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Over a third of the world’s population lives at risk of potentially severe Plasmodium
vivax malaria. Unique aspects of this parasite’s biology and interactions with its human
host make it harder to control and eliminate than the better studied Plasmodium
falciparum parasite. Spatial mapping of two human genetic polymorphisms were
developed to support evidence-based targeting of control interventions and therapies.

First, to enumerate and map the population at risk of P. vivax infection (PvPAR), the
prevalence of this parasite’s human blood cell receptor — the Duffy antigen — was
mapped globally. Duffy negative individuals are resistant to infection, and this map
provided the means to objectively model the low endemicity of P. vivax across Africa.
The Duffy maps helped resolve that only 3% of the global PvPAR was from Africa.

The second major research focus was to map the spatial distribution of glucose-6-
phosphate dehydrogenase enzyme deficiency (G6PDd), the genetic condition which
predisposes individuals to potentially life-threatening haemolysis from primaquine
therapy. Despite this drug’s vital role in being the only treatment of relapsing P. vivax
parasites, risks of G6PDd-associated haemolysis result in significant under-use of
primaquine. G6PDd was found to be widespread, with an estimated frequency of 8.0%
(50% CI: 7.4-8.8%) across malarious regions.

Third, it was important to represent more detailed descriptions of the genetic diversity
underpinning this enzyme disorder, which ranges in phenotype from expressing mild to
life-threatening primaquine-induced haemolysis. These variants’ spatial distributions
were mapped globally and showed strikingly conspicuous distributions, with
widespread A- dominance across Africa, predominance of the Mediterranean variant
from the Middle East across to India, and east of India diversifying into a different and
diverse array of variants, showing heterogeneity both at regional and community levels.

Fourth, the G6PDd prevalence and severity maps were synthesised into a framework
assessing the spatial variability of overall risk from G6PDd to primaquine therapy. This
found that risks from G6PDd were too widespread and potentially severe to sanction
primaquine treatment without prior G6PDd screening, particularly across Asia where
the majority of the population are Duffy positive and G6PDd was common and severe.

Finally, the conclusions from these studies were discussed and recommendations made
for essential further research needed to support current efforts into P. vivax control.
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Figures

Figure 1.1. The pre-control map of malaria transmission at the peak of its distribution
circa 1900. The endemicity classes refer to transmission endemicity (quantified as ‘parasite
rate’, or the proportion of individuals found infected with the Plasmodium parasite; in this case
in 2-10 year olds, PR,.19): hypoendemic: PR,y <0.10; mesoendemic: PR, = 0.10 - <0.50;
hyperendemic: PR,.1o = 0.50 - <0.75; holoendemic: PRg.; >0.75 (this class was measured in 0 to
1 year olds). This map was generated by Lysenko & Semashko (1968) and subsequently
digitised by Hay et @l. (2004) .......ccooiiiieie et 1

Figure 1.2. Malaria mortality in the 20th century. Panel A shows the number of malaria
deaths per 10,000 population per year and Panel B represents the total number of deaths due to
malaria per year. The regions are Europe and North America (¢—¢); the Caribbean and Central
and South America (=—+); sub-Saharan Africa (»—-¢); China and Northeast Asia (x—x); the
Middle East, South Asia, and the Western Pacific (+—=+); and worldwide (4- - -4). Figure
reproduced from Carter and Mendis, (2002) ........coooiiieiiieeni e 2

Figure 1.3. The challenge of malaria elimination. Panel A shows the status of national
malaria programmes as malaria free (green), eliminating malaria (blue), or controlling malaria
(red). Panel B shows the relative composition of malaria infections by parasite: predominantly
P. falciparum (>90%) in red, predominantly P. vivax (>90%) in purple, or both in
orange. Figures reproduced from Feachem et al. (2010) .......ccoovriieiniiniiniienee e 7

Figure 1.4. Plasmodium vivax lifecycle in the human host. The figure highlights two aspects
of the lifecycle which differ from P. falciparum: # indicates the dependency on the Duffy
antigen for establishing blood-stage infection; # indicates the dormant hypnozoites which may
be reactivated weeks to months after an initial infection and cause clinical relapse. Figure
adapted from Mueller et al (2009) ........ccuiiiiriieeie e 9

Figure 2.1. Schematic overview of the procedures and methods. Blue diamonds describe
input data. White boxes within the “N by data type” diamond represent different possible data
types, with each spatially unique survey being represented by only one white box. Orange boxes
denote models and experimental procedures. Green rods indicate model outputs .................... 21

Figure 2.2. Spatial distribution of the input data points categorised by data type. Symbol
colours represent the type of information in the survey: orange when full genotypes were
detected (Genotype); red for full phenotype diagnosis (Phenotype); yellow for expression/non-
expression of Duffy antigen (Promoter); green and blue for partial phenotypic data, about
expression of Fy* (Phenotype-a) and Fy" (Phenotype-b) respectively. Total datapoints are
n=821; totals by data type are listed in the legend. The sub-Saharan Africa covariate boundary
IS SNOWN TN DIACK ...t 23

Figure 2.3. Global Duffy blood group allele frequencies and uncertainty maps. (a), (b) and
(c) correspond to FY*A, FY*B and FY*B®® allele frequency maps, respectively; (d), (e) and (f)
show the respective inter-quartile ranges (IQR) of each allele frequency map (25% to 75%
interval). Predictions are made on a 5 x 5 km grid in Africa and 10 x 10 km grid elsewhere ... 24
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Figure 2.4. Global distribution of the Duffy negativity phenotype. (a) Global prevalence of
Fy(a-b-); (b) associated uncertainty map. Uncertainty is represented by the interval between the
25% and 75% quartiles of the posterior distribution (IQR) .....c.ccevveiiiiiiiiiice e 25

Figure 2.5. Characteristics of the Duffy negativity phenotype in Africa. This figure shows
the covariate line (in green) which separates sub-Saharan African populations from the rest of
the continent; hatched areas indicate areas of confidence in the distribution of >95% Duffy
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Chapter 1 - Introduction

1.1. The Malaria Footprint

Malaria has stamped a multi-faceted footprint on the human race. A footprint which tells of
great death and disease, of evolutionary selection, of stunted economic development, of
failed political and scientific endeavour, but also of humanity’s resolve in the face of a

quite brilliant adversary. The 20" century saw all of these.

At the peak of its distribution, thought to be around the year 1900, the threat of malaria was
truly global (Figure 1.1). Although the disease was most debilitating in tropical regions,
such as swathes of sub-Saharan Africa where more than 75% of young children would be
infected at any given time, the “mala aria” was also impacting temperate regions such as
Italy where its disease toll threatened the stability of the fragile newly unified state (Hay et

al., 2004; Capanna, 2006).
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Figure 1.1. The pre-control map of malaria transmission at the peak of its distribution
circa 1900. The endemicity classes refer to transmission endemicity (quantified as ‘parasite
rate’, or the proportion of individuals found infected with the Plasmodium parasite; in this
case in 2-10 year olds, PR,.10): hypoendemic: PR;.1o <0.10; mesoendemic: PR;.;o = 0.10 -
<0.50; hyperendemic: PRj.;o = 0.50 - <0.75; holoendemic: PRo; >0.75 (this class was
measured in 0 to 1 year olds). This map was generated by Lysenko & Semashko (1968) and
subsequently digitised by Hay et al. (2004).
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At about this time, Ronald Ross and Battista Grassi demonstrated the role of Anopheles
mosquitoes in vectoring the malaria Plasmodium parasites between human hosts (Ross,
1898; Bynum, 1999; Fantini, 1999; Capanna, 2006). The practical implications of their
crucial “mosquito theory’ were rapidly put into practice and the era of malaria control was
born. Widespread vector ‘sanitation’ programmes, together with an ongoing social and
economic transition towards urbanisation, dramatically reduced malaria cases in many areas
in the first half of the 20" century (Harrison, 1978; Kitron, 1987; Atmosoedjono et al.,
1992; Litsios, 2002). Large scale successes were particularly evident in the Middle East,
South Asia and Western Pacific regions (Carter and Mendis, 2002) (Figure 1.2). Despite
reductions in mortality, it is estimated that malaria claimed at least 3 million deaths
annually for much of the first half of the 20" century, corresponding to around 10% of
deaths globally (Carter and Mendis, 2002), though possibly up to 50% in India
(Christophers, 1924).
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Figure 1.2. Malaria mortality in the 20th century. Panel A shows the number of malaria
deaths per 10,000 population per year and Panel B represents the total number of deaths due to
malaria per year. The regions are Europe and North America (¢—#¢); the Caribbean and Central
and South America (—+); sub-Saharan Africa (=—-); China and Northeast Asia (x—x); the
Middle East, South Asia, and the Western Pacific (+—+); and worldwide (¢- - -¢). Figure
reproduced from Carter and Mendis (2002).

It was probably the alarming loss of European and North American lives through colonial

and military involvements, such as in India (Ross, 1923; Christophers, 1924) and the
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Second World War (Downs et al., 1947; Coatney et al., 1948; Condon-Rall, 1992),
however, which drove the technological and pharmaceutical development of the tools
which were to become the centre pieces of the United Nations’ Global Malaria Eradication
Programme (GMEP), launched in 1955 (WHO, 1955; WHO, 1973). Residual insecticide
spraying of dichloro-diphenyl-trichloroethane (DDT) together with highly effective
chloroquine treatment successfully reduced cases in many areas during the early 1960s
(Najera et al., 2011). By 1969, however, the programme was abandoned, and the GMEP’s
impact as an attempt at eradication had become synonymous with failure. The root of the
downfall was probably two-fold. First, widespread use of chloroquine mono-therapy and
mono-insecticide spraying selected resistant parasites and mosquitoes, and left the
programme without efficacious tools (Harrison, 1978). Second, in areas where control did
successfully reduce transmission and disease, political and economic will failed and
investment in control measures dwindled (Najera, 2001; Najera et al., 2011). Both resulted
in huge relapses of infection in areas previously close to elimination. A particularly
alarming example of this was in Sri Lanka, where as few as 17 cases reported in 1963
exploded into an epidemic of half a million cases four years later (Ministry of Health Sri
Lanka and the World Health Organization and the University of California-San Francisco,
2012). The state of malaria control through the 1970s and 80s has been epitomized as

‘Resurgence’ and ‘Chaos’, respectively (Bradley, 1992).

The GMEP’s legacy varied geographically, and although its overall target was never met,
its positive contributions and lessons for contemporary programmes have been hailed
(Gething et al., 2010; Najera et al., 2011). Malaria was successfully eliminated from most
of Europe and North America, where the public health infrastructure meant that the
programme’s success could be sustained in the long-term (De Zulueta, 1998). Although the
goal of elimination was not reached in any country in Asia, mortality was dramatically
reduced (Figure 1.2), despite resistance having emerged from, and being widespread across,
this region. In contrast, control of the very high intensity transmission across Africa was
barely attempted (Litsios, 1966). Death rates in Africa were not substantially different

between the start and the close of the 20" century (Figure 1.2A) (Carter and Mendis, 2002).



Chapter 1 - Introduction

The great burden of malaria on this continent has been felt not only in its relentless death
toll, but also as one of the severest impediments to social and economic development

(Gallup and Sachs, 2001; Carter and Mendis, 2002).

The turn of the 21% century provided the much needed impetus to address the failures of the
GMEP and get a grip on malaria’s rampage: estimated to have cost 150-300 million lives
during the 20™ century (Carter and Mendis, 2002), and despite a century’s efforts, an
estimated 48% of the world’s population still lived at risk of infection (Hay et al., 2004).
Since then, a remarkable resurgence of political will has been backed by substantial
economic support from many governmental and philanthropic sources (President's Malaria
Initiative; The Global Fund to Fight AIDS Tuberculosis and Malaria; Snow et al., 2008;
Pigott et al., 2012). A number of international forums have been set up and commitments
been made to control the clinical incidence of malaria (Sachs, 2002): Roll Back Malaria in
1998, the Abuja Declaration in 2000 (The Abuja Declaration and the Plan of Action, 2000;
Snow and Marsh, 2010), and the Millennium Development Goals in 2002 (MDG, 2012), to
name a few. However, the major policy-changing commitments were initiated in October
2007 by Bill & Melinda Gates’ endorsement and substantial financial backing for a final
attempt at eradication (Bill & Melinda Gates Foundation; Bill and Melinda Gates
Foundation Malaria Forum). Although their announcement at the time took the research
community by surprise, prompting headlines such as ‘Did They Really Say...Eradication?’
(Roberts and Enserink, 2007), this major gear-shift has rapidly permeated the malaria
community — both at the national and regional control programme levels (APMEN;
Feachem and The Malaria Elimination Group, 2009; Hsiang et al., 2010; Eziefula et al.,
2012) and research and development (R&D) focusses (Baird, 2010; Feachem et al., 2010;
Alonso et al., 2011). The results of this invigorated focus are evident: between 2000 and
2009, 50 of the 99 malaria endemic countries reported a decrease of at least 25% of malaria
cases and mortality, and 43 reported a decrease of more than 50% (WHO, 2010; WHO,
2011). Nevertheless, in 2010 malaria was still in the top ten killers globally, with mortality
estimates ranging from 655,000 (539,000-906,000) (WHO, 2011) to 1,238,000 (929,000-
1,685,000) (Murray et al., 2012) deaths that year.
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1.2. Plasmodium vivax: the neglected parasite

This chapter has thus far deliberately referred to “malaria”, reflecting the long-standing
attitude of many. Although there are five species of the protozoan Plasmodium genus which
are known to infect humans (P. falciparum, P. vivax, P. ovale, P. malariae, and the recently
recognised zoonotic P. knowlesi (Cox-Singh et al., 2008)), little effort has been made until
recently to distinguish between parasites. This is still evident from reading the 2011 World
Malaria Report (WHO, 2011), for instance, which does not distinguish between species in
its maps or basic epidemiological statistics. This short-sighted approach overlooks
important differences in the biology of the various Plasmodium species which have far-
reaching implications for their control. A single parasite species has been considered
responsible for virtually all mortality, P. falciparum, and as such has dominated the malaria
agenda with little regard for the other parasites. P. malariae, P. ovale and P. knowlesi are
thought to be relatively limited in their transmission and their clinical incidence much less
common than that of the other two (WHO, 2011; Baird, 2013). Although P. vivax is the
most widely distributed human malaria parasite (Guerra et al., 2010), it has been largely
ignored due to its alleged “benign” and rarely lethal virulence. The strong focus on P.
falciparum has allowed this parasite to pass relatively unnoticed for the past 50 years
(Galinski and Barnwell, 2008; Mueller et al., 2009; Carlton et al., 2011). This is still
evident from a contemporary financial perspective: of an estimated $1.68bn spent on
malaria R&D between 2007 and 2009, just 3.1% of expenditures were committed to P.
vivax, compared to 44.6% on P. falciparum (the remaining 52.3% of investment was not
reportedly targeted to a specific parasite) (PATH, 2011). The downstream effect of that
investment skew, for example, is that of the 41 vaccines in preclinical and clinical
development in 2011, the overwhelming majority (95%) targeted P. falciparum, with only

two specific to P. vivax (PATH, 2011).

Compelling evidence is accumulating of the clinical significance of P. vivax, countering the
long-held designation of “benign” vivax malaria; its potential to cause severe disease and

death is being increasingly frequently diagnosed and reported (Tjitra et al., 2008; Anstey et
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al., 2009; Kochar et al., 2009; Price et al., 2009; Singh et al., 2011). This misnomer is
attributed to the era of P. vivax inoculation as a therapeutic agent for neurosyphilis patients.
The fevers brought on by P. vivax infection were the treatment of choice for this otherwise
lethal disease until the advent of antibiotics (Fong, 1937; Baird, 2013; Snounou and
Perignon, 2013). The mortality data from these treatments have been recently re-examined,
and together with the recent clinical evidence, demonstrate a significant mortality burden
associated with P. vivax malaria (Baird, 2013). A wide range of severe symptoms is
described, essentially similar to those traditionally attributed solely to P. falciparum
infections: cerebral malaria, hepatic dysfunction with severe jaundice, acute lung injury,
shock, renal failure, splenic rupture, severe thrombocytopenia and haemorrhage, and severe

anaemia (Baird, 2007; Anstey et al., 2009; Mueller et al., 2009).

The public health significance of P. vivax is also increasingly evident. The P. falciparum
bias which has dominated malaria R&D, means that current control interventions are not
suited to the challenges presented by the distinct P. vivax lifecycle (Bockarie and Dagoro,
2006; Baird, 2010; Bousema and Drakeley, 2011; Gething et al., 2012). Existing
interventions are therefore most effective against P. falciparum, and areas where overall
endemicity is successfully dropping are experiencing an increase in the relative proportion
of P. vivax infections (Phimpraphi et al., 2008; Feachem et al., 2010; Ministry of Health Sri
Lanka and the World Health Organization and the University of California-San Francisco,
2012). This is well illustrated by Figure 1.3 which shows that of the 35 malaria eliminating
countries in 2010, 29 have a predominantly P. vivax problem (Feachem et al., 2010; UCSF
Global Health Group and Malaria Atlas Project, 2011). Outside Africa, where P. vivax
endemicity is reportedly very low, the challenge of malaria elimination is therefore
tantamount to the challenge of P. vivax (Feachem et al., 2010). The unique biological

characteristics of P. vivax to which this may be attributable are discussed below.
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Figure 1.3. The challenge of malaria elimination. Panel A shows the status of national
malaria programmes as malaria free (green), eliminating malaria (blue), or controlling
malaria (red). Panel B shows the relative composition of malaria infections by parasite:
predominantly P. falciparum (>90%) in red, predominantly P. vivax (>90%) in purple, or
both in orange. Figures reproduced from Feachem et al. (2010).

1.2.1. A poor evidence-base of epidemiological data to understand P. vivax transmission

The neglect of P. vivax has permeated all aspects of our knowledge of this parasite. Basic
epidemiological data, which are essential to underpin any attempt at control, are less
complete than for P. falciparum (Hay et al., 2009; Marsh, 2010). This may be partly due to
the unrecognised clinical significance of this parasite, but also to its infections having a
characteristically lower parasitaemia than P. falciparum infections (Baird, 2013).

Diagnosing P. vivax, particularly in mixed-infections, requires considerably more effort.
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Gething and colleagues report that many in-country surveillance systems are not attuned to
P. vivax; between 2002 and 2010 only 53 of 95 P. vivax endemic countries provided P.
vivax-specific routine case reporting data reliably distinct from their P. falciparum data
(Gething et al., 2012). Community malaria parasite rate surveys are also much less
common and spatially homogenous for P. vivax relative to P. falciparum, presenting an

important challenge to endemicity mapping (Gething et al., 2011; Gething et al., 2012).

Despite being highly genetically diverse, P. vivax parasites appear to be dependent on only
a single antigen to successfully infect red blood cells (RBCs): the Duffy antigen (Miller et
al., 1976; Carlton et al., 2008; Neafsey et al., 2012) (Figure 1.44). No other invasion
pathway has been described to date. This polymorphic human antigen shows distinct
geographic patterns, and for instance is not commonly expressed by individuals of African
origin, making them resistant to P. vivax infection (Miller et al., 1976). These findings
provided a simple solution to the apparent absence of P. vivax from Africa, and until
recently, little further study has been conducted of the prevalence of this parasite on this
continent. Knowledge of the underlying human Duffy landscape therefore represents a
proxy susceptibility map of human populations to P. vivax infection. This information
could support an improved understanding of this parasite’s transmission potential at the

population level and help fill this epidemiological knowledge gap.
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Figure 1.4. Plasmodium vivax lifecycle in the human host. The figure highlights two aspects
of the lifecycle which differ from P. falciparum: # indicates the dependency on the Duffy
antigen for establishing blood-stage infection; & indicates the dormant hypnozoites which may
be reactivated weeks to months after an initial infection and cause clinical relapse. Figure
adapted from Mueller et al (2009).

1.2.2. A poorly targeted therapeutic arsenal

The importance of distinguishing between the different Plasmodium parasites for malaria

therapy was recognised in the 1950s. In 1952, L.T. Coggeshall warned (Coggeshall, 1952):

“The greatest misconceptions about the treatment of malaria... have arisen from the
fact that too many considered it a single disease. Malaria is not a disease — it is a
variety of diseases. ...it is too commonly believed that any standard form of therapy is
sufficient. This is far from true. It is essential first to know the species involved
because they differ markedly in their behavior and response to different drugs.”
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This warning, however, was not heeded during the GMEP era and succeeding decades, and
the most damaging impact of the neglected significance of P. vivax has perhaps been in its
therapeutic development. The lifecycle distinction which makes the Plasmodium
falciparum control toolkit most redundant for P. vivax is the latter’s ability to form
persistent liver-stage parasites: hypnozoites (Figure 1.4%). Although all Plasmodium
species have a developmental step in liver hepatocytes, P. vivax and P. ovale are unique in
forming a sub-population of dormant hypnozoites which can trigger relapses of infection
anytime between a few weeks and years after the initial infection (Battle et al., 2011;
White, 2011). Population-level malaria elimination requires this silent reservoir of parasites
to be successfully treated, so as to prevent continuous relapse of clinical cases and infected
mosquitoes (Baird, 2010; Wells et al., 2010). At present, these silent parasites remain
diagnostically invisible (The malERA Consultative Group on Diagnoses and Diagnostics,

2011).

Pharmaceutical developments during the 20™ century were scant for P. vivax radical cure.
The current portfolio of antimalarial drugs mostly targets the blood stages of P. falciparum
and are not active against P. vivax hypnozoites (Baird, 2010). A single hypnozoiticide,
primaquine, has been in use since the 1950s, and only one other drug is currently in
development, tafenoquine (GSK-MMV; Phase IIb/lll trials) (Medicines for Malaria
Venture; The malERA Consultative Group on Drugs, 2011; John et al., 2012). Both these
drugs are 8-aminoquinolines and highly oxidative (Brueckner et al., 2001). Individuals with
a glucose-6-phosphate dehydrogenase deficiency (G6PDd), a congenital enzyme disorder,
are at risk of life-threatening haemolysis from this family of drugs; no point-of-care
diagnostics exist for this predisposing condition (Kim et al.,, 2011; The malERA

Consultative Group on Diagnoses and Diagnostics, 2011).

The demand for hypnozoiticidal therapy is broader than solely against symptomatic P.
vivax infections. Strong evidence points to silent P. vivax infections being much more
prevalent than the numbers of symptomatic infections alone would suggest. A review of

10,549 naturally acquired acute P. falciparum infections in Thailand treated with standard

10
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blood-stage therapy found that within a 63 day follow-up period in an area of low
endemicity (where chances of re-infection were low), 51% had suffered an attack of P.
vivax (Douglas et al., 2011), suggesting a high prevalence of undiagnosed P. vivax
infection. It has been argued that P. vivax hypnozoite therapy ought be given in all cases of
malaria, regardless of the diagnosed pathogen (Baird, 2011). The aforementioned low
parasitaemia associated with P. vivax adds further difficulty to diagnosing this species: a
study in the Solomon Islands found that fewer than 30% of PCR-diagnosed blood infections
could be detected by expert microscopists (Harris et al.,, 2010). The threat which
asymptomatic, sub-microscopic, latent P. vivax infection poses to elimination efforts
demands widespread use of radical cure treatment. Furthermore, primaquine is the only
drug active against the infectious gametocyte lifestages of all Plasmodium parasites which
infect mosquitoes and ensure onward transmission. The use of primaquine for transmission-
blocking has great potential as a tool to reduce endemicity, and is thus a key tool for

elimination (Bousema and Drakeley, 2011; White, 2012).

The fear of triggering potentially severe haemolysis prevents widespread use of the only
drug available for P. vivax radical cure and P. falciparum transmission blocking. G6PD
deficiency therefore represents a major hurdle towards the current resolve for malaria
elimination. A better knowledge of the distribution, prevalence, genetic diversity and
haemolytic risks associated with this enzyme deficiency among the populations where
primaquine is needed would be an important evidence-base for maximising safe use of this

unique drug.

1.3. The role of maps

An important lesson from the history of malaria control is that one size does not fit all.
Interventions developed against one parasite species are not effective against all others, and
similarly the effectiveness of control measures varies between regions. The epidemiology

of disease — and of vector-borne parasites in particular — is determined by a range of factors,

11
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many of which are spatially variable such as environmental characteristics. Spatial

epidemiology has been defined to be:

“the description and analysis of geographic variations in disease with respect to
demographic, environmental, behavioural, socioeconomic, genetic, and infectious risk
factors™ (Elliott and Wartenberg, 2004)

In a time of financial austerity, appropriately targeting resources according to need and
intervention suitability is essential. This underpins the “investing for impact” motto of
major funding agencies (The Global Fund to Fight AIDS Tuberculosis and Malaria;
Pigott et al., 2012). Spatial epidemiology and geographic information systems (GIS)
are tools which allow the visualisation of spatially variable datasets, as well as being
powerful analytical platforms bringing together disparate datasets into single
frameworks (Gordon and Womersley, 1997). The application of these spatial
approaches to the two knowledge gaps previously described in relation to improving
our evidence-base of P. vivax transmission limits and characterising the risks associated
with primaquine therapy are evident. P. vivax transmission is determined by a range of
biological, environmental and anthropological factors (such as spread of urbanisation),
as well as the human genetic landscape determining susceptibility to infection (Hay et
al., 2004; Guerra et al., 2010). Attempts to enumerate the public health significance of
P. vivax must be considered in a spatial framework which reflects this parasite’s
transmission heterogeneity. Similarly, targeting the distribution of appropriate
diagnostics and drugs requires prior knowledge of the local epidemiology of malaria in

affected populations.

