intercept
pairs in order of increasing slope and treating label assign-
ment for each zone as a categorical variable with propor-
tions assigned a Dirichlet prior. Hence, multiple zones
may share the same intercept and slope, and thereby share
power for their inference, where this ‘clustering’ scenario
is consistent with the observed data.

The mathematical form of this model is summarized
in standard hierarchical Bayesian notation in Figure 4.
Posterior simulation for this model was achieved via
rejection Gibbs sampling with the JAGS (Just Another
Gibbs Sampler) software package [40], with data entry and
graphical summary achieved via the R statistical comput-
ing environment [37].

Results

Data assembly

Plasmodium vivax clinical incidence data were identified
in 99 publications. Following checks that the studies met
the inclusion criteria described above, these data were
abstracted into 388 reports of incidence. The majority of
the data came from CSE Asia (80%, 311/388), as shown
in Table 1, with ten records from Africa and 67 from the

Americas. Data originated from 18 countries in total: ten
from CSE Asia, five from the Americas and three from
Africa. The incidence measures observed ranged from
zero to 1.6 per person year observed. The highest inci-
dence values observed were in CSE Asia in Papua New
Guinea (PNG). Summary statistics of the incidence
observed by MAP region are shown in Table 2, and the
violin plots in Figure 5.

Matching incidence to prevalence

Slightly less than half of the records (46%, 180/388) had
a prevalence value available from the same reference. An
additional 31 prevalence values were added to records
using entries in the MAP database that were collected in
the same site during the same year. This provided a space-
time matched PR for approximately half (54%, n=211)
of the incidence records. A PvPR value for each of the
remaining 177 incidence records was obtained from the
MAP P. vivax endemicity surface [19]. The MAP-based
PvPR values represent all-age estimates, and 123 (69%)
of the incidence records without concurrent PvPR were
also measured in all ages. Of the incidence records with
a concurrent PvPR estimate, 154 (73%) of PvPR surveys

Table 1 Data records by MAP region

Region All P. vivax data Data used in model
Africa+ 10 0

America 67 43

CSE Asia 311 133

Total 388 176
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All data - incidence per 1,000 person-years observed

Zone Zone name N Minimum Mean Median Maximum IQR
2 Central America 3 7207 103.93 80.00 159.71 43.82 (76.04, 119.86)
3 South America 64 0.00 22747 161.52 977.31 281.06 (4033, 321.39)
7 Sub-Saharan Africa 10 0.00 499 3.75 2219 145 (248, 3.93)
8 Monsoon Asia 265 0.00 4249 20.24 41287 49.29 (8.05, 57.34)
10 Southeast Asia 24 0.00 291.56 290.87 710.50 497.62 (28.17,525.79)
1 N. Europe and Asia 4 2032 33.30 35.05 42.78 6.61 (30.87, 37.48)
12 Melanesia 18 56.81 709.63 758.19 1586.07 368.75 (531.25, 900.00)
All Total 388 0 1188 29.82 1586.07 99.38 (9.82, 109.20)
Data with concurrent PvPR values used in analysis - incidence per 1,000 person-years observed
Region Minimum Mean Median Maximum IQR
2 Central America 3 72.07 103.93 80.00 159.71 43.82 (76.04, 119.86)
3 South America 40 0.00 236.51 13847 977.31 329.76 (22.16, 351.92)
8 Monsoon Asia 100 0.00 26.51 18.58 194.59 27.56 (7.36, 34.92)
10 Southeast Asia 18 448 250.68 89.77 69231 472.71 (25.92, 498.63)
11 N. Europe and Asia 4 20.32 33.30 35.05 42.78 6.61 (30.87, 37.48)
12 Melanesia 11 56.81 674.07 658.76 1586.07 492.43(400.00, 892.43)
All Total 176 0 139.10 29.10 1586.07 87.18 (11.74,98.92)
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Figure 5 Violin plot of incidence (per 1,000 person-years observed). A) all data (n = 388) by region and B) data used in the analysis (n = 176) by region are shown
with incidence on the logarithmic scale. The grey areas correspond to a smoothed approximation of the frequency distribution (a kernel density plot) of the
incidence observed in each geographic region. The black central bar represents the interquartile range and the white circles indicate the median values.
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were conducted in the same age group as the ACD co-
hort. The 110 PvPR values that were not age-matched
to the incidence data were age-standardized to the same
age-range as the incidence data [36,38]. The PvPR esti-
mates for all records ranged from zero to just over 30%.
The highest estimates were again observed in PNG.
PvPR data summary statistics are shown in Table 3.

The prevalence values extracted from the P. vivax
endemicity map had a similar range to the PvPR esti-
mates measured alongside incidence (from close to zero
to ~25%), but less variation (Additional file 2: Figure S2).
This was because multiple incidence records that came
from the same or nearby locations were matched to a
PyvPR from the same or similar pixels in the predicted
PyPR map. Statistically, incidence records with only PvPR
values derived from the map were excluded because their
uncertainties (in part due to the mismatch between the
scale of MAP pixels and the scale of PvPR variation within
a pixel) were so large that the inclusion of these points did
not add to the model fits. That is, only concurrently mea-
sured PvPR values — reported from the same reference or
another paper from the MAP database — were used. This
also facilitated development of the statistical model as the
selected studies all presented counts of the number exam-
ined and positive, and thus the same type of uncertainty
was manifest for both the incidence and PvPR estimates
used in the analysis, whereas this would not be true for
excluded PvPR surveys that did not report the numera-
tors or denominators (n =35). Following all exclusions
(Figure 3), 176 records from 75 sources remained to be

Table 3 Parasite rate (%) summary statistics
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used in the analysis. The temporal distribution and study
size, based on person-time observed, of these records are
shown in Figure 6.

The approximation of person-time in the majority of
the selected records (76%, 133/176) was determined not
to be an exclusion criterion. As illustrated in Additional
file 3: Figure S3, there was a comparable level of noise in
both those records with exact and approximate reported
person-time. The data are plotted on both standard and
logarithmic scales to also demonstrate that using the
logarithm of incidence against the logarithm of preva-
lence better represents the distribution of the data. Note,
however, that only 151 points appear in those panels
using logarithmic scales because 25 records had a value
of zero (four incidence and 21 prevalence) and could not
be readily plotted on these axes.

A specific parasite density threshold in the case defin-
ition used in ACD studies was also set aside as an exclu-
sion criterion. The majority of studies specified a case of
P. vivax as a symptomatic episode at any detectable level
of parasitaemia (>1 asexual stage parasite per pl of blood),
but nine of the 176 records included in the analysis speci-
fied a parasite density cut-off. Seven records were from
studies applying a parasite density threshold of 500 par-
sites/pl to limit their Type II error rate (false attribution of
vivax causality to a background fever) and an additional
two applied a cut-off 1,000 parasites/pl. These studies
were expected to return lower incidence estimates,
but in fact were not observed to be outliers here, as
seen in Additional file 4: Figure S4. That the application

All data - using concurrent PvPR or MAP-based PvPR from the P. vivax endemicity map

Zone Zone name N Minimum Mean Median Maximum IQR
2 Central America 3 1.1.6 1.28 127 140 112 (1.22, 1.34)
3 South America 64 0.00 251 1.80 7.65 41 (0.89, 3.36)
7 Sub-Saharan Africa 10 047 0.66 045 1.67 0.00 (248, 3.93)
8 Monsoon Asia 265 0.00 2.98 2.68 30.88 148 (1.26, 3.90)
10 Southeast Asia 24 0.00 339 343 6.98 347 (133,442
11 N. Europe and Asia 4 045 1.50 173 2.09 0.53 (2.11 2.94)
12 Melanesia 18 292 11.81 1092 2841 6.93 (9.82, 16.61)
All Total 388 0.00 325 261 30.88 235(1.27,362)
Data with age-matched concurrent PvPR used in the analysis

Region Minimum Mean Median Maximum IQR
2 Central America 3 1.16 1.27 1.27 140 2(1.22,134)
3 South America 40 0.00 141 0.89 7.52 1.94 (0.00, 1.94)
8 Monsoon Asia 100 0.00 292 2.14 1259 2.98 (0.90, 3.88)
10 Southeast Asia 18 0.79 298 214 6.98 3.09 (133, 442)
1 N. Europe and Asia 4 0.71 235 2.71 327 0.83 (2.11, 2.94)
12 Melanesia 1 8.25 14.52 14.77 2841 6.04 (8.25, 15.95)
All Total 176 0.00 327 1.87 2841 3.05 (0.84, 3.89)
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P. vivax temporal distribution and size of studies per country
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Figure 6 Temporal distribution of records used in the analysis. The size of the point reflects the number of person-years observed included in
the 176 records that had an age-matched concurrent PvPR measure with the incidence record.

of the cut-off did not result in lower estimates suggests  Model development
that vivax-targeting ACD studies are less sensitive to case ~ The posterior for the non-parametric fitted function
definition than is the experience for falciparum [41]. modelling the impact of ACD regularity on the rate of
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detected clinical incidence cases is illustrated in Additional
file 5: Figure S5. In the subsequent Figures 7 and 8 the
(point-wise) mean of this function was used to correct all
observed incidence counts to a benchmark of fortnightly
ACD. It was estimated that daily ACD studies report
on average 12.2 (2.7,42) times (median and 95% credible
interval, CrI) the number of fevers identified in studies
with fortnightly ACD, whereas the scaling from fortnightly
to monthly ACD is less marked at 0.81 (0.34,0.99). Some
degree of variation in the dependence of observed inci-
dence on ACD regularity among the geographic zones
was expected, such that frequency of ACD would have a
greater effect in areas with high risk of recurrence. The
model of a shared effect was deemed sufficient, however,
because a re-fit of the model allowing each zone to be
assigned to one of two separate relationships failed to iden-
tify any significant difference in the resulting prevalence-
incidence relationship.

The broad posterior credible intervals for the pair of scal-
ing coefficients used here to account for age-dependence
of the clinical incidence rate (namely, -0.28 [-0.83,0.27] for
¢; and 0.08 [-0.40,0.66] for ¢,) suggest that these terms do
not play a crucial role in these fits, a conclusion supported
by visual inspection of the zone-specific prevalence — inci-
dence relationships inferred upon exclusion of these terms
from the model. However, the consequent inference that
exposure-based immunity is unimportant for vivax mal-
aria should be taken with caution: rather the present data-
set is underpowered to investigate this effect since over
75% of the studies included here effectively report an all-
ages incidence estimate.

The geographic origin of the studies was, however, of
importance in the prevalence — incidence model. Figure 9
illustrates the distribution of the matched incidence and
prevalence records shaded by the mean time to first relapse
in each geographic zone. A significant degree of clustering
between zones was identified through the fitted model.
In particular, zones 8 and 11 (Monsoon Asia, and northern
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Asia and Europe) were found to share a common relation-
ship in 50% of the posterior samples. These zones are
characterized by long-latency relapse phenotypes (zone
11) or a combination of short and long latency (zone 8).
At least three of the four remaining zones (2 - Central
America, 3 - South America, 10 - Southeast Asia, and 12 -
Melanesia) share a common relationship at a comparable
rate. The zone-specific PvPR and clinical incidence rela-
tionships thus recovered are illustrated as point-wise 68
and 95% Cirls in Figure 7 and their parameter estimates
are summarized in Table 4. In the Table, « is the natural
logarithm of incidence per person-year observed at a
prevalence of 2.5%; in the model this is the intercept of
the (logarithm of) prevalence — (logarithm of) incidence
curve, such that the exponent of « is the intercept in cases
per person year. Accordingly, p in Table 4 is the slope of
the curve, such that if the prevalence were to increase
from 2.5 to 7%, the incidence would increase by a factor
of exp(p). By weighting the posterior for each zone by the
proportion of observations from that zone in the dataset,
a pooled relationship was produced for the entire dataset,
as illustrated in Figure 8. For reference, the corresponding
aggregate parameter estimates of the pooled relationship
are a=-3.0 (-3.5,-24) and f=0.71 (0.41,1.10). In other
words, based on the pooled relationship a prevalence of
2.5% would correspond to an incidence of 49.8 cases per
1,000 person years (see Table 4).

The results benefit from the model structure by pro-
ducing associated measures of uncertainty. As shown in
Figures 7 and 8, the point-wise Crls are narrowest
around the axis of the regression model at 2.5% preva-
lence. Zone-specific relationships informed by few data
points (zones 2, 11 and 12) have wider Crls. Based on
these wide uncertainty bands, the predicted incidence
can change by a factor of 100. While this appears to be a
large range, it is representative of the data; Figure 8 illus-
trates the wide range of incidence measures that were
observed in communities with nearly the same PvPR.

ZONE 2 ZONE 3

10000

= 8 8

Incidence at 14 Day ACD
(Febrile Cases per 1000 PYO)

e

ZONE 10 ZONE 11

L

ZONE 12

0.25 1 25 10 0.25 1 25 10 0.25 1 25

Prevalence (%)
Figure 7 The zone-specific prevalence-incidence relationships shown as point-wise 68% and 95% credible intervals. Zone 2 is Central America,
zone 3 is South America, zone 8 is Monsoon Asia (India), zone 10 is Southeast Asia, zone 11 is northern Asia and Europe and Zone 12 is Melanesia. The
95% Crls are shown in light grey and the 68% Crls are shown in dark grey. The size of the point corresponds to the time period between each ACD
visit (see Figure 8) and the colours of the zones correspond to those shown in Figure 9.
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Figure 8 Pooled prevalence-incidence relationship for the entire dataset. To produce a pooled fit, the posterior of each zone was weighted by
the number of observations from that zone. An errors-in-variables fit was used to allow for uncertainty in the independent variable as well as the
dependent variable (ordinary linear regression would assume no uncertainty in the former). Point-wise 95% Crls are shown in light grey and 68% Crls are

shown in dark grey. The colours of the zones match those shown in Figure 9.

\

A Central America
o © Melanesia

Monsoon Asia =
Eg ® Northem Europe and Asia G ® go®e @

v South America @
S @ South East Asia
E @
a o 8%
Sg o828
5] 0®*e .
T [] Lde
3 - 2°®
g ' ‘
g -8 b
=
1=
£
0.2 0.5 1.0 20 5.0
Prevalence (%)

Mean time'to ralapse in days
| Kl

42-47

48-65

66~ 107

108- 120

121-

152 -
] es e
N s -

Figure 9 Scatter plot of data

used in analysis coloured by relapse zones. Panel A plots the data used in the analysis by the relapse zones on log
scales. The points are coloured by the mean time to relapse predicted in each zone shown in panel B.

10.0

158



Battle et al. Malaria Journal (2015) 14:191

Table 4 Parameter estimates by zone
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Zone Name a Median [95% Crl] exp(a)*1000 (cases per 1000 person years at 2.5%PvPR) B Median [95% Crl]
2 Central America -24 [-3.8-14] 90.7 0.68 [0.13,1.53]
3 South America 24 [-34-17] 90.7 0.85[0.29,1.51]
8 Monsoon Asia -39 [-44,-33] 20.2 049 [0.30,0.70]
10 Southeast Asia -3.1 [4.1,-2.1] 450 0.71 [0.24,1.49]
1 N. Europe and Asia -38 [4.6,-2.3] 224 0.51[0.18,1.25]
12 Melanesia 24 [-34-1.7] 90.7 0.91 [0.17,1.55]
All Pooled relationship -3.0 [-35,-24] 49.8 0.71 [041,1.10]
Discussion recently for P. falciparum (Ewan Cameron, personal

This study provides a fundamental component for calcula-
tion of the P. vivax clinical burden. The result of the work
presented here is a model of the relationship between inci-
dence of symptomatic vivax malaria and prevalence of
detectable blood-stage P. vivax infection. This relationship
will allow for the burden of P. vivax to be estimated using
an updated map of P. vivax endemicity. Estimates of
burden from maps of prevalence allow for measures
of incidence to be made with associated measures of
uncertainty.

Two key aspects of the analysis presented are the
spatial and temporal components of the data. All inci-
dence data were matched to PvPR data that were mea-
sured in the same community at the same time. However,
there were subtle differences in how PvPR was measured
among the various studies. In many studies, PvPR was
measured at the start of the ACD observation period as a
baseline measure of endemicity. In other studies, there
was more than one cross-sectional survey done during the
incidence follow-up period. In those records, the PvPR
value is a pooled estimate, which was deemed acceptable
because none of the studies administered a radical cure
following the initial prevalence survey. This would have
contributed to the noise observed in the data, but it is
accounted for in the resulting models within the study-
specific random effects as well as the uncertainty reflected
in the Crls.

Modelling the relationship between prevalence and
incidence specifically for P. vivax presented new chal-
lenges not encountered in similar work for P. falciparum
(Ewan Cameron, personal communication, 2015) [14].
There were far less incidence data available for P. vivax
relative to P. falciparum [25]. The majority of the pub-
lished P. vivax incidence data was from CSE Asia. This
signals the need for improved active surveillance cover-
age in the Americas and implementation of RDTs that
test for non-falciparum species in areas previously
thought to be non-endemic for P. vivax, such as East
Africa.

There were not age-stratified data available that would
have allowed for age-specific burden modelling as done

communication, 2015). Age-dependent immunity causes
high incidence of infection in very young children in
high transmission settings with lower incidence in older
children and adults [22]. Over 75% of the studies used in
the analysis were conducted in whole populations, but
the differing age groups in the remainder of the dataset
was dealt with through a statistical correction designed
to scale down the expected incidence in populations that
did not include young children (under five years) and
scale up the incidence in populations that did not in-
clude children and adults over 15 years of age. Further
work involving this model will be improved as P. vivax
transmission models are developed and the dependence
of infection on age in different transmission settings can
be explicitly derived.

Aside from issues of data availability, biological fea-
tures of P. vivax, including its ability to cause relapsing
infections following an initial mosquito-borne infection,
were by necessity treated somewhat pragmatically in this
modelling exercise. That is, relapse was not explicitly
incorporated into the model since clinical cases due to re-
lapse are captured by both the incidence and prevalence
data. Rather, zone-specific relationships were developed to
account for varying geographic patterns of relapse [28].
The slope of the prevalence-incidence relationship curve
was steeper in regions where relapse is observed to occur
rapidly following the primary infection. Zones with long
latency relapse phenotypes, and therefore reduced annual
relapse incidence (Figure 9 and Table 4), such as Monsoon
Asia and northern Europe and Asia, show shallower
slopes. These regions, as shown in Figure 7, reach an inci-
dence of one case per 100 people per year at around 1%
prevalence, whereas the other regions shown reach a simi-
lar incidence level at even lower prevalence values.