1.4.  Aims of the thesis and description of chapters

As discussed, the neglect of P. vivax during the 20" century trails a legacy of knowledge
gaps and poorly targeted tools including diagnostics, surveillance systems and treatments.
This thesis attempts to address two important aspects of this neglect by providing policy-

makers with evidence-based information to target their public health control efforts: first,

12
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by contributing towards establishing the transmission potential of P. vivax and the
population at risk of infection, and second, by providing a framework to support decisions
regarding the use of primaquine therapy against P. vivax relapsing infections. Recognising
the spatially heterogeneous nature of these aspects of malaria, | address both these issues

from a spatial perspective.
The specific objectives of this thesis are:

1. To map the frequencies of the human Duffy blood group variants and establish the
population at risk of P. vivax infection.
2. To map the prevalence and diversity of G6PD deficiency and quantify the

population susceptible to primaquine-induced haemolysis.

Existing maps of these spatially variable human polymorphisms are poor, as discussed in
detail through this thesis. | aim to use state of the art mapping methods to synthesise the
diverse array of available data into mapping frameworks which quantify their uncertainty.
Knowledge of the distribution of the population at risk of P. vivax infection and of the
population susceptible to primaquine-induced haemolysis would facilitate appropriate
diagnostic and drug deployment to the right regions. Maps also provide an overview of the
comprehensiveness and robustness of current knowledge, and an identification of where

additional data are most needed.

Chapter 2 of this thesis describes the methodological steps involved with mapping the
Duffy antigen alleles (FY*A, FY*B, FY*B®). The application of these maps to estimating
the population at risk of P. vivax infection, together with an overview of how they support
the study of P. vivax in Africa specifically, is discussed in Chapter 3. A description of the
methodological steps involved in modelling the prevalence of the G6PD deficient
phenotype, together with estimates of the population affected by this disorder, is given in
Chapter 4. Maps of the common genetic variants of G6PD deficiency are presented in
Chapter 5. Next, Chapter 6 considers the implications of these two suites of G6PD
deficiency maps on public health haemolytic risks associated with administering

primaquine for P. vivax radical cure, and the important limitations to quantifying this risk

13
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are discussed. Finally, Chapter 7 is a general discussion of the overall conclusions of this

research, its strengths and limitations, as well as its implications for further study.

The two core chapters of this thesis, Chapters 2 and 4, are included here in their published
form. Due to the space constraints associated with publishing these substantial research
outputs, extensive additional information about all aspects of these studies is included here
in the Appendix. These are co-authored publications and each author’s contributions are

detailed at the end of these chapters.
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Chapter 2 — The global distribution of the Duffy blood group

This first research chapter describes the assembly of the Duffy blood group variant maps.
This work has been published in Nature Communications and is included here in its final
form. The additional information referred to in this chapter is included in the Appendix of
this thesis. The application of these maps to understanding the spatial characteristics of P.

vivax transmission is discussed in Chapter 3.
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Blood group variants are characteristic of population groups, and can show conspicuous
geographic patterns. Interest in the global prevalence of the Duffy blood group variants is
multidisciplinary, but of particular importance to malariologists due to the resistance generally
conferred by the Duffy-negative phenotype against Plasmodium vivax infection. Here we collate
an extensive geo-database of surveys, forming the evidence-base for a multi-locus Bayesian
geostatistical model to generate global frequency maps of the common Duffy alleles to refine
the global cartography of the common Duffy variants. We show that the most prevalent allele
globally was FY*A, while across sub-Saharan Africa the predominant allele was the silent FY*B
variant, commonly reaching fixation across stretches of the continent. The maps presented not
only represent the first spatially and genetically comprehensive description of variation at this
locus, but also constitute an advance towards understanding the transmission patterns of the
neglected P. vivax malaria parasite.
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irst described 60 years ago in a multiply transfused haemo-
Flytic patient who lent his name to the system’, the Dufty
blood group has since been of interest in diverse fields from
anthropology? to genetics® and malariology*®. Being of only occa-
sional clinical significance®, much of the research into this weakly
immunogenic blood group has been concerned with establishing
characteristic expression patterns among populations. Easily diag-
nosable, the Duffy blood group quickly became part of the pack-
age of commonly investigated blood groups used to characterize
the world’s populations’ and assess relatedness between communi-
ties. Interest in the Duffy blood group rose substantially, however,
following experimental demonstration of the malaria parasite
Plasmodium vivax’s dependency on the Dufty antigen for estab-
lishing erythrocytic infection®'°, and therefore that erythrocytes
lacking the antigen were refractory to this parasitic infection. This
Dufty negativity phenotype, long known to be common among
sub-Saharan African populations', provided an explanation for
the apparent absence of P. vivax among these populations and their
diaspora'. To date, no other erythrocyte receptor has been described
for P, vivax, although some cases of infection have been reported in
Duffy-negative individuals’*~*. Furthermore, the universal expres-
sion of the Duffy antigen binding protein (PvDBP) has made this
merozoite invasion ligand protein a prime P. vivax vaccine target's.
The role of the Duffy receptor in P. vivax infection, therefore, allows
the Duffy-negative phenotype to be a proxy of host resistance to
blood stage infection'.
Recognizing its physiological function as a chemokine receptor
involved in inflammation, the Dufty antigen is also known as the
Duffy antigen receptor for chemokines (DARC). Although specific

mechanisms underlying its functions remain uncertain, there is
interest in DARC as an explanatory variable for population-specific
differences in disease susceptibility', as demonstrated by ongoing
research into its role in inflammation-associated pathology and
malignancy'®', and the recent, though highly controversial®, surge
in interest around the antigen’s role in HIV infection®.

The monogenic Duffy system was the first human blood group
assigned to a specific autosome: position q21-q25 on chromosome
1 (ref. 22). The gene product has two main variant forms: Fy* and Fy®
antigens, which differ by a single amino acid (Gly42Asp), encoded
by alleles FY*A and FY*B, which are differentiated by a single base
substitution (G125A)*?%. Duffy expression is disrupted by a T to C
substitution in the gene’s promoter region at nucleotide —33, pre-
venting transcription and resulting in the null ‘erythrocyte silent’
(ES) phenotype. This promoter-region variant is commonly hap-
lotypically associated with the FY*B coding region (corresponding
to the FY*B™ allele)*, although occasional reports of association
with the FY*A sequence have been published (FY*A™ allele)*.
These four alleles combine to ten possible genotypes (Fig. 1), with
FY*A and FY”B alleles expressed codominantly over the null vari-
ants FY*B® and FY*A®. Genotypes therefore correspond to four
phenotypes: Fy(a+b+), Fy(a+b-), Fy(a—b+) and Fy(a—b-). Further
details about the genetics and molecular aspects of the Dufty
system, including other rare variants such as the weakly expressed
FY*X allele” (expressed as the Fy(b+"*¥) phenotype), are fully
discussed by Langhi and Bordin® and Zimmerman*.

The common Dufly alleles present striking patterns of geogra-
phic differentiation, which have only once been mapped spatially,
as part of Cavalli-Sforza et al’s® efforts to unravel the genetic
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Figure 1| Schematic overview of the procedures and methods. Blue diamonds describe input data. White boxes within the ‘N by data type’ diamond
represent different possible data types, with each spatially unique survey being represented by only one white box. Orange boxes denote models and

experimental procedures. Green rods indicate model outputs.

NATURE COMMUNICATIONS | 2:266 | DOI: 10.1038/ncomms1265 | www.nature.com/natureco@rpunications

© 2011 Macmillan Publishers Limited. All rights reserved.



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1265

Chapter 2 - Duffy blood group maps

history of human populations. Alleles were mapped in isolation of
each other (FY*A, FY*B and FY*B™) using limited subsets of data
which directly informed the frequency of each particular variant.
Previous methodology, which used a sequential inverse distance
weighting algorithm, was unable to estimate uncertainty in the
mapped predictions. Since this publication in 1994, new data have
been generated, much of which have benefitted from full genotyp-
ing. In addition, significant advances have been made to geostatisti-
cal mapping techniques allowing more rigorous predictions of spa-
tially continuous variables using data obtained at a limited number
of spatial locations?, and varied data inputs to inform all output
predictions simultaneously.

Here we first assembled an updated data set based on a
thorough review of published and unpublished data, then used
this to generate global maps of the Duffy alleles and the Duffy nega-
tivity phenotype using a bespoke Bayesian geostatistical model.
This generated for every location on a gridded surface a posterior
distribution of all predicted values from the model’s thousands
of iterations, representing a complete model of uncertainty from
which median values were derived to generate point-estimate maps.
In addition to providing fundamental biomedical descriptions
of human populations with potential applications for explaining
population-level variation to a range of clinical conditions”, these
maps are intended to support contemporary analyses of P. vivax
transmission risk".

Results

The survey database. Literature searches identified 821 spatially
unique data points of Duffy blood type prevalence matching the
database inclusion criteria for representativeness (Supplementary
Data). These represented a total of 131,187 individuals sampled,
17.8% of whom were surveyed on the African continent (Table 1).
Of this total, 536 surveys were geopositioned as points (<25km?),
and 285 mapped as polygon centroids. Polygons were digitized
and centroid coordinates calculated in GIS software (ArcView
GIS 3.2 and ArcMap 9.3, ESRI). Surveys reported only to province
or country level were considered to lack sufficient geographical
specificity and were thus excluded. A total of 89 additional data
points were excluded, as they could not be located with sufficient
precision. The selected data points were relatively evenly distributed
between regions, with 32% in the Americas, 25% in Africa, 26% in
Asia and 17% in Europe (Fig. 2). Survey sample sizes were highly
variable: ranging from 1 to 2,470. The mean size was 160 and the
median 99.

Serological techniques were the only methods used for blood
typing until the 1990s, (Supplementary Fig. S1). Half of the surveys
(49%) used anti-Fy* antiserum only, thus were recorded as ‘Pheno-
type-a’ data types (402 of 821 surveys). Complete ‘Phenotype’ data
were provided in 247 surveys (30%). Molecularly diagnosed ‘Geno-
type’ and ‘Promoter’ data (9 and 12%, respectively) were only com-
monly reported in post-2000 surveys, and mainly across Africa (71%
of the 168 DNA-based records were from Africa). The five categories
of data types are summarized in Table 2, and the spatial distribution
of each is represented by the colour-coded data point map in Figure
2. Relative proportions of each variant-type reported by data type and
continent are displayed in Table 1; further summaries of the data are
presented graphically by decade in Supplementary Figures S1-S2.

The maps. To generate continuous global maps from the assembled
database,aDuffy-specificgeostatisticalmodel wasdeveloped (Supple-
mentary Methods). Its key features are as follows: first, to incorpo-
rate all genotypic variants and data types simultaneously; second,
to predict any genotype or phenotype frequency desired; third, to
allow for local heterogeneity; and fourth, to take into account sam-
pling error through sample size, while also generating uncertainty
estimates with the prediction at each spatial unit (pixel).

Table 1| Summary of input data.

Total individuals

Africa  Americas  Asia Europe  World
sampled
23,349 37,410 32971 37,457 131,187
17.8% 28.5% 251%  28.6%

Genotype 1,720 1,107 5,993 336 9,156
FY*A/*A 40 183 5,805 42 6,070
FY*A/*B 88 341 24 174 627
FY*B/*B 49 217 6 17 389
FY*A/*AE 0 0 157 0 157
FY*A/*BE 226 122 0 0 348
FY*B/*AE 0 0 0 0 0
FY*B/*B 190 122 1 1 314
FY*AE/AE 0 0 0 0 0
FY*AES/*BES 4 0 0 0 4
FY*BES/*BES 1123 122 0 2 1,247

Phenotype 11,370 10,939 1,43 17126 50,578
Fy(atb+) 1,448 3,841 2,471 7,355 15,115
Fy(a+b-) 1,338 3,904 6,821 4,872 16,935
Fy(a—b+) 2,493 2,595 1,493 4,873 11,454
Fy(a-b-) 6,091 599 358 26 7,074

Promoter 7,290 803 187 104 8,384
Fy(+) 7,266 406 0 0 7,672
Fy(-) 24 397 187 104 712

Phenotype-a 2,821 24,420 15,648 17,891 60,780
Fy(a+) 589 19,950 12,436 1,616 44,591
Fy(a-) 2,232 4,470 3,212 6,275 16,189

Phenotype-b 148 141 4] 2,000 2,289
Fy(b+) 1 55 0 1,651 1,707
Fy(b-) 147 86 0 349 582

Total sites 203 265 217 136 821

surveyed 24.7% 32.3% 264%  16.6%

The table shows the total number of individuals sampled by continent, broken down by variant
within each data type category. Totals are shown in bold. The number of spatially unique sites
in each continent is given in the bottom row.

Allele frequencies. Continuous global frequency maps of each
of the three common Dufly alleles (FY*A, FY*B and FY*B*) were
generated simultaneously, along with summaries of uncertainty in the
predictions quantified by the 50% interquartile range (IQR; Fig. 3).
Full statistical summaries of the model parameters at each locus are
provided in Supplementary Table S1. The silent FY*A® allele could
not be modelled spatially due to its rarity (see Methods).

The allele frequency maps reveal strong geographic patterns, the
most conspicuously focal being the distribution of the silent FY*B®
allele across sub-Saharan Africa. Allelic frequencies across 30 coun-
tries in this region are characterized by >90% FY*B™ and frequen-
cies of 0-5% for FY*A and FY*B (Fig. 3a-c). Frequencies indicate
fixation (that is, frequencies of 100% (ref. 30)) in parts of west,
central and east Africa, suggesting total refractoriness of the local
population to P. vivax infection®*. The FY*B™ allele, however, is not
confined to the mainland African sub-continent, with frequencies
predicted above 80% across Madagascar and above 50% through
the Arabian Peninsula (Fig. 3c). Low allelic frequencies have also
spread into the Americas, notably along the Atlantic coast and in the
Caribbean. Median frequencies of 5-20% are predicted across India
and up to 11% in South-East Asia.

Allelic heterogeneity is greatest in the Americas, with all three
alleles predicted as being present and with only localized patches
of predominance of single alleles. The FY*A allele (Fig. 3a) is close
to fixation across pockets of eastern Asia, and remains high with
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Figure 2 | Spatial distribution of the input data points categorized by data type. Symbol colours represent the type of information in the survey: orange
when full genotypes were detected (Genotype); red for full phenotype diagnosis (Phenotype); yellow for expression/non-expression of Duffy antigen
(Promoter); green and blue for partial phenotypic data, about expression of Fy? (Phenotype-a) and Fy® (Phenotype-b) respectively. Total data points

are n=821; totals by data type are listed in the legend. The sub-Saharan Africa covariate boundary is shown in black.

Table 2 | Diagnostic methods and corresponding classification data type categories.

and a/b SNP

Diagnostic Diagnostic  Data type Description Information given Homo/heterozygote
method type status
Serological Phenotype Phenotype Study tested for Fy? and Four phenotypes No
Fy®
Phenotype-a  Study only tested for Fy*  Two data types (Fya+/-): cannot distinguish No
Fy(a=b+) from Fy(a—b-)
Phenotype- b Study only tested for Fy®  Two data types (Fyb+/-): cannot distinguish No
Fy(a+b-) from Fy(a—b-)
DNA-based Genotype Promoter Study only looked at Distinguishes expression from non-expression: Yes (promoter SNP
promoter region SNP cannot distinguish FY*A from FY*B coding region  only)
Genotype Study looked at promoter  Fully distinguishes all individual alleles Yes

SNP, single-nucleotide polymorphism.

During the abstraction process, data points were classified into data types according to the diagnostic methodology used.

median frequencies above 80% predicted across large extents of
south Asia, Australia and in populations from Mongolia and east-
ern parts of China and Russia. The allele is also at high frequencies
(>90%) in Alaska and northwest Canada. Outside these regions of
highest predominance, FY*A remains relatively common outside
the African continent, with median frequencies >50% predicted
across 67.7% of the global surface. The FY*B allele (Fig. 3b) is the
allele least prevalent globally, with a maximum predicted median
frequency of 83% (thus fixation is never reached). Reflecting
its reduced prevalence, the distribution of FY*B matches areas of
highest allelic heterogeneity, where its presence increases to fre-
quencies similar to, or greater than, FY*A and FY*B™. Frequencies
above 50% are restricted to Europe and pockets of the Americas,
notably along the east coast of the United States of America. FY*B
frequencies decrease from their European epicentre eastwards, as the
FY*A allele becomes predominant in Asia. FY*B is also prevalent in
the buffer zones around the region of FY*B® predominance, in
northern, north-eastern and southern Africa.

Dufty negativity phenotype. The phenotype map of Duffy nega-
tivity (Fig. 4) reveals very low frequencies of the homozygous null
genotype (FY*B®/*B) from much of the predicted non-African
FY*B® distribution (Fig. 3c). Despite being present, the low allelic
frequencies mean that homozygotic inheritance is too low to feature
in the phenotype map. Therefore, even more pronounced than the
allele’s distribution, the Duffy negativity phenotype is highly con-
strained to sub-Saharan African populations, and localized patches
in the Americas. Across the African continent, the phenotype’s
median frequency is greatest (98-100%) in western, central and
south-eastern regions from The Gambia to Mozambique, buffered
by a high median frequency region of 290% frequency covering 22
countries (Fig. 4a). Around this high frequency region, steep clines
into the Sahel in the north, and Namibia and South Africa in the
south lead to median phenotypic frequencies of <10% in parts of
these extremities.

Frequencies of Duffy negativity increase by ~10% south of
the sub-Saharan desert boundary, as defined in the model by the
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Figure 3 | Global Duffy blood group allele frequencies and uncertainty maps. (a-c) Correspond to FY*A, FY*B and FY*BE allele frequency maps,
respectively (median values of the prediction posterior distributions); (d-f) show the respective interquartile ranges (IQR) of each allele frequency
map (25-75% interval). Predictions are made on a 5x5km grid in Africa and 10x10 km grid elsewhere. Supplementary Figure S5 is a greyscale image

of this figure.

GlobCover bare ground data set® (Fig. 5). This trend of increased
frequencies is reflected by the positive values associated with the
sub-Saharan Africa covariate, fully described in Supplementary
Table S2. The increase is sharpest where there are few underlying
data points, contrasting with the prediction in data-rich regions,
such as West Africa, which is smoother across the desert boundary
due to the abundance of input data overriding its influence.

Prediction uncertainty. The output generated by the Bayesian frame-
work is a predictive posterior distribution for each modelled vari-
able for each 10x10km pixel on the global grid (and 5x5km across
Africa). The posterior quantifies the probabilities associated with
every candidate value of each modelled variable and therefore rep-
resents a complete description of uncertainty in the model output®.
The outputs, summarized in Figures 3a—c and 4a, are the median
values of these distributions. The uncertainties around these
predictions, represented by the intervals between the 25 and 75%
quartiles of the posterior distributions (or IQRs), are shown for the
allele maps in Figures 3d-f and for Dufly negativity in Figure 4b.
Remarkable certainty in the prediction for high Duffy negativity
in sub-Saharan Africa is reflected by IQRs of 0-5% for all outputs.
The absence of data points from the Democratic Republic of the
Congo leads to a slightly elevated level of uncertainty relative to the
surrounding region (Figs 4b and 5). Certainty in the prediction of the
highest frequencies of Dufty negativity is illustrated by the hatched
areas of 295% Dufty negativity prevalence, determined with 75 and
95% confidence (Fig. 5). As would be expected from the heterogene-
ity in allelic make-up (Fig. 3a,b), the greatest uncertainty in the global
predictions of FY*A and FY*B prevalence is associated with the pre-
dictions across Europe, western Asia and the Americas (Fig. 3d,e).

Validation statistics. Bespoke validation procedures were deve-
loped to quantify the model’s ability to predict frequencies of each
allele, as well as the validity in the underlying assumption of Hardy-
Weinberg equilibrium: first, by validating the Duffy-negative pheno-
type surface; second, by assessing rates of heterozygosity between
FY*A and FY”B. The models predictive ability was quantified by
assessing the disparity between model predictions and held-out
subsets of data excluded for validation analyses®. The validations
were summarized using simple statistical measures: mean error
(assesses overall model bias) and mean absolute error (quantifies
overall prediction accuracy as the average magnitude of the errors,
Supplementary Methods).

First, the mean error in the prediction of the Duffy negativity
phenotype revealed a slight positive bias in the posterior predic-
tive distribution of Duffy negativity (mean error: 1.3%), while the
mean absolute error revealed relatively high typical precision in the
predictions (mean absolute error: 5.8%). Second, the heterozygosity
validation process identified an overall positive bias in the poste-
rior predictive distribution of rates of heterozygosity (frequencies of
the FY*A/*B genotype) with mean error of 5.5% and mean absolute
error of 7.8%. Overall, therefore, the model’s predictive ability for
the clinically significant Dufty-negative phenotype was relatively
high, although the assumption of Hardy-Weinberg equilibrium
was not strongly supported, indicating that better predictions might
be achieved in future iterations by modelling the fixation index as
a third geostatistical random field. However, the resulting model
would be substantially more complicated than the current one,
which is already a major advance beyond the state of the art, and
commensurately more difficult to fit. Given the relatively small size
of the heterozygote deficiency in the holdout data set, we decided
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Figure 4 | Global distribution of the Duffy negativity phenotype. (a) Global prevalence of Fy(a—b-); (b) associated uncertainty map. Uncertainty is
represented by the interval between the 25 and 75% quartiles of the posterior distribution (IQR). Supplementary Figure S6 is a greyscale image of

this figure.

against elaborating the model in the current study. More validation
results are given in Supplementary Figure S3.

Discussion
The spatial distribution of the Duffy blood group variants has been
of interest since its discovery 60 years ago because of its link to
the pathology of both infectious and non-communicable diseases,
including most notably with P. vivax infection. We have assembled
an up-to-date database of Duffy phenotypic and genotypic data,
from which we identified 821 geographically unique community
surveys, and developed a geostatistical model to generate global
frequency maps for the main Duffy alleles, as well as the first map
of the Duffy-negative phenotype. These refined maps and associ-
ated uncertainty measures allow both an assessment of the quality
and distribution of existing data as well as a discussion of how the
maps may help direct further research into the interactions between
Duffy negativity and P. vivax malaria. A detailed comparison with
the existing maps from Cavalli-Sforza et al.*® is presented in the Sup-
plementary Discussion and Supplementary Figures S8-S10.

The summary median maps presented reveal relatively smooth
global-scale patterns of geographic differentiation among popula-
tions. Despite being considered the ancestral allele*, our maps show

a remarkable restriction in the distribution and frequency of the
FY”*B allele, with highest prevalence found in Europe and parts of
the Americas, with further patches of increased prevalence in areas
buffering the region of FY*B* predominance in sub-Saharan Africa.
Frequencies of FY*A prevalence increase with distance from Africa
and Europe, becoming dominant across south-east Asia, including
those areas where P. vivax endemicity is highest'”. Although the
FY*B allele map predicts presence outside the African continent
and the Arabian Peninsula, its frequencies remain too low for the
Dufty-negative phenotype frequencies to exceed 10%. Although
these static contemporary representations of allelic frequencies can-
not alone be interpreted to advance current speculation regarding
the causative mechanisms of selection of the high frequencies of the
FY*B® allele****%, the Duffy negativity map does reflect visually the
historical areas of malaria transmission, as defined by Lysenko’s pre-
control era malaria map® (Supplementary Fig. S4, recently repub-
lished by Piel et al.’®)

A major challenge in this study was synthesizing the results of
surveys, which used a range of diagnostic methods with potentially
different reliabilities, particularly between genotyping and pheno-
typing methods. The possible influence of such variability on the
model input is reviewed in detail in the Supplementary Methods,
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Figure 5 | Characteristics of the Duffy negativity phenotype in Africa. This figure shows the covariate line (in green), which separates sub-Saharan
African populations from the rest of the continent; hatched areas indicate areas of confidence in the distribution of 295% Duffy negativity frequency:
with 75%and 95% confidence. Black data points correspond to the input Duffy data points (n=2821). Yellow stars indicate locations of P. vivax-positive
community surveys (n=354), and blue stars P. vivax-negative surveys (n=1405) (data assembled by the Malaria Atlas Project“¢). Supplementary

Figure S7 is a greyscale image of this figure.

but is not considered to have major influence on the final output.
By categorizing results into five data types (Table 2) and developing
a versatile geostatistical model, we were able to draw information
from the differing data types in our full data set to generate each
allele frequency map simultaneously. The Genotype data, gener-
ated from molecular diagnostic methods only widely available after
the previous maps* were published, were most informative for the
model. Despite a generally good global spread of survey data points
(Fig. 2), the uncertainty maps allow identification of areas where
additional data would have proportionally greatest impact on our
understanding of the distributions. Both the quality (data type)
and quantity (data distribution) of the data affect the uncertainty
measures. Uncertainty is increased by both scarcity of input data
(exemplified across the Arabian Peninsula where only Phenotype-a
data were available) and heterogeneity (characteristic of the Ameri-
cas where populations of diverse origins coexist; Figs 3d-f and 5).
In contrast, areas of lowest uncertainty match data-rich regions and
areas of near-fixation, illustrated by the hatched areas of 95% confi-
dence in the prediction shown in Figure 5. Scarcity of input data also
leaves us uncertain about possible fine-scale variation of allelic het-
erogeneity. This is demonstrated by the relatively high uncertainty
in the predictions of the patchily distributed FY*B® allele across the
Americas, where spatial heterogeneity is expected to be high and
perhaps not fully represented by the data set. As well as improv-

ing reliability in the current predictions, additional molecularly
diagnosed data would allow refinements of the model to include
additional polymorphic variants, such as the low-frequency weak
FY*X variant®. This is discussed in detail in the Supplementary
Discussion.

Reflecting the growing appreciation of P. vivax’s public health sig-
nificance and the realization that it is not ‘benign™®***!, the parasite’s
relationship with the Duffy receptor is the primary focus of contem-
porary studies of the Duffy antigen. However, two lines of evidence,
both from a community and an individual standpoint, support the
need for further research into the Duffy-parasite association. First,
contrary to expectation, there is evidence of P. vivax transmission in
areas mapped with highest Duffy negativity frequencies. Although
widespread surveys have failed to identify the parasite in this region
(including a continental-wide survey by Culleton et al.*?, and the data
set of community parasite rate surveys displayed in Fig. 5), reports of
infected mosquitoes®, travellers'” and exposed individuals® suggest
low level transmission. Across this predominantly Dufty-nega-
tive region, very low numbers of Duffy-positive individuals were
identified (0.6% of individuals in 123 surveys across the 98-100%
Fy(a—b-) region; Supplementary Table S3). To see whether these
two observations can be reconciled to explain transmission, math-
ematical modelling is needed to estimate the basic reproductive
number (R;) of P. vivax (as done for Plasmodium falciparum™) to
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Figure 6 | Relationship between data types and the information conveyed to the model. Left to right along the large arrow, the deepening colour intensity
represents each data type's relative influence on the model output. Dashed vertical arrows denote information about only one locus. Thickness of vertical
lines emphasizes the completeness of the data type. Orange boxes represent the Bayesian model. Green rods indicate output data. The grey horizontal
arrow and greyed FY*AF prediction rod indicates that this allele was accounted for in the model structure, but not one of the final outputs.

help assess whether the very low predicted frequencies of suscepti-
ble Duffy-positive hosts could sustain transmission in populations
mapped as predominantly Duffy negative.

Second, from areas mapped with high Dufty phenotypic hetero-
geneity, P. vivax infections have been identified in Duffy-negative
hosts (in Madagascar’® and Brazil'). If this phenomenon of infected
Fy(a—-b-) individuals is associated with local Duffy heterogene-
ity, as hypothesized by Ménard et al.”®, the Duffy maps presented
here could be used to target further studies in other heterogene-
ous P. vivax endemic areas’, including southern Africa, Ethiopia,
southern Sudan and pockets of the Brazilian and Colombian coasts.
Investigation of P. vivax transmission in these areas particularly,
but also across regions with a spectrum of characteristic Duffy
phenotypes, could provide vital public health insights into P. vivax
populations at risk, particularly when coupled with host-level data
on Dufty types.

In this era of increasing concern about the P. vivax parasite,
we believe that a contemporary spatial description of the preva-
lence of the Dufty antigen receptor is essential for optimizing our
understanding of the parasite’s clinical burden. The geopositioned
database and maps represent a new effort to document the spatial
characteristics of a fundamental biomedical trait implicated in hae-
matological and other clinical contexts. The versatile geostatistical
model developed was adapted to a multiple-locus trait, informed
by a range of input data types to generate a suite of output products.
Such methods are uncommonly used by the genetics community,
but we believe could have an important role in the current era of
large-scale spatial genomic analyses. Although we present a carto-
graphic suite which we believe constitutes a significant improve-
ment from previously published attempts*® (see Supplementary
Discussion and Supplementary Figs S8-S10), this study highlights
limitations to our current knowledge of the Duffy blood group: both
in terms of the scarcity of data from many areas, and in relation to
the P. vivax invasion pathway. All collated data and model code will
be made openly accessible.

Methods

Analysis outline. The methodological steps of this work were threefold: first, to
assemble a library of full-text references describing Duffy blood group surveys,
complemented with unpublished data; second, to abstract the Duffy frequency
data from each source and to georeference survey locations; and third, to develop
a spatial model which uses the full heterogeneous data set assembled to predict
continuous global frequency maps of the Duffy variants. A schematic overview
of the methodological process is given in Figure 1, and each component is now
discussed in more detail.

Library assembly. Systematic searches, adapted from those developed by the
Malaria Atlas Project (MAP, http://www.map.ox.ac.uk)**® were conducted in an

attempt to assemble a comprehensive database of Duffy blood group surveys dat-
ing from 1950, the publication year of Cutbush’s description of the blood group’.
Keyword searches for ‘Duffy’ and ‘DARC’ were conducted in online bibliographic
archives PubMed (http://www.pubmed.gov), ISI Web of Knowledge (http://isi-
webofknowledge.com) and Scopus (http://www.scopus.com). Searches were last
performed on 08 December 2009. Manual duplicate removal and abstract reviews
of the amalgamated search results identified 303 references likely to contain data,
in addition to the 296 and 60 references from existing databases published by
Mourant et al.¥” and Cavalli-Sforza et al.*, respectively. Full-text searches were then
conducted for each of these 659 unique references. Following direct contact with
researchers, 15 additional unpublished data sets were also included. All sources
from which data met the criteria for inclusion are cited in the Supplementary
References.

Data abstraction and inclusion criteria. The library of assembled references was
reviewed to identify location-specific records of Duffy variant frequencies repre-
sentative of local populations. Data were abstracted into a customized database,
including population descriptions and ethnicities as reported by authors, methodo-
logical details and Dufty variant frequencies. Potentially biased samples of hospital
patients with malaria symptoms or recently transfused individuals were excluded,
as were family-based investigations and studies focussing on selected subgroups

of larger mixed communities (for example, African-American communities in
American cities). No constraints were placed on sample size, as the geostatistical
framework downweighted the information content of very small surveys in accord-
ance with a binomial sampling model®.

Geopositioning. The geographic location of each survey was determined as pre-
cisely as possible using the georeferencing protocol previously described by Guerra
et al.*. Author descriptions of survey sites were used to verify locations identified
in digital databases including Microsoft Encarta (Microsoft Corporation), and
online databases such as Geonames (National Geospatial-Intelligence Agency,
http://geonames.nga.mil/ggmagaz/, accessed June-December 2009) and Global
Gazetteer Version 2.2 (Falling Rain Genomics, http://www.fallingrain.com/world/
index.html, accessed June-December 2009). Surveys were categorized according to
the area they represented: points (<25km?), and small (=25 and <100km?) or large
polygons (>100km?).

Duffy blood group data. In addition to prevalence data of specific variants, details
of diagnostic methodology were recorded to classify the type of information
provided from the survey (Table 2). According to the range of possible serologi-
cal and molecular diagnostic methods, data points were classified into five data
types: ‘Genotype, where full genotypes were reported; ‘Phenotype; if full serological
diagnoses were performed (with both anti-Fy* and anti-Fy® antisera); ‘Promoter’,

if results reported only antigen expression/non-expression without distinguish-
ing Fy* from Fy® (data were mainly from molecular studies examining only the
promoter-region locus, but also occasionally from serological tests not distinguish-
ing between antigenic variants); ‘Phenotype-a;, if only the Fy* antigen was tested
for (meaning that presence of Fy® antigen could not be distinguished from the
negativity phenotype); and ‘Phenotype-b) if the study was only concerned with Fy®
expression (Fig. 6).

Modelling. To accommodate the five input data types described and to model the
multiallelic system, the two primary loci differentiating the Duffy variants were
considered simultaneously. These were position —33 in the promoter region, which
determines expression/non-expression, and base position 125 of exon 2, differen-
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Chapter 3 — Duffy negativity as an indicator of P. vivax

transmission potential

Having described the methodological assembly of the Duffy blood group maps in Chapter
2, 1 now turn to consider these in their epidemiological context. | discuss how the Duffy
negativity map has supported the assessment of P. vivax transmission and of the population
at risk of infection, particularly in Africa. Although I did not lead the studies discussed
here, 1 made active contributions towards them and they were substantively enabled by the
Duffy maps. My exact contributions to each publication are detailed in the Statement of
Contribution. These studies are collated here to demonstrate the application of the Duffy

maps to supporting our evolving understanding of P. vivax epidemiology.

Miller’s demonstration of the Duffy antigen as a trans-membrane receptor for P. vivax
infection of red blood cells (Miller et al., 1975; Miller et al., 1976) abated further research
into the epidemiology of P. vivax in Africa as populations across this continent were known
to rarely express the Duffy antigen, and the existing dogma of P. vivax absence from Africa
was reinforced (Rosenberg, 2007). The WHO malaria treatment guidelines in 2010 for the
African region (WHO African Regional Office: AFRO) make no mention of P. vivax
transmission for most countries (exceptions include: Algeria, Eritrea, Ethiopia, Namibia,
South Africa) (WHO, 2011). Suspected malaria patients are not consistently diagnosed: of
the cases reported to public sector health facilities across the AFRO region in 2010, only
45% were tested, and only a “relatively low” number with microscopy (approx. 30 million
patients across AFRO) (WHO, 2011). This indicates that non-P. falciparum cases would
most likely escape undiagnosed to species level and simply be considered another case of
‘malaria’. Where diagnostics are available, P. vivax cases have commonly been mistakenly
characterised as P. ovale, due to their morphological similarities and the widespread

assumption that P. vivax is absent from this continent (Rosenberg, 2007).
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Until recently, no substantive evidence brought into doubt the universality of Miller’s
findings and the absence of P. vivax from Africa, despite reports accumulating of P. vivax
transmission from almost all countries across the continent (Guerra et al., 2010). Since
2010, landmark studies have also robustly demonstrated P. vivax infection of Duffy
negative red blood cells, although these reports are sporadic and of limited scope, both
spatially and in terms of sample sizes. While P. vivax is evidently not a major co-endemic
parasite in sub-Saharan Africa, the recent evidence brings into question the long-held

dogma of its absence and throws these assumptions back into question.

This chapter discusses how knowledge of the spatial distribution of Duffy negativity
prevalence can support our understanding of P. vivax epidemiology in Africa, and perhaps
provide some insight into the implications of a shifting understanding of the dependency by
P. vivax on the Duffy antigen. I first consider how the Duffy negativity map has supported
efforts to map the global transmission limits and endemicity of P. vivax, and from these,
estimates of the population at risk of P. vivax (PvPAR). Next, the recent evidence of Duffy-
independent transmission is reviewed, and consideration of how the Duffy negativity map
may be used to project scenarios of the impact of Duffy-independent transmission are
considered. Finally, | consider how the Duffy variant maps (FY*A and FY*B) are
supporting investigations of vaccine targets. In each of these cases, brief overviews of these
studies are given, and the role of the Duffy maps explained. The full publications from
which these studies are taken are cited in the relevant sections (Guerra et al., 2010; King et
al., 2011; Gething et al., 2012; Zimmerman et al., 2013) and included in my thesis

Appendix.

3.1. The global population at risk of P. vivax in 2010

Strategic planning, monitoring and evaluation of disease control require basic information
on the spatial distribution of the PAR of infection. The first global map of P. vivax
transmission was generated by the Malaria Atlas Project in 2010 (Guerra et al., 2010),

using a raft of evidence from medical and environmental sources elaborated further below.
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These were combined to define areas of stable and unstable transmission, differentiated due
to each requiring different monitoring and intervention strategies. Within areas of stable
transmission (defined as having one or more cases per 10,000 population per annum) it was
important to map transmission intensity (endemicity). Endemicity is an epidemiological
measure with important implications for optimising control interventions (Hay et al., 2009),
as well as for assessing the feasibility of control or local elimination (Moonen et al., 2010;
Tatem et al., 2010). Furthermore, important clinical relationships such as the incidence and
clinical severity of infections vary non-linearly in relation to parasite endemicity (Patil et

al., 2009).

The Duffy negativity map was incorporated into the P. vivax endemicity-mapping model to
account for individuals who were innately immune to infection. Endemicity was quantified
in this study as the parasite rate (PvPR), a measure of the proportion of a sample population
carrying parasites (Guerra et al., 2007). Integrating the two data sources (PvPR population
surveys and the Duffy negativity prevalence map) reduced the level of uncertainty in the P.
vivax endemicity map in areas where parasite data was scarce. From this Duffy-integrated
map, it was possible to estimate the PvPAR. Each of these steps is discussed in more detail

now.

3.1.1. Mapping the limits of P. vivax transmission in 2010

A cumulative step-wise approach using a wide range of data was taken to refine the
transmission limits of P. vivax infection, fully described by Guerra et al. (2010) and
subsequently updated by Gething et al. (2012) (Figure 3.1). Sources of international travel
and health guidelines identified 95 countries globally as being endemic with P. vivax
malaria in 2010. Sub-national extents of transmission risk were defined using P. vivax
annual parasite incidence (PvAPI) data aggregated by administrative units, which were
classified as: malaria free, unstable (i.e. extremely low transmission: where PvVAPI reported
<1 case per 10,000 people/annum), and stable (i.e. where PVAPI reported >1 case per

10,000 people/annum). Biological masks were then applied to exclude areas where
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environmental characteristics would prevent transmission, including low temperatures and
high aridity. For transmission to be biologically feasible, a cohort of Anopheles vectors
infected with the parasite must survive long enough for sporogony to complete. This was

modelled based on sporogonic rate as

PvMECs
Area: 69,516,807
PAR: 5,360
A
PvAPI data o Area excluded: 22,777,688
layer / d PAR excluded: 1,294
. v
2”;?2"2:“ Area excluded: 1,281,917
pl gony PAR excluded: 61
ayer
A 4
L Area excluded: 660,066
Aridity layer PAR excluded: 33
Medical 3

Area excluded: 900,806
PAR excluded: 715

A 4

intelligence
layer /

A

neD::ifgit nl Area excluded: 0
A g PAR excluded: 768
layer

2010 Pv limits map

Area: 43,896,331
PAR: 2,488

Figure 3.1. Flow chart of the various exclusion layers used to derive the final map of P.
vivax transmission limits. Area (expressed in km?) and population at risk (PvPAR; expressed
in millions) excluded are shown at each step to illustrate how these were reduced progressively.
Figure published by Gething et al. (2012), updating the iteration by Guerra et al. (2010).
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determined by temperature in relation to vector lifespan (Gething et al., 2011b). Areas
where this would not be possible at any time of year were excluded as ‘malaria free’.
Similarly, areas of high aridity would prevent mosquito development by restricting
oviposition sites and their survival chances. This aridity mask was derived from the bare
ground areas in the GlobCover land-cover imagery (ESA/ESA GlobCover Project, led by
MEDIAS-France/POSTEL) (Bicheron et al., 2008). To allow for potential human
adaptations to arid environments inadvertently creating vector breeding habitats, arid areas
were only downgraded by one transmission class (rather than fully excluded, as with the
temperature mask). This meant that areas previously classified as having stable
transmission became unstable; and unstable became malaria free. Finally, medical
intelligence of localised transmission risk was incorporated, such as urban areas and sub-
national territories (commonly islands) known to be malaria free. Most vectors are known
to be poorly adapted to urban environments, with the exception of An. stephensi which is
common across the Indian sub-continent (Sinka et al., 2011); urban areas outside the range
of An. stephensi were therefore classified as malaria free, and risk within urban areas where
An. stephensi was likely to be present were downgraded by one risk level (stable to

unstable; unstable to malaria free).

These different exclusion layers were progressively applied in a geographical information
system, leading to incremental reductions in estimated areas of transmission and PvPAR
(Figure 3.1). The limits of stable and unstable transmission are mapped in Figure 3.2A.
These steps involved no direct exclusion of transmission areas based on prevalence of
Duffy negativity, thus the whole of sub-Saharan Africa was classified as having the
potential to support transmission. The Duffy negative population was excluded in the final

step of the PvPAR calculation (Figure 3.1). This is further discussed in Section 3.1.3.

3.1.2. Modelling the endemicity map of P. vivax in 2010

The Duffy negativity prevalence map was integrated into the global model for mapping P.

vivax endemicity for two reasons (Gething et al., 2012). First, the additional source of data
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could reduce prediction uncertainty in areas where other input data were sparse; second, it
ensured consistency between the Duffy negativity prevalence and P. vivax endemicity

predictions, thus avoiding biologically implausible pairs of results being generated.

As with the previously published global endemicity map of P. falciparum (Hay et al., 2009;
Gething et al., 2011a) and the Duffy blood group maps (Howes et al., 2011), model-based
geostatistics were used in a Bayesian framework to predict the continuous prevalence map
of P. vivax endemicity (Gething et al., 2012), each model bespoke to the particular
intricacies of the biological systems being modelled (Patil et al., 2011). The endemicity
mapping was restricted to areas of stable transmission. PvPR surveys were the primary
evidence-base to the P. vivax endemicity map, these quantified endemicity as the
proportion of infected individuals surveyed. The distribution of these surveys was highly
uneven across regions, particularly across sub-Saharan Africa (Figure 3.2A). Of the 9,970
PVPR surveys recorded globally, 79.7% (n = 7,942) were from Central and South-East Asia
(CSE Asia) and only 16.4% (n = 1,640) were identified from the Africa+ region
(comprising Africa, Yemen and Saudi Arabia). Survey distribution across Africa+ was
highly clustered across the 18 countries from which data were identified. 86.0% of data
points were from only three countries: Ethiopia (50.4% overall; n = 826), Zimbabwe
(18.0% overall; n = 295) and Sudan (17.7% overall; n = 290). Across the Africa+ region,
79% of the data were absence records. The large swathes of sub-Saharan Africa where data
were especially scarce are where Duffy negativity prevalence was at its highest. The P.
vivax endemicity model predictions could therefore borrow strength from the Duffy
negativity map by restricting plausible predictions of PvPR to a much narrower range of

possible values.

The median predicted Duffy negativity prevalence map was integrated within the P. vivax
mapping model so that PvPR was only mapped within the proportion of the Duffy positive
population. The proportion of Duffy negative individuals was excluded from the
denominator of the PvPR survey data, such that any P. vivax positive individuals were

considered to have arisen from the Duffy positive population subset. Thus in a location with
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90% Duffy negativity, five positive individuals in a survey of 100 would give an assumed
prevalence of 50% amongst Duffy positives. Correspondingly, prediction of PvPR was then
restricted to the Duffy positive proportion at each pixel, with the final prevalence estimate
re-converted to relate to the total population. This approach ensured that the
predicted PvPR at each location could never exceed the Duffy positive proportion. PvPR
predictions were standardised for the 1-99 year age distribution (PvPR1.99) (Gething et al.,
2012).

Some areas were predicted to have extremely low endemicity, either due to a high density
of survey data reporting zero infections, or due to the very high prevalence of Duffy
negativity. Such low transmission levels are not appropriately described as being at stable
transmission risk, so a rule was defined whereby pixels on the map grid (5x5 km) with a
high probability (>0.9) of being less than 1% PvPR;g were assigned to unstable

transmission, thereby changing the original transmission limits.

Figure 3.2 summarises the progression from the original transmission limits derived from
the step-wise exclusion criteria (Figure 3.1; Figure 3.2A), through to the modelled P. vivax
endemicity prediction map which incorporated the Duffy negativity population surface
(Figure 3.2B), and finally the updated transmission limits which reflect the re-assigned
areas of very low PVPR ;g9 endemicity as unstable (Figure 3.2C). It is this final map which

was used to extract the PAR of P. vivax infection.
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Figure 3.2. The spatial distribution of Plasmodium vivax malaria endemicity in 2010. Panel
A shows the 2010 spatial limits of P. vivax malaria risk, distinguishing malaria free regions
from areas of stable (>1 case per 10,000 people/annum) and unstable transmission (<1 case per
10,000 people/annum). Parasite rate surveys are plotted on a continuous colour scale (see map
legend), with P. vivax absence surveys shown in white. Panel B shows the mean prediction of
P. vivax endemicity in 2010 (standardised for the 1-99 years age distribution), within the stable
limits of transmission. Areas where Duffy negativity median prevalence was predicted to
exceed 90% (Howes et al., 2011) are hatched. Panel C shows the adjusted transmission limits of
stable (red) and unstable (pink) transmission accounting for the downgrading of risk in areas
where there was a high probability of (>0.9) of low endemicity (<1% PVPRi.q). Figures
published by Gething et al. (2012)
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3.1.3. Estimating the population at risk of P. vivax infection in 2010

Estimates of the PvPAR of stable and unstable transmission (Figure 3.2C) had to account
for the human genetic landscape at the Duffy locus (Howes et al., 2011). Duffy negative
individuals were excluded from these estimates as they were not considered to be at risk of
infection (Gething et al., 2012). The Global Rural Urban Mapping Project (GRUMP) beta
version provides gridded population counts at 1x1 km spatial resolution for the year 2000
adjusted to the United Nations’ national population estimates (Balk et al., 2006). These
were projected to the year 2010 by applying the relevant urban and rural national growth
rates by country (U.N.P.D., 2007) (Figure 3.3). The Duffy negative population was then
excluded, and the map of Duffy positive individuals was overlaid. The PvPAR could then

be extracted using GIS software (ArcMap 10.0, ESRI Inc., Redlands, CA, USA).

World population density (2010)
- High : 407782

B Low: D

Figure 3.3. Global population density in 2010. Number of individuals per 1x1 km pixel
from the GRUMP beta version. Figure is reproduced from Piel et al. (2010)

The global focus of the PVPAR is clearly centred in the CSE Asia region, a product both of
very high population density across this region but also of the protective effect of the Duffy
negative phenotype among African populations (Table 3.1). Of the 2.48 billion individuals
at risk of P. vivax in 2010, 91% were from the CSE Asia region, 6% in the Americas, and
only 3% from the Africa+ region. Without the Duffy negativity exclusion, these numbers
would put 25% of the global P. vivax PAR in the Africa+ region. The public health

significance of the protective Duffy negativity effect is discussed below, but it is evident
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from a cartographic perspective that the Duffy surface has considerably extended and

refined the use of the P. vivax epidemiological data.

Exclusion Region Americas  Africa+ CSE Asia  Global
Without Unstable 99.9 724.8 1,393.6 2,218.3
Duffy Stable 59.8 92.0 882.8 1,034.6
exclusions  Totg] at Risk 159.7 816.8 22764  3252.9
) Unstable 87.6 48.7 1,384.3 1,520.6
\g('gl‘u[s)llé‘:g’ Stable 49.8 37.7 876.6 964.1
Total at Risk 1375 86.4 2,260.9 2,484.7

Table 3.1. Population at risk of Plasmodium vivax malaria in 2010. Population estimates
are regionally stratified and shown with and without exclusion of the Duffy negative
population. The ‘unstable’ category includes individuals in areas which were re-classified
from stable to unstable for having a high probability of low endemicity.

3.2. Bringing into question the dependency of P. vivax on the Duffy
antigen: implications for global P. vivax epidemiology

3.2.1. P. vivax is present in Africa

In spite of the very high prevalence of Duffy negativity across Africa and the probability of
P. vivax presence being too low to represent in the endemicity map (Figure 3.2), there is
compelling evidence that P. vivax is nevertheless present across this region. First, clinical
cases have been reported from almost every country (exceptions are Guinea-Bissau and
Swaziland from which no published references could be identified (Guerra et al., 2010)),
usually from returning travellers (Rubio et al., 1999; Gautret et al., 2001; Muhlberger et al.,
2004). Second, a study in the Republic of Congo, where 96.2% of the population were
predicted to be Duffy negative (King et al., 2011), 13% of individuals (n = 409) tested were
found to be positive for pre-erythrocytic P. vivax-specific antibodies (Culleton et al., 2009).
Third, P. vivax-infected Anopheles have been reported from western Kenya (32 of 4,901

mosquitoes) (Ryan et al., 2006). Attempts have been made to quantify the extent of
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infection in sub-Saharan Africa. For instance, a study of 2,588 individuals across nine
countries in west and central Africa (where Duffy negativity prevalence was always >95%
(Howes et al., 2011; King et al., 2011)), reported only a single P. vivax-positive case by
PCR-diagnosis (Culleton et al., 2008). The case was a Duffy-positive individual.
Population screening surveys reviewed by the Malaria Atlas Project identified P. vivax
infections in communities on the fringes of the areas with highest prevalence of Duffy
negativity (e.g. in southern Sudan, eastern Mali and northern Namibia), though none across

areas of highest prevalence of Duffy negativity (Figure 3.4).