Conclusion

The modelling outputs presented here inform the un-
derstanding of the nature of prevalence and incidence
relationships, but more importantly, the zone-specific
relationships will facilitate global predictions of clinical
burden to be made that account for regional differences
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in P. vivax epidemiology. Because of its ability to relapse,
P. vivax will be the final hurdle as regions move towards
elimination in much of the malaria-endemic world.
Burden estimates of known accuracy will enable assessments
to be made of the impact of P. vivax malaria on health systems
and economies within and among endemic regions, which will
be essential to strategic planning for the control and ultimate
elimination of P. vivax. The extremes of current estimates —
15.8 million versus 391 million clinical cases [17,18] —
emphasize the need for a validated approach to measuring the
burden imposed by this important and threatening parasite.

Additional files

Additional file 1: Geographic zones of relapse phenotype.
Description: Relapse patterns of strains of P. vivax are proposed to
differ among the nine ecological zones shown above [28].

Additional file 2: Incidence records plotted versus the predicted
MAP-based PvPR values and observed concurrent PvPR values.
Description: Incidence points versus MAP PvPR values are shown in
black and those points using concurrently measured PvPR values are
shown in blue.

Additional file 3: Approximate and exact person-time shown in
plots of incidence per 1,000 person-years versus parasite rate.
Description: The incidence records with concurrent PvPR estimates are
plotted below on linear (A) and log scales (B) below. The blue points
are those with approximated person time and those in grey had exact
person-time reported.

Additional file 4: Case parasite density threshold shown in scatter
plots of incidence per 1,000 person-years versus parasite rate.
Description: The incidence records are plotted below on linear (A)

and log scales (B) below. The grey points are studies that used any
parasitaemia in the case definition. Blue points are studies that defined
a case as 2500 parasites/pl of blood and red points, 1000 parasites/pl.

Additional file 5: The posterior for the non-parametric fitted
function giving the impact of ACD frequency on the rate of
detected clinical incidence cases. Description: A non-parametric
statistical distribution the frequency of ACD was fit under a monotonicity
restriction, which forces the posterior to preserve a strict ordering of the

observed incidence scaling with respect to ACD frequency.
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Chapter 5 — Modelling national treatment-seeking rates to

improve interpretation of malaria case reporting

To accurately represent the burden of Plasmodium vivax globally, cases were estimated
using both the modelling approaches described in the previous chapter and routine case-
reporting data. Surveillance reports submitted to the World Health Organization are
adjusted for underreporting, observed slide positivity rates and the proportion of fevers
that seek treatment. This chapter aimed to improve upon the treatment-seeking data
used to generate case estimates reported in the World Malaria Report, while at the same
providing insight into the varying care-seeking behaviours in P. vivax endemic
countries. Increased spatial-resolution in the adjustment parameter estimates will ideally

improve the accuracy of the case estimates produced.

This chapter has been submitted for publication and is shown here in its pre-submission
format with figures integrated with the text. There were two Additional Files submitted
with this manuscript that are shown in the Appendix. Additional File 1 represents
supplementary figures and tables and Additional File 2 contains the input and output
data. Although the text is small to accommodate the page size, it has been included to

show the type of data that will be made available upon publication.
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5.1. Abstract

Background

The proportion of individuals who seek treatment for fever is an important quantity in
understanding access to and use of health systems as well as for interpreting data on
disease incidence from routine surveillance systems. Passively-detected malaria case
numbers reported by malaria-endemic countries (MECs) are generally adjusted by a
treatment-seeking factor before being used in malaria burden estimation. For many
MEQCs, treatment-seeking information is available from national surveys. The aim of
this paper was to predict these treatment-seeking measures for all MECs lacking

national survey data.

Methods

Data on treatment-seeking for fever were obtained from Demographic and Health
Surveys (DHS) and Malaria Indicator Surveys (MIS) for every MEC and year that data
were available. National-level social, economic and health-related variables were
gathered from the World Bank as putative covariates of treatment-seeking rates. A
generalized additive mixed model (GAMM) was used to estimate treatment-seeking
behaviours for countries where DHS or MIS data were unavailable. Two separate
models were developed to predict the proportion of fever cases that would seek

treatment at a public health facility or from any kind of treatment provider.

Results

Treatment-seeking data were available for 58 MECs and modelled for the remaining 38.
The GAMMs showed that the percentage of pregnant women receiving prenatal care,

education level, government health expenditure and GDP growth were important
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predictors for both treatment-seeking outcomes. Using these variables, the percentages

of fever cases which sought public or treatment of any kind were derived.
Conclusions

Estimates of treatment-seeking behaviours are essential to correct reported malaria case
numbers to obtain more accurate measures of disease burden. Using data available from
national survey and straightforward modelling techniques, this can now be done for all
endemic countries, and has the potential to provide additional insight into the health

systems working to control and eliminate malaria.

5.2. Background

Estimates of the burden of malaria in different parts of the endemic world are essential
to inform malaria control and elimination strategies [1-3]. Work of this nature is
particularly timely as the progress of Millennium Development Goals is assessed and
the post-2015 future is shaped [4]. There exist two primary approaches to estimating
malaria burden, which is typically reported as the number of cases per unit population
(e.g. 1,000 people) per year, also called the annual parasite incidence (API). One
method, referred to as the surveillance-based approach, estimates cases from routine
case reports from ministries of health (MoHs) and national malaria control programs
(NMCPs). The second, known as the cartographic approach, models API using global
mapped predictions of infection prevalence derived from parasite rate surveys [5-7],
and a modelled relationship between infection prevalence and the incidence of clinical
disease [8, 9]. Different parts of the malaria endemic world tend to be better suited to
one method or the other depending on the quality, quantity and type of malaria data

available. In many high-endemic settings, routine surveillance data are unreliable but
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the availability of one or more cross-sectional parasite rate surveys facilitates
cartographic burden estimation [3, 10]. Conversely, in low endemicity countries and
those working toward elimination, it is less common to perform cross-sectional
prevalence surveys, but routine reporting systems are often much stronger and can form

the basis of reliable burden estimates [1, 3, 11-13].

Even in strong surveillance systems, however, reports of passively detected malaria
cases will capture only a certain fraction of all malaria cases in a given country [2, 14-
16] and so must be adjusted by a number of parameters before use in official burden
estimates [1, 3]. Such adjustment formulae have been presented in detail elsewhere [1,
3, 17] but, briefly, reported cases are adjusted to account for (i) treatment-seeking
behaviour (which leads to some cases not attending health facilities and thus being
omitted from reports [18-25]); (ii) malaria diagnoses made without parasitological
confirmation (which leads to reported case numbers containing non-malaria illnesses
[26, 27]); and (iii) incomplete reporting (which leads to cases being lost from reported
data). To estimate the upper and lower bounds of cases in a country in a given year

(M), the following formulae have been applied [1]:

Miypper = (C+sU)/rp

Miower = ((C + sU)(1-n))/(rp)
where C is the number of confirmed cases; U the number of unconfirmed cases, s to the
slide positivity rate and r to reporting completeness. The treatment-seeking parameters,
p and n, are determined from household survey questions regarding treatment of fever,
the most common symptom of malaria in children [28, 29]. The variable p is the
proportion of children with fever that sought treatment from a health facility within the

public or government reporting system and » is the proportion of fever cases that did
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not seek treatment of any kind. In this article, /-n will be referred to as the proportion of

children with fever that sought treatment from within or outside the public sector.

The upper and lower bounds of adjusted case estimates are therefore determined by two
treatment-seeking parameters. Treatment-seeking rates vary widely between countries,
and so these parameters can greatly affect final burden estimates. Where available,
these parameters are drawn from nationally-representative cross-sectional household
surveys such as Demographic and Health Surveys (DHS) [30] and Malaria Indicator
Surveys (MIS) [31]. However, not all MECs have such survey data available, meaning
these important parameters must either be assumed or omitted — leading to considerable

uncertainty in final burden estimates.

The aim of this study was to build a predictive model allowing treatment-seeking rates
to be estimated for all MECs, including measurements of uncertainty, allowing
improved understanding of routine surveillance data and more accurate burden

estimation.

5.3. Methods

5.3.1. Data assembly

Many DHS and MIS surveys ask questions to determine the prevalence and treatment
of fever in children under five years of age. It was assumed that the treatment-seeking
rates observed in the children would be similar in older age groups, as supported by
evidence from India, Indonesia and Ethiopia [17, 19]. For a handful of surveys, data on
treatment-seeking for fever were not available, so data on treatment-seeking for acute
respiratory infection (ARI) were used (n=4), which has previously been shown to
correlate strongly with treatment for fever [17]. The survey codes for questions

regarding where treatment was sought were reviewed from each survey containing this
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type of data and categorized into public/government facilities likely to have been
captured by reporting systems or “any” medical treatment, which included private or
NGO facilities, but excluded non-medical categories of care such as homeopathic

doctors or ‘healers.’

From each survey containing data on fever (or ARI) treatment-seeking, the total number
of children reported to have fever was summarized by cluster and region (or only one of
the two, depending on the highest resolution of geographic information available from
the survey). The numbers seeking treatment at either category of facility were also
totalled to obtain proportion of those seeking public/government treatment or any
treatment. These data extractions from the DHS website (www.dhsprogram.com) and
summaries were all automated using FME, version 2015, by Safe Software [30, 32].
The total number of children, fever cases and cases that sought treatment were finally
summarized nationally in order to generate predictions for those countries without

survey data available.

5.3.2. Covariate data

We identified potential covariates to test for inclusion in a predictive model using a
review of the literature for “treatment-seeking” and “care-seeking” for both “malaria”
and “fever” in PubMed [33]. The following have been reported as determinants of care-
seeking rates: household wealth [18, 20, 22, 23, 25, 34-40], care-giver education [18,
22, 34, 36, 41] and household location (rural or urban) or access to health facilities [18,
23-25, 34, 35, 42-47]. The World Bank provides freely available national-level
indicator data [48] and several indicators that were in keeping with the themes
identified by the literature were downloaded: access to electricity (as a proxy for wealth
and access), gross domestic product (GDP; current USS$), GDP per capita, GDP growth

(annual %), gross national income (GNI) per capita (current US$), total health
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expenditure (% of GDP), public health expenditure (% of total), primary education
completion rate (% of relevant age group), and rural population (% of total population).
There also is a covariate for the percentage of pregnant women receiving pre-natal care.
This was included as it would likely be indicative of child treatment-seeking and health

carc access.

Matching covariate data to national-level survey data was also achieved using FME.
Covariate data were used from the same year as the survey when available and were
otherwise matched to the closest year. Covariate data were also matched to those
countries without treatment data available. For these countries, covariate data was
matched to 2013, which was the most recent year of indicator data available, or the year

closest to that.

Figure 1. Treatment-seeking data in malaria endemic countries by WHO region.
MECs with treatment-seeking data available are shaded yellow and those missing data
are shown in white. Country borders are coloured based on WHO region: Central Africa
(AFRO-C, red), East Africa and high-transmission areas in Southern Africa (AFRO-E,
blue), low-transmission Southern African countries (AFRO-S, green) West Africa
(AFRO-W, purple), Americas (PAHO, brown), Eastern Mediterranean (EMRO,
orange), Europe (EURO, yellow), South-East Asia (SEARO, pink) and Western Pacific
(WPRO, grey). Areas shaded grey outside the coloured borders have no malaria risk.
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In addition to the social and economic covariate data, countries were grouped
geographically based on their WHO regional offices: Region of the Americas (PAHO),
Eastern Mediterranean Region (EMRO), European Region (EURO), South-East Asia
Region (SEARO) and Western Pacific Region (WPRO). Countries in the African region
were separated into the sub-African regions reported in the World Malaria Report: West
Africa (AFRO-W), Central Africa (AFRO-C), East Africa and high-transmission areas
in Southern Africa (AFRO-E), and low-transmission Southern African countries
(AFRO-S) [3]. These regions then formed strata within the model, as explained below.
A map of the MECs coloured by region is shown in Figure 1. Countries with treatment-

seeking data available are shown in yellow and those missing data are shown in white.

5.3.3. Statistical modelling

Two generalized additive mixed models (GAMMs) were developed to predict the
proportion of people that sought treatment from (i) a facility covered by the government
reporting system (MOD1) and (i1) any medical care provider (MOD?2) [49, 50]. Where
multiple surveys were used from the same country, this was accounted for by adding a
country-level random effect term. Both year and global region were included as fixed
effect terms, along with the suite of country-level covariates. All statistical analyses

were performed in the R statistical computing environment [51].

The Spearman’s rank correlation test was used to investigate the collinearity among the
covariates and several indicators were excluded. First, access to electricity, which was
correlated with most other variables except for pregnant women receiving care and total
health expenditure, was dropped. There was correlation among all of the economic
variables, so all of the GDP and GNI variables except GDP growth were excluded, as

the latter was the least correlated with the other variables. Literacy and primary
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education completion rates were highly correlated and the latter was retained since it

had been directly referenced in the literature search of care-seeking indicators.

Following this covariate reduction, the final set of covariates in the full model was as
follows: year, region, GDP growth, health expenditure, pre-natal care rates, primary
education, and proportion of rural population. For predicting treatment-seeking at
government facilities, public health expenditure data was used, whereas for any
treatment, total health expenditure data was applied. Otherwise, the initial covariate
selections were the same between the two models. Formally, our GAMM was defined

as:

Veare= Po + P1+f(Year) + f2« Region + p3*GDP Growth + ps*Health Expenditure + [s
* Pregnant Women Care + fs * Primary Completion + 7 * Rural + fsa(Country)

Where y.q.1s the percentage of the country’s population seeking health care assistance,
Bi*f(Year) is the non-linear effect of the survey year, f,*Region is effect of the
country’s WHO region, f;*GDP Growth 1is the effect of the percentage annual growth
of GDP, f,*Health Expenditure is percentage of the total country GDP that was spent
public health sector (for MOD1) or any health sector (for MOD?2), f5*Pregnant Women
Care is the percentage of pregnant women who receive prenatal care, fs*Primary
Completion is the country intake ratio to the last grade of primary education (the
number of individuals starting last grade of primary education regardless of age,
divided by the population of the entrance age for the last grade of primary education),
S7*Rural is the percentage of the total population living in rural areas and f,,4(Country)
is the country random effect. MOD1 and MOD2 were performed adopting the Gaussian

distribution as a link family.
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5.3.4. Model selection

Model selection was performed using a multi-model selection approach [52, 53].
Candidate models with different combinations of the selected covariates were compared
based on their model fit, assessed by the Akaike Information Criterion (AIC). The
model with the lowest AIC was considered the best model and the other candidate
models that had a difference in AIC (AAIC) <2 were also selected to be included in the
list of best models successively used to obtain an average model [53, 54]. The Akaike
weight (o;) from each model was used to assess relative variable importance [53, 54]. f;
s*Year and f,*Region were included in every candidate model because both variables
were considered essential to address the spatial-temporal component of the model.
Predicted treatment-seeking outcomes for each country with missing survey data were

then obtained from the average models.

5.3.5. Model validation

To assess the predictive accuracy of the average models, an out-of-sample model
validation was performed. The data used to fit the candidate models were randomly
split into 70% and 30%, to serve as the training and test data set respectively. The
average models for both treatment-seeking outcomes were then fitted to the training set
and used to predict the test data. The predicted and observed treatment-seeking values
of the test data set were then used to calculate the root mean square error (RMSE) for

each model.

5.3.6. Mapping treatment-seeking

Existing treatment-seeking data were mapped at the regional level (boundaries shown in
Figure 1) for the 58 countries with available survey data. Although some of these data
were available at a point level, only regional maps were generated for consistency with

the data available for other adjustment parameters in the formulae described in the
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Background. For the few countries with cluster data and no regional data available,
cluster level data were summarized and mapped to the first- (Colombia) or second-level
(Zambia) administrative units [55]. Predicted and observed values were then combined

into geographically complete maps of treatment-seeking for all MECs.

5.4. Results

5.4.1. Data assembly

Treatment-seeking data were collected from DHS (n=183) and MIS (n=13) surveys for
60 countries. The number and year of surveys available from MECs are shown in
Figure S1 in Additional File 1. Indicator data were available for all but four surveys
(there was no health expenditure data available for Zimbabwe). The DHS from Mali in
1987 was dropped because it revealed that no individuals sought treatment, and was
therefore deemed likely to be erroneous. The GAMMSs were thus fitted to 191 records
from 58 countries. This left 36 MECs for which predictions of treatment-seeking
outcomes were required. However, Brazil and Paraguay were also added to the
prediction list since Brazil only had national level data available (survey year 1996) and
Paraguay had large areas of missing data (survey year 1990). This increased the number

of prediction countries to 38.

5.4.2. Model results

Five models were chosen as the best candidate models for both treatment-seeking
outcomes. The fitted coefficients, AIC, AAIC and w; values for each of the best models
are shown in Table 1. Model average coefficient values for each geographic region are
shown in Table S1 in Additional File 1. The parameter with greatest model influence
was the percentage of pregnant women receiving pre-natal care. Though not statistically

significant, education (primary completion) was the next most important variable,

173



Chapter 5 - Modelling treatment-seeking behaviour

followed by public health expenditure for those seeking treatment at public facilities

and GDP growth for those seeking any treatment.

The mean predicted values for the proportion seeking treatment (government-based or
other) in 33 of the 38 countries without survey data available are shown alongside the
post-2010 observed treatment-seeking values in Figure 2. To show that the predictions
are representative of the observed data, a subset of treatment-seeking proportions from
countries with survey data from 2010 onwards was plotted along with the
corresponding predicted values (Figure 2). For the most part, the observed values are
within the confidence interval (CI) ranges of the predicted values. All observed and
predicted values, as well as covariate data, are shown in Additional File 2. Model
validation showed good prediction performance (Figures S2-S4). The RMSE for the

percentage seeking government treatment was 7.8% and for any treatment it was 12%.

Five countries could not be predicted due to insufficient covariate data. These countries
were assigned the predicted values of a neighbouring or, in the case of the Democratic
People’s Republic of Korea (DPRK), the nearest country that was also in the same
WHO region. Therefore, Eritrea was given the same value as Ethiopia, French Guiana
was given Suriname’s values, the DPRK was matched to Myanmar, Republic of Korea

to China and Somalia to Sudan.

5.4.3. Mapping treatment-seeking

The 33 predicted and five assigned national treatment-seeking estimates were combined
with those countries that already had data available. Figure 3 shows maps for both the
proportion seeking government treatment (Panel A) and those seeking any treatment
(Panel B). In both figures, regions in red have the lowest proportions seeking treatment

and blue have high treatment-seeking values. Public treatment-seeking outcomes were
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highly heterogeneous with both blue and red areas in all WHO regions. Because

treatment-seeking of any kind includes government treatment, it was inherently higher

globally, with patches of low proportions in AFRO-C, SEARO and PAHO.
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Figure 2. Predicted and observed treatment-seeking proportions. The predicted
proportions estimated for 2013 are shown with 95% CI error bars alongside values

observed from 2010 onward. The points are coloured by WHO region.
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Figure 3. Observed and predicted treatment-seeking proportions. The observed
treatment-seeking values in the regions shown in Figure 1 are mapped along with the
national-level predicted values for the proportions seeking A) government/public
treatment and B) any treatment.

5.5. Discussion

Information regarding the treatment-seeking behaviours of fever cases in MECs is
essential to correctly interpret routine surveillance data from health facilities and obtain
representative estimates of the number of cases due to P. falciparum and P. vivax
malaria. Adjusted burden estimates rely primarily on data gathered from health facility
reporting, including species-specific case data and slide positivity rates. Treatment-
seeking data, which further adjust reported case numbers, however, cannot be collected

from health facilities for the very reason that facility data only captures those that seek
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treatment. Results are instead drawn from national level surveys of representative
populations (i.e., not only people who are ill or already at the health facility). Survey
data are increasingly available through DHS and MIS and are systematically curated to
allow rapid processing through automation to find cluster, regional and national-level
estimates of the proportion of children with fever that sought treatment at a facility that
would be within the reporting system (public) as well as the proportion that sought

treatment of any kind.

The upper and lower bounds of surveillance-based case estimates are differentiated by
treatment-seeking variables [1, 17]. The higher case estimates are obtained by
multiplying the adjusted cases by //p (see formulae in Background). This correction
scales up case estimates and implies an assumption that fever cases seeking treatment
have the same slide positivity rate as those that did not. The lower estimate is obtained
by multiplying the base case adjustment by a/p (a being the proportion of fever cases
that sought any treatment). This scales the estimate down with the supposition that only
those fevers that went for treatment were malaria cases. The upper estimates are likely
to be more representative in areas where access to health facilities is poor and malaria
cases are not able to seek treatment. Lower estimates are more characteristic of low
endemicity regions where it can be assumed that nearly all cases seek and access

treatment [1, 17].

Data obtained from national surveys (DHS and MIS) could be assembled for more than
half of the MECs (60%, n=58). When national survey data are unavailable to estimate
treatment-seeking behaviours for case estimates provided in the World Malaria Report,
the WHO calculates the value from a regional average [3, 17]. There are likely to be
substantial differences within regions, however, and the aim here was to refine that

approach by instead modelling the treatment-seeking outcomes in countries without
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national survey data to capture diversity within regions. Data that corresponded to the
covariate variables identified in the review of the literature were readily available from
the World Bank and produced models to show that government treatment-seeking and
any treatment-seeking could be predicted at the national level from a limited set of
covariate variables: year, WHO region, percent of pregnant women that receive pre-
natal care, primary education completion rate, GDP growth, and national health
expenditure (public and total). The percentage of women receiving pre-natal care was a
strong indicator of fever treatment-seeking and likely resulted in the low model error

values observed.

While the model fits were good, there were geographic patterns in both the outcomes
and the certainty of the predictions (Figures 2 and 3). There were areas with low access
or use of public treatment facilities in all regions of the malaria endemic world. Figure 3
highlights areas such as Central Africa and the Indian sub-continent. Accessing
treatment of any kind was higher in all countries and these data revealed that treatment-
seeking in some endemic areas, such as India, Pakistan and Afghanistan, was largely
pursued outside the public sector. The confidence interval ranges (Figure 2) show that
outcomes were well predicted in the Americas, but less so in Asia and least accurate in
the Eastern Mediterranean countries. This implies that models and indicator variables
were better suited to the Central and South American countries. Future predictions of
this nature may be improved by additional covariates or, following further research into

treatment-seeking indicators, different parameters for different regions.

Predictions and mapping treatment-seeking outcomes sub-nationally using cluster-level
data to produce smooth surfaces like those produced by the Malaria Atlas Project for
prevalence was also explored [5-7]. There were not sufficient covariate data available at

smooth resolutions at the time of this analysis. The quantity and quality of higher
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resolution sub-national covariate data that can be used in geostatistical analyses
continue to improve with time and there may be greater potential for this type of

analysis in the future [56].

5.6. Conclusion

Where data on treatment-seeking behaviours were not available from national surveys,
relatively simple modelling techniques using freely available data were applied to fill
data gaps. Both the results and methods presented have potential application beyond
those described here and may inform the control and burden of other febrile diseases. In
this context, data on treatment-seeking for fever are essential to malaria burden
estimations. Gathering and visualizing these data for all MECs, sub-nationally when
possible, is of use to estimate burden in areas of low endemicity where prevalence
surveys are either not commonly performed or cannot detect sufficient levels of
infection to generate modelled prevalence and burden estimates. This will enable a
hybridized burden estimation approach that employs both surveillance-based and
cartographic techniques in an effort to more accurately quantify the global burden of P.

falciparum and P. vivax malarias.
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Chapter 6 — The global burden of Plasmodium vivax malaria

in 2013

This culminating chapter of the thesis draws on the findings and outputs of the four
preceding research chapters. Metrics described in Chapter 2, such as the population and
risk and levels of endemicity, are revisited and updated here. The relapse zones and
prevalence-incidence model of Chapters 3 and 4 are used to translate the predicted
endemicity surface into a smooth map of the incidence of clinical disease. Treatment-
seeking data from Chapter 5 are applied to reported case estimates which are used to
calculate a surveillance-based clinical incidence measure. These two incidence rates are
combined to produce the principal output of the thesis, a measure of the global burden

of Plasmodium vivax malaria.

This chapter is in preparation for submission for publication. Three Supplementary

Information Files accompany the manuscript and are shown in the Appendix.
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6.1. Abstract

Plasmodium vivax occurs all across the endemic tropics and reaches into temperate
climates. The infection causes acute attacks of malaria that may progress to severe and
fatal illness. Clinical burden estimates, essential for treatment and control planning,
have varied widely for P. vivax in the past. To develop an accurate measure of disease
burden, two separate methods were employed which were adapted to the different types
of data available from different regions. First, a surveillance-based estimate was derived
from adjusted case reports. Second, a model-based estimate was generated from an
updated map of P. vivax prevalence estimated by microscopic and rapid diagnostic
mass blood surveys. Different countries were better suited to either method and a
decision framework was designed to assign P. vivax endemic countries a surveillance-
or model-based estimate. From this combined approach, between 8 and 19 million
clinical cases were estimated to occur globally in 2013. These results highlight the
regions with the greatest burdens as well as those where more complete surveillance
and reporting would substantially improve the precision and confidence in such

estimates.

6.2. Introduction

Over the past several years, Plasmodium vivax malaria has gained appreciation as a
disease of great public health importance. It is the most geographically widespread of
the human malarias [1, 2], affecting large, densely populated countries, and is
associated with severe morbidity and mortality [3]. It can no longer be thought of as a

‘benign’ infection [4].
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Assessment of the number of symptomatic cases that occur each year informs strategies
for enhancing malaria control results and progress to elimination. Commonly referenced
estimates of malaria disease burden measures [5] are not species-specific, and this
hampers vivax-specific strategic planning [6]. There have been few efforts to estimate
P. vivax-specific burden, and these have resulted in widely different estimates. Mendis
and colleagues published an estimate of 72 to 80 million cases in 1999 based on case
numbers and ratios of P. vivax to P. falciparum infections reported to World Health
Organization (WHO) regional offices [7]. In 2007, Price, et al. estimated between 132
and 391 million cases based on non-falciparum malaria estimates generated by Hay, et
al. [8, 9] using endemicity classes or levels of prevalence: (hypoendemic <10%
prevalence of infection, mesoendemic 11-50%, hyperendemic 51-75% and
holoendemic >75%)[10]. In 2013, the WHO began including P. vivax case estimates in
the World Malaria Report (WMR). The WMR values are based on health-facility
reports of passively-detected public-sector cases that are gathered by national agencies.
These data are collated by the WHO and adjusted to account for under reporting,
unconfirmed cases, and treatment seeking behaviours [11, 12]. The estimate published
in 2014 was 11.9-22 million P. vivax clinical cases [13]. Determining where precisely
the true burden of P. vivax malaria lies with respect to the wide range of these
conflicting estimates (12 and 390 million) has been identified as a research priority [7,

9, 14].

Model-based, cartographic methods have been successfully applied to estimate P.
falciparum malaria burden [15-17]. Applying the same methods across the entirety of
the P. vivax world however is more problematic. Cartographic measures of disease
burden are derived from prevalence estimates based on parasite rate (PR) surveys.

Plasmodium falciparum, which is more widely studied than P. vivax [14, 18, 19], has
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abundant PR data available from the published literature and more importantly, large-
scale national surveys [20, 21]. Malaria parasite data from national surveys— typically
Demographic Health Surveys (DHS) and Malaria Indicator Surveys (MIS)—are not as
widely available from countries outside of Africa where P. vivax predominates. More
important, P. vivax is poorly suited to detection in cross-sectional survey detection due
to intrinsically low-density parasitaemia and hypnozoite forms in the liver. These result
in relatively high frequencies of sub-patent and latent infections not detectable by

standard field-based diagnostic techniques [22].

The current study incorporated both a surveillance- and cartographic-based estimation
component. This dual approach exploited the strengths of both techniques and mitigated
some of the weaknesses to deliver an optimized estimate of the global burden of illness

attributable to infection by P. vivax.

6.3. Methods

6.3.1. Overview

The analysis presented is derived from a hybridized burden estimation framework. In
countries where reporting appeared strong or where prevalence data were insufficient or
non-representative, a surveillance-based estimate was applied. Where it was evident
that reporting was non-representative or where coverage of PR data was high, a
cartographic-based approach was applied. In the following sections we describe the
application of this approach in a series of steps: (i) reported case data were used to
generate a surveillance-based estimate of P. vivax cases; (ii) these estimates were
applied to update the transmission limits of P. vivax; (iii) the predicted P. vivax

infection prevalence values within the stable limits of transmission was updated; (iv) a
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model relating infection prevalence and clinical incidence of P. vivax was used to
calculate a cartographic-based estimate of P. vivax cases; and finally (v) a framework
was developed to determine which countries were best suited to either method to create
a hybridized map and global estimate of P. vivax incidence and burden of clinical

disease.

6.3.2. Assembling API data

Annual parasite incidence (API) refers to routine surveillance data reporting the number
of cases per year within a defined population under surveillance (for example within a
sub-national administrative area). API data have been used previously by the Malaria
Atlas Project (MAP) to define the geographical limits of transmission [1, 2, 23, 24]. The
API data reported to MAP directly from national ministries of health in P. vivax
malaria-endemic countries (PVMECs) were averaged over the most recent five years of
data to determine areas at no risk (no cases), unstable transmission (<0.1 cases per 1000
people per annum) or stable transmission ( >0.1 per 1000 p.a.). Here, P. vivax-specific
incidence based on data reported to the WHO for the 2014 WMR was applied to define
the limits of P. vivax transmission, as well as to calculate surveillance-based burden

estimates.

The WHO makes adjustments to the number of cases reported from ministries or
control programmes. Their formulae adjust the number of cases reported for under-
reporting, for unconfirmed cases (using a P. vivax-specific slide positivity rate (SVR)),
and for treatment-seeking behaviour. The upper and lower estimates are differentiated
by the treatment-seeking behaviour data applied. To derive the upper estimate the
number of cases is divided by the proportion estimated to seek treatment at a public
facility to adjust for some cases not being captured by the government reporting system.

The lower estimate is also multiplied by the proportion of fever cases that sought
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treatment of any kind (public or private) to downscale cases on the assumption that
fever cases that did not seek treatment were not caused by malaria (i.e., had an SVR of
zero). The method for deriving the total number of cases and the adjustments applied
here differed slightly from the WHO’s methodologies [11, 12]. First, mixed infections
were included here as P. vivax cases, and sub-national or modelled treatment-seeking
data were used in place of national or regional average values. These adjustments are

described in full in Supplementary File 1.

To calculate incidence rates, the adjusted surveillance-based case estimates were
divided by the populations of the administrative units where the case data were
available. Most population data were provided in the country case reports but, when not
available, the population was summarized from a gridded population of the world

(GPW) adjusted to the year 2013 using the 2010 and 2015 population grids [25].

6.3.3. Updating the PvPR database

Endemicity or prevalence surfaces are predicted from local measures of the parasite rate
(PR), obtained from cross-sectional surveys. The methodology used to develop and
maintain the MAP database of such surveys is described in detail elsewhere [1, 8, 26]
and summarized briefly in Supplementary File 2. Since the first iteration of the P. vivax
endemicity map [1], the MAP database has grown substantially from the inclusion of
national survey data. Although data from DHS and MIS have grown increasingly
accessible [27] over recent years, these surveys rarely report P. vivax parasitaemia data.
Outside of Africa, MIS are rarely undertaken and DHS do not gather data on malaria
parasites. Surveys in African countries test for malaria, but often the malaria species is
not specific and assumed to be P. falciparum. Only Uganda and the Democratic
Republic of Congo (DRC) had DHS parasite data that reported test results for P. vivax.

However, the DRC data was not included in this analysis because diagnosis was
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performed using only polymerase chain reaction (PCR). PCR results were not included
because the varying methods of PCR differ greatly in sensitivity [28, 29] and results
could not be consistently reconciled with the microscopy and rapid diagnostic test

(RDT) results already in the parasite rate database.

There were additional criteria for measures of PVPR to be included in this analysis.
Surveys must have been collected after 1 January 1985 and have been conducted in
representative populations (i.e., not symptomatic patients or pregnant women only). The
age and number of individuals sampled must have been reported, along with species-
specific results, the diagnostic technique, and the start month and year of the survey.
Finally, the survey location coordinates or site name must have been provided to allow
reliable geopositioning [30-32]. In total, 12,782, spatially and temporally unique PvPR

observations were deemed valid for inclusion in prevalence mapping and modelling.

6.3.4. Modelling the P. vivax parasite rate

Building on the Bayesian model-based geostatistical (MBG) framework used
previously [1], a latent Gaussian process model (LGM) was developed to represent the
all-age P. vivax parasite rate (PVPR;.99). Full details of the spatial model are given in
Supplementary File 2. A minimum set of the covariates described by Weiss, et al. [33]
were selected as candidate predictor variables for the mean PVPR surface: day and night
land surface temperature [33], P. vivax temperature suitability [34], enhanced
vegetation index (EVI) [35], International Geosphere-Biosphere Programme (IGBP)
land cover class 13 (urban and built-up areas) [36], and accessibility to cities with
populations greater than 50,000 [37]. Given the discrete PVPR observations and these
environmental covariates, the LGM predicts a full Bayesian posterior distribution for
the continuous surface of prevalence across the range of stable transmission (see

below). For both model flexibility and computational efficiency the P. vivax endemic
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world was divided into four geographic regions, which were fitted separately (see
Figure S2.2 in Supplementary File 2): the Americas, Africat (Africa plus Yemen and
Saudi Arabia), Asia (mainland Eurasia minus the Malaysian peninsula) and Asia-
Pacific (the southern islands of Asia and the Malaysian peninsula). The mapped output
represents the mean of the posterior distribution. The 95% credible intervals (Crls) of
the posterior distribution were also determined to quantify the uncertainty of the

prediction of each mapped Skm x Skm pixel.

6.3.5. Defining the limits of transmission and population at risk

Using the reported case data described above, the limits of transmission were defined
by classifying those areas with zero annual P. vivax incidence, or PVAPI, as no risk,
<0.1%o cases as unstable transmission and >0.1%o as stable transmission. In addition to
those areas defined by reported data, areas that were unsuitable for malaria transmission
based on temperature and aridity [24] and the P. vivax temperature suitability covariate
[34] were further classed as unstable. Likewise, urban areas are less malarious than the
surrounding rural environments due to the distinct ecological conditions presented by
man-made environments [38-40]. Cities identified by the international travel and health
guidelines [41, 42] and mapped using the Global Rural Urban Mapping Project
(GRUMP) urban extents layer [43] were therefore also classed as malaria-free. The
only exceptions were those cities within the range of Anopheles stephensi in Asia,
which has been shown to breed efficiently in urban settings [44]. In areas where the
predicted PVPR; 99 was less than 1% PVPR, it was not considered appropriate to
describe these areas as stable transmission and these areas were reclassified as unstable

transmission.

To estimate the global population at risk (PAR) of P. vivax, the proportion of the

population predicted to be Duffy positive within the stable and unstable limits of
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transmission was found. Duffy negative individuals, which are found in high
frequencies in sub-Saharan Africa [45], are considered refractory to P. vivax infection
because of the observed dependency of P. vivax on the Duffy antigen found on red
blood cells for invasion [46]. The GPW 2013 surface, which provides the population in
each Skm x Skm pixel of the world, was multiplied by the proportion of the population
considered to be Duffy positive based on the analysis by Howes, et al. [45] shown in
Figure 1. The resulting population surface was then summarized within the stable and

unstable limits of the PYMEC:s.
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Figure 1. Global prevalence of the Duffy negativity phenotype. Reproduced from
Howes, et al. [45].

6.3.6. Modelling P. vivax clinical incidence

Model-based estimates of clinical incidence were produced from the PVPR surface
using the functional relationship between PVPR and clinical incidence developed by
Battle, et al. [47]. Non-linear regression models were fitted via a hierarchical Bayesian
model, and different models were fitted to the four global regions. These regions were
stratified according to patterns of relapse rate (based on the previous analysis of average

times from primary infection to first relapse [48]) because relapse patterns potentially
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influence both incidence of disease and prevalence of blood-stage infection.  The

resulting models are illustrated in Figure S2.3 in Supplementary File 2.