Evidently, the parasite is present in communities across Africa, but the relative rarity of
blood-stage infections makes these hard to quantify. Although these observations of P.
vivax might be considered unexpected, they do not bring into question the fundamental
biology of P. vivax transmission. P. vivax in Africa could be being propagated by the
minority of Duffy positive individuals across the region; the parasite’s relapsing nature
would facilitate small host populations sustaining the parasites. Strong evidence, however,

points to a more complex situation.

3.2.2. Duffy-independent P. vivax transmission

Ménard and colleagues provided the first robust evidence of P. vivax-infected Duffy
negative blood cells, an indication of Duffy-independent transmission (Ménard et al.,
2010). Furthermore, in the high transmission areas of Madagascar where this study was
conducted, the prevalence of infection was not significantly different between Duffy
positive and negative individuals, although prevalence of clinical P. vivax was significantly
lower (>15-fold reduction) among Duffy negative individuals. Further studies have reported
infection in Duffy negative individuals across Africa (Figure 3.4), but with data not as
compelling as the Malagasy results. Surveys in Ethiopia reported an unspecified number of
P. vivax-infected Duffy negative hosts, diagnosed both with microscopy and PCR.
However, these results are so far unpublished in the peer-reviewed literature (Woldearegai

et al., 2011). Microscopic analysis of Kenyan P. vivax patients could not be confirmed with
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certainty as being distinct from P. ovale (Ryan et al., 2006); and reports from Mauritania
(Wurtz et al., 2011), Angola and Equatorial Guinea (Mendes et al., 2011) used PCR
analysis alone, which may have identified pre-erythrocytic stage parasites (Culleton and

Carter, 2012) and therefore not be evidence of Duffy-independent transmission.

The admixture of Duffy positive and negative phenotypes in the Malagasy population
(Figure 3.4) led Ménard and colleagues to hypothesise that this very admixture may have
fuelled selection of Duffy-independent transmission (Ménard et al., 2010; Zimmerman et
al., 2013). They found that communities with the highest frequencies of Duffy negativity
had very low or no P. vivax infection in any hosts; whereas where Duffy positive
individuals were more common, P. vivax prevalence increased in individuals of both
phenotypes. These results suggest that high population levels of Duffy negativity may
provide herd immunity to reduce transmission and consequently protect Duffy positives
from P. vivax infection. In populations with higher frequencies of Duffy positivity, Duffy
positive hosts may act as a source of infection, increasing the opportunities for the parasite
to infect hepatocytes of Duffy negative hosts and attempt erythrocyte invasion. The same
heterogeneous landscape of Duffy phenotypes is present in Ethiopia, though no details were
available about the prevalence of Duffy-independent transmission (Woldearegai et al.,
2011). Similarly, observations of two cases of Duffy-independent transmission were
reported from Brazil (Cavasini et al., 2007) where the Duffy landscape is similarly
heterogeneous (national-level average Duffy phenotype prevalence: Fy(at+b+): 21.77%;
Fy(at+b-): 36.54%; Fy(a-b+): 28.51%; Fy(a-b-): 13.18% (King et al., 2011)). The same
hypothesis cannot be applied to the other reports of Duffy-negative P. vivax infections in
Africa however, as these are all in areas of extremely high Duffy negativity prevalence (94

to 98%; illustrated by the pie charts in Figure 3.4).
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Figure 3.4. Observations of P. vivax transmission in Africa. Yellow bull’s-eye icons
represent reports of P. vivax infections in Duffy negative individuals: Angola (Mendes et
al., 2011), Equatorial Guinea (Mendes et al., 2011), Ethiopia (Woldearegai et al., 2011),
Kenya (Ryan et al, 2006), Madagascar (Ménard et al., 2010), Mauritania (Wurtz et al.,
2011); the pie-charts summarise the predicted prevalence of Duffy phenotypes in each
country (King et al., 2011). Yellow stars indicate locations of P. vivax-positive community
surveys (n = 352) and blue stars P. vivax-negative surveys (n = 1,288) (data from Malaria
Atlas Project used in P. vivax endemicity mapping (Gething et al., 2012)). The background
map is the predicted prevalence of Duffy negativity (Howes et al., 2011).
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Full genome sequencing of the parasites could allow some insight into the mechanisms
enabling these infections. Limited genetic examination of the Malagasy data, however,
provided no obvious clues from the parasite genome. Circumsporozoite (PvCSP) protein
and P. vivax-specific microsatellite analysis identified at least two strains able to infect
Duffy negative cells, though with no significant differences at microsatellite loci between
parasites isolated from Duffy negative or positive individuals (Ménard et al., 2010). These
results suggest that multiple P. vivax strains were able to infect cells with and without the
Duffy receptor, and open the door to further investigation into the underlying mechanisms

enabling Duffy-independent infection.

To assess the potential implications of widespread Duffy-independent transmission on the
global distribution of PVPAR, the Duffy negativity prevalence map was adjusted to
different scenarios of Duffy-independent transmission. The estimates described in Section
3.4 earlier in this chapter assumed that the Duffy negative phenotype was 100% refractory
to P. vivax infection (Guerra et al., 2010; Gething et al., 2012). Given that this assumption
may — to an as yet unknown extent — be overly-conservative, the Duffy negativity map was
used to make projections under different scenarios of Pv-protection to assess how different
levels of protection from Duffy negativity would shift the global distribution of the PvPAR
(Figure 3.5; Zimmerman et al., 2013). These figures indicate that even if the degree of
protection afforded by Duffy negativity were only 50%, the overall global PAR of P. vivax
would remain heavily focused in Asia given the high population density across this region.
Not surprisingly, the most significant changes in PvPAR would be in the Africa+ region,
with a projected five-fold increase. Interestingly, this level of Duffy-independent infection
would increase the PVPAR in Africa to three-fold that of the Americas. Establishing where
along this spectrum the true infection rate lies is necessary to more accurately estimate the
population at risk of P. vivax and adjust control approaches accordingly. A series of malaria
patient surveys diagnosing P. vivax infections with PCR methods, accompanied by PCR
identification of Duffy expression would shed important light on this. It would be valuable
to conduct these studies across a range of settings with different proportions of Duffy

positive and negative individuals, and in areas at different levels of P. vivax endemicity.
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Figure 3.5. Scenarios of global P. vivax epidemiology under different frequencies of
Duffy-independent transmission. Panels A and B represent the relative repartition of the
PVPAR across regions under different scenarios of protection conferred by Duffy negativity
against infection (Zimmerman et al., 2013). Panel C plots the absolute PvPAR which would
at risk under different levels of protection afforded by the Duffy negativity phenotype.

3.3. P. vivax binding affinity to Fy*/Fy®

3.3.1. Evidence of differential Duffy antigen binding

It is important to remember that the Duffy positive phenotype is not of a single type. The
two dominant antigens, Fy? and Fy®, are distinguished by a single nucleotide polymorphism
at locus 125 (G -> A) which encodes an amino acid substitution (Gly42Asp). Plasmodium
vivax expresses a ligand, termed the Duffy binding protein (PvDBP) which interacts with
the host Duffy antigen to successfully invade host erythrocytes (Wertheimer and Barnwell,
1989; Singh et al., 2005). It is the efficacy and specificity of this parasite-host interaction

which defines the parasite’s ability to establish blood-stage infections. A recent suite of
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evidence demonstrated an increased binding affinity of the PvDBP to the Fy® antigen
compared to Fy? (King et al., 2011). In vitro studies identified a 41-50% decreased binding
affinity to Fy(a+b-) phenotypes relative to Fy(a-b+). This was reflected in a cohort study in
the Brazilian Amazon which identified a 29-80% reduced risk of clinical P. vivax malaria in
Fy(a+b-) individuals relative to Fy(a+b+) hosts. Further, Fy(a-b+) individuals (including
heterozygotes) had 220-270% greater risk of P. vivax malaria compared to Fy(at+b+)
individuals. No such effects were observed in relation to P. falciparum. The Fy* antigen
was therefore relatively more protective against clinical infection than its ancestral Fy° form

(Tournamille et al., 2004).

3.3.2. Global spatial patterns and population estimates of dominant Duffy variant

expression

A composite map of dominant Duffy alleles was generated to support these observations
(Figure 3.6), and facilitate identification of the dominant Duffy variants between different
populations. Areas where a single allele predominates >50% are shown in colour, while
populations with heterogeneous variant expression are mapped in greyscale with darker

areas corresponding to where phenotype diversity is greatest.

National-level population estimates of the frequency of each Duffy phenotype Fy(at+b+),
Fy(atb-), Fy(a-b+), Fy(a-b-) — were calculated to provide summary statistics of the
dominant phenotypes across all countries. To generate fully additive population counts, the
Bayesian model outputs (PPDs) described in Chapter 2 were summarised as the mean of the
PPD. Allele frequencies were assumed to be in Hardy-Weinberg equilibrium and genotype
frequencies calculated accordingly to generate the six possible allelic combinations which
together sum to represent all combinations of expression at the population level (Equation

3.1):
1= FY*A? + FY*B? + FY*B®? + 2(FY*A x FY*B) + 2 (FY*A x FY*B®) + 2(FY*B x FY*B)

(Equation 3.1)
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These calculations were computed using the 10 x 10km gridded map surfaces in GIS
software (ArcMap 9.3, ESRI Inc., Redlands, CA, USA). Phenotype surfaces were then

derived by summing the surfaces where required (Table 3.2).

Genotype Phenotype
FY*A/FY*A

FY*A/FY*BES Fy(a+b-)
FY*B/FY*B

FY*B/FY*BES Fy(a-b+)
FY*A/FY*B Fy(a+b+)
FY*B=/FY*B® Fy(a-b-)

Table 3.2. Duffy genotype and phenotype relationships.

To derive population estimates for each Duffy phenotype, a high resolution population density
surface was combined with the Duffy phenotype maps at 1 x 1 km grid resolution. The beta
version of the Global Rural Urban Mapping Project (GRUMP) gridded population database

(http://sedac.ciesin.columbia.edu/gpw/) was projected to the year 2010 using separate urban and

rural growth rates estimated by the 2007 United Nations World Urbanization Prospects

(http://esa.un.org/unup/) (Balk et al., 2006; Hay et al., 2009). This population surface was

overlaid on each of the Duffy phenotype frequency maps to derive gridded population counts
for each phenotype, which were then aggregated by country to estimate the relative proportions

of each phenotype (see Appendix).

3.3.3. Evolutionary significance of global Duffy variant distributions

Given the strong spatial gradients of FY*A and FY*B across Asia (Figure 3.4) and the
reduced binding to Fy?® antigen, it may be that the FY*A variant has been under selection
from P. vivax infection. Recent correlation analysis of P. vivax incidence in relation to
Duffy allele frequencies across India, identified deviance from Hardy-Weinberg
equilibrium leading authors to conclude that the FY*A allele was under strong positive
natural selection (Chittoria et al., 2012). While this study was very limited in its scope,
using samples of only 250 individuals aggregated into seven zones across India, it considers

interesting epidemiological questions about these interactions which demand further
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examination. Knowledge of the selective power of P. vivax would lend further insight into
the relative clinical significance of this parasite, the severity of which is likely to have been

strongly underestimated over the past half-century (Price et al., 2007; Baird, 2013).
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Figure 3.6. Composite map of dominant Duffy allele frequencies (>50%). Areas
predominated by a single allele (frequency >50%) are represented by a colour gradient
(blue: FY*A; green: FY*B; red/yellow: FY*B®). Areas of allelic heterogeneity where no
single allele predominates, but two or more alleles each have frequencies >20%, are shown
in grayscale: palest for heterogeneity between the silent FY*B® allele and either FY*A or
FY*B (when co-inherited, these do not generate new phenotypes); and darkest being co-
occurrence of all three alleles (and correspondingly the greatest genotypic and phenotypic
diversity).

3.3.4. Significance of global Duffy variant distributions for vaccine development

The major implication of differing PvDBP binding affinities for Fy?/Fy" antigens is for
vaccine development. Understanding how to inhibit, disrupt or block the intimate PvDBP-
Fy*® interaction creates potential strategies for a vaccine against blood-stage infection.
Being usually so central to establishing infection, the PvDBP is an important vaccine
candidate. Antibodies against this molecule have been observed to prevent binding and cell
invasion in vitro, and to protect against blood-stage infection (Michon et al., 2000;
Grimberg et al., 2007; Nobrega de Sousa et al., 2011; Ntumngia et al., 2012). The
investigations by King and colleagues identified differential binding of these inhibitory

antibodies between variants, with greater blocking of PvDBP to Fy? than to Fy® antigen
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(King et al., 2011). Artificially-induced antibodies were 200-300% more inhibitive against
Fy* homozygotes than Fy” homozygotes. These findings therefore suggest that a PvDBP
vaccine would be more efficacious among populations where FY*A frequencies were
higher. It will also be important to test PvDBP-based vaccines in populations that carry

combinations of both FY*A and FY*B alleles.

3.4. Concluding thoughts

It is evident that P. vivax is not absent from Africa. The degree to which it is present,
however, and how its transmission is sustained, is not known. The implications of P. vivax
transmission are critical to malaria epidemiology in Africa. From a control perspective, it
has important implications for: burden, diagnostics, drug therapy, and prospects for future
malaria epidemiology as P. falciparum endemicity drops. In many areas outside Africa,
control interventions have successfully reduced P. falciparum endemicity with P. vivax
concurrently growing in relative significance and presenting a much tougher challenge for
control and elimination (Ministry of Health and Quality of Life Mauritius and the World
Health Organization and the University of California San Francisco, 2012; Ministry of
Health Sri Lanka and the World Health Organization and the University of California San
Francisco, 2012; Shanks, 2012). Assessing the status of clinical P. vivax malaria in Africa
must be a higher priority: both through increased awareness among clinicians and
appropriate diagnoses of patients, as well as with targeted community screening with
appropriate diagnostic tools. Understanding the mechanisms of Duffy-independent
transmission in areas of differing Duffy blood group characteristics is vital to re-evaluating

the public-health scale burden of this relapsing parasite.

The findings discussed in this chapter, however, should not be misinterpreted. Current
epidemiological data overwhelmingly indicates that P. falciparum is the predominant
malaria pathogen across most parts of sub-Saharan Africa (Culleton et al., 2008; Gething et
al., 2011a; WHO, 2011). Available evidence suggests that, where present, P. vivax

prevalence is low, and for now, Fy-DBP binding remains the only characterised invasion
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pathway. Further, clinical P. vivax was significantly lower among Duffy negatives in
Madagascar (Ménard et al., 2010), suggesting a partial impairment of P. vivax invasion of
Duffy negative cells, even if parasitaemia is present. However, the evidence-base for
assessing the significance of P. vivax in relation to P. falciparum in Africa is poor, and the
potential implications of Duffy-independent transmission, together with their natural

history, are highly significant and justify further investigation.

| have described how the map of Duffy negativity has supported this evolving
understanding of P. vivax epidemiology from several perspectives. Given the assumption
that Duffy negativity is a protective phenotype against P. vivax infection, the map has been
used to support current estimates of the limits and endemicity of P. vivax transmission, and
the PAR of P. vivax infection; with the value of the Duffy negativity map increasing in
areas where P. vivax prevalence data were scarce. Knowledge of the underlying Duffy
blood group landscape will allow assessments of P. vivax transmission to be refined as
additional data emerges quantifying the extent of Duffy-independent transmission, as well
as the extent of transmission among Duffy positive hosts. While the main application of the
Duffy maps discussed in this chapter has been in supplementing the scarce parasitological
evidence-base in Africa, maps of Duffy positive variants have also been used alongside
evidence of differential invasion of Fy*- and Fy"-positive cells to ascertain infection
susceptibility and vaccine efficacy globally. Uncertainties around the evolutionary
significance of the very clear spatial patterns in the human Duffy polymorphism — FY*BF
near-fixation in Africa, the ancestral FY*B allele predominance in Europe transitioning to
near-fixation of FY*A in Asia — have been mentioned and must be further examined in
relation to P. vivax phylogenetic studies (Carter, 2003; Rosenberg, 2007; Culleton and
Carter, 2012). Recognition of the evolutionary significance of P. vivax as an agent of
selection would provide insight into the clinical severity of the parasite as an agent of

disease.
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This chapter aimed to provide an overview of some scenarios in which an understanding of
the human genetic landscape can support spatial epidemiological studies of P. vivax
transmission. | have demonstrated the plausibility and additive value of bringing together
maps of human genetic traits to help improve our understanding of infectious disease
transmission potential. In the next chapters, I turn to consider how spatial maps of another
human genetic polymorphism — glucose-6-phosphate dehydrogenase deficiency (G6PDd) —

can support insights into the risks associated with P. vivax therapy.
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Chapter 4 — G6PD deficiency prevalence and estimates of
affected populations in malaria endemic countries: a

geostatistical model-based map

Following on from the discussions of Plasmodium vivax transmission and the role of the
Duffy antigen in supporting this, 1 now turn to consider the treatment options for this very

widespread parasite.

As discussed in Chapter 1, therapeutic options against the relapsing forms of P. vivax are
limited to a single drug. The use of this drug, however, is severely constrained by a human
genetic predisposition to haemolysis triggered by this drug. No evidence-base currently
exists to assess the spatial prevalence and characteristics of this human disorder, glucose-6-
phosphate dehydrogenase deficiency (G6PDd), in spite of its far-reaching significance for
the treatment of P. vivax. A trio of chapters discusses these issues. First, Chapter 4 maps the
prevalence of phenotypic G6PDd across malaria endemic countries. Second, Chapter 5
considers the spatial patterns of the genetic variability and clinical severity of this disorder.
Finally, Chapter 6 brings these together into a framework assessing the relative risks of

haemolysis due to G6PDd associated with using primaquine.

This first chapter has been published in PLoS Medicine and is included here in its final
form. Additional information relating to the methods and results of this study is included in

the Appendix.
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Abstract

Background: Primaquine is a key drug for malaria elimination. In addition to being the only drug active against the dormant
relapsing forms of Plasmodium vivax, primaquine is the sole effective treatment of infectious P. falciparum gametocytes, and
may interrupt transmission and help contain the spread of artemisinin resistance. However, primaquine can trigger
haemolysis in patients with a deficiency in glucose-6-phosphate dehydrogenase (G6PDd). Poor information is available
about the distribution of individuals at risk of primaquine-induced haemolysis. We present a continuous evidence-based
prevalence map of G6PDd and estimates of affected populations, together with a national index of relative haemolytic risk.

Methods and Findings: Representative community surveys of phenotypic G6PDd prevalence were identified for 1,734
spatially unique sites. These surveys formed the evidence-base for a Bayesian geostatistical model adapted to the gene’s X-
linked inheritance, which predicted a G6PDd allele frequency map across malaria endemic countries (MECs) and generated
population-weighted estimates of affected populations. Highest median prevalence (peaking at 32.5%) was predicted
across sub-Saharan Africa and the Arabian Peninsula. Although G6PDd prevalence was generally lower across central and
southeast Asia, rarely exceeding 20%, the majority of G6PDd individuals (67.5% median estimate) were from Asian countries.
We estimated a G6PDd allele frequency of 8.0% (interquartile range: 7.4-8.8) across MECs, and 5.3% (4.4-6.7) within malaria-
eliminating countries. The reliability of the map is contingent on the underlying data informing the model; population
heterogeneity can only be represented by the available surveys, and important weaknesses exist in the map across data-
sparse regions. Uncertainty metrics are used to quantify some aspects of these limitations in the map. Finally, we assembled
a database of G6PDd variant occurrences to inform a national-level index of relative GGPDd haemolytic risk. Asian countries,
where variants were most severe, had the highest relative risks from G6PDd.

Conclusions: G6PDd is widespread and spatially heterogeneous across most MECs where primaquine would be valuable for
malaria control and elimination. The maps and population estimates presented here reflect potential risk of primaquine-
associated harm. In the absence of non-toxic alternatives to primaquine, these results represent additional evidence to help
inform safe use of this valuable, yet dangerous, component of the malaria-elimination toolkit.
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Introduction

A third of malaria endemic countries (MECs, 35/99) now plan
for malaria elimination [1-3]. This strategy is very distinct from
routine malaria control, requiring not only the reduction of clinical
burden, but complete depletion of the parasite reservoir by
attacking the gametocytes responsible for transmission and killing
the silent hypnozoites that may otherwise relapse [4-8]. Prima-
quine, an 8-aminoquinoline, is the only drug available for each of
those therapeutic compartments [9,10], and is thus key to any
elimination strategy [11]. However, this drug can also be
dangerously toxic to individuals with a genetic deficiency in
glucose-6-phosphate dehydrogenase (G6PDd), usually a clinically
silent condition [12]. Tafenoquine (GSK) is a new drug in phase
IIb/III clinical trials intended to replace primaquine, but is likely
to retain haemolytic toxicity in G6PDd patients [13]. No
alternative non-toxic drugs with these unique modes of action
are currently close to clinical trials [8].

The 2010 World Health Organization (WHO) guidelines for
uncomplicated P. falciparum malaria treatment recommend a single
dose of primaquine alongside artemisinin-based combination
therapy (ACT) to prevent parasite transmission, particularly as a
component of pre-elimination or elimination programmes [14,15]
and as part of artemisinin resistance containment programmes
[16]. This gametocytocidal therapy has been shown to be effective
in low endemicity settings in combination with an AC'T [17], and
in theory could significantly reduce transmission levels [18].
However, evidence for a derived community benefit is poor and a
recent Cochrane review finds little support for these WHO
treatment guidelines [19]. Transmission may be sustained by sub-
microscopic gametocyte levels [7,20], meaning that effective
blocking of community transmission may require wider drug
administration beyond symptomatic cases [4,21].

Key to sustaining progress towards malaria elimination is the
prevention of parasite reintroduction from the relapsing malarias
P. vivax and P. ovale [8]. This therapeutic target is complicated by
the absence of diagnostic testing for liver-stage parasites [22],
and recent studies suggest high prevalence of hypnozoites, even in
areas considered to have relatively low transmission intensity
[23]. Although recommended dosages vary regionally, 14-d
regimens of primaquine (either 15 or 30 mg daily adult doses)
are advised for successful hypnozoite treatment [14]. The key
impediment to attacking hypnozoite reservoirs among endemic
populations in this way is the risk of potential harm from
primaquine [24].

Primaquine can cause mild to severe haemolysis in G6PDd
patients. The mechanism of primaquine-induced haemolysis is not
fully understood. Reduced G6PD enzyme activity levels are likely
to create a redox equilibrium within red blood cells that favours
oxidised species of highly reactive primaquine metabolites. In one
hypothesis, the 5-hydroxyprimaquine metabolite would be domi-
nated by its oxidised quinoneimine species in G6PDd red blood
cells, which may then react with the haem moiety of haemoglobin
and cause its displacement to the lipid bilayer of red blood cells
[25]. The resulting acute intravascular haemolysis may be mild
and self-limiting, or very severe and threaten life [26,27]. Freely
circulating haemoglobin may cause the most severe clinical
symptoms, such as renal failure [28]. There is currently no
practical point-of-care field test for G6PDd [29], leaving most
primaquine treatment decisions blind to haemolytic risk. There is
a difficult ethical balance for weighing the benefits of transmission
reduction and relapse prevention against poorly defined haemo-
Iytic risks [24].

PLOS Medicine | www.plosmedicine.org

G6PD Deficiency Map and Population Estimates

Understanding the distribution and prevalence of this genetic
risk factor in any given area may substantially inform risk and thus
better equip policy makers and practitioners alike in designing and
implementing primaquine treatment practices. We respond here
to demands from the malaria community for a prevalence map of
this genetic condition [22,30]. Existing published maps of G6PDd
have important limitations. They either present average frequency
data summarised to national levels thereby masking sub-national
variation [31,32] and enabling mapping only for countries from
where surveys were identified, leaving gaps in the maps [33]; or
use broad categorical classes to present basic data extrapolation
[34]. None exclude potentially skewed or unrepresentative survey
samples (such as malaria patients), none consider prevalence in
females, none have a framework for assessing statistical uncer-
tainty, and none have mechanisms for incorporating G6PDd
spatial heterogeneity into population affected estimates.