Conditional simulations from both the PVPR predictions and the prevalence-incidence
model fits were used to generate robust estimates of uncertainty in the resulting
incidence map and derived country and continental level case estimates. The GPW
population surface (Figure S2.6) was used to calculate the number of cases from the
mean and upper and lower Crls of the predicted incidence rate. In areas of unstable
transmission, the incidence was assumed to be between 0.01 and 0.1 cases per 1000.
The mean of the predicted incidence in areas of stable transmission was used to

generate national-level estimates of predicted burden.

6.3.7. Reconciling estimates of P. vivax burden

A classification system was developed based on the quality and quantity of both case
reports and PR survey data available to determine which countries would be better
represented by a burden estimate derived from surveillance reports or cartographic
estimates derived from predicted PR. These methods are further explained in
Supplementary File 3. In brief, a simple rubric was defined that allowed both the
surveillance and PR data available from each country to be classified (in relative terms)
as 'weak' or 'strong'. For PR data, this distinction was based on a threshold of available
data above or below 90 data points per country (based on the minimum number of
national survey records within a given country). For surveillance data, a 'strong'
classification required all of the following: (i) case reports were available; (ii) case
reports were P. vivax specific; (iii) P. vivax case reports were non-zero (since all
countries included in this study were confirmed independently as being endemic for P.

vivax).
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For countries with strong PR data and weak surveillance data, only the cartographic-
based approach was applied. For countries with strong surveillance data and weak PR
data, only the surveillance-based approach was applied. For countries with both weak
surveillance and PR data, the cartographic approach was applied with the rationale that
this estimate, while based on a sub-optimal number of PR points, was at least able to
provide a formal estimate of uncertainty around the prediction, and could draw strength
from neighbouring country values and the influence of environmental covariates on
PVPR. For countries where both the PR and surveillance data were strong, the two
estimates were combined to generate a joint incidence estimate based on the range of
the upper and lower values of both the surveillance-based and cartographic-based
incidence estimates. The median of the resulting distribution formed the point estimate

and the 95% CrI the lower and upper bounds.

6.4. Results

6.4.1. Plasmodium vivax API

Plasmodium vivax annual parasite incidence (PVAPI) was calculated from case reports
submitted to the WHO for the 2014 WMR. Using this method, there were an estimated
10.5 (8.3 lower bound and 12.8 upper bound) million cases in 2013. Regional estimates,
shown in Table 1, indicated that the largest burden was in Asia (6.66 million, 63%),
followed by Africat+ (2.81 million, 27%), the Americas (0.54 million, 5%) and Asia-
Pacific (0.50 million, 5%). Country-level estimates are provided in Supplementary File
1. The greatest clinical burden was found to be in India (4.47 million), Ethiopia (2.61
million), and Pakistan (1.36 million). These three countries comprised 80% of the
estimated global burden alone. When the reported case estimates were divided by the

population of the geographic unit they were reported by, estimates of the incidence rate
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were produced. A map of PVAPI is shown in Figure 2. Highest incidence values were

observed in South America. It should be noted that this region also has some of the

most complete reporting (refer to Figure S1.1 in Supplementary File 1).

Table 1. Regional clinical Plasmodium vivax burden estimates based surveillance-
based, cartographic and combined methods.

Surveillance (millions)

Cartographic (millions)

Combined (millions)

Region Mean Lower Upper Median Lower Upper Point Lower Upper
Africat 2.81 1.66 3.96 2.14 1.31 3.30 233 1.62 3.26
Americas 0.54 0.43 0.66 3.06 093 10.75 0.70 0.44 1.58
Asia 6.66 5.75 7.58 15.69 8.10 38.67 6.75 5.34 9.61
Asia-Pacific 0.50 0.43 0.57 2.39 0.87 5.72 2.19  0.83 4.81
World 10.52 827 12.76 23.28 11.18  58.38 11.97 8.23 19.26
o -
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Figure 2. Annual Plasmodium vivax parasite incidence. Clinical incidence calculated
from adjusted surveillance reports is shown on a spectrum of blue (low) to red (high).
Those areas where data were missing are shown in dark grey, medium grey are areas
considered to have unstable transmission (less than 1 case per 10,000), and lightest grey

areas have no risk of P. vivax.

6.4.2. Populations at risk

API values were used to delineate areas at risk of P. vivax transmission. Plasmodium

vivax was estimated to be endemic across some 31 million square kilometres globally.
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The largest geographic area at risk of transmission was Africat (47%), followed by
Asia (28%), the Americas (20%) and Asia-Pacific (6%). The largest area at risk of
stable transmission was the Americas (5.1 million km% 51%), with Brazil contributing
the largest country-level area of stable transmission (3.15 million km?®). Gridded
population values (adjusted by the predicted Duffy positive prevalence) allowed the
population at risk of each transmission class to be calculated. As shown in the regional
summaries in Table 2, the largest populations at risk were in Asia, with 2.5 billion at
any risk and nearly 700 million at risk of stable transmission. Globally, there were an
estimated 2.9 billion people living at risk of P. vivax in 2013, with 2 billion living in
areas where risk is low and case incidence is unlikely to exceed 1 case per 10,000 per

year.

Table 2. Areas and populations at risk of Plasmodium vivax malaria in 2014.

Area at risk Population at risk

(million km2) (millions)
Region Unstable Stable Any risk Unstable Stable Any risk
Africa+ 13.45 1.27 14.72 37.06 34.61 71.67
Americas 1.12 5.10 6.22 88.92 31.47 120.39
Asia 5.98 2.67 8.65 1,841.90 695.85 2,537.76
Asia-Pacific | 0.82 0.94 1.76 110.49 29.98 140.847
World 21.37 9.97 31.34 2,078.37 791.91 2,870.29

6.4.3. Plasmodium vivax endemicity

Plasmodium vivax endemicity was predicted within areas of stable transmission. A
smoothed map of the point estimates of the MBG outputs is shown in Figure 3. The
PVPR .99 is shown on a scale of 1% to >7% (with <1% PVPR,.99 being considered
unstable transmission). The range of predicted values extended beyond 7% in some of
the modelling regions. The maximum predicted PVPR; g9 in Africat was 3.7% (in
Ethiopia and Uganda) and 4.9% in the Americas (Brazil and Peru). The maximum

estimate of PVPR; g9 in Asia was 14.7% although there were only a few Skm x Skm
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pixels in Myanmar and Cambodia where PVPR .99 exceeded 10%. The largest range of
predicted prevalence values was found in the Asia-Pacific, with a maximum prediction
of 35.1% in Indonesia and Papua New Guinea (PNG). Again, only a small number of

pixels were predicted to exceed 20% prevalence.

Jﬂ/n

| | Unstable transmission

Q‘_ | Risk free N mqp f :

Figure 3. Plasmodium vivax in endemicity in 2013. Model-based geostatistical point
estimates of the annual mean of P. vivax parasite rate in all ages (1-99) is show as a
continuum of blue to red. Areas with a predicted PR <1% or API <0.1%o are considered
to have unstable transmission and are shaded dark grey. Light grey areas are free of P.
vivax transmission.

Uncertainty was measured by the range of the 95% Crl of the PVPR,.g9 posterior
distribution obtained from conditional simulations (Figure 4). Predictions within
Africat were the most certain, with greater uncertainty observed throughout the
Americas, Asia and Asia-Pacific. The areas with the largest Crl range were in Asia-
Pacific, particularly in parts of PNG where underlying PR observations in children
ranged from 0 to 68%, resulting in a wide range of plausible PVPR g9 values predicted
by the model. Figure 4 also shows a population-weighted measure of uncertainty to
highlight densely populated areas with greater uncertainty in the PR predictions. This
map draws attention to India, Pakistan and Myanmar. Survey coverage in these

countries was relatively sparse and while there were also few PR surveys available from
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the Americas (see Figure S2.1 in Supplementary File 2), the endemic areas in that
region are not heavily populated and there is therefore less operational impact resulting

from uncertain estimates.

(Morecertain) (Less certain)

s et P e

(Morecertain) (Less certain)

Figure 4. Uncertainty associated with P. vivax endemicity predictions. The top map
shows uncertainty of the posterior 95% Crl range around the mean prediction at each
pixel on a spectrum of blue (more certain) to yellow (less certain). Larger Crl ranges
indicate a wider range of PVPR, .99 values as plausible for those pixels. The bottom
maps shows the same index multiplied by the population of each pixel normalized to a
scale of 0 to 1. Yellow areas show high uncertainty in large populations.

6.4.4. Modelled P. vivax clinical incidence
The predicted surface of P. vivax clinical incidence rate is shown in Figure 5. The
associated uncertainty, represented again by the range of the 95% Crl of the incidence

conditional simulation results, is shown in Figure S2.5 in Supplementary File 2. This
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figure shows a high degree of uncertainty in the Americas and Asia-Pacific. As shown
in Figure S2.3, the zone which includes India has the narrowest credible intervals and
that region, as well as Africa, which was based on the pooled fit of the prevalence-
incidence model (see Figure S2.3 in Supplementary File 2), had the narrowest 95% Crl

ranges for the mean incidence fits.

-
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Figure 5. Modelled clinical incidence of P. vivax. The mean geostatistical estimates of
incidence are shown from blue (0.1 cases per 1,000 per annum) to red (1,300 cases per
1,000 p.a.). Dark grey areas have low risk (0.01-0.1 cases per 1,000 p.a.) and light grey
areas have no risk.

The modelled incidence output and gridded population surface were used to generate
cartographic-based estimates of burden, with associated uncertainty shown by the 95%
Crl bounds. Regional estimates are shown in Table 1 and country-level values are in
Supplementary File 2. The same general pattern was observed here as with the
cartographic estimates. The greatest burden was predicted in Asia (15.69 million, 67%).
Based on the median estimates, the countries with the greatest burden were India (9.71
million, 42% of the global burden), Myanmar (2.49 million, 11%), Ethiopia (1.87

million, 8%) and Pakistan (1.65 million, 7%).
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6.4.5. Combining estimates of burden

Following the categorization of countries based on data quality and availability, the
modelled cartographic estimate was not considered representative for all countries.
There were 44 countries that were considered to have both weak case reports and PR
data, the majority of which were in sub-Saharan Africa (see Table S3.1 in
Supplementary File 3). Nine countries had weak surveillance data, but had good PR
data coverage through national surveys or large-scale studies. Twenty-nine countries
had more representative reported case data. These were primarily countries in the
Americas, with several Asian countries, and only Algeria from Africa. Finally, 11
countries had both detailed case reporting data and strong PR data coverage, and these
were assigned the joint case estimate. A map that combines all three incidence measure
categories is shown in Figure 6. The resulting case map derived from multiplying the

combined incidence by the population grid (Figure S2.6) is shown in Figure 7.

. .""\, Cases per 1000

=

Figure 6. Combined surveillance-based and modelled incidence rates. Incidence
rates estimated for countries with weak surveillance are shown as the modelled
incidence value and those with strong reporting reflecting the adjusted reported annual
P. vivax incidence. Those countries with a strong PR evidence base and surveillance are
shown as a combined incidence rate.
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6.4.6. The global burden of P. vivax malaria

After combining the model-based estimates of burden, the adjusted case reports, and
joint estimates, the global burden of P. vivax was estimated to be 11.97 million cases
per year, with a range of 8.23-19.26 million cases. Country-level estimates using the
combined approach are shown in Supplementary File 3. The largest burdens were again
observed in India, Ethiopia and Pakistan with 4.56, 2.06, and 1.65 million cases
annually, respectively. According to this estimate, 69% of the global burden is found in
these countries. However, Indonesia and PNG were also found to have large burdens:
1.26 and 0.833 million, respectively. Continentally, the largest burden was observed in
Asia with 6.74 (5.34-9.61) million, followed by Africat+ with 2.33 (1.62-3.26) million.
Asia-Pacific, though the smallest group of countries in this analysis, had 2.19 (0.83-
4.81) million cases, while the Americas had a point estimate of less than 1 million: 0.70

(0.44-1.58) million.

Cases per 25 k'
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Figure 7. Plasmodium vivax cases based on a combined incidence rate. The
incidence surface in Figure 5 and a grid of human population was used to produce a
map of the number of cases per Skm x Skm pixel globally.

6.5. Discussion
Plasmodium vivax malaria is a disease of major public health importance. It is

widespread, difficult to control, challenging to treat and manage, and associated with
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significant morbidity and mortality. Updated transmission limits drawn from P. vivax-
specific adjusted surveillance data show that 2.9 billion people, nearly one third the
world’s population, live at some risk of infection and almost 1 billion people live in
higher-risk stable transmission areas. Within the geographical limits of stable
transmission, prevalence of infection was predicted to be universally low with
prevalence rarely exceeding 3% in Africa, 4% in the Americas and 7% in Asia and with

a few small pockets of very high endemicity where prevalence exceeds 20%.

This study presents a novel approach to quantifying disease burden using both
surveillance-based and cartographic-based techniques. The two methods yielded annual
estimates ranging between 8.23 (lower limit combined method) and 58.38 million
(upper limit cartographic method) P. vivax cases globally. Given the diversity in the
epidemiology of the disease and structure of the health systems in P. vivax endemic
countries, different countries were considered to be better suited to either method. This
resulted in a hybridized approach that, based on various forms of uncertainty in the

input data, estimated between 8.23 and 19.62 million cases globally in 2013.

6.5.1. Updated transmission limits and endemicity

The updated limits of transmission showed the geographic range of P. vivax
transmission to be 31 million square kilometres compared to an estimated 44 million
km? in 2010 [1]. This decrease is likely attributable to a genuine shrinking of the
malaria map rather than the methodological differences in the derivation of the
estimates. Significant progress has been made towards malaria elimination with
Georgia, Kyrgyzstan and Uzbekistan are no longer considered endemic, and
Azerbaijan, Sri Lanka and Turkey were observed and predicted to have no cases in
2013 (though they did in 2010). However, previous MAP limits were defined using API

values reported directly from ministries of health and were not adjusted. The PVAPI
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applied in this analysis was calculated from case estimates reported to the WHO that
were adjusted for reporting completeness, treatment seeking, and P. vivax slide
positivity rate. Adjusting cases in this way would have increased the PVAPI and
therefore increased the areas of stable transmission, but would not have affected areas

that were not at risk.

While the area at risk shrank, there was an increase in the population at risk between
2010 and 2013 (up to nearly 3 billion from 2.5 billion). Plasmodium vivax is endemic in
the world’s most populous countries: China, India, Indonesia, Brazil, and Pakistan.
China was the only country to have only low risk unstable areas of transmission. Brazil
had the largest estimated area of stable transmission areas, but it was found in the less-
populated Amazonian region of the country. The regions of stable transmission in Asia
and Asia-Pacific represent a significant challenge to the long-term ambitions for
elimination due to large population movement and connectivity within these

regions[49].

Patterns in endemicity have also changed since the 2010 iteration of the map, though
these differences between the maps are confounded by changes in methodologies.
Improvements were made to the modelling approach, including a more optimised suite
of environmental covariates. Importantly, substantial additional PVPR data
(approximately 1,500 surveys) were used to generate the maps. The new map reveals
universally low endemicity globally, as mentioned above. There are few places where
prevalence exceeded 5%, none of which were outside of Asia. Hotspots of transmission

were identified in Myanmar, Indonesia, and PNG.

These relatively low prevalence rates, compared to P. falciparum [2, 15], must be

interpreted with caution. Plasmodium vivax circulates in the blood at lower parasite
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densities than P. falciparum. Ideally, surveys using molecular techniques capable of
detecting low and very low parasite densities, such as quantitative PCR (qPCR) and
high-volume qPCR [28], would have been incorporated in the input dataset. However,
none of these diagnostic methods are capable of detecting the hypnozoite reservoir.
While sensitivity varies among the principle diagnostic techniques (microscopy, RDT
or PCR), there is also variation observed within techniques due to training and quality
of the microscopist [50] or the protocols applied to molecular methods [51]. Long-term,
improved coverage with molecular diagnoses and standardization of methodologies to
increase reproducibility, as has been done for microscopy [52], will help address these
issues. An immediate goal should be to reconcile observed differences in diagnostic

results for P. vivax, as previously done for P. falciparum [53, 54].

Microscopy and RDT diagnoses underestimate the true prevalence of blood-stage P.
vivax across a range of transmission settings [55-59]. Studies comparing patent PR
based on microscopy and more sensitive molecular techniques (PCR) show that
microscopy fails to detect a large proportion of P. vivax infected individuals [60-62].
Work done on P. falciparum showed that underestimates in prevalence based on
microscopy were greatest in regions of low endemicity, with a PCR to microscopy ratio
of 5 to 1 where PCR prevalence was less than 10% (as compared to 2 to 1 when
prevalence was between 25% and 75%) [54]. Low parasite densities indicate that these
ratios would be even greater for P. vivax. Based on this logic, infection prevalence may
be double or as much as five times greater than the patent microscopic PR values
mapped here. Though, this is likely to be even greater because intuitively, the
proportion of total infections that are sub-patent or latent is greatest in low endemicity,

which is predominant in the P. vivax endemic world.
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Plasmodium vivax prevalence may be further underestimated because P. falciparum is
perceived as the more dangerous pathogen. In spite of lower blood-stage densities, P.
vivax causes equivalent red blood cell reduction to P. falciparum [63], resulting in
severe anaemia that is compounded by repeated bouts of infection due to relapses [4].
Regardless, there exists a strong reporting bias of mixed P. vivax and P. falciparum
infections as P. falciparum mono-infections [64], potentially missing a large P. vivax

infection reservoir.

The spatial variations in uncertainty of the model-based PVPR; g9 estimates reflect
heterogeneities in both the coverage of available survey data and in the observed values
themselves. Plasmodium vivax transmission can be highly focal [19], and varying PR
observations (even within the same year and season) in similar environmental settings
caused the model to produce a wide range of outputs in some areas (corresponding to
high uncertainty values). Similarly, when the model was fitted to a limited amount of
data, as in the Americas, the model was forced to make inferences across large areas
with cross-sectional samples that are not necessarily representative of the area as whole.
In contrast, countries with large national-level PR surveys available, such as Ethiopia

and Uganda, were predicted with low uncertainty.