In addition to the public health importance of G6PDd in the
context of malaria elimination, the clinical burden of this genetic
condition includes a range of haematological conditions, including
neonatal jaundice and acute haemolytic anaemia in adults trig-
gered by a range of foods, infections, and other drugs [26,35].
Across the Asia-Pacific region, risk of neonatal complications due
to G6PDd already justifies significant investment through inclusion
in neonatal screening programmes in Malaysia, the Philippines,
Taiwan, and Hong Kong [35].

In this study, we compile data from available sources of G6PDd
prevalence surveys, and use these as the evidence-base to inform a
Bayesian geostatistical model specifically adapted to the gene’s X-
chromosome inheritance mechanism. This model generates
spatially continuous G6PDd prevalence predictions, and allows
quantification of prediction uncertainty. The model predictions
are then matched with high-resolution population data to estimate
numbers of deficient individuals within MECs, accounting for the
predicted sub-national heterogeneity in deficiency rates. Finally,
we assemble a database of G6PDd variant occurrences and
propose here an index for how the prevalence map could be used
to stratify haemolytic risk at the national level.

Methods

This study’s methodological objectives involved the assembly of
representative community G6PDd prevalence surveys and the
development of a Bayesian geostatistical model used to derive (i)
maps of G6PDd prevalence within MECs, (ii) sex-specific
estimates of the populations affected by this deficiency, and (iii)
associated uncertainty metrics. These results were then combined
with information on the distribution of the underlying G6PDd
variants to generate an index for stratifying haemolytic risk from
G6PDd. Each of these aspects is discussed briefly here, and in
more detail in Protocols S1, S2, S3, S4, S5, S6. A schematic
overview of the methodology is given in Figure 1.

Prevalence Survey Database Assembly and Inclusion
Criteria

A literature search of online bibliographic databases was
conducted to identify published community surveys of G6PDd.
Existing databases published by Singh et al. in 1973 [36], Mourant
etal. in 1976 [37], Livingstone in 1985 [38], and Nkhoma et al. in
2009 [33] were reviewed for any further sources. Direct contact
with national screening programmes and researchers in the field
was also undertaken to identify additional unpublished data. All
identified surveys were reviewed for suitability for informing the
G6PDd prevalence mapping analysis (Protocol S1).
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Figure 1. Schematic overview of the procedures and model outputs. Blue diamonds describe input data. Orange boxes denote data
selection methods and analytical models. Green rods indicate model outputs.

doi:10.1371/journal.pmed.1001339.g001

Inclusion criteria were applied to ensure: (i) community repre-
sentativeness: all potentially biased samples were excluded (e.g.,
any patient groups including malaria patients, ethnically selected
samples, and family-based studies); (i) gender representativeness:
only surveys reporting sex-specific raw data were included; (iii)
spatial representativeness: only surveys that could be mapped with
relatively confined extents (=3,867 km?) were included to ensure
that sub-national variation could be represented [39,40]; (iv)
clinically significant deficiency: only phenotypic diagnoses were
considered. Because of the narrow range of primers usually used in
molecular investigations, DNA-based diagnoses were excluded as
they are susceptible to underestimating deficiency rates (Protocol
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S1) [24]. This study focused on G6PDd prevalence within MECs
(corresponding to 99 countries, as defined in Protocol S1.5), with a
particular focus on countries eliminating malaria (35 countries),
but imposed no spatial restrictions to the dataset in order to make
maximal use of existing information, particularly around the edges
of the MEC: limits.

The WHO uses mild and severe categorisations for G6PDd
[31], with different treatment recommendations for each in
relation to primaquine regimens [14]. Only through specific
individual level G6PD testing can these be differentiated. The
community level G6PD deficiency map presented here represents
the prevalence of all clinically significant enzyme deficiency, as
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would be diagnosed by the common phenotypic diagnostic tests.
Additional resolution into the severity of the deficiency is derived
from the G6PDd variant database described below.

The Model

A Bayesian geostatistical framework [41-46] was adopted to
model the global prevalence of G6PDd. This framework used the
evidence-base of surveys to generate predictions for G6PDd
frequencies across the MECs, together with quantified uncertainty
estimates for the predictions. This framework, developed for
mapping the prevalence of a range of inherited blood disorders
[40,47,48] was adapted to the X-linked inheritance mechanism of
the G6PD gene [12]. Unlike females who have two copies, males
inherit only a single copy of the G6PD gene, thus frequencies of
deficiency in males correspond to the population-level allele
frequency. Assuming populations to be at Hardy-Weinberg
equilibrium [49,50], squaring the deficiency allele frequency (¢)
gives an estimate of the expected prevalence of homozygous
females (¢%). Phenotypic expression of female heterozygous
(2¢(1—¢)) deficiency ranges across a spectrum of enzyme activity
levels. Expression is variable due to irregular Lyonization rates
[51] and inconsistent cut-off points of phenotypic diagnostic
methods (Protocols S1, S2, and S5). Thus only a proportion of
heterozygotes are diagnosed as phenotypically “deficient” [51,52].
As no clear genotype-phenotype relationship could be identified
from the observed survey data (Protocol S5), the model was
given the flexibility to determine this relationship empirically,
directly from the input data. The deviance of expected genetic
heterozygotes from observed phenotypic deficiency cases (f) varied
between surveys; £ was modelled as a spatial variable, with values
learned from the data, but not modelled as a spatially structured
variable. The deviance value represents both the proportion of
heterozygotes diagnosed as phenotypically normal, as well as
actual deviance from expected Hardy-Weinberg equilibrium due
to factors such as selection, consanguinity, migration, or small po-
pulation sizes.

The model framework is thus p(d) = g+¢°+2¢(1 —)h; where p(d) is
the probability of an individual being phenotypically deficient, and
q is the allele frequency for deficiency. From this equation,
frequencies of hemizygotes (males, ¢), homozygotes (females, ¢7),
and all deficient females (homozygotes and phenotypically
deficient heterozygotes: ¢*+2a(l—g)k could be estimated. The
model was fitted to the data and 1 million Markov chain Monte
Carlo MCMC) iterations [53] were used to generate full posterior
predictive distributions (PPDs). The PPDs are summarised by the
median value of the predictions and mapped continuously at
5x5 km resolution. Prediction uncertainty was quantified as the
interquartile range (IQR) of the PPD. The model and its
implementation are fully described in Protocol S2.

To validate the model predictions, an independent model
iteration was implemented with a 95% subset of the dataset,
allowing comparison of the predicted frequencies with observed
frequencies from the 5% hold-out data. The hold-out data sample
was selected to preferentially include spatially isolated data points,
so as to ensure that the full prediction surface was included in the
validation. Moreover, isolated areas are harder to make predic-
tions for, and are therefore a conservative assessment of model
reliability. Further details about validation methodology and
derived statistics are given in Protocol S3.

Estimating Populations Affected

To quantify the prevalence of G6PDd across national and
regional populations, areal estimates (regional aggregates that
account for uncertainty) [47] were calculated by relating the model
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predictions to high resolution population density data from the
Global Rural Urban Mapping Project (GRUMP) beta version,
adjusted to United Nations (UN) population estimates for the year
2010 [41,54]. The areal-prediction model [47] was implemented
to repeatedly sample G6PDd PPDs from selected locations,
weighted according to population density, at a 5 x5 km resolution.
So, for each area of interest, the model generated an areal
frequency PPD adjusted to the population density distribution
across the area of interest. Multiplying the resulting aggregated
G6PDd frequencies from the areal PPDs by UN 2010 national
level population data adjusted for national-level sex ratio [55] gave
estimates of the population numbers affected by each phenotype.
To account for the stochasticity of the sampling, this process was
repeated ten times for the national estimates, and five times for
aggregated regional estimates (because of computational con-
straints) in order to calculate the Monte Carlo standard error
associated with the estimates. This process is fully described in
Protocol S4.

Stratifying National G6PDd Severity

In order to stratify the potential haemolytic risk associated with
G6PDd, a simple index was developed that incorporated both the
national prevalence of the trait and the severity of the local genetic
variants.

Predicted national prevalence was stratified into three categories
(=1%, >1-10%, and >10%). Stratifying the severity of the local
forms of G6PDd was more involved. A second online literature
review was conducted to assemble all reports of genetic and
biochemical variants, using the same search methods as for
assembling the prevalence data. All occurrences of named G6PDd
variants were abstracted into a database and mapped to the
country where they had been observed. Variants were then
grouped according to their severity: the only severity classification
widely applied to all variants is that proposed by Yoshida et al.
[56], and endorsed by the WHO [31], which classifies variants
according to their residual enzyme activity levels, their polymor-
phic/sporadic occurrence in populations, and the severity of their
clinical symptoms (Protocol S6). Limitations to this classification
system are reviewed in the Discussion. Only variants of class II
(residual enzyme activity <10%) and class III (10%—-60%) were
relevant to this study. A score based on the relative composition of
variants from these classes was assigned to each country to
represent the relative proportions of class II and III variants: a
proxy indicator of the severity of local variants. If no data were
available from a country, a conservative approach was followed
which took the highest score (most severe) from any neighbouring
country.

The prevalence and variant severity scores were then multiplied
to give a stratified measure of the relative haemolytic risk of
G6PDd in each country. A similar uncertainty index was
determined on the basis of the uncertainty in the prevalence
estimates, and the availability and heterogeneity of variant data in
cach country. The variant data, risk scoring tables, and
uncertainty estimates are presented in more detail in Protocol S6.

Results

The Prevalence Survey Database

Literature searches were conducted to collate all available
reports of representative community G6PDd prevalence. A total of
17,272 G6PD abstracts were identified from online bibliographic
databases, together with 472 potential data sources found in
existing G6PDd databases [33,36-38] and unpublished reports.
Following careful review, 1,601 abstracts were considered suitable
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for our study and their full texts were reviewed for data. The
Filipino Newborn Screening Reference Center (National Institutes
of Health, Philippines) also contributed their universal screening
results since 2004 to this study, adding 636 spatially unique
locations to the database.

The total number of surveys identified that met the inclusion
criteria was 1,734 globally, with 74% from MECs (n=1,289)
(Figure 2A). Surveys were unevenly distributed, some areas having
been examined in micro-mapping studies (such as Sri Lanka) and
universal screening (Philippines) while large extents of other areas
remain unstudied (e.g., extensive parts of Indonesia, Madagascar,
and central Africa). Within the MECs, 85% of surveys (n=1,101)
were from 23 Asian countries; 10% of surveys (n=132)
represented 23 African countries; data from only nine countries
in the Americas were identified, corresponding to 4% of surveys
(n=>56). Male data were reported from 99% of the surveys, while
62% presented female data. Overall numbers of individuals
sampled were 2.4 million males and 2.0 million females.

The database is described in more detail in Protocols S1 and S5,
with additional discussion about the influence of diagnostic
methodology on test outcome in males and females. Female
diagnosis is known to depend on numerous factors; however, in
the absence of any standardised or established mathematical
relationships for modelling the genotype-phenotype association in
females, we decided to use the input dataset as the evidence-base,
and the mapping model was given the freedom to determine this
spatially variable relationship according to the raw data (Protocols
S1, 82, 85).

G6PDd Prevalence Predictions: Overview

The survey database formed the evidence-base for the
geostatistical model, which predicted both the spatially continuous
map of G6PDd allele frequency (Figure 2) and the estimates of
G6PDd  populations (Figure 3); all model predictions are
summarised with median values [53]. Model outputs indicated
G6PDd to be widespread across malarious regions, with lowest
frequencies in the Americas and highest in tropical Africa; an
overall allele frequency of 8.0% (IQR: 7.4-8.8) was predicted
across all MECs (Table 1). High population density in Asia meant
that the highest numbers of G6PDd individuals were predicted to
be from this continent (Table S1). The database and resulting
model outputs indicated heterogeneity in G6PDd prevalence, with
considerable variation across relatively short geographical distances
in many areas (Figure 2B). All model predictions must be considered
in relation to their associated uncertainty metrics (IQR; Figure 2C,
Tables 1, S1 and S2). Model uncertainty is greatest where data
points are scarce (Figure 2A) or where available data indicates
heterogeneity (Protocol S2). Limitations to the database and the
weaknesses that these lead to in the predictions are considered in the
Discussion.

G6PDd Allele Frequency Map

Large swathes of the American MECs were predicted to have
median G6PDd frequencies =1% (40.8% land area), with GEPDd
being virtually absent from northern Mexico, Costa Rica, Peru,
Bolivia, and much of Argentina (Figure 2). Prevalence increased
towards coastal regions, peaking in Venezuela where the majority
of the continent’s predictions of >5% were located. Model
uncertainty was relatively low across most of the Americas (IQR:
<5%), with the IQR increasing to 5%—-10% across the Amazon
region where data were extremely scarce, and peaking between
15%-20% across Venezuela.

At the continental level, GEPDd was most prevalent across sub-
Saharan Africa: 65.9% of the land area was predicted to have
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median G6PDd prevalence =5%, and 37.5% a median preva-
lence =10%. Predictions ranged from <1% at the continental
extremities (western Sahel, Horn of Africa, and southern Africa) to
>20% in isolated pockets of Sudan, coastal west Africa, and
around the mouth of the river Congo. These broad patterns were
interspersed with some striking sub-national variation within
countries with deficiency hotspots, including Nigeria (range: 2%
[IQR: 1-6] to 31% [22-42]), Sudan (1% [0-2] to 29% [19-41])
and Democratic Republic of Congo (DRC) (4% [1-11] to 32%
[23—41]). These areas were also associated with the highest levels
of model uncertainty—a reflection of this sub-national heteroge-
neity and also of the scarcity of input data from these areas.
Highest prediction uncertainty across the continent was found in
Sudan, Chad, and central Africa between DRC and Madagascar.

The highest median predicted prevalence of G6PDd across the
entire MEC region was 32.5% in the Eastern Province of Saudi
Arabia (specifically, around the urbanised coastal areas of Al-Qatif
and Ad-Dammam). More broadly, rates across this disparately
populated peninsula as a whole were heterogeneous, for example,
dropping to prevalence of 3% (IQR: 2—4) in the central Al-Kharj
and Riyadh area of Saudi Arabia. Further east, predicted
prevalence remained high into southern Pakistan.This region
had the highest uncertainty of the entire map (IQR exceeding
30%). No surveys were available from the south of Pakistan, and
the closest neighbouring surveys in southern Iran, Oman, and
western India reported prevalence of >20%, contrasting data
from northern Pakistan. Prediction uncertainty dropped across
central and southeast Asia, and predicted prevalence remained
largely <10%, with three notable G6PDd prevalence hotspots in
the central and southeast Asia regions peaking to >20%: (i) among
the tribal, endogamous groups of Orissa province in east India, (ii)
a patch along the northern Lao/Thai border, and (i) much of the
Solomon Islands archipelago. Underlying the broadly smooth
continental-level variation, some areas were predicted to have
highly heterogeneous sub-national G6PDd prevalence. Across Lao
People’s Democratic Republic (PDR), for instance, frequencies
were predicted to range from 1% (IQR: 0-2) to 23% (16-32);
predictions in Indonesia were from 0% (0-1) to 15% (10-21) in
Nusa Tenggara; in Papua New Guinea, frequencies ranged from
1% (0-2) along the southern coast to 15% (10-22) along the East
Sepik northern coast (Figure 2B-2C).

Validation Statistics

The predicted allele frequency surface was evaluated against a
hold-out subset of the data selected with spatially declustered
randomization that preferentially selected data sparse sites where
model predictions would be inherently most difficult [41]. Dif-
ferences between predicted and observed prevalence returned a
mean error of 1.45% and a mean absolute error of 4.07%. These
indicate a slight tendency of the model to overestimate prevalence,
and relatively more substantial error in the magnitude of pre-
diction precision. Full validation results are given in Protocol S3.

G6PDd Prevalence Predictions: Population Affected
Estimates

The second modelling process related the allele frequency
predictions to population distribution, generating sex-specific
aggregated estimates of G6PDd populations, weighted by popu-
lation distribution across the spatial regions of interest: national,
malaria endemic, and the subset of 35 MECs targeting malaria
elimination. These population-weighted estimates were modelled
separately from the mapping process, and used the full model
predictions, not just the summary median allele frequency map
(Figure 2B). As with the map, these areal predictions and their
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Figure 2. The global distribution of G6PDd. (A) shows the global assembly of GG6PDd community surveys included in the model dataset; data
points are coloured according to the reported prevalence of deficiency in males (n=1,720). Background map colour indicates the national malaria
status (malaria free/malaria endemic/malaria eliminating). (B) is the median predicted allele frequency map of G6PDd. (C) presents the associated
prediction uncertainty metrics (IQR); highest uncertainty is shown in red and indicates where predictions are least precise.
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Table 1. G6PDd allele frequency and G6PDd population estimates across malaria endemic countries (n=99) and the subset of
malaria eliminating countries (n=35).

G6PDd Allele
Frequency and

Population Estimates Median (SE) Q25(SE) Q75(SE)

MEC? Eliminating® MEC? Eliminating® MEC? Eliminating®
Allele frequency 8.04%(0.02%) 5.30%(0.01%) 7.44%(0.02%) 4.43%(0.02%) 8.81%(0.03%) 6.68%(0.02%)
G6PDd males 220,130(669) 61,227(96) 203,729(597) 51,200(184) 241,114(847) 77,223(251)
G6PDd females 17,115(n/a) 3,100(n/a) (n/a) (n/a) (n/a) (n/a)
(homozygotes only©)
G6PDd females 132,932(467) 35,205(71) 121,618(550) 28,862(96) 147,814(693) 45,608(144)
(all females)

All figures are in thousands. Q25 and Q75 refer to the low and high limits of the IQR of the model predictions. Numbers in brackets represent the Monte Carlo standard
error (SE) of the estimates; presented in the same units as the associated estimate. Full explanations are given in Protocol S4.

*Total regional male population: 2,736,515; Total regional female population: 2,644,975. Source: GRUMP-adjusted projected UN 2010 population estimates and sex-ratio
data from UN World Population Prospects 2010 Revision.

bTotal regional male population: 1,156,300; Total regional female population: 1,105,603. Source: GRUMP-adjusted projected UN 2010 population estimates and sex-ratio
data from UN World Population Prospects 2010 Revision.

Figures derived from the allele frequency estimates so do not have specific model-derived uncertainty metrics.

n/a, not available.

doi:10.1371/journal.pmed.1001339.t001
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associated uncertainty were summarised with median and IQR
values (Tables 1 and S1).

We estimated overall G6PDd allele frequency across MECs to
be 8.0% (IQR: 7.4-8.8); using 2010 population data (Protocol S4),
this corresponded to 220 million males (IQR: 203-241) and an
estimated 133 million females (122-148), including 17 million
homozygous females (assuming Hardy-Weinberg equilibrium).
Across the subset of malaria eliminating countries (Figure 1),
prevalence was lower, at 5.3% (4.4-6.7). Population estimates for
2010 across this subset of eliminating countries were 61 million
G6PDd males (51-77) and an expected 35 million G6PDd females
(29-46), including 3 million homozygous females.

National frequency estimates ranged from 0.1% in Cape Verde
(IQR: 0.0-0.5) and the Democratic People’s Republic of Korea
(0.0-0.4) to 22.3% in the Solomon Islands (15.7-30.9), 22.5% in
the Congo (17.3-29.6) and 23.0% in Benin (17.0-30.1). Reflecting
the prevalence map, national allele frequency estimates were
generally lowest in the Americas and highest in Africa (Figure 3A).
Converting these national-level allele frequency estimates to
G6PDd population numbers (G6PDd males; Figure 3B), however,
shifts attention away from Africa towards the highly populous
Asian countries, notably China and India where 41.3% of G6PDd
males within MECs were predicted to be. Overall, the Americas
contributed only 4.5% of the MEC G6PDd male population, sub-
Saharan Africa 28.0%, and Asia an estimated 67.5%.

Index of National G6PDd Severity

Data searches for reports of G6PDd variants identified 527
occurrences of class II variants and 405 class III variants from a
total of 54 countries out of 99 MECs (Table S3). Occurrences of
these data points were used to score the severity of the overall
composition of variants in each country, with scores inferred from
neighbouring countries in instances where no data points had been
reported (Figure 4A). Once combined with a rank of G6PDd
prevalence, an overall score of the severity of risk from G6PDd
was derived for each country (Figures 4B—4C). A similar scoring
was used to determine the relative confidence in the severity
scores, shown in Figures 4D—4E. Further figures and the table of
all variant occurrences by country are given in Protocol S6 and
Table S3.

This index of risk is predicated on the current state of
knowledge of G6PDd variant occurrence and the relationship
between variants and haemolysis, as outlined in the Discussion.
From the present dataset, we see strong regional patterns in the
distribution of variants, with sub-Saharan Africa being predomi-
nantly ranked as having mildly severe variants (class III),
predominantly A—, though some class II variants were reported
from Sudan and South Africa, and Senegal and the Gambia in
west Africa (Table S3). Relatively few data were available from the
Americas, but these included a greater diversity of variants
including a minority of class II variants. In contrast, variant
reports were more heterogeneous across Asia, a majority of which
were class II (most commonly Mediterranean, then Canton and
Kaiping), though certain class III variants were also widely
reported (Mahidol, then Chinese-5 and Gaohe being most
frequently identified); the predominance of class II variants put
the classification of all Asian countries as having severe variants.

Combining these variant severity scores with the scores of
G6PDd prevalence gave an index of overall risk from G6PDd for
each MEC. Greatest haemolytic risk from G6PDd was found in
the Arabian Peninsula and across west Asia, where both
prevalence and variant severity (dominated by the class II
Mediterranean variant) were high. Across the Asian continent,
risk remained high (level 5 of 6, increasing to level 6 in the Mekong
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region where prevalence was at its highest). In contrast, despite
high prevalence, the low severity of the variants reported from sub-
Saharan Africa resulted in the lowest risk categorizations from
G6PDd globally, which was a moderate risk (mostly levels 2 to 3 of
6, though increasing to level 5 in countries where class II variants
had been reported).

The uncertainty inherent in this synthesis is considerable;
however, the index indicated that according to the metrics
employed in this study, uncertainty ranked highest in many sub-
Saharan countries and most countries in the Americas (where 19
of 21 countries had uncertainty ranked 5-6 out of 6). Further data
from these regions would substantially improve reliability both of
the modelled prevalence predictions, as well as of the variant
severity categorisations, many of which had to be inferred from
neighbouring countries.

The framework proposed here can be updated and refined as
new data about variant occurrence and haemolytic risk become
available.

Discussion

G6PDd is widespread across malarious regions, where we
estimated the deficiency to have an overall allele frequency of
8.0%. We have developed here an evidence-based, geostatistically
modelled, and spatially continuous prevalence map of G6PDd,
together with uncertainty metrics and population estimates of
affected individuals. Although highest levels of G6PDd frequency
are predicted in sub-Saharan Africa, high population density
makes Asia the centre of weight of G6PD deficiency-burdened
populations. We discuss our results first in relation to existing
G6PDd maps, and then in their public health context in relation to
the coincident severity of local variants. Important limitations to
the maps and population estimates stem from weaknesses in the
underlying database of surveys. These are also discussed, in
relation to the difficulties of predicting deficiency in females, in
assessing the robustness of the model predictions, and in
overcoming the barriers to predicting the severity of primaquine-
induced haemolysis.