6.5.2. Plasmodium vivax in Africa

The prevalence and limits of stable P. vivax transmission in Africa are one of the most
notable changes from the 2010 PVPR g9. As seen in Figure 3, the 2013 iteration shows
stable endemicity in Africa+ extended beyond where P. vivax is known to be present in
the Horn of Africa (a population with higher proportions of Duffy positive populations,
known to be susceptible to P. vivax infection [45, 65]). While P. falciparum is
irrefutably the predominant parasite in Africa, a recent review of a variety of evidence

including traveller infections, community prevalence surveys, local clinical case
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reports, and entomological and serological studies showed an unambiguous presence of
P. vivax in sub-Saharan Africa [65]. Analysis revealed that the low PVPR observed in
Africa was plausible with transmission being sustained exclusively by Duffy positive
individuals. Reports of P. vivax infections in Duffy negative populations in Angola,
Cameroon, Equatorial Guinea, Ethiopia, Madagascar, and Mauritania indicate that the
protective efficacy of Duffy negativity may not be as definitive as previously thought
[65]. However, there is clearly some limiting effect of the high prevalence of the Duffy
negative phenotype in this part of the world because, given the climate and vector
competence of the region [66], prevalence values similar to those in Asia-Pacific would
otherwise be expected. Therefore, the population at risk was adjusted by a Duffy

positive population to reflect the susceptible population globally.

The evidence of stable P. vivax transmission occurring in some sub-Saharan countries
remains weak at this time [65], hence the PVPR values (around 4%) obtained from the
microscopy diagnoses from the national survey in Uganda [67] were questioned. The
molecular diagnosis of P. vivax by PCR in the Democratic Republic of Congo [68]
(DRC, not included in this analysis) support the possibility that there is, in fact, P. vivax
in Uganda, though the rates reported are unlikely to be representative. As a result, for
the cartographic and combined burden estimates, stable areas in the DRC, Kenya and
Uganda were downgraded to unstable. The small, stable area of transmission for
Madagascar was retained as there is conclusive evidence [65] of P. vivax transmission
in this country where populations with Asian genetic decent result in lower prevalence
of Duffy negativity [69]. Indeed transmission within Duffy-negative hosts has also been

observed there [70].
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6.5.3. Reconciling estimates of P. vivax burden

Determining which estimates of P. vivax burden were most representative for each of
the 93 P. vivax endemic countries was an important aim of this analysis, as the type and
quality of data available from each country differs (Supplementary File 3). Case
estimates derived from adjusted PVAPI reports were better suited for countries where P.
vivax cases were both reported and confirmed. While the same formulae that the WHO
uses to estimate surveillance-based burden were used, there were differences in some of
the methods and data that the WHO employed for the case estimates reported in the
WMR [13]. One of the most notable differences was in the use of data on treatment-
seeking for fever. The WHO has previously applied national estimates obtained from
household surveys and, where data are missing, a regional average is applied. The
treatment-seeking data applied here were also derived from household surveys, but
were inputted sub-nationally where the data were available, and missing data values
were modelled based on social and economic indicator variables [71]. The WHO
assumes near-complete treatment seeking for fever in countries nearing elimination
because it is reasonable to presume that any malaria fever will seek care. In areas of
Africa highly endemic for P. falciparum, fever is deemed an acceptable proxy for
malaria because malaria is the primary cause of fever in many of these countries [72,
73], and thus the WHO estimates reflect a national value based on household surveys.
In more developed countries, and as transmission decreases, the most common cause of
fever will be other, less life-threatening causes. Nevertheless, the sub-national observed
and national-level modelled values based on household survey data were not substituted
[71]. This potentially over-estimated the reported case burden in countries nearing
elimination. The use of modelled data and sub-national values likely resulted in an

underestimated burden in more highly endemic areas, as the surveillance-based estimate

210



Chapter 6 - The global burden of P. vivax

reported here is lower than that provided in the 2014 WMR. The use of a P. vivax

specific SPR would have further contributed to the lower resulting estimate.

The application of modelled case estimates in countries where there was incomplete or
missing case report data was straightforward. The challenge was in countries having
both strong PR and case data. The decision to combine the estimates with a statistical
procedure effectively weighting for their respective uncertainties was considered the
best approach. Estimates may be refined in the future through developing a more

detailed data scoring system.

It is also worth noting that the two types of burden estimates reported here essentially
represent different types of burden. Surveillance-based estimates are made from case
reports of people presenting at healthcare facilities with P. vivax. For the individual to
seek care, it is likely to be an acute infection. The cartographic estimate is modelled on
data obtained from active case detection (ACD) where households are visited and any
individual with a fever is tested. Therefore, this estimate represents a broader-spectrum
clinical definition. Both are relevant and important in generating estimates of both

personal and societal costs.

6.5.4. The global burden of P. vivax

An accurate assessment of the global clinical burden of P. vivax malaria has been
identified as a key knowledge gap. In order to benefit from the strengths of the two
principal methods of burden estimation that use either adjusted reported case data or
values modelled from predicted prevalence, a hybridized approach was applied. The
resulting global burden of disease was between 8 and 19 million cases, with 0.4 to 1.6
million cases in the Americas, 2.0 to 3.0 in Africat+, 5.3 to 9.6 in Asia and 0.8 to 4.8

million in Asia-Pacific. While these estimates are much lower than those generated for
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P. falciparum, it is important to consider both the epidemiology of the disease and
methodology of burden estimation. Control measures are undoubtedly proving effective
in curbing the burden of malaria in many regions[15]. The fact that our predicted
estimates are in line with values presented in the 2014 WMR adds validity to
surveillance-based estimates in the past. However, it is not possible to make
comparisons between these values and previous estimates such as the 71-80 million
cases reported by Mendis, et al. [7] from the 1990s. The methodologies have largely
changed over the years and it is highly unlikely that a nearly 10-fold decline in P. vivax
burden has occurred in the last 20 years, when little to no resources were directed at the
species specifically [9, 14, 74], until very recently [75, 76]. Clinical incidence of P.
falciparum was observed to have fallen over 40% over the last 15 years, but this was
evidenced by the impact of large-scale targeted intervention efforts [15] for a species
that is easier to control relative to P. vivax [77, 78]. Significant progress must still be
made in order to quantify changes in P. vivax burden as a result of efforts made to
control it. The methods and estimates presented here may serve as a benchmark for

future work of this nature.

Despite shrinking transmission limits, it is important not to underestimate the potential
impact of P. vivax malaria. It must be emphasized that the burden estimates presented
here represent symptomatic clinical P. vivax and not parasite infection. Knowledge of
the number of individuals who express clinical illness is of huge importance in
developing treatment and control policies. Treatment adherence for P. vivax is
particularly challenging due to the risks and prolonged regimen of primaquine therapy
[79]. However, P. vivax is very often asymptomatic sub-patent and latent in the blood

stage [22], which calls for a pause in the interpretation of these results.
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While the prevalence mapped here shows only patent parasitaemia detected by
microscopy or RDT (therefore underestimating the true prevalence), this would not
translate to a significant under-estimate of clinical burden. The model of the
relationship between prevalence of infection and clinical P. vivax malaria was also
based on microscopy and RDT detected patent parasitaemia (PCR data were also
excluded from that analysis) [47, 80]. This effectively removes any bias of estimating

incidence from the patent PVPR; g9 map.

The clinical cases used to fit the prevalence-incidence were febrile with patent
parasitaemia also by microscopy and RDT. What cannot be quantified is what
proportion of these cases arose from a previously latent or sub-patent infection (likely
many) and to what extent confining the case definition to patent parasitaemia
underestimated the number of cases. A study done in Brazil detected at times >50%
more patent parasitaemia in patients with symptoms when quantitative real-time PCR
was used in place of conventional microscopy [81]. Therefore some fever cases found
in ACD studies that were negative for P. vivax by microscopy may have indeed been
parasite positive. The measures presented here utilize records of patent prevalence and
clinical case incidence measured by diagnostic techniques suitable for large-scale field-
based studies because these data are the most abundant and therefore the necessary
tools for globally modelling analyses. As a result, the outputs show only the surface of
the true endemicity and burden of P. vivax. This is of use when comparing endemicity
and burden among regions, but to fully quantify the burden of P. vivax malaria more
sensitive diagnostic techniques must be employed or standard methods must be adjusted

for the extent to which they underestimate parasitaemia, as described above.

Finally, this study did not attempt to differentiate the severity of clinical episodes. Any

such attempt would be complicated because severe morbidity results from the
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cumulative effects of repeated infections [63, 82]. A primary infection does not have
the same impact on a patient as a fourth or fifth relapse. However, to capture this effect
in burden assessments will require a better understanding of the patterns of multiple
relapses as well as the use of and adherence to radical cures. The burden of mixed P.
falciparum and P. vivax infections also requires further exploration. As described
above, these infections are often under-diagnosed and are associated with severe disease

[83, 84].

The global clinical burden of P. vivax reported here represents the best approximation
of the number of global cases annually based on data presently available. The estimates
have the potential to be updated each year as new reports are submitted to the WHO for
the WMR and more parasite rate data becomes available. Future generations of the
maps presented here will help to quantify the impact of malaria control interventions
and prioritise the allocation of resources. This knowledge will be crucial as P. vivax

endemic countries progress towards the goal of elimination.
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Chapter 7 — Discussion

The aim of this thesis was to generate a global estimate of Plasmodium vivax malaria
burden. To do so, spatial patterns of relapse were identified and incorporated into a
model of the relationship between prevalence of infection and incidence of clinical
disease. The varying strength of health systems across P. vivax endemic countries result
in different quantities and quality of available data globally. For that reason, to most
accurately capture the burden of P. vivax malaria, it was necessary to employ more than
one method to generate case estimates: (i) a surveillance-based approach that adjusts
routine case reports and (ii) a cartographic approach that models clinical incidence from
a map of P. vivax prevalence rate. Data on treatment-seeking behaviours were needed
for the surveillance-based approach, and in areas without coverage of national
household surveys it was necessary to model these values. Adjusted surveillance-based
case estimates were used to define the geographic limits of P. vivax transmission, and
prevalence of P. vivax infection was predicted within these bounds. Prevalence was
translated into incidence and case number estimates. Case estimates from either the
surveillance or cartographic method were applied to different endemic countries and
used to produce a combined estimate that was considered to be the most representative

of the true burden based on the data available.

This discussion will summarize the key findings from each chapter of the thesis, the
strengths and limitations of the methodologies employed, and the implications of the
results on the broader field of P. vivax epidemiology in the context of control and
elimination goals. The research objectives of this thesis presented various challenges

primarily rooted in the paucity of P. vivax epidemiological data. The modelling
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approaches developed to meet these challenges and their resulting limitations are
discussed. The uncertainty metrics produced alongside the model predictions are
emphasized. These measures are used to suggest future surveillance priorities that will
improve burden estimation, as well as areas where predictions made with high certainty

can drive immediate policy intervention or change.

7.1. Chapter summary

The thesis began with an investigation into the global public health significance of P.
vivax. The review in Chapter 2 served as a baseline assessment of the areas and
populations at risk, the endemicity of P. vivax within those regions, and the vectors of
P. vivax. The review also examined the methodologies used to generate such
information. The large areas and populations at risk, but uniformly low prevalence,
emphasized the distinctly different epidemiology of P. vivax compared to P.
falciparum. Examination of the dominant vector species only existed for ‘malaria’ [1-
4], and an investigation to find whether all Anopheles vectors that transmit P.
falciparum were also competent P. vivax vectors revealed that there are in fact more

species incriminated as vectors of P. vivax than of P. falciparum.

The ability of P. vivax to remain dormant in the human host and cause relapsing
infections weeks or months following the primary infections is one of the most
important challenges to controlling the parasite. While the biological trigger of relapse
remains unknown [5-7], the results of this chapter confirmed a long standing hypothesis
that there are distinct geographic patterns in relapse periodicity, such that tropical
strains relapse quickly and temperate strains more slowly. The evidence base of

>30,000 individual records of time from primary infection to first relapse revealed that
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the geographic pattern of relapse frequency is more complex than a simple binary
tropical and temperate division [8]. The meta-analysis in Chapter 3 showed that
observed relapse periods were best characterized by nine geographic zones modified
from those first identified by George Macdonald in 1957 [9]. The zoo-ecological zones
were delineated based on mosquito fauna and climatic conditions. This demonstrated
that while relapse may indeed by triggered by other systemic infections [5], there are
evolutionary adaptations driven by environmental influences to optimise the survival of

the parasite in areas where climatic conditions prevent perennial transmission.

Chapter 4 developed a functional relationship between the prevalence of infection and
incidence of clinical disease. This was the necessary key for translating easily
obtainable measures of infection prevalence into programmatically useful clinical case
estimates. Fitting separate relationships for each of the relapse zones identified in
Chapter 3 showed that there were indeed different patterns of infection and disease risk
in regions characterized by different relapse phenotypes. An average pooled
relationship was also generated so that data-poor relapse zones could nevertheless be

estimated with suitable statistical confidence.

Like the preceding chapters, Chapter 5 was an integral step for downstream analyses,
while also yielding operationally insightful outputs in its own right. The thesis aimed to
estimate P. vivax burden using both surveillance- and cartographic-based approaches. In
order to estimate cases from routine surveillance reports accurately, they must be
adjusted for (i) underreporting, (ii) slide positivity rates (for unconfirmed cases) and
(iii) treatment-seeking behaviours. The two first datasets were available from the WHO,
while a novel methodological approach was developed here to address treatment-
seeking behaviour. Two types of treatment-seeking data were used for these

adjustments — those who sought treatment at public facilities and those who sought any
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formal treatment. The proportion of febrile individuals that sought treatment at a public
facility provided information about the proportion of potential malaria cases that are
captured by the surveillance system. The proportion of cases seeking any treatment
provided a proxy to estimate the number of fever cases that were likely malaria.
Multiplying by the proportion of fever cases that sought any treatment supposes that
only fevers that sought treatment were in fact malaria and down-scales the case
estimate. Cases that did not seek care were assumed to be non-malarial fevers with an
effective slide positive rate (SPR) of zero. Leaving this proportion out of the case
estimate formula assumes that the rate of malaria (or SPR) was the same in fever cases
whether they sought treatment or not and thus provides the upper estimate of cases. The
upper and lower estimates, determined by treatment-seeking data, were then averaged
to report an overall estimate. The WHO uses national-level data and a regional-average
where treatment-seeking data are missing. In an effort to refine these methods,
household survey data were used to generate sub-national estimates, and values for
missing countries were modelled using social and economic indicator variables, such
that every malaria endemic country (MEC) had a unique estimate for public and any

treatment-seeking proportions.

Chapter 6 was the culminating chapter of the thesis, integrating products of all the
previous chapters to generate an output of operational significance. First, country case
reports were assembled, adjusted as described above, and mapped to produce a global
estimate of surveillance-based burden and a map of annual parasite incidence (API) of
P. vivax. API and ecological masks were used to define the limits of transmission in
2013, which allowed updated estimates of areas and populations at risk to be calculated.
Using an updated global parasite rate (PR) database, the prevalence of P. vivax within

the stable limits of transmission was estimated along with associated uncertainty. The
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prevalence-incidence model developed in Chapter 4 was applied to find the predicted
incidence of P. vivax clinical disease (again bounded by uncertainty metrics). A
framework was developed to categorize the data available from each country to
determine which countries would be best described by a surveillance-based,
cartographic or combined approach. The result was a global estimate of 8-19 million

cases of P. vivax in 2013.

7.2.  Methodological discussion

This section will critique the statistical methods used in each chapter, and highlight the
strengths and limitations of each. Epidemiological data are relatively limited for P.
vivax, and the analytical approaches used here were designed to fully utilise the data
available for each research question as well as produce rigorous associated measures of
uncertainty. A summary of the principal research outputs of this thesis and the data and

analytical framework used to the generate them is summarized in Table 7.1.

7.2.1. Methodological strengths

Although P. vivax is less studied that P. falciparum and as a result has less data
available [10], the work presented here produced some of the largest open-access
assemblies of P. vivax epidemiological data available, all of which have been published
either as stand-alone databases or as supplements to the analyses they enabled. The
analyses were therefore supported by the strongest evidence-base possible given the
current state of P. vivax research prioritization. The first database made available was of
the individual records of time to first relapse from over 30,000 individuals that were
gathered from both formal literature searches and informal requests to colleagues for

unpublished reports and documents.
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Table 7.1. Summary of data types and analyses used to generate key outputs of
thesis chapters.

Data Analysis/modelling .
Inputs quantity | framework Outputs Uncertainty
Observed and
Mixed-effects meta- | predicted
. 30,049 analysis to determine | incidence 95% ClI based
Records of time | . " . .
Relapse o relanse individual | geographic system rate and on raw and
P records that best describes mean time to | modelled data
relapse variation relapse in
each zone
Space time- Non-linear Point-wise
matched regression models Zone-specific | 95% Crl of
Prevalence- 176 - .
L records of were fitted via a prevalence- pooled and
incidence e matched . . e -
model incidence from records hlerar(_:hlcal _ |nC|d_ence_ z_one-specmc
ACD and PR Bayesian according relationships | fitted
from XSS to relapse zones functions
Proportion of
fevers in 58
children that country- Predicted
i - 0,
Treatment- sought public level Generalized additive treatment 95% Cl from
. or any . . seeking error of model
seeking estimates | mixed models .
treatment and proportions averages
. from DHS
social and for 38 MECs
. and MIS
economic
covariates
Cases,
reporting rates | 10,939 .
. and SPR from admin- Algebraic formulas Average, No formal
Surveillance- from WMR that lower and S
s WHO and level . uncertainty;
based clinical estimate upper and upper case
o treatment- records - range of
incidence - lower range of cases | estimates by ;
seeking from for 96 [11,12] admin region estimates only
DHS, MIS, and | MECs ’ g
above models
. 12,782 Latent Gaussian of predicted | 95% Crl from
Endemicity PvPR and a . . it
: PvPR process model with PvPR in all conditional
(PVPR1.g) suite of o . .
: records Bayesian inference ages simulations
environmental
covariates (PVPRi.00)

.| PVPR1g Predicted . O Smooth map 0
Cartogrgp_hlc surface within PVPR in Baye5|§n non-linear of P. vivax 95% .C.” from
based clinical L 2 regression model L conditional
S the stable limits | 5km clinical . -
incidence o . (above) o simulations

of transmission | pixels incidence
Formal
Country-level .
cartographic- uncertainty
for modelled
and and combined
surveillance- Dual Decision framework | A combined !
- . . ; estimates
Global clinical | based estimates | to assign one or a estimate of (95% Crl);
burden incidence for 93 combination of the clinical cases upDer and,
multiplied by PVYMECs | two estimates for PvMECs I PP
global fower ranges
population s(L)liveiIIance
surface .
estimates

ACD = active case detection; Cl = confidence interval; Crl = credible interval; DHS = Demographic and
Health Surveys; MECs = malaria endemic countries; MIS = Malaria Indicator Surveys; PR = parasite
rate; SPR = slide positivity rate; WMR = World Malaria Report; XSS = cross-section survey
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The model in Chapter 4 was fitted to data from a large scale literature search which
assembled as many records of clinical incidence measured by active case detection
(ACD) as possible. The analysis required records of the ACD to be spatially and
temporally matched to measures of PR. When PR data were not available from the
ACD publication, matching was supplemented by data from the Malaria Atlas Project
(MAP) PR database, which has been curated since 2005 and contains records from the
last 30 years [13,14]. Finally, though the P. vivax parasite rate (PvPR) database is
dwarfed by that of P. falciparum, which benefits from an abundance of data from
national household surveys [15], the PVPR evidence-base was made as comprehensive

as possible through rigorous searches and data requests.