Comparison with Existing Maps and Population
Estimates

Previous G6PDd maps have been published by the WHO
G6PD Working Group in 1989 [31], Cavalli-Sforza et al. in 1994
[34], and more recently in 2009 by Nkhoma et al. [33]. Both the
WHO and Nkhoma et al. maps present data averages at national
levels, thus masking all sub-national variation and making direct
comparisons with our continuous prevalence map difficult.
Further, Nkhoma et al.’s map has many gaps for countries from
where no data could be found. However, all maps show broadly
similar patterns, with lowest frequencies in the Americas, highest
rates predicted across the tropical belt of sub-Saharan Africa, and
generally heterogeneous distributions across Asia ranging from
virtually absent to relatively high. Comparison of the national-
level, population-weighted allele frequency estimates generated
here with the WHO categories showed no obvious trends, with
estimates for 29% of MECs predicted higher here than by WHO,
frequencies in 36% of countries being predicted lower than those
predicted by WHO, and 35% having consistent values. Reasons
for these disparities relate both to the criteria imposed on the
survey evidence-base (with both WHO and Nkhoma et al
including surveys that were excluded from this current study for
risk of bias or lack of spatial specificity, corresponding to 108 and
17 surveys, respectively) and the statistical methods involved
(accounting for the sample size and spatial distribution of data
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Figure 4. Index of severity risk from G6PDd. (A) shows the national score of variant severity, determined by the ratio of class Il to class Ill variant
occurrences reported from each country; (B) maps the risk index from G6PDd, accounting for both the severity of variants (A) and the overall
prevalence of G6PDd (Figure 3A); the scoring matrix describing these scores is given in (C), specifying the different categories of risk determined by
the scores of national-level prevalence of phenotypic deficiency (rows) multiplied by severity scores of the variants present (columns). (D) represents
the uncertainty in the assembly of the risk index based on the prevalence scores (E rows) and in the assessment of variant severity (E columns). These
uncertainties relate specifically to the analysis of these data into the risk index, and do not account for the underlying uncertainty in their

interpretation in relation to haemolysis (see Discussion).
doi:10.1371/journal.pmed.1001339.g004

points, and relating G6PDd prevalence to spatial patterns of
population density). The new map also has the benefit of two
decades of additional surveys since the publication of the WHO
map, and more than six times the number of surveys (in spite of
the stricter inclusion criteria) than were used by Nkhoma et al.
(280 surveys versus 1,734). Globally, the WHO study estimates
2.6% of male newborns to be hemizygous for G6PDd alleles. As
our study focused on the subset of countries with highest GEPDd
prevalences (MEC versus non-MEC [31]), our MEC regional
estimate (8.0%; IQR: 7.4-8.8) cannot be directly compared to the
global WHO figure. However, the considerably higher regional
estimate predicted here is more consistent with the recent estimate
of 7.3% (95%; confidence interval: 7.0-7.6) of the global
population by Nkhoma et al. [33]. Disparity between estimates
may result from the population weighting used in this present
study, which ensures that prevalence in densely populated regions
contributes proportionally more in the regional estimate than
through simple national estimate averages. Finally, this study is the
first to model G6PDd prevalence in females. The previous studies
discussed here, selected that 10% of heterozygous females would
be diagnosed as phenotypically deficient. The flexible Bayesian
model developed for the current study, and the extensive database
of female survey data, enabled an empirical assessment of this
spatially variable threshold. The resulting estimates, however, are
subject to the same limitations as the original diagnostic tests used
(Protocol S5). Diagnosing heterozygotes, who express two popu-
lations of red blood cells—normal and deficient—is highly
sensitive to the enzyme activity level thresholds imposed, as the
deficiency can be masked by cells expressing normal activity.
The population of G6PDd cells, however, is as vulnerable to
haemolytic stress as the deficient cells of hemizygotes or female
homozygotes. This source of diagnostic uncertainty should be
considered when interpreting these predictions of deficient
females, which are based directly upon the diagnostic results.

Model Uncertainty

The evidence-based nature of the analysis leaves the model
predictions vulnerable to weaknesses in the underlying database.
While some of these limitations can be quantified, such as
prediction uncertainty in areas with very scarce data, others
cannot. The current study presents a methodological advance over
previously published maps for being the first to quantify any aspect
of prediction uncertainty. In brief, our mapping procedure
involved 500 repeated predictions being made from the optimised
Markov chain Monte Carlo (MCMC) algorithm (Protocol S2).
The median of all predicted values for each pixel is displayed in
Figure 2B, and the IQR (50% confidence interval) of the repeated
predictions was used to quantify model uncertainty (Figure 2C).
Where model uncertainty is lowest, the 500 repeated predictions
will fall within a small range, and the IQR will be correspondingly
small; less straightforward predictions are associated with larger
IQR values. In general, model uncertainty increases where fewer
data are available and sample sizes are smaller, and where
observed prevalence values are heterogeneous. This same princi-
ple applies to the population affected estimates.
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Not all sources of uncertainty, however, could be accounted for
by the model, which is dependent on the input dataset to represent
the underlying G6PDd prevalence patterns. No global resource
of genetic relatedness among populations was available, thus dif-
ferences in prevalence between geographically close but geneti-
cally distant communities could only be represented in the map
through the inclusion of surveys, thus, a scarcity of data may mask
significant heterogeneity. For example, high prevalence of GEPDd
among populations such as the endogamous groups of Orissa
could not have been predicted by the model without data points
from those communities. While the final dataset provides relatively
good coverage, there are some large expanses lacking data where
additional surveys are most needed to improve confidence in our
knowledge of G6PDd prevalence, as indicated in the uncertainty
map. These include several South American countries, large parts
of central and southern Africa, and some highly populous
Indonesian islands; the careful geopositioning of all surveys in
this study allows specific gaps in the datasets to be identified that
are masked in nationally aggregated maps. However, uncertainty
in some of the data point geopositioning was also unaccounted for.
While 80% of surveys could be mapped as points (<10 km?), 20%
were less specific and mapped as polygons up to 35 km in radius of
which centroid coordinates were used in the model (Protocol S1).
The relative uncertainty introduced from this level of geoposition-
ing uncertainty was deemed acceptable relative to the level of
uncertainty, which would have been introduced by excluding
those 20% of data points altogether. Finally, uncertainty in the
prevalence estimates themselves stemming from the diagnostics is
discussed in Protocols S1 and S5. In brief, the binary expression of
normal activity versus deficiency is generally considered to be
relatively reliably detected in males by most diagnostics [26,31],
though the quality of reagents and the practical difficulties of field-
based settings for instance will produce some errors. As discussed
previously, diagnostics for heterozygous females are altogether
more complex and uncertain. The most ambiguous diagnostics for
assessing the deficiency phenotype—molecular-based methods,
due to the gene’s extensive genetic variability—were excluded
(Protocol S1).

G6PDd Applications to Malaria Treatment

G6PDd is of pertinence to malaria treatment due to the
potentially dangerous consequences of exposing G6PD deficient
individuals to the vitally important anti-malarial drug primaquine.
An endemicity map of P. vivax has recently been developed [57]
indicating where this anti-relapse drug is likely to be most needed,
with greatest demand being in countries targeting elimination
[14]. The G6PDd map presented here can contribute to the
evidence-base for weighing risk and benefit in formulating
primaquine treatment strategies that could greatly accelerate the
elimination of malaria transmission. We predict here that within
countries targeting malaria elimination, G6PDd had an allele
frequency of 5.3%, corresponding to an estimated 61 million
G6PDd males and 35 million G6PDd females, with most of those
occurring in Asia. However, there is evidence of a protective role
for G6PDd against severe P. falciparum malaria [58,59], and an
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effect has recently been reported against P. viwax parasitacmia as
well [60,61]. This being so, the prevalence of G6PDd in clinical
cases of malaria may be lower than among the general population,
though the precise nature of the protective effect (including which
genotypes benefit) remains controversial [62,63]. In any event,
G6PDd prevalence in the broader population, as we present,
remains a useful measure of the risks incurred with prescribed
primaquine therapy. This may be particularly true where mass
drug administration that includes primaquine is considered.

G6PDd Severity

The diagnostic tests commonly used in community surveys
determine a binary deficient/non-deficient classification; the
prevalence map presented here corresponds to this binary
classification, an indicator of whether primaquine may or may
not be tolerated. Such diagnostics, however, cannot predict clinical
severity of primaquine-induced harm, which is known to range
from clinically inconsequential to life threatening [24]. More than
186 mutations have been described to the gene [64], which encode
proteins expressing a spectrum of residual enzyme activity. In an
attempt to encapsulate a measure of that variability in deficiency
severity, we devised a simple index accounting for the relative
prevalence and severity of G6PDd variants, which is intended as a
guide to stratify broad categories of G6PDd-associated risk
between countries and regions. However, interpretation of this
analysis is constrained by major knowledge gaps. First, in relation
to the evidence-base: there were no data from almost half of MECs
(45 of 99) meaning that severity scores had to be inferred for many
of them. Further, it is likely that reporter bias and preconceptions
regarding which mutations are common, and thus worthwhile
testing for, will have a strong effect on the collated database.
Second, relating this index to primaquine-induced haemolytic risk
assumes an inverse correlation between variant enzyme activity
levels and primaquine sensitivity. Although this relationship has
been found with the three variants in which the primaquine
sensitivity phenotype has been characterised (A—, Mediterranean,
and Mabhidol [24]), further research into the association between
the numerous other genetic variants and their susceptibility to
primaquine is essential to substantiate this assumption. Third, the
classification used here to distinguish “more severe” from “less
severe” variants, in other words, the enzyme classifications into
classes II and III, uses an arbitrary cut-off of 10% enzyme activity,
which is not founded on clinical evidence of significance to
haemolytic severity [31,56]. It has been suggested that the
distinction between these classes is blurred and may no longer
be useful [65]. Fourth, the mechanism of haemolytic trigger by
primaquine remains to be determined: this basic biochemical
research would offer a rational basis for all of the above, and
enable much more robust predictions of haemolytic risk using the
datasets already collated here (of G6PDd prevalence and of the
distribution of G6PDd variants).

In the absence of evidence supporting robust predictions of
relative risk of severe haemolysis, residual enzyme activity is an
casily obtained, albeit as yet not validated, surrogate. While such a
surrogate could help inform the risk and benefit for using
primaquine in any given population, in clinical practice with
patients it is the dichotomy of normal versus deficient that guides
primaquine treatment decisions. No treatment recommendations
refer to residual enzyme activity [66]. As such, the current map of
phenotypic deficiency prevalence remains the most detailed,
robust, and appropriate risk assessment of overall G6PDd-
associated harm, whether mild or severe, relevant to public health
policies of mass primaquine administration. The insight offered by
the severity index presented here corroborates the high G6PDd-
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associated risk that the majority of the global population at risk of
P. vivax [57] faces.

G6PDd in African Malaria Endemic Countries

At the continental level, highest prevalence of G6PDd is
predicted across sub-Saharan Africa, where prevalence drops
below 5% only on the edges of its distribution in eastern and
southern Africa. In spite of being so common, the implications of
G6PDd-associated primaquine reactions are not currently of
major concern due to the present status of malaria control across
much of the continent. High P. falciparum endemicity [41] means
that drug policy almost exclusively targets the clinical stages.
Transmission blocking therapies in such settings have not proven
effective or sustainable [67]. Furthermore, the continent has
relatively few people at risk of P. viwax [57,68] due to the
predominance of the Duffy negativity blood group [40], which is
generally refractory to P. vivax. Thus, despite endemicity of the
other relapsing human malaria, P. ovale, primaquine for anti-
relapse is not applied in Africa [69]. However, this basis for not
applying primaquine may well disappear as malaria control
programmes reduce endemicity to sustainably low transmission
levels, thus increasing the feasibility of elimination. When low
transmission intensity is reached, policy in Africa will need to
consider the treatment and practice questions now being faced in
Asian and American MECs. Any primaquine treatment policy will
have to account for the high prevalence of G6PDd across this
continent. The G6PDd variant causing deficiency across the
African population is commonly attributed to the “mild” A—
mutant (Table S3) [70], and thus primaquine-associated risk of
harm is thought to be minor and self-limiting [71], reflected by the
moderate risk levels predicted across most of the continent
(Figure 4B). However, recent evidence of low primaquine dosage
triggering severe anaemia in an A— type individual (a genotype
commonly considered very mildly deficient) [72], and findings
from extensive DNA sequencing identifying a greater diversity of
G6PD mutations than previously acknowledged [70,73], calls for
caution when using primaquine in these areas of high G6PDd
prevalence, in spite of the relatively mild nature of primaquine
sensitivity of the A— variants, as determined in otherwise healthy
adults (rather than in children with malaria).

G6PDd in Countries Targeting Malaria Elimination
Malaria eliminating countries (Figure 2) face steep challenges in
achieving their ambitions. Prominent among these many chal-
lenges include: (i) endemic P. wviwax malaria, and emerging
resistance to chloroquine, previously the drug of choice for
treating acute attacks, and recently arteminisin resistance also; (ii)
high prevalence of carriers of the clinically silent and diagnostically
invisible P. vivax hypnozoite; and (iii) the predominance of
asymptomatic carriers of sexual and asexual blood stages despite
low transmission intensity. The problem of P. vivax resistance to
chloroquine is discussed elsewhere [74], but is most prevalent and
threatening in south and southeast Asia [75], where its emergence
greatly compounds the difficulty of the therapeutic problem [76].
A recent study along the Thai-Myanmar border [23] documented
very high prevalence of P. vivax parasitacmia in the 63 d following
therapy for acute P. falciparum malaria (20%-51%; correlated with
drug half-life). Those rates seem to support rational and pragmatic
use of anti-hypnozoiticidal primaquine treatment for all malaria
patients where these parasites occur together [77]. Further,
another study in the hypo-endemic Solomon Islands found that
fewer than 30% of PCR-diagnosed blood infections were detected
by expert microscopists, and only about 5% of infected individuals
were symptomatic (overall prevalence was 9% according to PCR
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diagnostics but only 2.7% with microscopy) [78]. Both of these
studies demonstrate the important parasite reservoir represented
by asymptomatic, sub-microscopic, and latent infections, and the
WHO now reconsiders its long-standing recommendation against
mass drug administration as an element of malaria control [79].
Primaquine is the only chemotherapeutic tool currently
available for attacking hypnozoites and mature gametocytes. As
explained elsewhere [24], the available data on the safety of any
regimen of primaquine may be considered almost completely
inadequate by any contemporary clinical and pharmacological
standards. Any MEC considering a strategy for attacking the silent
hypnozoite and gametocyte reservoirs would greatly benefit from
an adequate evidence-base for rational weighing of clinical risk
and benefit in their areas of operations. Such an assessment may
require evaluation of local G6PDd variants for vulnerability to
primaquine and, ideally, point-of-care G6PDd screening to
exclude those at risk of harm. Such strategies would come with
substantial financial and logistical outlays, but could be most
usefully directed to areas with highest potential benefit with
minimal risk of harm, as indicated by the many national maps of
G6PDd prevalence embedded within the global map presented
here. Additional information about the severity of local variants
would help support this decision-making process. The map in this
study, and any subsequent iterations (worthwhile if substantial
numbers of new surveys become available), provides one of the many
pieces of evidence to consider when strategizing for chemothera-
peutic policy aimed at elimination of transmission and relapse.

Future Prospects and Conclusions

There is no immediate prospect of relief from the serious
constraints to chemotherapeutics for malaria elimination. A new
drug in phase IIb/III trials in 2012, Tafenoquine, is strategized as
a successor to primaquine, but it is also likely to come with
haemolytic toxicity in G6PDd patients, and thus the same
constraints would apply [8]. The very brief dosing with
Tafenoquine, combined with its relatively long plasma half-life,
will require even greater caution in individuals affected by severe
variants; though risks will be similar for patients with mild
variants that lead to self-limiting haemolysis. Minimising treat-
ment duration of primaquine from the standard 14 d has also
been discussed as a means to promote course adherence and
reduce risk of resistance emergence [30]. In other words, the
stakes in 8-aminoquinoline therapies will increase as the
commitment to elimination rises alongside a determination to
attack the parasite stages that threaten success. Evaluation of risk
informed by the G6PDd maps and population estimates
presented here may guide appropriate investments in measures
that will minimise the harm incurred by hypnozoites and
gametocytes chemotherapeutics. For instance, an important
potential tool in minimizing harm is a point-of-care diagnostic
capable of excluding those at risk of harm caused by 8-
aminoquinoline therapies. One such rapid diagnostic test in
laboratory development showed promise in its first field
evaluation [80]. As well as directly improving individual-level
safety, such a kit may also vastly expand the available data to
refine prevalence maps like that presented here, improving its
resolution and margins of error. Areas where additional data
would be most informative are those with highest uncertainty in
the current map (Figure 3) where no, or only very few, surveys
were found. Furthermore, a single diagnostic test could contrib-
ute towards standardising diagnoses and removing the potential
variation between diagnostic kits, which is inherent within the
current database. Although diagnosis in males is generally
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considered consistent with existing kits (Protocol S1), a single
test would ensure this.

The prominence of G6PDd represents a barrier to current
options for malaria elimination therapy. Nevertheless, the unique
properties of primaquine are increasingly in demand as commu-
nities target depletion of their parasite reservoirs. It is evident that
no measures are currently in place to ensure safe delivery of
primaquine within the context of G6PDd risk. The complexity and
diversity of both malaria epidemiology and G6PDd mean that no
single solution will be applicable for ensuring safe and effective
primaquine treatment. The maps and population estimates
presented here represent one component of this treatment
decision-making framework, and pave the way for further data
collection and refinement of mapping studies of G6PDd severity.
The relative urgency of this important component to determining
appropriate elimination therapy may be determined by the relative
prevalence of G6PDd and malaria endemicity in any given area
[67,81].

All maps at national and regional scales and in GIS and image
formats, population estimates, as well as the input surveys database
are freely available on the Malaria Atlas Project website (MAP;
http://www.map.ox.ac.uk/).
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Chapter 5 — Distinct spatial trends in G6PD deficiency

variants across malaria endemic regions

Having established the spatial distribution and prevalence of glucose-6-phosphate
dehydrogenase deficiency (G6PDd) across malaria endemic countries, this next chapter
turns to consider in more detail the underlying genetic variants of this disorder. G6PDd
variants make up a spectrum of enzyme deficiency severity levels and have important

implications for the assessing relative safety of primaquine therapy regimens.

5.1. Background

The discovery of G6PDd occurred during the clinical development of primaquine against
the relapse of Plasmodium vivax malaria in American prisoner volunteers during and
immediately following the Second World War (Carson et al., 1956). This inherited
abnormality and primaquine are inextricably linked in malaria therapy, control and
elimination as the drug’s potential lethal toxicity to G6PDd individuals sharply limits its
effective use (Baird and Surjadjaja, 2011; Baird, 2013). Nevertheless, the unique
therapeutic activities of primaquine render it potentially extremely useful in combating
endemic malaria (White, 2008; Baird, 2012b). This drug is currently the only licenced
therapy active against the liver-stages of P. vivax. If untreated, these dormant hypnozoites
will relapse after a latency period of three weeks to ten months (White, 2011), reactivating
blood stage infection which may cause severe disease and mortality (Baird, 2013).
Furthermore, primaquine is the only drug with activity against the sexual transmission-
stages of all Plasmodium species (Baird and Surjadjaja, 2011; Bousema and Drakeley,
2011; White, 2012), a role of undeniable importance in reducing transmission levels, most
particularly in containing the spread of artemisinin-resistant P. falciparum (WHO, 2010;
WHO, 2011). Despite these advantages, the absence of a practical field-based diagnostic

test for G6PDd impedes widespread use of primaquine (Recht et al., unpublished). Our
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study of evidence-based screening data has shown that G6PDd is especially common across
malaria endemic countries (MECs) with an estimated global median allele frequency of
8.0% (50% CI: 7.4-8.8) (Howes et al., 2012), thought to be driven by a selective advantage

against life-threatening malaria (Greene, 1993; Beutler, 1996; Kwiatkowski, 2005).

G6PD is a housekeeping enzyme essential for red blood cell (RBC) survival. G6PD
maintains reserves of reducing power in the form of NADPH, which are necessary for
detoxifying oxidative challenges to RBCs such as hydrogen peroxide and oxygen radicals
(Cappellini and Fiorelli, 2008; Howes et al., 2013); this is further discussed in Chapter 6.
Unlike other cells, RBCs lack mitochondria so have no alternative mechanisms for
generating reducing power (Mason et al., 2007). Mutations in the G6PD gene can
destabilise the enzyme and reduce its activity levels, leaving cells vulnerable to oxidative
damage. Exogenous triggers, including certain foods, infections, and a range of drugs can
trigger damage and result in RBC death. The resulting clinical symptoms range in severity
from negligible to potentially lethal and may include neonatal jaundice, favism (triggered
by fava bean ingestion) and acute haemolytic anaemia (Luzzatto, 2009). Severe symptoms
tend to be most common in males, as the G6PDd trait is X-linked, meaning that females
must inherit two deficient alleles to express the same overall reductions in enzyme activity
as deficient males (who inherit a single X chromosome). Heterozygous females may
express anywhere between all or none of the G6PDd phenotype, depending on the relative
proportions of normal and deficient cell populations resulting from the random process of
Lyonization. This spectrum of expression in heterozygous females imposes a challenge to
their diagnosis (Luzzatto, 2009; Howes et al., 2012). A detailed description of this gene’s

population genetics is given in Chapter 4.

G6PDd may be diagnosed in several ways (Figure 5.1). In Chapter 4, | considered G6PD as
a binary deficiency/normal phenotype (Figure 5.1A). This classification is diagnosed with
qualitative or semi-quantitative enzyme-based methods commonly used in population
screening surveys, and occasionally fully quantitative methods. However, to distinguish the

different variants of G6PDd, a more detailed diagnosis is required. These variant-
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characterising methods are those referred to in this chapter (Figure 5.1B). To distinguish
different G6PDd variants, either the enzyme itself must be thoroughly described with a
suite of biochemical investigations of the purified enzyme (including enzyme Kinetics,
electrophoretic mobility, heat stability, activity-pH curves and Michaelis constant
measurements (Betke et al., 1967)) or the gene’s DNA must be examined directly to

identify the mutations to the G6PD gene.

Diagnostic Diagnostic

. . Diagnostic
question methods Diagnostic output

\ 4

Qualitative/
semi-quantitative
screening assay

Binary diagnosis:
deficient vs. normal

Residual enzyme
activity allows specific
threshold of deficient
vs. normal

o G6PDd vs
Is this individual
GBPD deficient? G6PD normal
phenotype

Quantitative
enzyme activity
measurement

Biochemical
Enzyme-based
enzyme variant diagnosis
characterisation

Which variant of
G6PDd does this

Presence/
absence of
specific variants

individual have? .
Gene sequencing

and PCR-RFLP for
presence/absence
of mutations

DNA-based
variant diagnosis

Figure 5.1. G6PDd diagnostic methods and common laboratory techniques associated
with different types of diagnostic questions. Panel A summarises diagnostics related to
identifying deficient from normal G6PD activity. Panel B indicates the methods required to
characterise the variants of G6PDd. The orange hexagons indicate the question and answers
associated with the different methods. The different diagnostic methods associated with
each are shown in the pale green boxes, and the diagnostic outcomes of each are shown in
the bright green ellipses.

At least 186 mutations have been genetically characterised in the G6PD gene (Minucci et
al., 2012), though not all are polymorphic and of clinical significance. About half of these
variants (Mason and Vulliamy, 2005) appear to be sporadic mutations identified in only a
handful of patients. These rare variants usually express very severe, chronic symptoms, a

pathology known as chronic non-spherocytic haemolytic anaemia (CNSHA) which can
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result in lifelong dependency on blood transfusion (Luzzatto, 2009). Though numerous by
type, these variants never reach polymorphic frequencies and are thus not of widespread
public health concern. Previous designations of “common” polymorphic variants differ, but
include at least 15 and up to 26 variants (Beutler, 1994; Luzzatto and Notaro, 2001;
Luzzatto, 2006; Mason et al., 2007); although the evidence base and rationale for these
classifications is unclear. Current knowledge of G6PDd variants is skewed towards a
handful of variants, both with respect to their clinical characteristics in response to

primaquine and to their spatial distributions.

The G6PDd A- variant has been longest studied as all of the earliest evidence about the
haemolytic risk of G6PDd came from African American volunteers, in whom this variant
was known to be very common (Hockwald et al., 1952). This variant usually reduces
enzyme activity to around 5-10% of normal levels (Beutler, 1991). These early primaquine
toxicity studies noted that primaquine-induced haemolysis associated with this A- variant
was usually self-limiting (Dern et al., 1954). It was found that G6PDd A- individuals could
tolerate primaquine doses over an extended period of eight weeks, rather than the usual 14
days, thereby significantly reducing the drug’s toxicity (Alving et al., 1960). In contrast, the
Mediterranean G6PDd variant, common across southern Italy and Sardinia, as well as
among populations inhabiting the Persian Gulf and the Arabian Sea (Cavalli-Sforza et al.,
1994), is best known for predisposing individuals to favism (Luisada, 1940; Meloni et al.,
1983). This variant is commonly considered the most clinically severe (Beutler and Duparc,
2007), expressing barely detectable levels of enzyme expression (<1% (Piomelli et al.,
1968)). Anti-malarial therapy with primaquine is contra-indicated for individuals with this
variant (WHO, 2010) as even low doses of the drug may trigger highly severe haemolysis
which would require transfusion therapy (Clyde, 1981). Across Asia, the Mahidol variant is
best characterised, and is often considered the predominant variant across Myanmar and
Thailand (Buchachart et al., 2001; Matsuoka et al., 2004). Enzyme activity in G6PDd
Mahidol individuals is reduced to 5-32% of normal levels (Louicharoen et al., 2009).
Although low dosing of primaquine following G6PDd screening is recommended in this

region (WHO, 2010), severe pathologies associated with G6PDd have been reported
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(Laosombat et al., 2006; Burgoine et al., 2010). Although a far greater diversity of G6PDd
variants than these three exists, knowledge of their characteristics is anecdotal and limited

(Baird and Surjadjaja, 2011).

No evidence-based global spatial analysis of all the common G6PDd variants exists.
Cavalli-Sforza and colleagues have mapped frequencies of the Mediterranean and A- alleles
(Cavalli-Sforza et al., 1994), and Luzzatto and Notaro presented an occurrence map of 15
common variants (Luzzatto and Notaro, 2001). However, neither of these provides any
insight into the relative dominance of local variants, nor any measure of the proportions of

unknown variants causing G6PDd in different areas.

This diversity of clinical phenotypes and genotypes in G6PDd, and our limited knowledge
thereof, compounds the difficulty of addressing the technical and practical limitations
which G6PDd imposes on primaquine treatment for attacking the endemic malarias (Baird,
2012a). National authorities responsible for the prevention, control and treatment of
endemic malaria naturally strive for evidence-based practices that maximize benefit and
minimize risk. The present study begins the complex task of characterizing G6PDd variant
distribution and diversity with an aim to informing a framework of primaquine-associated
risk, and providing a vital tool in controlling, eliminating, and, ultimately, eradicating

malaria.

5.2. Methods

The aim of this study was to assemble an evidence-base of surveys reporting the prevalence
of common G6PDd variants which are of widespread public health concern. Two types of

data informed this goal:

- Variant proportion data (series 1): data which reported the relative proportion of
different variants among G6PDd individuals. These were population samples

previously diagnosed as having deficiency enzyme activity using the methods
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illustrated in Figure 5.1A. The variant analyses (represented in Figure 5.1B) were
used to characterise the underlying mutations causing the deficiency.

- Variant frequency data (series 2): population surveys which diagnosed variants
directly without prior G6PDd screening (i.e. used the methods in Figure 5.1B only,
without the enzyme screening methods from Figure 5.1A). These surveys had no
absolute denominator of deficiency cases, meaning that individuals who were
G6PD normal could not be distinguished from those with a deficiency caused by an
undiagnosed variant. These surveys provided measures of the allelic frequencies of

particular variants across the overall population.

Both data types had to be considered for this study as the different types of surveys were
common to different parts of the world. We first describe the methodological steps common
to both types of data, and then detail the inclusion criteria specific to each mapping

protocol. The methodology and data inclusion criteria are summarised in Figure 5.2.

5.2.1. Library assembly

The first methodological step was a literature search to identify sources of representative
population surveys of G6PDd, using the protocol previously described (Howes et al.,
2012). In summary, these used systematic keyword searches (“G6PD”, “glucose-6-
phosphate dehydrogenase” or “glucose 6 phosphate dehydrogenase”) of major online
biomedical literature databases (PubMed, ISI Web of Science and Scopus; last conducted
26 March 2012) and cross-checks with existing databases (Singh, 1973; Mourant et al.,
1976; Livingstone, 1985; Mason et al., 2007; Nkhoma et al., 2009; Minucci et al., 2012).
The study was limited to data from malaria endemic countries (MECs), thus corresponding

to those areas where primaquine therapy is needed.
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Figure 5.2. Survey inclusion criteria and G6PDd variant map outputs. Orange
rectangles indicate the exclusion criteria, grey hexagons summarise the two final input data,
and green rods represent the two map types. The A variant is included in the maps despite
not being a variant of clinical significance; this variant is commonly associated with
mutations encoding the A- variant.

5.2.2. Survey selection criteria

Two initial inclusion criteria were imposed. First, only population surveys which could be
geopositioned to at least the national level were included. Where possible, surveys were
mapped to the highest resolution spatial scale as point locations (e.g. villages). Second, to
ensure that population samples were representative of the communities being surveyed,

only studies which provided unbiased prevalence estimates were included. Case studies or

75



Chapter 5 — G6PDd variant maps

other patient groups, particularly those with symptoms of severe G6PDd (such as
hyperbilirubinaemia, kernicterus or kidney failure), were excluded on account of being
more likely to include individuals with severe variants of G6PDd. Malaria patients were
excluded due to a potential advantage conferred by G6PDd, which would underestimate
frequencies of the most protective variants. Similarly, family studies were excluded for
being unrepresentative of the wider community due to their high degree of consanguinity.
Finally, studies which included only individuals from a minority of ethnic backgrounds
were also excluded to ensure that the data collated would be widely representative (Figure

5.2).

5.2.3. Variant inclusion criteria

Given the genetic diversity of G6PDd variants, it was necessary to identify those variants
which presented a significant public health threat. The variant inclusion criteria were: (i)
that the residual enzyme activity level should be significantly reduced (<25% normal
expression) and thus diagnosable as deficient by standard qualitative diagnostics, and (ii)
that the variants be reported from at least five localities across the malaria endemic region.
Across the database, 15 variants met these criteria and were included in the mapping: A-,
Canton, Chatham, Chinese-5, Coimbra, Gaohe, Kaiping, Kerala-Kalyan, Mahidol,
Mediterranean, Orissa, Seattle, Union, Vanua Lava, Viangchan. These largely corresponded
to those previously designated as “common variants” (Beutler, 1994; Luzzatto and Notaro,
2001), with the exception of the Aures, Chinese-4, Chinese-5, Cosenza, Honiara,
Santamaria, Quing Yan, Taipei and Ube-Konan variants which were not widely reported,
including from some non-malaria endemic areas including Japan and the Mediterranean

region.

An exception was made for the A variant. Although this variant (A376G) does not meet the
criteria of having significantly reduced enzyme activity (G6PDd A variant expression is
barely reduced at approx. of 85% normal levels), it was included in the maps as it was

almost always inherited alongside mutations in other loci (Clark et al., 2009), together
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expressing the A- (G202A/A376G or T968C/A376G or G680T/A376G) and Santamaria
(A542T/A376G) variants, and therefore associated with detectably reduced enzyme

activity.

G6PDd variants were diagnosed with either DNA-based methods (e.g. PCR-RFLP and
sequencing) or enzyme-based methods (e.g. enzyme electrophoresis and biochemical
characterisation of purified enzyme samples, as per the WHO standardised procedures
(Betke et al., 1967)). Over time, some variants have been defined using biochemical
diagnostic methods by several laboratories independently, resulting in a degree of duplicity
when re-examined at the DNA-level (Beutler, 2008). To ensure congruence between these
reports, it was necessary to remove this duplication and standardise the database according
to the underlying genetic mutations. The mutation tables compiled by Mason et al. (Mason
et al., 2007) and Minucci et al. (Minucci et al., 2012) were used to reconcile duplicated
variants with their underlying mutations; for example, the Union variant (C1360T) includes
the biochemical variants Maewo, Chinese-2 and Kalo, as well as Union; the Seattle variant
(G844C) also includes Lodi, Modena, Ferrara Il, Athens-like and Mexico biochemical
variants. The G871A mutation is common to both Viangchan and Jammu variants, although
these are distinguished by haplotype analysis of a non-coding locus which is not frequently
examined (Beutler et al., 1991); these two variants were therefore considered a single
variant by this study. Although a range of molecular mutations (G202A/A376G or
T968C/A376G or G680T/A376G) have been identified as encoding the A- phenotype, the
underlying mutations are not consistently reported by studies, and biochemical or
electrophoretic diagnostic methods targeting the phenotype cannot discriminate this level of
genetic variation anyway. All mutations relating to this phenotype were therefore
categorised as A-. In cases where only the 202 locus was examined, these were also

classified as A-.
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5.2.4. Mapping the data

Surveys satisfying the inclusion criteria were abstracted into a database and mapped. Pie
charts were chosen to display the relative prevalence of the different variants identified in
each of the surveys, with each colour-coded segment proportional to the relative frequency
of the variants reported. Surveys which could only be mapped to the national level were
indicated by a star in the centre of the pie charts; pie charts without stars were therefore
mapped with greater precision, from the village- to province-level. Spatial duplicates from
independent studies, where multiple surveys had been conducted among the same
communities, were mapped with a “jitter” of 0.5° in their latitude or longitude decimal
degree coordinates to allow visualisation of multiple charts for the same location. Study
sample size was incorporated in the maps through the radius of the pie charts, with larger
pie charts representing bigger sample sizes. These had to be illustrated on a logarithmic
scale to account for the large range in sample sizes. The MEC limits were those previously
described (Gething et al., 2011; Gething et al., 2012; Howes et al., 2012), corresponding to
99 P. vivax and P. falciparum endemic countries in 2010. The geographic regions used
were selected for consistency with previous Malaria Atlas Project subdivisions, based on
malaria epidemiological characteristics (Gething et al., 2011; Gething et al., 2012). These
are: Americas, Africa+ (Africa, Saudi Arabia, Yemen), Asia (subdivided into West and
East Central Asia, and the Pacific region). All mapping was performed in ArcMap 10
(ESRI, Redlands, CA, USA). The two series of maps previously described differed in the

following respects.

5.2.4.1. Variant proportion maps (map series 1)

If the study samples had been previously identified as G6PDd from a population screening
survey (using binary qualitative or quantitative enzyme-activity based methods, as shown in
Figure 5.1A), these data were included in map series 1. In this series, the total number of
G6PDd individuals in each study is known. For any of these individuals for whom a

successful variant diagnosis was unavailable, the variant was classified as ‘Other’.
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The pie charts in these maps represent the relative proportions of each variant in the sample
of G6PDd individuals examined (irrespective of gender), without providing any estimate of
their overall population-level frequencies. The unit of these pie charts was the number of
G6PDd individuals in the study. Sample size was therefore a further inclusion criterion for

these maps and allowed the relative confidence in the data to be represented in the maps.

5.2.4.2. Variant frequency maps (map series 2)

Surveys which investigated G6PDd variants in individuals from cross-sectional population
samples with no prior G6PDd screening were included in map series 2. These studies had
no baseline information about the number of samples which were G6PDd, but instead,

quantified the allele frequencies of selected G6PDd variants at the population level.

Given the X-linked genetics of the G6PD gene, deriving estimates of allele frequency
required the sex of the individuals to be taken into account. As males carry only a single
copy of the X allele, numbers of affected/non-affected males translated directly into
frequency estimates. Precision in the terminology around female diagnostics could be
unclear due to the variable thresholds of heterozygous deficiency (described in Chapter 4).
Not all methods reliably differentiated heterozygous from homozygous G6PDd. For
consistency and reliability therefore, only data from males were included in these variant
frequency maps. Sample size corresponded to the total number of alleles (equivalent to total
male individuals) tested. Data informing these maps therefore carried the additional
inclusion criterion of providing results according to sex, as well as total sample sizes to

allow the maps to represent relative confidence in the surveys.

It is important to note that in both types of maps, the studies did not always attempt to
identify all the variants represented in the legends of these maps. For instance, if only the
Mediterranean variant was tested for among a sample of deficient individuals (map series
1), those individuals who tested negative would be attributed to the “Other” category,

regardless of whether they expressed one of the other variants listed in the legend or a
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completely different one. The absence of a specific variant from a sample can only be
inferred if no “Other” samples are reported. Similarly, with the variant frequency maps
(map series 2), individuals with G6PDd variants would only have been identified if the
specific variants they had were tested for in the study. Differentiating G6PD normal
samples from undiagnosed G6PDd samples was not possible, and thus a large proportion of

samples were classified as “Unidentified” in this second suite of maps.

5.3. Results

5.3.1. The database

A total of 18,939 bibliographic sources were identified from the broad keyword searches, of
which 2,176 were considered likely to include spatial information about G6PDd variants
and reviewed in detail for inclusion in the database. From these sources, 3,501 occurrences
of any named G6PDd variant were identified; 3,221 of which could be mapped to a
country. A total of 2,156 wvariant occurrences met the criteria of community
representativeness, which excluded all potentially biased case studies (589 variant
occurrences) and patients (298 occurrences reported from patients with G6PDd-associated
symptoms, 48 occurrences from patients with malaria, and 130 variant occurrences from
other patients). Of these representative community variant occurrences, 1,353 were from
malaria endemic countries, and could therefore be included in the present mapping study.
More than half of the occurrences of these variants (n = 823) were reported from
community samples which had undergone prior screening for phenotypic G6PDd, thus
meeting the inclusion criteria for the variant proportion maps (map series 1). These variant
occurrences were reported from 141 population surveys. Excluding “Other” classifications,
the mean number of variant occurrences reported per survey was 2.3 (range 1-10; SD: 1.8).
The remaining variant occurrences were from population samples which had not undergone
prior screening and therefore informed the frequencies of the variants at the population

level (map series 2). Sixty occurrences were excluded for not specifying data by sex. The
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remaining data were from 105 population surveys. Excluding “Unidentified” and “Other”
classifications, the mean number of variants reported per survey was 1.8 (range 0-4; SD:
0.8). Overall, these two datasets pertaining to each map series were assembled from 145

published bibliographic sources, which are listed in the Appendix.
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Figure 5.3. Distribution of the map input data for the (A) variant proportion maps and (B)
variant frequency maps. Symbol shapes indicate their method of diagnosis: enzyme-based
diagnoses are represented by starts, and circles indicate DNA-based diagnosis. Symbol colours
reflect survey sample size: (A) total number of individuals and (B) total number of males.

The spatial distribution, sample size and diagnostic type (biochemical vs. molecular) of the
surveys informing the two series of maps are summarised in Figure 5.3 and Table 5.1. The
variant proportion data (map series 1; 141 surveys) were predominantly from Asian
populations (126/141 surveys; 89%), and diagnosed with molecular methods (125/141
surveys; 89%). In contrast, the variant frequency data (map series 2; 105 surveys) were

mostly from the Africa+ region (81/105 surveys; 77%) and used electrophoresis and other
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biochemical diagnostic methods (77/105 surveys; 73%). Sample sizes also differed between

data types, with a mean of 40 individuals in the variant proportion data which tested only

G6PDd individuals (range: 1-532; SD: 61), and a mean of 281 males (alleles) tested in the

G6PDd variant frequency data which considered all individuals indiscriminately (range: 17-

2,000; SD: 367). Most surveys could be mapped with sub-national precision, but 11% of

surveys in each map series (15 and 12 surveys in the proportion and frequency datasets,

respectively) were mapped only to the national level.

Africa+ Americas Asia Global (MECs)
Nsurveys 5 10 126 141
Ncountries 4 4 17 25
Data series 1 Ng6pDd indivs 272 573 4,852 5,697
Variant Mean sample size 54.4 57.3 385 40.4
proportion
maps Diagnosis:
Enzyme-based 1 2 13 16
DNA-based 4 8 113 125
Nsurveys 81 10 14 105
Ncountries 24 3 6 33
Data series 2 Ninds 24,464 1,934 3,148 29,546
Variant Mean sample size 302.0 193.4 224.9 281.4
frequency
maps Diagnosis:
Enzyme-based 60 9 8 77
DNA-based 21 1 6 28

Table 5.1. Summary of input data according to map type.

5.3.2. G6PDd variants global patterns

The maps reveal conspicuously distinct geographical patterns in the distribution and

prevalence of G6PDd variants across regions. The two series of maps represent both the

relative proportions of the variants responsible for phenotypic G6PDd (Figure 5.4) and the
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allele frequencies of some common variants at the population level (Figure 5.5). Together,
these maps show three clear patterns: (i) low diversity of G6PDd variants reported from
populations of the Americas and Africat+ regions, among whom the A- variant is
predominantly reported; similarly, the Mediterranean variant was predominant in west Asia
(Saudi Arabia and Turkey to India); (ii) a sharp shift in variants identified east of India,
showing very little admixture with the common variants of west Asia; (iii) high variant
diversity across populations of east Asia and the Asia-Pacific region, with multiple variants
commonly co-occurring and no single variant predominating in any area. The
characteristics of the variants in each region are discussed in more detail in the following

sections.

5.3.3. G6PDd variants in the Americas

Only a relatively small number of surveys were available from the Americas (ten of each
data type), which were mainly from central America and coastal regions of south America.
Figure 5.4A indicates that among G6PDd individuals, the predominant variant was A-
(G202A/A376G or T968C/A376G or G680T/A376G), identified in 90% of deficient
individuals surveyed across the region (513 of 573 total G6PDd individuals surveyed).
Other variants identified included the Mediterranean (C563T) and Seattle (G844C)
variants; the latter was only reported from Brazil. A small minority of deficient variants
remained unidentified or were too rare to be of public health significance; a survey among
Mexicans reported 61% of deficient cases as being due to A-, but did not test for any other
variant (e.g. Mediterranean), so the remaining variants remain “Other” (Vaca et al., 2002).
The allele frequency surveys (map series 2), examining a total of 1,934 males across ten
different sites (Figure 5.5A), corroborated this picture of the dominant alleles, with A-
being the most common variant searched for and identified. At the population level, this
variant ranged in allele frequency from <2.5% in five surveys in Mexico to 13.8% in

Ecuador.
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Figure 5.4. G6PDd variant proportion maps (map series 1). Pie charts represent
individuals previously identified as G6PDd. Sample size is reflected in the size of the pie
charts, which is normalised on a logarithmic scale. Surveys which could only be mapped to
the country-level are indicated by a white star. MECs in the region mapped are shown with
a yellow background; white backgrounds indicate MECs outside the region in focus; grey
backgrounds represent malaria free countries. Variants which could not be diagnosed were

reported as “Other”.

Figure 5.4.A. G6PDd variant proportion maps (map series 1): Americas. 10
surveys with a mean sample size of 57 (range: 8-196; for reference, the most
easterly survey in Brazil included 8 individuals). 1 survey was mapped at the

national-level.
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Figure 5.5. G6PDd variant frequency maps (map series 2). Pie charts represent allele
frequencies. Sample size is reflected in the size of the pie charts, which is normalised on a
logarithmic scale. Surveys which could only be mapped to the country-level are indicated
by a white star. MECs in the region mapped are shown with a yellow background; white
backgrounds indicate MECs outside the region in focus; grey backgrounds represent
malaria free countries. Surveys in whom rare G6PDd variants which did not meet the
variant inclusion criteria are classified as “Other”; “Unidentified” cases represent to
individuals whose G6PD status remains uncertain: they may either be G6PD normal, or
have an unidentified G6PDd variant.

Figure 5.5A. G6PDd variant frequency maps (map series 2): Americas. 10
surveys with a mean sample size of 193 alleles (range: 29-90; for reference, the
sample in Porto Alegre, Brazil was of 462 alleles). No surveys were mapped at the
national-level.
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5.3.4. G6PD variants in Africa, Yemen and Saudi Arabia (Africa+)

Very few studies (n = 5) investigating the variants of known G6PDd cases were identified from
the Africat+ region (Figure 5.4B). Instead, frequencies of specific G6PDd variants were
commonly investigated across the continent (Figure 5.5B), identifying in particular the A, A-
and Mediterranean variants. Frequencies of the A- variant ranged from <1% across Saudi
Arabia, Sudan, Ethiopia and South Africa to >20% across West Africa (Figure 5.5B(2)). A
large survey of 1,451 males diagnosed using electrophoretic methods in Western Nigeria
reported 21.6% males carrying the A- variant (Luzzatto and Allan, 1968). The Mediterranean
(C563T) variant was only reported from Saudi Arabia, where it was the predominant variant
identified, reported by three surveys to be at frequencies above 35% on the Persian Gulf coast

(sample sizes: 305 to 515 individuals) (Figure 5.5B(3)).

Figure 5.4B. G6PDd variant
proportion maps (map series 1):
N Africa+. 5 surveys with a mean
. sample size of 54 (range: 11-110; for
s o reference, the survey in Sudan
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were mapped at the national-level.
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Figure 5.5B(2). G6PDd variant frequency maps (map series 2): West Africa. A higher
resolution map of Figure 3B(1), but with pie charts spread out to avoid overlap.
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Figure 5.5B(3). G6PDd variant frequency maps (map series 2): Saudi Arabia. A higher
resolution map of Figure 3B(1), but with pie charts spread out to avoid overlap.
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5.3.5. G6PD variants in Asia and Asia-Pacific

The highest G6PDd variant diversity globally was across the Asia and Asia-Pacific regions
(Figure 5.4C-D & 5.5C-D), where up to ten G6PDd variants were reported to co-occur
within single populations at polymorphic frequencies. Furthermore, significant proportions
of “Other” cases were frequently reported in the variant proportion maps (map series 1),
indicating that genetic diversity is even greater than represented by the pie charts in these
maps. This “Other” classification peaked at 100% in surveys from Papua New Guinea
where all variants reported were local, and were not reported from sufficient surveys to
meet the inclusion criterion of “public health significance”. Only a small number of allele
frequency surveys (map series 2) were recorded from the Asia region (14 of 105 globally),
so we focus the discussion here on the variant proportion maps (Figure 5.4D). The majority

of variant proportion studies across Asia used molecular diagnostics (113 of 126 surveys).
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Figure 5.4C(1). G6PDd variant proportion maps (map series 1): Asia. 90 surveys with
a mean sample size of 47 (range: 1-532; for reference, the survey in Nepal included 2
individuals and the survey mapped to the national-level in China was of 43 individuals). 12
surveys were mapped to the national-level.

88



Chapter 5 — G6PDd variant maps

o . @
GsPDd varian%s R —
\" " \
A \ Mahldbl 7L 5
S 0 J T deeeey
- A- "; - Medltenai\ean/ e \ S
B Canton "g - Orissa % X £
Chatham Seattle ‘ ",
Chinese-5/ | i \
i ,;- Union \
I coimbra / _Vanua Lava _ \ 2
" \ nl
I Gaohe’ I viangehan \ €5 T
N ooy over A ﬁapm
| Kerala-Kalyan [ | Unigéntified o ’"‘9“9‘ Hilas prale

Figure 5.5C. G6PDd variant frequency maps (map series 2): Asia. 13 surveys with a
mean sample size of 229 (range: 34-1500; for reference, the sample in Myanmar was of 353
alleles). 2 surveys were mapped at national-level.

From Turkey to Pakistan, the Mediterranean variant was predominant among G6PDd
individuals, identified in 580 of the 754 G6PDd individuals examined (77%) (Figure
5.4C(2)). Two variants, Kerala-Kalyan (G949A) and Orissa (C131G), were reported only
from Indian populations. On the Indian sub-continent, these two variants and the
Mediterranean variant represented the majority of deficiency cases, though notable

proportions of “Other” cases were also reported from eastern and southern India.
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Figure 5.4C(2). G6PDd variant proportion maps (map series 1): West Asia. A higher
resolution map of Figure 5.4C(1).
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East of India, a completely different set of variants appeared (Figure 5.4C(3)). The Mahidol
(G487A) variant predominates across Myanmar, with 98 of 117 G6PDd individuals (84%)
diagnosed across 14 surveys as carrying this variant. Variants common among G6PDd
individuals in south-east China were largely unique to these populations. Of the 1,906
G6PDd cases diagnosed from China, commonly identified variants included Kaiping
(G1388A) (total G6PDd cases: 593; 31% across China), Canton (G1376T) (472 cases;
25%), Gaohe (A95G) (164 cases; 9%) and Chinese-5 (C1024T) (46 cases; 2%) variants.
Surveys often reported variation beyond these common variants, including important
proportions of “Other” variants (533 cases; 28%). The distribution of the Viangchan
(G871A) variant was diffuse, reportedly common from Laos (where examination of 15
G6PDd individuals all carried this variant, (Iwai et al., 2001)) and Cambodia (reported
from 61 of 64 G6PDd individuals (Kim et al., 2011)) to Papua New Guinea (where a

sample of 13 G6PDd individuals included nine with this variant (Hung et al., 2008)).
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Figure 5.4C(3). G6PDd variant proportion maps (map series 1): East Asia. A higher
resolution map of Figure 5.4C(1).
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Variants across the Asia-Pacific region were highly heterogeneous (Figure 5.4D), with the

only common pattern emerging from the 36 surveys of deficient individuals across this

region (nNingivs = 629) being the diversity of variants and the heterogeneity of their

prevalence among different populations. It should be noted, however, that 21 of these surveys
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Figure 5.4D. G6PDd variant proportion maps (map series 1): Asia-Pacific: 36 surveys
with a mean sample size of 17 (range: 1-128; for reference, the survey in the Solomon
Islands was of 27 individuals and Kalimantan, Indonesia, was of 3 individuals). 1 survey

was mapped at the national-level.
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tested fewer than ten G6PDd individuals, limiting the diversity which would be captured
and thus the representativeness of these reports. The greatest diversity identified in a single
survey was from the Malaysian neonatal screening programme in Kuala Lumpur, which
recorded ten variants from an investigation of 86 G6PDd newborns. The Vanua Lava
(T383C) variant was commonly identified from Indonesian studies, with seven other

variants also reported across the archipelago.

5.4. Discussion

Over a third of the world’s population lives at risk of Plasmodium vivax infection (Gething
et al., 2012). Very limited evidence underpins estimates of clinical cases, but these have
been estimated at 70 to 400 million annually (Mendis et al., 2001; Hay et al., 2004).
Plasmodium vivax causes potentially severe illness and death (Singh et al., 2011; Mahgoub
et al., 2012; Baird, 2013). The only drug that can prevent relapsing clinical attacks is
primaquine, a treatment contra-indicated for an estimated 8.0% of the population at risk of
infection due to G6PDd (Howes et al., 2012). The half-century of neglect of this malaria
species has seriously impeded chemotherapeutic advances that addressed the G6PDd
toxicity problem (Mendis et al., 2001; Baird and Surjadjaja, 2011; Baird, 2012b; Baird,
2012a). Access to safe and effective therapy where most malaria patients live will require a
new non-haemolytic drug or a practical means of identifying G6PDd malaria patients prior

to administering therapy.