In light of these sets of data, a suite of modelling approaches was developed to address
each research question in the thesis. All modelled outputs were produced with rigorous
associated measures of uncertainty (Table 7.1) and allowed for (non-parametric)
flexibility in the input data. The relapse and treatment-seeking data were characterised
by mixed effects models to allow for additive non-linear functional relationships

between the response data and predictor variables.

The PR and prevalence-incidence models were built in a Bayesian framework. Bayesian
geostatistics were well suited to the limited dataset available here because it: (i) allowed
for highly flexible non-parametric models, (ii) leveraged correlated random effects to
improve model prediction, and (iii) allowed for a realisation-based approach where a
large number of PR and clinical incidence ‘candidate’ maps could be produced. These
realisations not only allowed for rigorous estimation of point-wise uncertainty, but
made possible aggregated uncertainty measures and full propagation of errors between
models [16]. The mean value of all the PvPR simulations was presented as the

endemicity map in Chapter 6 and the PvPR uncertainty was the 95% credible interval
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(Crl) range of the candidate maps. Two hundred realisations of the PvPR map were
then translated through the functional prevalence-incidence model from Chapter 4,
where uncertainty from the PvPR model was propagated and combined with parameter
uncertainty from the incidence model. The resulting clinical incidence map shown in
Chapter 6 thereby incorporates the uncertainty of both predictions. The number of
conditional simulations was made possible by using an integrated nested Laplace
approximation (INLA) [17], which greatly improved upon the computational processing

times used in similar work conducted previously [18,19].

7.2.2. Methodological limitations

Though the modelling approaches used in this thesis were chosen for their ability to
cope with relatively sparse data, the principal challenges met in the analyses in each
chapter surrounded data quality and quantity. The data on relapse had to be derived
from patients not treated with a radical cure, which was difficult to find in
contemporary data sources. Thus, the data used was biased towards historical records
from drug trials around the time of the Second World War, records from U.S. and
British soldiers returned home with P. vivax malaria after serving in the Pacific theatre
and malaria therapy studies from when P. vivax was used to treat patients with

neurosyphilis.

The model developed of the relationship between prevalence of infection and incidence
of clinical disease was also restricted by the data available. As Figure 7 in Chapter 4
illustrates, there were only a few points available from some of the relapse zones, and
some areas, such as the African zone, lacked data entirely. In addition, a consistent
problem with the data used in this thesis was the potential for bias stemming from those

areas studied being selected because they have more malaria or represent a unique
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transmission setting relative to surrounding areas. However, at each analysis stage,

minimal exclusions were set in order to include as many records as possible.

Plasmodium vivax PR data was similarly disparate relative to P. falciparum and the
paucity of national household surveys meant that there was likelihood that the cross-
sectional surveys used were not all population-representative samples. The PR data
included in this thesis were only based on microscopy and rapid diagnostic test (RDT)
diagnoses. Expanding the inclusion criteria to include molecular diagnosis would have
increased data volume and reliability of the observed PR estimates. However,
incorporation of this data first requires reconciling the difference in sensitivities among
the different diagnostic techniques and varying methodologies used in molecular
diagnosis. There were only a few sites where paired diagnostic results were available,
but this will likely to change with time and the increasing use of the molecular
diagnosis for P. vivax, which can be difficult to detect and is often misdiagnosed

[20,21].

As described above, the modelling approaches used were designed to accommodate the
characteristics of the available data and to produce measures of uncertainty to highlight
regions where the model was not able to make reliable predictions. The only datasets
that could not be brought into a strict probabilistic format and therefore lacked formal
uncertainty metrics were the surveillance-based case measures. The values of the
parameters used to adjust reported case numbers (i.e. reporting completeness and SPR)
were provided as estimates by the WHO without background data. Without precise
quantification of these input values, determining the uncertainty of the output was not
possible. The certainty of the adjustment parameters remains one of the primary barriers
to fully unravelling the problem of global burden estimation. However, the quality of

these parameters increases in areas where malaria prevalence is low and surveillance
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systems are strong. Therefore, the countries with surveillance-based estimates are likely

to have the most accurate input data.

7.3. Interpretation, implications and future priorities

In light of the strengths and limitations outlined above, this final section discusses how
the key findings of the thesis may provide insight into the epidemiology and future

control efforts for P. vivax malaria.

It should be noted that the models and output data presented in this thesis are the first of
their kind for P. vivax. Until now, methodologies specifically adapted to the intricacies
of the biology of P. vivax have not existed, and these therefore pave the way for
evidence-based decision-making for the control of this pernicious and resilient malaria
species. Evidence of the value of the products developed here can be seen by their rapid
uptake by the WHO, notably in their recently published Technical Brief on P. vivax
[22], which informed the 2016-2030 Global Technical Strategy for Malaria adopted by

the World Health Assembly in May 2015 [23].

The hypnozoite, with its treatment difficulties and the unknown mechanism through
which it causes relapsing infections, is the greatest challenge facing P. vivax control,
and perhaps malaria in general [24]. Understanding how rates of relapse differ
geographically, and mapping estimates of the time and incidence of relapse, can help
elucidate the relative impact of relapse on the malaria burden of an area. Studies have
found that half of blood-stage infections and more than half of clinical episodes were
attributable to relapse [25] in areas with short relapse frequency, such as Papua New
Guinea. In the absence of studies of parallel cohorts that do and do not receive

hypnozoitocidal treatment across a range of endemic settings, the patterns of relapse
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described here can help predict the likely impact of effective radical cure on

transmission.

Building upon the work done in Chapter 3, the role of relapse in P. vivax transmission
has been modeled [26] in an effort develop a complete transmission model for P. vivax,
something conspicuously absent from the field of malaria epidemiology. To understand
the full impact of relapses on transmission, it will also be necessary to understand the
proportion of primary infections that relapse. This too was observed to vary based on
the geographic origin of the strain of P. vivax [6,27]. Finally, the number of multiple
relapses will also be an essential component to understanding the potential force of

infection from hypnozoite parasites.

Burden estimates for any disease are gathered to measure the impact of the disease
relative to other diseases and to provide benchmarks to assess progress of control
programmes. The case estimates produced here will therefore help countries assess the
magnitude of the P. vivax problem within their borders, which is of particular value for
countries without the infrastructure to accurately capture this information through their
routine health surveillance systems. Knowledge of the P. vivax-specific malaria burden
is of use to public health planning because it helps to budget for P. vivax treatment and
perhaps prioritize testing for glucose-6-phosphate dehydrogenase (G6PD) deficiency, a
genetic condition which leaves patients vulnerable to haemolysis if treated with
primaquine, the only licensed drug to treat the hypnozoite stage. Plans are already
underway by collaborators at the Mahidol Oxford Tropical Medicine Research Unit in
Bangkok to incorporate the clinical burden estimates produced here into assessment of
the economic burden of P. vivax, not only in terms of financial costs, but also the

disability adjusted life years (DALYS) attributable to P. vivax.
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To fully understand the contribution of P. vivax to malaria morbidity, the problem of
multiple relapses must be unravelled. Relapses have a cumulative effect on the health of
the patient, taxing the system with recurrent bouts of haemolysis [28-30]. The burden
attributable to P. vivax is further complicated by comorbidities with other diseases (i.e.
sepsis) and undiagnosed P. falciparum co-infection that are often associated with severe
adverse effects or death [28,29]. Estimates of P. vivax mortality were not calculated
alongside the clinical burden estimates in this thesis. Plasmodium vivax has only been
recognized as a potentially fatal disease in recent years [29]. In order to truly
understand the extent of P. vivax severe disease and death, formal criteria for severe P.
vivax malaria must be defined [31] to allow comparison among studies and to enable

the appropriate classification of cause of death [29].

The uncertainty estimates generated in this thesis are a key output in their own right.
Areas with low uncertainty, where estimates are deemed to be reliable, can be targeted
for immediate control or intervention. For both the endemicity and clinical burden
estimates, areas with wide confidence intervals highlight areas where improved
surveillance would greatly improve the evidence bases available for control planning.
To strengthen their reporting systems, country-level control programs must also be
made aware of the type of data required to accurately generate burden outputs: species-
specific case data, the number of slides or tests examined relative to the number
positive, and the proportion of individuals with malaria or fever that sought treatment.
The national survey coverage and resulting high certainty in the predictions made in the
East African countries highlight the utility of representative sampling. The results
presented here and in recent associated work [32] will hopefully call attention to the
need for P. vivax surveillance. While P. vivax is unlikely to be considered a significant

public health problem in Africa, its ability to sustain transmission in very low density
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Duffy positive populations may increase in importance in coming years as countries

begin to lower P. falciparum case burdens.

Plasmodium vivax transmission is not likely to be sustained by the relatively low
numbers of symptomatic clinical cases quantified here. The true burden of P. vivax on
control and elimination goals is the large biomass of asymptomatic and undetectable
infections. Even in low transmission settings, most P. vivax infections appear to be
microscopically sub-patent and asymptomatic [33] and there remains no diagnostic
capacity for detecting the hypnozoite stage. Strategies to find and safely eliminate these

hidden parasites will be the final hurdle to any elimination goals.

7.4. Conclusions

The burden of P. vivax malaria has been identified as a key knowledge gap and was
previously entirely unknown in areas where case data is not widely shared or entirely
missing. The maps and estimates presented here are not definitive outputs of P. vivax
malaria endemicity or clinical burden, but rather serve as the best representation of our
knowledge given the data available. The maps serve as a mechanism to highlight where
the relative impact of P. vivax is greatest and where uncertainty indicates that
surveillance is needed. The results benefit from an analytical framework that is able to
be continually updated as improvements to input data are made available. Continued
collection and sharing of these data will require interdisciplinary efforts and political
support, but would bolster all of the principle outputs of this thesis: the role of relapse,

prevalence of infection, treatment coverage and burden of clinical disease.

This thesis opened by discussing the relative neglect of P. vivax malaria relative to P.

falciparum despite the epidemiological intricacies of P. vivax. It is hoped that this thesis
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demonstrates that the unique challenges of P. vivax present a substantial public health
problem that requires greater research attention. Integration of a variety of
epidemiological data into flexible modelling frameworks can produce quantitative and
visual outputs that can help to inform public health decision making so that control
gains made, such as those observed since the start of this doctoral research, can
continue to be made. The significant advances in technical capacity and downstream
programmatic decision-making enabled by the work presented here are made evident by
the contrasts between the perspectives of P. vivax epidemiology dated to the start of this
doctoral research, which were summarised in Chapter 2, relative to the outputs of the
subsequent chapters and their culmination in Chapter 6 as estimates of P. vivax clinical
case burden. It is the hope that this thesis provides a strong platform for further

advances in the years to come as elimination efforts are increased worldwide.
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Appendix to Chapter 3 — Geographical variation in

Plasmodium vivax relapse

This Appendix includes:

1. Additional File 1: Additional results and statistical analyses.

2. Additional File 4: Individual-level data reference list.

242



Appendix to Chapter 3

Additional File 1
Geographical variation in Plasmodium vivax relapse

Authors: Katherine E Battle’®, Markku S Karhunen®, Samir Bhatt!, Peter W Gething', Rosalind E
Howes', Nick Golding', Thomas P Van Boeckel?, Jane P Messina', G Dennis Shanks®, David L

Smith*®, J Kevin Baird®’, Simon | Hay*>

SAuthors for correspondence: katherine.battle@zo0.0x.ac.uk and simon.hay@zo0.0x.ac.uk

This file includes:
Additional results and statistical analyses

243



Appendix to Chapter 3

Initial data collection

Following the literature search, data were first recorded as aggregated records of relapse. In this initial
dataset, there were 163 records of relapse from 121 references on 56,649 patients, of which 11,152
experienced at least one relapse. Relapse was measured from a cohort of patients and reported as
minimum, mean, median and maximum time to first relapse of the patients that relapsed. However,
few of the studies provided exact measures of the total follow-up time. Thus, it was necessary to
collect the individual-level records and calculate the person time from these for analysing the
incidence rate. Ninety-two of the original references in the aggregated dataset contained individual
level data. Following application of exclusion criteria, eliminating records that aggregated time >1
month and instance of relapse earlier than 14 days, the 44,624 patients records (8,395 relapse) was

reduced to 30,049 (5,731 relapse) from 87 references as shown in Figure 3 in the main text.

The publication year of studies included in the analysis ranged from 1920 to 2013, with a mean and
median value of 1949 and 1962, respectively. However, given that several later studies included a
large number of patients, based on individual-level data the mean and median publication years were

1982 and 1990. Figure Al illustrates the temporal distribution and size of studies included by country.

The number of patients observed and those that relapsed are shown by country, treatment type, patient
type and Macdonald zone in Table Al. As shown in Figure A2, the majority of the patients were from
India, but a low proportion experienced a relapse. Of the 23 known strains, the most commonly
studied was the Chesson strain (39%), followed by the Madagascar (17%) and St. Elizabeth (16%)
strains. The wild infections originated from 19 different countries and regions. The most common
drug therapy used was chloroquine given in combination with primaquine at dosages deemed
insufficient as an effective radical cure (3 or 5 day primaquine courses) [1]. Outpatients and military
personnel were the most frequently observed patient type. Malaria therapy patients and prison

“volunteers” comprised only 2% and 3% of the dataset, respectively.

Summary statistics of the observed time to relapse as well as details of follow up times for the

individual level data are reported by ecological zone in Table A2.
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Table A1 Summary of important aspects of individual data
The values represent the number of total individuals observed and the number of individuals who
experienced at least one relapse.
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Country/Region
Brazil
Cameroon
China
Comoros

El Salvador
Ethiopia
French Guiana
Greece
Guyana

India
Indonesia

Iran

Korea (North and South)
Macedonia
Madagascar
Mediterranean
Mexico
Myanmar
New Guinea
Nicaragua
Pacific
Pakistan
Panama

Peru

Russia
Solomon Islands
Thailand

USA

Vietnam
TOTAL

total
60

6

3

3
314
292
13
94
22
23537
106

101
20
328
437
70
235
1081

1019
10
750
51
242
863
39
335

30049

relapse Treatment

38
1

3

1
306
16
3
72
2
1931
33
3
46
14
174
126
44
80
752

753
10
129
29
151
695

299

5731

total  relapse
8-aminoquinolines 18129 1281
Chloroquine 8029 1926
Mepacrine 1837 1330
Proguanil 42 36
Quinine 680 467
SN 165 109
None 307 228
Other 76 62
Unknown 784 292
Subjects* total  relapse
ACD 1617 177
ACD and PCD 348 326
Malaria therapy 596 355
Military 3723 2137
Outpatients 22719 1953
Prison volunteers 816 584
Travellers 3 1
Unknown 227 198
Macdonald zone total relapse
1. North America 335 299
2. Central America 1140 483
3. South America 146 72
4. N. Europe and Asia 245 154
5. Mediterranean 551 212
6. Sahara-Sahel 0 0
7. Sub-Saharan Africa 629 192
8. Monsoon Asia 23550 1944
9. Himalaya-Mekong 0 0
10. South East Asia 360 124
11. China-Korean Pen. 101 46
12. PNG + Solomon Is. 2992 2205

*ACD = active case detection, PCD = passive case detection
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Additional statistical analyses

Alternative modelling strategies

We attempted to construct individual-based survival models for relapse time. This seemed like a
natural choice, given the fact that we had collected individual-based data. Initially, we tried to pool
the data across geographic areas, but the log-rank test soon revealed that the inter-study variation
could not be ignored in these data (see also Table 4 in the main text). Figure 5 in the main text is
based on this type on pooling; while we regard this as an informative figure, the confidence intervals
are not justified in the strictest statistical sense. Subsequently, we attempted to model the data by
using mixed-effects Cox regression implemented in the R package coxme [2]. However, this led to
numerical convergence problems for some model variants (geographic classification systems).
Finally, we attempted to replicate the results of R/metafor by using mixed-effects Poisson regression
(R/lme4), which operates on average incidence rate within each study, just as metafor [3]. We were
unable to make the optimisation algorithm converge using Ime4 in some of the model variants. Based
on these results, we judged that the only reliable results were obtained from metafor, and
consequently, we report these as the main finding of this study.

Throughout most of the various analyses performed, we found that the Macdonald system was the
most justified description of the data, judging by statistical criteria. This effect persisted in initial
survival analyses done on data pooled by geographic zone (see above), and also in the final meta-
analysis. Furthermore, this same relationship seemed to carry over to mixed-effects survival analysis

(R/coxme), but as noted above, we do not present the results from those analyses here.

Sensitivity of the meta-analysis

We tried to improve the predictive power of the Macdonald system by combining some of the
geographic zones, but only in one case did this yield a slight improvement. The various zone
combinations and the resulting effects on the predictive power of the model are shown in Table A3.
Trial F was the system that was applied in the analysis because it combined zones with little or no
data with geographically contiguous zones with data. This slightly improved the predictive power of
the system.

In addition to analysing discrete geographic zones, we also tried to model the data by using a measure
of the longest transmission suitability period as a continuous moderator. This variable was generated
from combining monthly measures of temperature suitability [4] and enhanced vegetation index (EVI;
a measure of vegetation and proxy for moisture). The resulting global index indicated the number of
months per year each 5 km x 5 km pixel is suitable for malaria transmission (Figure A3). However,

the model with the continuous covariate provided statistics that were only modest compared to those
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of the geographic systems (compare Tables A3 and A4). Thus we conclude that there is an association
between the transmission suitability and the relapse rate, but the geographic zones capture this
association better, than any of the continuous transformations tried here. In addition, they may capture

other relevant features of the P. vivax life cycle.

Table A3 Testing for improved Macdonald systems

This table presents statistics on meta-analysis models where different modifications of the Macdonald
system are used as moderators. The statistics are: pseudo-R?, the amount of heterogeneity accounted
for; AIC, Akaike information criterion; BIC, Bayesian information criterion; and AlCc, corrected
AIC. The values of AIC, BIC and AICc are based on the restricted maximum likelihood estimator.

Trial  Zone combinations Pseudo-R’ AIC BIC AlCe
A Original (no combinations) 59.9 % 612.7 649.2 614.1
B 2+3 56.8 % 627.2 660.4 628.3
C 5+6 60.1 % 612.9 646.1 614.0
D 10+12 60.0 % 613.6 646.9 614.8
E 4+5+6+11 60.0 % 613.9 643.8 614.8
F 5+6, 9+10, 4+11 59.9 % 612.7 649.2 614.1
G 2+3,F 56.8 % 627.2 660.4 628.3
H 10+12, F 56.8 % 627.2 660.4 628.3
I All changes 57.0% 628.4 655.0 629.1
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Table A4 Using suitability as a continuous covariate

This table presents statistics on meta-analysis models where different transformations of the climatic
suitability of transmission (Figure A3) are used as a continuous moderating variable, in place of the
geographic zones (Macdonald system). The statistics are: pseudo-R?, the amount of heterogeneity
accounted for; AIC, Akaike information criterion; BIC, Bayesian information criterion; and AlCc,
corrected AIC. The values of AIC, BIC and AICc are based on the restricted maximum likelihood
estimator.

Pseudo-R’ AIC BIC AICc
Macdonald 60 % 613 649 614
Empty model 0% 778 785 778
X 0% 777 787 777
log (X + 1/30) 2% 772 782 772
VX 1% 774 784 774
X? 0% 778 788 778
X + X2 0 % 778 788 778

We reran the mixed-effects meta-analysis by using different transformations of data. For square-root
and Freeman-Tukey transformed data, White’s 5-class system (3 phenotype zones, differentiated by
Old and New World) yielded the best results; whereas White’s original 3-class system was the best
description of the untransformed data. However, we argue that there is no particular reason to trust
these results more than the log-transformed data presented in the main matter, as the Shapiro-Wilk
test showed that the log-transformation produced the least deviations from normality (Figure A4). We
also tried to include patient medication (if known) or the type of study population as additional
moderators in the meta-analysis framework, and calculated the model choice criteria again. The

Macdonald system also performed best in these analyses (Table A5).
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Table AS Results of the addition of subject and medication type to meta-analysis
The AICc values reflect the addition of adding the type of subject, medication used or both to the
various geographic system models.

Onlv zones Zones+ Zones+ Zones+
yz Subjects Medication Subjects+Medication
White-3 708 674 678 656
Lover 729 631 659 597
White-5 624 585 573 546
Macdonald 614 579 573 548

Finally, we investigated the data for outliers. Figure A5 presents externally standardised residuals
from the modified Macdonald system. From this figure we observe that most studies seem to be in
good alignment with the incidence rates predicted for them, except in zone 8 (Monsoon Asia), there
are three studies that could be interpreted potentially as outliers. These included one very large study
(n=6393) with few patients who relapsed, and two small treatment studies with short follow up. We
tried removing these data points, but this did not affect the model choice and there was no biological
or methodological justification for doing so. Also, the model-based estimates of incidence rate were
very similar to those shown in Table 2 in the main matter. In analogy to Figure A5, a forest plot
(Figure A6) showed that the incidence rates in most studies were in a good alignment with the mean
incidences in their respective geographic zones, but there were some cases where the incidences did
not match. Thus, we concluded that the use of mixed-effects meta-analysis (which contains random
effects attributable to individual studies), was warranted in this case. This is also observed in most

studies of this type.
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Figure A1 Temporal distribution and size of studies per country or region
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Figure A2 Number of total cases and number of relapses observed per country or region
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Figure A3 Global variation in Plasmodium vivax transmission suitability

The longest suitability period index classifies regions based on the number of months conditions are
suitable for malaria transmission, ranging from year round (pink) to never suitable (blue). Values
were calculated using monthly measures of P. vivax temperature suitability [4] and EVI (see main
text).
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Figure A4 Results of Shapiro-Wilk test for normality

The Shapiro-Wilk test is a commonly used method for testing normality, which in turn is an
underlying assumption of the meta-analysis models (i.e. R/metafor). Here we present the p values
from this test. Points on the x-axes represent different geographic zones, while the lines themselves
represent different transformations, such that logarithmic is blue, square root is green, Freeman-Tukey
is red, and identity (no transformation) is black.
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Figure A5 Detecting outliers in the modified Macdonald system

Each data point represents one study. The standardised residuals of the study effects are used here as a
measure of model misfit. The horizontal lines are chosen such that there is a priori a 50 % chance that
one of the residuals in a meta-analysis of this size falls outside these limits. Consequently, three of the
studies could be interpreted as outliers.

255



Appendix to Chapter 3

78 —_—— —_—
CUTIezs T T .
——
______________________________ — — e ______
Z?‘ —_——

e et
£2 =~
TIII¥EEZEICCIIICIIIICCIIICIIIICooSSSmmsmmemeeee-----ooooCoIICCIIIIIIIIZIIIZICIIIC
71

| | | | | | |
-12.00 -10.00 -8.00 -5.00 -4.00 -2.00 0.00

Log incidence rate (per day)

Figure A6 Forest plot for the modified Macdonald system

This figure has been produced by R/metafor [5]. The x axis represents log-incidence rate, running
from -12 to 0 with even spaces. The grey diamonds represent the confidence intervals of fixed effects,
whereas the horizontal lines represent Cls of the incidence rate within each study. The two do not

always overlap due to study-specific random effects. Note that the scale of the x axis is natural
logarithm.
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Appendix to Chapter 4 — Defining the relationship between

Plasmodium vivax parasite rate and clinical disease

This Appendix includes:

1.

Additional File 1: Geographic zones of relapse phenotype. Relapse patterns of
strains of P. vivax are proposed to differ among the nine ecological zones
shown.

Additional File 2: Incidence records plotted versus the predicted MAP-based
PVPR values and observed concurrent PVPR values. Incidence points versus
MAP PVPR values are shown in black and those points using concurrently
measured PVPR values are shown in blue.

Additional File 3: Approximate and exact person-time shown in plots of
incidence per 1,000 person-years versus parasite rate. The incidence records
with concurrent PVPR estimates are plotted below on linear (A) and log scales
(B) below. The blue points are those with approximated person time and those
in grey had exact person-time reported.

Additional File 4: Case parasite density threshold shown in scatter plots of
incidence per 1,000 person-years versus parasite rate. The incidence records are
plotted below on linear (A) and log scales (B) below. The grey points are studies
that used any parasitaemia in the case definition. Blue points are studies that
defined a case as >500 parasites/pl of blood and red points, 1000 parasites/pl.
Additional File 5: The posterior for the non-parametric fitted function giving the

impact of ACD frequency on the rate of detected clinical incidence cases. A
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non-parametric statistical distribution the frequency of ACD was fit under a
monotonicity restriction, which forces the posterior to preserve a strict ordering
of the observed incidence scaling with respect to ACD frequency.

. Associated publication: Battle, K.E., Guerra, C.A., Golding, N., Duda, K.A.,
Cameron, E., Howes, R.E., Elyazar, LR.F., Baird, J.K., Reiner Jr, R.C., Smith,
D.L., Gething, P.W. and Hay, S.I. (2015). Global database of Plasmodium
falciparum and P. vivax incidence records, 1985-2013. Scientific Data 2,

150012.
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Additional Files: Supplementary Figures 1-5.

Additional File 1
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Title: Incidence records plotted versus the predicted MAP-based PVvPR values and
observed concurrent PVPR values.

Description: Incidence points versus MAP PVPR values are shown in black and those
points using concurrently measured PVPR values are shown in blue.
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Additional File 3
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Title: Approximate and exact person-time shown in plots of incidence per 1,000 person-
years versus parasite rate.

Description: The incidence records with concurrent PVPR estimates are plotted below
on linear (A) and log scales (B) below. The blue points are those with approximated
person time and those in grey had exact person-time reported.
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Additional File 4
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Title: Case parasite density threshold shown in scatter plots of incidence per 1,000
person-years versus parasite rate.

Description: The incidence records are plotted below on linear (A) and log scales (B)
below. The grey points are studies that used any parasitaemia in the case definition.
Blue points are studies that defined a case as >500 parasites/pl of blood and red points,
1000 parasites/pl.
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Additional File 5
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Description: A non-parametric statistical distribution the frequency of ACD was fit
under a monotonicity restriction, which forces the posterior to preserve a strict ordering
of the observed incidence scaling with respect to ACD frequency.
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Background & Summary

The global clinical burden of malaria has proven difficult to enumerate. Previous efforts have estimated
the clinical incidence of Plasmodium falciparum malaria using adjusted case reports"*, modelling based
on study-level incidence and mortality rates’ and cartographic modelling techniques*®. All of these
methods require malaria incidence measures in some part of their estimation or validation procedures.
The surveillance-based approach relies on routinely reported case numbers, which are adjusted by
country to account for incomplete reporting, the proportion of cases confirmed with routine diagnostics,
and health facility use and access'. The Global Burden of Disease (GBD) study uses an amalgam of three
methods to estimate case incidence. First, reported cases are used from a small subset of countries
deemed to have reliable reporting. Second, corrected reporting (similar to the surveillance-based
approach methods) is applied to a larger set of countries. And third, study-level incidence, such as the
records reported here, along with mortality rates and a variety of parameters such as age and detection
methods are used to model country-level incidence’. The cartographic approach, employed by the
Malaria Atlas Project (MAP), also uses a tiered approach. Case estimates from countries with reliable
estimate are used directly. Regions designated as unstable transmission regions®’ are assigned an
incidence of 0.1 cases per 1,000 per year. For regions without accurate reporting in areas stable malaria
transmission, a modelled relationship between study-level measures of incidence matched in space and
time to prevalence surveys is applied to a smooth endemicity (prevalence) surface’ and multiplied by a
global population grid*. Such matched incidence and prevalence data are presented here.

Whilst approximations of ‘non-P. falciparum’ malaria exist, the burden of Plasmodium vivax malaria
is considered to be largely unknown®'°. The primary reason for these knowledge gaps is that measures of
malaria incidence are rarely undertaken as they are logistically demanding and thus expensive. To
accurately measure clinical incidence of malaria, longitudinal studies must be conducted that include
regular visits made to communities to check for symptomatic individuals through active case detection
(ACD)"". The database described here aimed to compile as many ACD studies for P. falciparum and
P. vivax as possible from 1985 to 2013 and represents a significant expansion upon previously published
assemblies of incidence data®.

A more commonly measured malaria metric is prevalence, also known as parasite rate (PR)'%. As
demonstrated by Patil et al.>, Cameron et al."* and Battle et al."*, ACD incidence records can be matched to
PR measures to model the relationship between prevalence of infection and incidence of clinical disease.
These models then have the potential to transform existing endemicity maps”'” into global burden estimates
with known precision®. For this purpose, each ACD observation in this database has been matched to a
concurrently measured PR value or an extracted spatially and temporally matched modelled PR

All data curation and abstraction procedures to obtain the 1,680 incidence records, including geo-
positioning and prevalence matching, are described here. The structure of the final database and technical
validation efforts are also described along with notes to facilitate the replication of the analyses in
Cameron et al."> and Battle et al.'* Such validation yields a powerful mathematical tool supporting efforts
to reliably estimate global burdens of disease imposed by the parasites causing human malaria.

Methods

Data collection

Here we provide additional detail on methodology to that provided in Cameron et al.'* and Battle et al.'*,
which utilize only a subset of the data presented here. PubMed (http://www.ncbi.nlm.nih.gov/pubmed)
was searched on 27 November 2013 using the following search string: ((malaria[MeSH Terms]) AND
(‘Incidence’ [Mesh] OR ‘Epidemiology’ [Mesh] OR ‘epidemiology’ [Subheading])) AND (‘1985/01/
01’[Date—Publication]: ‘3000’[Date—Publication]). This selected references published after 1 January
1985 and the Medical Subject Headings (MeSH; http://www.ncbi.nlm.nih.gov/mesh) ensured that all
pseudonyms were included in the search. The cut off of 1985 was used to match the year range of PR
records included in the MAP database'®. The literature search returned 11,272 citations and was
augmented with a further 25 references from previously published analyses™’. A total of 15 search
strings were tested varying the terms used and application of MeSH terms. The number of references
returned ranged from 58 (((malaria[MeSH Terms]) AND ‘active case detection’) AND (‘1985/01/
01’[Date—Publication]: ‘3000’[Date—Publication])) to 1,291,787 (((((malaria[MeSH Terms]) AND
incidence[MeSH Terms]) OR epidemiology[MeSH Terms]) OR epidemiology[MeSH Subheading]) AND
(‘1985/01/01’[Date—Publication]: ‘3000’[Date—Publication])). The search string used was chosen
because it was a reasonable number of titles for a small team to sort through, while still capturing the
majority (87%, 55/63) of the references used in a previously published collection’.

Abstracts were reviewed to determine if the reference might contain P. falciparum or P. vivax
incidence data. References excluded at this stage included reviews, case studies, vector-only, reports on
animal or non-P. falciparum or P. vivax malaria, reports of imported malaria and technical articles
including mathematical modelling and genetic analyses. The full list of 11,297 references was narrowed
down to 898 references for full text review. Seventy-eight references known to contain incidence data
from the work by Patil et al.”> and Griffin et al.'” were also set aside.

Full texts were obtained for the 976 references identified for review. The criteria for inclusion were:
(i) longitudinal studies using ACD, (ii) symptomatic/clinical cases were the subjects of detection,
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(iii) studies were conducted in the general community (not patient sub-groups or hospital-based studies),
and (iv) diagnosis using microscopy or rapid diagnostic test (RDT). Studies done only on pregnant
women were excluded due to their increased susceptibility to malaria'®. Conversely, studies using only
infants aged less than three months were excluded due to their potential temporary immunity to
P. falciparum from maternal antibodies'’. Plasmodium vivax has been shown to cause significant
morbidity in young infants***', however none of the studies conducted on infants measured P. vivax
incidence. In-house language skills only allowed for the inclusion of articles written in English, French,
Portuguese and Spanish. Twelve publications out of the 976 identified for review were in other languages
(one Turkish and 11 Chinese) and therefore excluded. Articles that did not have enough information to
determine the number of cases and the person-time observed (length of follow up for each cohort
member) were excluded. Initially, there were no restrictions placed on the length or frequency of follow
up, as long as it was explicitly reported. Based on the above criteria, data were abstracted from a total of
230 references, the majority of which measured incidence of P. falciparum malaria. Data on P. falciparum
and P. vivax incidence were identified in 226 and 99 of these references, respectively. Literature review
procedures are outlined in Fig. 1.

Geo-positioning

All available location information was extracted from the published sources. Incidence records were first
positioned to a MAP region: Africa+ (Africa plus Saudi Arabia and Yemen), the Americas, and Central
and Southeast Asia (CSE Asia). The number of records by species and region are shown in Table 1. Next,
they were assigned to a country (based on 2013 boundaries) and place. The place was considered the
location of the study and latitude and longitude coordinates for each site were found using values given in
the paper (converting to decimal degrees where necessary) or where this was unavailable, manually
digitized using Google Maps>* or Microsoft Encarta®. Contextual information from the paper was used
to differentiate when two places with the same name were within one country or to narrow down a region
to be scanned for names that could be different spellings or translations of the site name (for example,
Sissé rather than Cisse). If the site was a village, town or city, the latitude and longitude were taken from
centre, unless a specific part of the town or city were specified as the study site. If the only location
information given was a larger area such as a district administrative unit, as defined by the Food and
Agriculture Organization (FAO) Global Administrative Unit Layers (GAUL) coding>, the centroid of the
region was found using geographic information systems (GIS) software™. If the location could not be
determined by any of these means, the authors were contacted for further information. The locations of
each record are shown in Fig. 2 and the distribution of the data records over time are shown by country
in Fig. 3. Records were also matched to zoo-epidemiological zones originally defined by Macdonald*® and
modified by Battle et al.*’ to describe the geographic variation observed in P. vivax relapse phenotypes
(Fig. 4). These classifications enable the relationship between prevalence and incidence to be modelled
separately by region.

Calculating incidence

Incidence describes the number of events that occur within a specified time period. In this context, the
events are symptomatic cases (fever cases confirmed by RDT or microscopy) of P. falciparum or P. vivax
identified within a study population. Cases of P. vivax may arise from new mosquito-borne infections,
recrudescence from treatment failure or relapses from hypnozoites (the dormant liver stage). Because
there is no reliable way to differentiate relapses from new infections or recrudescence, the incidence
of P. vivax reported here includes the cases from all origins.

Values for the number of cases and time period the study population was observed (recorded in
person-years) were needed for modelling purposes and every effort was therefore made to extract or
derive those values. If incidence was given, then the number of cases or person-time was derived from
other information provided in the publication. In the few studies that provided age-specific data without
age-specific population data, a general population structure was applied®® to the whole population to
determine the size of the composite age groups. Where person-time was not explicitly reported, this was
calculated by multiplying the population number by the length of the study period. This was necessary for
the majority of studies for both P. falciparum (61%, 722/1187) and P. vivax (77%, 378/493).

Matching prevalence to incidence

So that the data may be used to model the relationship between prevalence (PR) and incidence of clinical
disease, an estimate of prevalence was spatially and temporally matched to each incidence record in the
database. If the incidence publication source contained empirical prevalence data, this was abstracted to
provide a space-time match between PR and incidence. Averages were taken for those studies that
reported more than one cross-sectional survey (XSS) for the same community. The number and timing of
each survey was recorded where available. Half of the records had PR data available from the same
reference (840/1680). Some additional space-time prevalence matches were added using the MAP PR
database'® if a separate publication measured PR in the same community and year as the incidence data
(6%, 97/1680). For the remaining 44% of the data (743/1680) without concurrent prevalence data, PR
values were extracted for all incidence records using 2010 point estimates of the annual mean modelled
P. falciparum’ and P. vivax"> endemicity values (shown in Fig. 1) using GIS software®. For P. vivax, areas
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Figure 1. Schematic overview of the literature search procedure and results. The data exclusions to obtain
clinical incidence records of use for model implementation for the P. falciparum (Cameron et al.'?) and

P. vivax (Battle et al."*) models are also shown. References from previous analyses* include those used by Patil
et al.® and Griffin et al.'”

where Duffy negative allele frequency was predicted to exceed 90% (ref. 29) is shown in hatching and
P. vivax PR was predicted at < 1% in those areas. The PR values for P. falciparum were predicted for two
to ten year-olds, whereas for P. vivax, the predictions were made for all ages (one to 99 years). Because
these age ranges did not always correspond to age groups in the incidence data, these data were age
standardized using a bespoke model parameterized for P. falciparum® and P. vivax'’. The age
standardization model was also applied as needed to PR values obtained from publications, as not all
prevalence records had matching age ranges to the incidence data. The number of parasite positive
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Region P. falciparum P. vivax Total
Africa+ 661 11 672
America 117 106 223
CSE Asia 409 376 785
Total 1,187 493 1,680

Table 1. Data records for P. falciparum and P. vivax by MAP region.

|:| Unstable transmission

|:| Risk free

® Pfstudy site
Pf study site used in analysis -

W

C

0% %
|:| Unstable transmission L e
|:| Unstable transmission and high Duffy negativity

|:| Risk free &

® Py study site
-~ % Pv study site used in analysis

Figure 2. Distribution of incidence records of 2010 prevalence surfaces for P. falciparum and P. vivax. The
geographic locations of the incidence records for P. falciparum (top panel) and P. vivax (bottom panel) are
shown over the model-based geostatistics (MBG) point estimates of the annual mean PfPR, ;o and PvPR; ¢, for
2010 within the spatial limits of stable limits of transmission (annual parasite index (API) >0.1 per 1,000 per
annum (p.a.)), displayed on a continuum from blue (0% PR) to red (70% PR for P. falciparum and >7% PR for
P. vivax). Dark grey areas were predicted to be unstable (API <0.1 per 1,000 p.a.) and light grey areas were
classified as risk free. Areas in which Duffy negative allele frequency is predicted to exceed 90% (ref. 29) are
shown in hatching for additional context in the P. vivax map. Study sites used in the P. falciparum (Cameron
et al.'®) and P. vivax (Battle et al.'*) models are shown as yellow stars and other sites included in this dataset
not used in the cited analyses are shown as purple points.
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Figure 3. Temporal distribution and person-years observed for all incidence records by region and country.
Plasmodium falciparum (left panel) and P. vivax (right panel) records are shown as points along an axis of the
study start year. The points vary in colour and size based on the number of person-years observed in each
study, such that studies with smaller sample sizes are small dark purple points and larger studies are large light
blue points. The points are jittered so that overlapping points can be seen.
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Figure 4. Geographic zones of varying malaria epidemiology and P. vivax relapse phenotypes. The zones were
used by Battle et al*” to illustrate large-scale patterns in of relapse behaviour. Zones 4, 6 and 9 are not shown

because they were joined with other zones as described in Battle et al.”’

individuals was then adjusted to match the age-standardized prevalence value. See results in Data
Citation 1. A schematic illustration the process of matching prevalence and incidence data is
shown in Fig. 5.

Code availability
All age standardisation routines were implemented in an open-source software package ageStand’',
implemented in the R statistical programming environment’’. The package contains one function,
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Figure 5. Schematic overview of the procedure of matching prevalence to incidence. Rectangles referring to all
data are shown in grey, P. falciparum data in green, and P. vivax data in purple. Orange rectangles indicate data
processing procedures and red rectangles symbolize fields in the final database.

convertPrevalence, which simplifies the conversion of prevalence estimates between age bounds.
Five arguments were specified for the function. The first, prevalence, is a vector specifying the
prevalence, or which PR field in this case, to convert from. Next, age_min_inand age_max_in, are
vectors that specify the minimum and maximum ages associated with the estimates given in
prevalence. age_min_out and age_max_out are vectors that provide the lower and upper
bounds of the age range that the prevalence is to be converted to. Finally, the parameters argument
specifies a set of parameters to be used in the model and was set to ‘Pf_Smith2007" for all P. falciparum
conversions and ‘Pv_Gething2012’ for all P. vivax conversions, referring the papers where the models
were originally published for each species®™”.
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Data Records
Data on each species was abstracted separately and data were disaggregated by age groups where possible.
Values were input into a spreadsheet containing 63 fields:

1. ldentification
ENL_ID. Data source identification number.
PI_ID. Unique identifier for each record.
INC_AUTHOR. First author surname of incidence data publication.
INC_PUBYEAR. Publication year of incidence data publication.
GRIFFIN. Identifies a record used in the analysis by Griffin et al.'”
CAMERON. Identifies a record used in the analysis by Cameron et al.'?
BATTLE. Identifies a record used in the analysis by Battle et al.'*
EXCLUSION. Potential exclusion criteria as described in Table 2.
SPECIES. P. falciparum (Pf) or P. vivax (Pv).

2. Geo-positioning

REGION. MAP regions are America, Africa+ and CSE Asia.

COUNTRY. Country where ACD was conducted.

ACD_LOCATION. The town/village/district where the ACD was conducted.

LAT. Latitude in decimal degrees (WGS1984 datum).

LONG. Longitude in decimal degrees (WGS1984 datum).

LATLONG_SOURCE. Source of the coordinates: Paper (from the publication), Google**, Encarta®,
Other (other online sources or databases), Pers. Comm. (personal communication, usually reporting
GPS-read coordinate), GIS (centroid of administrative unit found using ArcGIS)?, or Combination
(a combination of the aforementioned methods).

GEOPOS_NOTES. Further information about how geo-positioning was carried out.

EPIZONE. Numerical code for geographic epidemiological zones as defined in Battle et al.”” and as
shown in Fig. 4.

BATTLEZONE. The full name of the EPIZONE described above.

3. Incidence time

START_MONTH. Survey starting month.

START_YEAR. Survey starting year.

END_MONTH. Survey ending month.

END_YEAR. Survey ending year.

TIME. Number of years of observation, using fractions to represent <1 year (1 for 12 months, 0.67
for 8 months, 1.33 for 16 months, etc.)

TIME_CAT. Categorizes the TIME column into six categories for the purpose of further exclusion if
needed ( < 6 months, 6-11 months, 12 months, 13-23 months, 24 months, >24 months).

FREQ_ACD. Frequency of ACD written as text (every 2nd day, weekly, fortnightly, etc.). Weekly*
indicates a record where the frequency of ACD was not explicitly reported in the study and assumed to be
one week.

Potential exclusion criteria* Description Pf Pv Total

Duplicate Data from different studies reporting the same data or data from the total population 15 10 25
where age-specific data were also reported

Asymptomatic Papers that did not diagnose based on clinical symptoms, but on infection alone, and 11 6 17
therefore asymptomatic cases would be included in the incidence estimates

Unclear Methods regarding the ACD were vague; often the frequency of ACD was not reported 50 36 86

Infrequent ACD Studies that carried out ACD at intervals greater than 30 days 22 9 31

Pre-1985 Studies that were published after 1985, but contain incidence data gathered before 38 21 59
1985

XSS Studies that appear to be cross-sectional surveys rather than longitudinal ACD studies 10 10 20

PCD Studies that appeared to use only passive case detection 54 13 67

< 4 age bands Studies that either did not stratify incidence by age or did so with less than four age 859 371 1,230
groups

Approximate person-time Person-years observed (PYO) was approximated by multiplying the study population 722 300 1,022
by study time period

Rx Population was given presumptive treatment prior to ACD observation period 35 2 37

Table 2. Exclusion criteria applied to the initial dataset for P. falciparum and P. vivax. *Figure 1 illustrates
how these criteria were applied to the species-specific data records.
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FREQ_ACD_NUM. This will express the frequency of ACD numerically should scaling be applied
downstream. Records the number of days between each visit (every 2nd day =2, every fortnight =14,
every month = 30).

PCD. Passive Case Detection. Yes/No for if Passive Case Detection was conducted alongside the ACD.

POP. Number of people observed for TIME; the study population.

d. The number of positive species-specific clinical cases. Asymptomatic and mixed infections were not
included. Mixed infections were often a negligible proportion of the total infections and present a
challenge because it is not possible to determine the parasite that caused the symptomatic episode.

PYO. If person-time is specifically reported in the paper, that value was used after converting to
person-years. If person-time was not explicit, the length of the study period (TIME) was multiplied by the
study population (POP) such that PYO =TIME * POP.

PYO_APPR. PYO approximated. This is a binary entry to indicate if the PYO was approximated or if
an exact PYO was provided in the paper. If PYO = POP*TIME then it was approximated (value 1), and if
PYO was reported in the paper (even if it is converted to years from days/weeks/months), then it was
exact (value 0).

INC. Incidence = (d/PYO)*1,000. Incidence may have been explicitly reported in the paper. However,
the likelihoods are derived from d and PYO and therefore if incidence was provided, the PYO and d were
calculated from INC.

INC_NOTES. Description for how incidence values were obtained or derived from information given
in the publication.

DIAGNOSTIC. Diagnostic technique used (Microscopy or RDT). Data based on serology or PCR were
not included.

CLINICAL_DEF. Clinical Definition. The definition of a clinical case as given in the paper: fever+any
parasitaemia or fever+parasitaemia within a fixed or age-dependent threshold (fixed was used if the study
reported both).

CASE_DENS_THRESH. Case definition parasite threshold. Some publications specified a minimum
parasite load for a patient to be considered a positive case. If any parasite density was permitted, a
threshold of 1 was entered, otherwise the value specified in the paper was entered.

4. Incidence population

INC_LAR. Incidence lower age range. If there were multiple age groups studied in one paper, they
were entered as separate rows. If no lower age was given, it was assumed to be zero.

INC_UAR. Incidence upper age range. If no upper age was given, it was assumed to be 85.

EIR. Entomological inoculation rate. This was recorded if given in the reference to provide a measure
of transmission intensity.

INTERVENTION. Any interventions taking place in the study population. Control and intervention
arms should be entered in different rows. For control groups or if there was no intervention, None
was entered.

5. Prevalence data

PR_AUTHOR. The author of the source of the parasite rate (PR) data. If the data was found in the
same paper as the incidence data, it was entered as Same.

PR_PUBYEAR. The year that the reference that cites the parasite rate was published. If it is the same
paper as the incidence paper, it was entered as Same.

PR_MONTH. The month prevalence that the survey was conducted. If not provided, NA was
recorded.

PR_YEAR. The year that the prevalence survey was conducted.

N_SURVEYS. This refers to the number of prevalence surveys (XSS) included in the PR estimate
reported. Several studies reported PR values that are averaged from more than one survey.

PR_LAR. Lower age range of individuals tested in XSS. If no lower age was given, it was assumed to
be zero.

PR_UAR. Upper age range of individuals tested in XSS. If no upper age was given, it was assumed
to be 85.

AGE_MATCH. If the PR age range was the same as the incidence age range, the value was 1. If they
did not match, the value was 0. If there was no PR value from the paper, the value was 99.

N. Number of individuals examined in the prevalence survey, or if slide positivity rate was reported,
the number of slides examined was used.

N_POS. Number of individuals positive for parasite in question.

N_POS_AD]J. Adjusted number positive based on age-standardized prevalence value (PapPR_Stand or
PR_Stand below).

PR. Calculated parasite rate = (N_POS/N).

PR_NOTES. Description of how a concurrent PR estimate was obtained.

PR_DIAGNOSTIC. Diagnostic technique used to identify P. falciparum or P. vivax prevalence within
the population (microscopy or RDT). Data based serology or PCR were not included.
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6. Matched prevalence data

PfPR2_10. Predicted PfPR values from the P. falciparum MAP endemicity surface’.

PvPR1_99. Predicted PvPR values from the P. vivax MAP endemicity surface'”.

MAPPR_Stand. Estimate from the P. falciparum or P. vivax MAP surface age-standardized to
the age-range used in the incidence data.

PapPR_Stand. Concurrent PR estimate age-standardized to the incidence age-range.

PR_Stand. If a concurrent PR estimate was available, the age-standardized one is used here, if not, the
age-standardized MAP estimate is used.

7. Citations

REF_ACD. Reference for the incidence data.

PMID. PubMed identification number for ACD reference. Unpublished sources were left blank, but
the type of source (e.g. thesis or conference proceedings) was noted in the full reference given in
REF_ACD.

REF_PR. Reference for the PR data (if available).

PMID_PR. PubMed identification for PR reference. Unpublished sources were left blank, but the type
of source (e.g. thesis or conference proceedings) was noted in the full reference given in REF_PR. If no
concurrently measured PR was found, this was field also left blank.

Technical Validation

There were 1,680 rows of incidence data following initial data extraction (Data Citation 1). All records
were entered by one team member and checked by a second. Cells where there was disagreement were
highlighted and checked by a third person where possible. Checking was done to ensure that entries were
accurate and that the inclusion criteria outlined above were met. Some exceptions to inclusion criteria
described were made to allow for studies used in previous analyses™” to be added to the database.

To record any exceptions to the inclusion criteria used in the Cameron et al.'> and Battle et al.'*
studies and to flag other records for potential exclusion in future analyses, an additional field was added
to the database (see EXCLUSION field above). The first exclusion, which applied to both P. falciparum
and P. vivax data, was to remove records from different studies that reported the same data (same
population at the same time). The records prioritized for inclusion were those that had been included in
previous analyses™'”. Next, studies that measured both symptomatic and asymptomatic cases that passed
the first inclusion stage, but found during validation, were marked for potential exclusion as the incidence
measure would not be specific to clinical cases. Studies with unclear methods, such as un-specified
frequency of detection or the number of cases or person-time could not be derived, were also marked for
potential exclusion. For P. falciparum, the remaining potential exclusion criteria based on the analysis by
Cameron et al.'® was to not include studies that (i) had fewer than four age-specific estimates from the
same population during the same time to remove studies under-powered for inference of the P.
falciparum age-incidence relationship and or (ii) where the population were treated presumptively at the
start of the transmission season. There were only six P. falciparum records excluded from the Cameron
et al. analysis for presumptive treatment, but it was noted in INTERVENTION field for other records that
had been flagged for potential exclusion for other reasons. For the P. vivax analysis by Battle et al.'*,
studies that made ACD visits more than one month apart were excluded, as were studies conducted prior
to 1985. Incidence reports from retrospective analyses or passive case detection (PCD)-only were marked
in the EXCLUSION field, as were XSS because they are not longitudinal and measure both symptomatic
and asymptomatic cases. The records flagged as PCD and XSS had originally been abstracted because
they were used in previous analyses™'”.

A summary of the exclusion criteria described above is shown in Table 2 and a schematic of the
exclusion procedures is shown in Fig. 1. Table 3 shows the regional distribution of the 328 P. falciparum
and the 152 P. vivax records remaining after the species-specific exclusions described above were applied.
The study by Cameron et al.'> was restricted to Africa, but the lack of data in Africa in the P. vivax
analysis conducted by Battle et al.'* represents a genuine absence of P. vivax data in the region. Note that
all 1,680 records originally abstracted remain in the database so that customized exclusions can be applied
for any future analyses using this data.

Region P. falciparum—Cameron* P. vivax—Battle
Africa+ 295 —
America — 43

CSE Asia — 133

Total 295 176

Table 3. Data records for used in analysis by Cameron et al.'> and Battle et al.'* by MAP region. *The
study by Cameron et al. was restricted to Africa. "The study by Battle et al. was global and therefore lack of
records in Africa+ represents a genuine absence of data that matched the inclusion criteria from that region.
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Usage Notes

This dataset was generated for the purpose of modelling the relationship between incidence of clinical
malaria and the more commonly measured PR. This database has been directly applied to the models
described in Cameron et al."> and Battle et al.'*, and is similar to the smaller dataset published by Patil
et al.®, with the intention of developing species-specific global burden maps for P. falciparum and P. vivax
malaria. Those in turn directly inform global estimates of the burden of clinical disease attributable to
each species. This information is critical to efficiently allocate resources and direct efforts to combat these
illnesses.

As described above, this database reports incidence of all infections, not only new infections, and
therefore include relapses (P. vivax only), recrudescences and reinfections in both the prevalence and
incidence measures>”***°, For P. vivax in particular, these data could be used in conjunction with data on
patients who have received radical cure treatment (with either primaquine or tafenoquine) or treatment
without primaquine to determine the incidence of new infections or relapses, respectively. This would be
done by taking the overall incidence in a location, as reported here, and subtracting the incidence of new
infections from patients treated with a radical cure or without a radical cure. This would be essential data
for determining sporozoite- and hypnozoite-specific attack rates, the relative proportions of which may
directly inform the character of interventions against endemic malaria.

It has been hypothesised that a key driver of relapse in P. vivax is infection with P. falciparum. To
allow for investigation of the potential interactions between the endemicity of one species on the
incidence of another, a prevalence measure for both P. vivax and P. falciparum is provided for each entry.

This database may also be of use for other analyses of clinical burden. Where possible, data has been
disaggregated by age. This allows for studies of how burden of disease changes with age, as was done by
Griffin et al. using a smaller dataset of P. falciparum in children in Africa'’. The database also contains
incidence data from intervention studies with data from both intervention and control arms entered. This
would offer insight into the impact of control on incidence of disease as compared to prevalence of
infection. Finally, the collection of data from 1985 until the present may improve our understanding in
the change of malaria burden over time.
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