5.4.1. G6PDd haemolytic risk

The severity of haemolysis in G6PDd individuals following exposure to primaquine is
determined by drug dose and the time period over which it is taken, the age distribution of
red cells (which is altered by states of anaemia), concurrent infection, and the nature of the
G6PDd variant (Cappellini and Fiorelli, 2008; Luzzatto, 2009; Howes et al., 2013). Early

primaquine studies established that a total dose of approximately 200 mg combined with
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standard chloroquine therapy against the acute attack was needed to achieve P. vivax radical
cure (Edgcomb et al., 1950; Alving et al., 1953; Coatney et al., 1953); dosing over 14 days
was found to be the optimal compromise between safety and acceptable compliance in
relation to pamaquine (Most et al., 1946) (the precursor drug to primaquine), and was
adopted as standard primaquine therapy. Safety studies were subsequently conducted
among “primaquine-sensitive” individuals who had been observed to haemolyse following
exposure to this dosing (Alving et al., 1948; Edgcomb et al., 1950; Hockwald et al., 1952;
Carson et al., 1956; Flanagan et al., 1958; Beutler, 1959). Early on, investigators
documented that the same total dose of primaquine had equal efficacy whether
administered as a single dose, daily doses for 14 days, or weekly doses for 8 weeks (Mihaly
et al., 1985). This total dose effect enabled extended drug regimens with apparently good
safety profiles to be used for G6PDd individuals. Current WHO recommendations for
primaquine are based on the primaquine sensitivity phenotypes of three G6PDd variants: A-
, Mediterranean and Mahidol (WHO, 2010; Baird and Surjadjaja, 2011; Howes et al.,
2013). Discussion of these variant-specific regimens is organised here on a geographic

basis, together with key messages pertinent from the different regional maps.

5.4.2. G6PDd variants in Africa

The early investigations of “primaquine sensitivity” were conducted on African Americans
(Hockwald et al., 1952). Given their ancestral origin, it is likely that they were expressing
the G6PDd A- variant, which reduces G6PD enzyme expression to 5-10% of normal levels
(Beutler, 1991). An intermittent regimen of eight weekly 45 mg doses was found to avert
haemolytic risk by avoiding dangerous drops in haemocrit (Alving et al., 1960), while
remaining an efficacious P. vivax radical cure. This intermittent dosing remains the current
WHO recommended schedule for individuals with “mild” G6PD deficiency (WHO, 2010).

Nevertheless, its safety has been questioned (Hill et al., 2006; Shekalaghe et al., 2010).

Historically, the use of primaquine has been very limited across Africa. The reasons for this

are diminishing, however, and use is likely to increase. First, P. vivax has been thought
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absent from populations of sub-Saharan Africa as they do not commonly express the Duffy
antigen receptor needed by P. vivax to establish infection (Howes et al., 2011). However,
there is increasing evidence of P. vivax endemicity across this region, including infected
travellers returning from most countries in sub-Saharan Africa (Guerra et al., 2010),
infected Anopheles vectors (Ryan et al., 2006), relatively common prevalence of antibodies
to pre-erythrocytic P. vivax-specific antigens in the Republic of the Congo (Culleton et al.,
2009), and — most worryingly — evidence of P. vivax infected Duffy negative individuals,
previously thought to be refractory to infection (Menard et al., 2010; Mendes et al., 2011;
Wurtz et al., 2011). Primaquine demand will also increase in Africa following new
recommendations from the WHO for low, single-dose primaquine (0.25 mg/kg) for
confirmed P. falciparum cases as a transmission-blocking agent (Bousema and Drakeley,
2011; Eziefula et al., 2012; White, 2012) without prior testing for G6PDd (Pers. Comm. R.

Newman, Challenges in Malaria Research conference, Basel, Switzerland, 12 Oct. 2012).

The haemolytic susceptibility of the A- variant, sometimes considered “mild”, has been
associated with cases of transfusion-dependent haemolysis (Shekalaghe et al., 2010), and
caused the failure of the Lapdap antimalarial trials (Luzzatto, 2010; Pamba et al., 2012).
This “mild” variant has also regularly been associated with haemolysis due to ingestion of
fava beans (Galiano et al., 1990), previously thought to only be triggered by the more
severe variants (Mehta, 1994). Haemolysis associated with this variant, while perhaps less
severe than with other variants, is evidently not “mild” and the risks associated with G6PDd
in African populations are an important concern. These risks were recently reviewed in
relation to 0.75 mg/kg single-dose primaquine applications and considered to outweigh any
community benefit which could be derived from its P. falciparum transmission-blocking
activity (where individuals gain no direct benefit) (Eziefula et al., 2012; Graves et al.,

2012).

Discerning the true diversity of G6PDd variants across sub-Saharan Africa is not possible
from the available surveys assembled here as only three surveys used prior screening for

deficiency so were able to determine the overall proportion of G6PDd cases attributable to
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each variant (Figure 5.4A and 5.5A), and the remaining 81 surveys tested unscreened
population samples. These later surveys had a strong bias towards a single variant (A-:
encoded by G202A/A376G), ignoring the variant recently found to be most common across
populations of West Africa (T968C/A376G) (De Araujo et al., 2006; Clark et al., 2009).
Furthermore, given that electrophoretic methods were commonly used, these did not allow
the relative contributions of each of the A- genotypes to be identified. Given the increasing
call for primaquine use in Africa, the potentially serious haemolytic reactions to this drug,
and the high prevalence of deficiency in Africa (found to average between 10-20% for most
African populations (Howes et al., 2012)), there is a serious need for an inventory of
G6PDd variant diversity in African populations. Prior screening for deficiency allows the
denominator of individuals with a significant deficiency to be identified; full gene
sequencing is the only reliable way to identify with certainty all variants present in the
population. Finally, large areas across the continent are not represented in the current maps
(particularly central and southern Africa, and Madagascar), despite their high prevalence of

G6PDd; additional surveys would be highly insightful from these areas.

5.4.3. G6PDd variants in West Asia

The Mediterranean variant, predominant across west Asia and the Arabian Peninsula and
common in India, is the most severe variant to reach frequencies of public health concern.
This variant’s enzyme activity is virtually undetectable and commonly at less than 1% of
normal activity levels (Piomelli et al., 1968). Exposure of affected cells to primaquine
carries a mortal risk, with reports of even single low-doses of primaquine (0.75 mg/kg)
requiring transfusion to overcome the haemolytic reaction (Clyde, 1981), let alone regimens
for P. vivax radical cure which require extended dosing of primaquine over four times that
quantity (3.5 mg/kg total dose) (Graves et al., 2012). The WHO guidelines therefore state
that no primaquine should be given to individuals with such severe variants (WHO; WHO,
2010). The wide distribution of the severe Mediterranean variant across west Asia, where a
number of countries are targeting malaria elimination (Azerbaijan, Georgia, Iran, Iraq,

Kyrgyzstan, Saudi Arabia, Tajikistan, Turkey, Uzbekistan (UCSF Global Health Group and
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Malaria Atlas Project, 2011)) is a major hindrance to preventing parasite re-introduction
from P. vivax relapses. The deployment of G6PDd diagnostic capacity across these

countries is essential to permit primaquine therapy.

Although the Mediterranean variant is common across Indian populations, two other
variants are also commonly reported which are indigenous to populations from this sub-
continent: the Kerala-Kalyan and Orissa variants. Little is known of their susceptibility to
primaquine, but given this country’s high malaria endemicity (Hay et al., 2010; Gething et
al., 2012) investigation into their primaquine-sensitivity phenotypes is necessary to

potentially increase access to low dosing primaquine regimens.

5.4.4. G6PDd variants in East Asia and Asia Pacific

The maps of east Asia and the west Pacific islands present the most complex picture of
G6PDd variants globally, which coincides with the highest population at risk of P. vivax
infection (Guerra et al., 2010; Gething et al., 2012). Virtually all the common variants of
public health concern globally are reported from this region. Reasons for this high diversity
are unclear, but it is interesting to note that P. falciparum parasites (postulated to be
selective agents of G6PDd (Greene, 1993)) have been found to show a greater degree of
population structure with lower genetic relatedness between populations in Asia than across
Africa (Manske et al., 2012). As well as this overall diversity, the structure of G6PDd
variant heterogeneity is starkly different from other areas where single variants
predominate. Instead, most populations were reported to have multiple variants co-

occurring, with no single variants dominating.

Despite the large diversity of variants across this region where many countries are now
targeting elimination (thus increasingly requiring primaquine radical cure) (UCSF Global
Health Group and Malaria Atlas Project, 2011), only one variant has been examined in
relation to haemolytic risk from primaquine. The Mahidol variant, found predominantly
across Myanmar and parts of Thailand (Figure 5.4C(3)), reduces G6PD enzyme activity to

5-32% of normal levels (Louicharoen et al., 2009). A handful of small studies have been
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conducted in Thailand, reporting tolerance of G6PDd individuals to 14 day and eight
weekly primaquine regimens (Myat Phone et al., 1994; Buchachart et al., 2001; Takeuchi et
al., 2010), as well as to single-dose regimens for P. falciparum transmission blocking (Song
et al., 2010). Further study of the primaquine sensitivity phenotypes of the numerous other
common variants represented in these maps is urgently required to ensure safe dosing; this
was also prioritised by the WHO Expert Review Group on primaquine earlier this year
(Malaria Policy Advisory Committee Meeting, 2012). In the absence of these data, the
Mahidol phenotype cannot be assumed to be representative of all the region’s variants.
Individuals identified as phenotypically deficient will not necessarily all have the same
tolerance to primaquine. In populations of high heterogeneity, a dual approach of
phenotypic screening followed by variant analysis may be required if moderate and severe
variants are co-occurring. The danger of under-diagnosing deficiency by using molecular
identification alone is well illustrated by comparison of the two types of maps (Figure 5.4C
and 5.4C). If only a handful of ‘common’ variants are used, a proportion of deficient
individuals may be missed, and put at risk from primaquine therapy, as only the variants
which are looked for will be identified. The maps presented here also repeatedly highlight
considerable proportions of “Other” G6PDd variants. These correspond to an unknown
haemolytic risk, and hint towards an ever greater diversity of variants than currently
acknowledged. Only full gene sequencing will allow full characterisation of the diversity in

this gene.

5.5. Conclusions

Both the failure to treat P. vivax infections and the treatment itself carry risk of severe
clinical complications (Malaria Policy Advisory Committee Meeting, 2012; Recht et al.,
unpublished). Each repeated episode of acute P. vivax malaria carries risks of delayed or
improper diagnosis, improper treatment, onward transmission, and serious illness and death
(Baird, 2013). Likewise, primaquine-induced acute intravascular haemolysis in G6PDd
patients may provoke renal failure and require multiple transfusions for recovery (Burgoine

et al., 2010). Evidence-based assessment of the risks incurred with primaquine therapy in
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any given region is essential for rational strategies to minimize harm caused by the drug
and the parasite. The maps presented in this chapter offer the possibility of examining these
risks in relation to G6PDd prevalence across malaria endemic regions. Developing a
framework for representing the haemolytic risks associated with G6PDd forms the

objective of the following chapter (Chapter 6).
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Chapter 6 — Towards a haemolytic risk assessment

framework for primaquine therapy

In the preceding two chapters, | have synthesised available knowledge on the spatial
epidemiology of G6PD deficiency (G6PDd) in malaria endemic countries (MECs). In
Chapter 4, | assessed the magnitude of the public health problem of G6PDd through spatial
modelling of the prevalence of deficiency. G6PDd was found to be widespread, with a
median predicted allele frequency of 8.0% (IQR: 7.4-8.8%), corresponding to an estimated
300 million affected individuals across the 99 malaria endemic countries. In Chapter 5, |
mapped the genetic diversity of this polymorphic disorder. G6PDd variants were shown to
have striking geographic patterns, with large areas of Africa predominated by a single
variant, contrasting with as many as ten different variants reported from a single population
survey in Southeast Asia. G6PDd variants range in their enzyme activity across a spectrum
from normal to virtual none. Correspondingly, red blood cells (RBCs) affected by G6PDd
differ in their susceptibility to primaquine-induced haemolysis according to the variant
expressed. Symptoms vary in severity from mild and self-limiting (e.g. with the A- or
Mahidol variants), to severe and requiring transfusion (e.g. Mediterranean variant) (WHO
Working Group, 1989). This present chapter considers how these two evidence-bases — the
prevalence and variant maps — may be used in an assessment of the relative risks of

primaquine therapy: a vital, yet imperfect, drug.

Although primaquine therapy is fraught by significant risks of severe adverse events, its
advantages as a therapeutic agent are also important, and are particularly valuable as part of

elimination therapy through its two unique applications (Baird, 2012a):

1. Primaquine is the only drug effective against the mature gametocytes of
Plasmodium falciparum, a therapeutic target to prevent onward parasite
transmission. Although artemisinin combination therapies (ACTs) and other

commonly used antimalarial drugs are active against early stage gametocytes, these
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are not effective against the mature infectious stages (Bousema and Drakeley,
2011). Relatively low doses of primaquine are effective against this blood-stage
target. For individuals with normal G6PD activity, current WHO guidelines
recommend a single 0.75 mg/kg dose, to be administered alongside a blood-stage
schizontocide (WHO, 2010). Transmission-blocking primaquine dosing is not
recommended in G6PDd individuals. The benefits of preventing transmission are
particularly far-reaching in areas of emerging drug-resistance, and transmission-
blocking primaquine is specifically recommended by the ACT-resistance
containment programme (WHO, 2011). The application of primaquine to block P.
falciparum transmission has recently received increased attention (Eziefula et al.,
2012; Graves et al., 2012; Malaria Policy Advisory Committee Meeting, 2012;
White, 2012; Recht et al., unpublished), including from a WHO Expert Review
Group convened in August 2012. Their review of the safety and efficacy of single
dose transmission blocking determined that a lower single dose (0.25 mg/kg dose)
would be safer whilst remaining effective. This dosing is now recommended for
more widespread use, particularly in areas of resistance emergence, without the
prior requirement for G6PDd testing (Malaria Policy Advisory Committee Meeting,

2012).

Primaquine is currently the only available option for eliminating the reservoir of
relapsing Plasmodium vivax hypnozoites, which otherwise present a major
challenge to achieving elimination (Baird, 2012b). This application of primaquine
requires a total dose of 200 mg, usually administered as 14 daily 0.25 mg/kg doses
in G6PD normal patients (increasing to 0.5 mg/kg in Southeast Asia and Oceania
where the P. vivax Chesson strain occurs). For patients with mild G6PDd, WHO
guidelines recommend eight weekly doses of 0.75 mg/kg of primaquine to reduce
the drug’s toxic effects (WHO, 2010). On the other hand, primaquine is

contraindicated by the WHO for patients with severe deficiency. The WHO
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guidelines do not define what enzyme activities thresholds or genetic variants

correspond to ‘mild” and ‘severe” G6PDd (WHO, 2010).

Given that consideration for G6PDd status is no longer required for P. falciparum
transmission blocking regimens of primaquine, | instead focus here on the risks associated
with primaquine as a radical cure of P. vivax. G6PDd screening is pre-requisite to this
application, as the high primaquine doses necessary for effective treatment are potentially
very severe in G6PDd patients. The lack of G6PDd screening capacity in many areas
prevents widespread use of the drug, as the risk of inducing haemolysis following treatment
is frequently perceived to be too great. Given the far-reaching benefits of ensuring P. vivax
radical cure, understanding how to appropriately balance the risks and benefits of using
primaquine has important implications: the severity of both primaquine-induced haemolysis
and untreated P. vivax can be severe, even lethal (Burgoine et al., 2010; Baird, 2013; Recht
et al., unpublished). First, | explore primaquine-induced haemolysis: how its severity is
thought to be influenced, the mechanism of primaquine-induced haemolysis, and its clinical
manifestations. Next, | consider how the overall risk of primaquine-induced adverse events
may be considered at large public-health scales. Finally, I consider the knowledge gaps and
studies required to improve the resolution and public health applications of the framework

discussed here.

The analysis included in Section 6.2 was also briefly discussed in Chapter 4 (this was a
requirement for publication of that chapter), but is described fully in this chapter. Parts of
this chapter are also set for publication in February 2013 in a special issue of Advances in

Parasitology dedicated to Plasmodium vivax (Chapter 4, Volume 81 (Howes et al., 2013)).
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6.1. Primaquine-induced haemolysis
6.1.1. G6PD enzyme as an anti-oxidant defence

RBCs at risk of haemolysis are those which cannot protect themselves from oxidative
challenges. The G6PD enzyme plays a critical role in maintaining RBC integrity through
catalysing a key step in the pentose phosphate pathway (PPP) (Figure 6.1). This pathway
generates the cell’s anti-oxidant power by reducing NADP to NADPH, which in turn
sustains the reserves of reduced glutathione which are essential to neutralizing oxidative
challenges (Pandolfi et al., 1995). The PPP is particularly important in RBCs as the absence
of mitochondria in these cells means that they have no alternative pathways for reducing
NADPH. The reducing power supplied by the PPP is necessary to neutralise oxidative
challenges, such as hydrogen peroxide or free radicals, which would otherwise cause
irreversible damage to the cell (especially the cell membrane), leading to cell apoptosis and
clinical episodes of acute haemolytic anaemia (Greene, 1993). Given the common
circulation of oxidative challenges in the blood, the G6PD enzyme, which catalyses the
rate-limiting step of the PPP is therefore essential for RBC survival. Enzyme activity
decays naturally with cell age, and it is estimated that in normal blood, reticulocytes have
about five times higher G6PD activity levels than that of the oldest 10% of RBCs
(Luzzatto, 2006). The oldest cells are therefore those most vulnerable to oxidative

challenges.

6.1.2. Effect of reduced G6PD enzyme activity

Mutations to the G6PD gene encode enzyme variants with disrupted enzyme structure and
therefore reduced activity levels (in some rare exceptions, the mutations increase enzyme
activity). In these cells, the ageing process is effectively sped up, with a larger proportion of
cells having lower enzyme levels and being at increased risk of oxidative damage.
Depending upon the severity of the impact of the mutations, the proportion of cells at risk
of haemolysis varies. The clinical symptoms resulting from exposure of cells to oxidative

challenges range from being asymptomatic and self-limiting (in cases where haemolysed
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cells can be rapidly replaced) to highly severe (when haemolysed cells cannot be
regenerated fast enough to compensate for the high proportion of lost cells) (Alving et al.,
1960; Howes et al., 2013). All individuals with a deficiency in enzyme activity are
therefore at risk of haemolysis, but it is the severity of that haemolysis which is of concern,
and which is determined by the proportion of cells affected (Malaria Policy Advisory
Committee Meeting, 2012) — if small, the haemolysis will be clinically negligible. As
discussed in the following sections, the mutations are the major determinant of the severity
of haemolysis. The variant maps presented in Chapter 5 represent an attempt to encapsulate

the variability in the spatial distribution of these predisposing mutations to haemolysis.

0,
superoxide dismutase
N 0, H,O
] ) glutathione peroxidase
RBC oxidative
defence -
mechanism
Glutathione Glutathione disulfide
(GSH) (GSSG)
glutathione reductase
NADP+ NADPH + H*
= glucose-6-phosphate
dehydrogenase
Glucose-6-phosphate 6-Phosphogluconate
Pentose NADP*
Phosphate 7 6-phosphogluconate
P athway dehydrogenase
NADPH + H*
CO,

= Ribulose-5-phosphate

Figure 6.1. Section of the pentose phosphate pathway (PPP) and the role of the G6PD
enzyme as a driver of RBC oxidative defence. NADP: nicotinamide adenine dinucleotide
phosphate; NADPH: reduced form of NADP; O3 represents an oxidative stress (e.g.
hydrogen peroxide or free radicals); enzymes are named in italics. Figure modified from
Beutler and Duparc (2007).
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6.1.3. Determinants of haemolytic severity in G6PDd cells

At the individual level, severity of primaquine-induced haemolysis is highly variable,
influenced by the residual enzyme activity (encoded by different G6PDd variants), as well
as by a combination of other influences including exogenous and endogenous factors, as
discussed below (Beutler, 1994; Luzzatto, 2009). It is important to recall that the
primaquine-sensitivity phenotype of most genetic variants has so far been poorly
documented (Baird and Surjadjaja, 2011), as discussed in Chapter 5. Other major factors

which affect haemolytic severity are briefly discussed here.

First, the dose-dependency of the severity of primaquine-induced haemolysis has been long
recognised, with higher doses of primaquine triggering more severe haemolytic reactions.
This is made evident by many cases of severe adverse reactions to primaquine being due to
drug overdoses (Burgoine et al., 2010; Recht et al., unpublished). Haemolysis can be
averted to an extent by extending the dosing regimens over a long period of time (Alving et
al., 1960), without compromising it’s therapeutic activity (Mihaly et al., 1985). Second,
pre-existing infections or anaemia will alter the age distribution of RBCs, with a potentially
greater proportion of reticulocytes expressing high G6PD activity (for this reason,
phenotypic diagnoses during episodes of haemolytic anaemia when reticulocytosis is
upregulated are likely to give false-negative results). Third, as explained in Chapter 4, the
sex-linked inheritance of the G6PD gene means that males are more likely to suffer severe
adverse reactions to primaquine, though homozygous females will be at the same risk as
affected males, and the proportion of cells carrying the deficient gene in heterozygotes
(which may be a large proportion) will also be at haemolytic risk. The severity of clinical
symptoms will be determined by the proportion of haemolysed cells. Finally, it has also
been noted that severe haemolysis is more life-threatening in children (Recht et al.,

unpublished).

It is important to remember the complex interplay of factors affecting the outcome of
primaquine therapy at the individual level. However, in the public health context of

assessing relative risks associated with primaquine use between populations, | consider the
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influence of enzyme activity (as determined by the characteristics of the local G6PDd
variants) to be the primary predictor of severe or mild adverse events. The influence of the
other factors in differentiating the level of risk between populations is likely to be relatively
constant, and not the major determinant of the spatial variability of haemolytic risk at this

large scale.

6.1.4. Mechanism of primaquine-induced haemolysis

Despite the haemolytic threats associated with primaquine having been recognised for six
decades, the intracellular mechanisms of haemolysis remain uncertain. Understanding the
mechanisms of primaquine toxicity to G6PDd RBCs is important to understanding the
relationship between the residual enzyme activity level of different variants and their
susceptibility to severe haemolysis. Furthermore, understanding the molecular events
leading to haemolysis is also necessary for future therapeutic developments of non-toxic
drugs in which it may be possible to disassociate primaquine’s toxicity from its therapeutic

properties (Pybus et al., 2012).

Primaquine has a short half-life of only about four hours (Greaves et al., 1980; Carson et
al., 1981), rapidly metabolised into a complex array of a dozen or so distinct moieties
(primaquine-induced haemolysis usually appears after two days, however (Reeve et al.,
1992)). Several of these metabolites reach plasma concentrations 10-times that of
primaquine (e.g. carboxy-primaquine (Mihaly et al., 1985)), and may be much more potent
than primaquine as oxidative agents in stimulating the PPP (e.g. 5-hydroxy-6-methoxy-8-
aminoquinoline was 2500-times more potent (Baird et al., 1986)). It is therefore likely to be
one of several metabolic products of primaquine which is the active agent against the
parasites, rather than the parent compound itself (Beutler, 1969; Carson et al., 1981,
Fletcher et al., 1988); however, it remains for any of these to be conclusively implicated
with activity against the Plasmodium parasite (Baird and Hoffman, 2004; Myint et al.,

2011).
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A number of mechanisms for primaquine-induced haemolysis have been proposed. One
long-held hypothesis is that haemolysis results from direct oxidative stress caused by
primaquine metabolites. Investigation of oxidized glutathione, which accumulates during
oxidative stress, was found to be a strong intracellular mediator activating membrane cation
channels (Koliwad et al., 1996). The opening of these Ca®*-permeable channels triggered
cell death (apoptosis) during oxidative stress (Lang et al., 2003; Lang et al., 2006), though
these observations are not conclusive (Ganesan et al., 2012). Oxidative activity from
primaquine metabolites has also been found to cause injury to the erythrocyte cytoskeleton
(Bowman et al., 2005b), accelerating the process of cell phagocytosis (Bowman et al.,
2005a). In a second theory, the build-up of methaemoglobin (met-Hb) can result in tissue
hypoxia, hypoemia and cyanosis due to met-Hb’s low affinity for oxygen (Percy et al.,
2005; Hill et al., 2006). Oxidized primaquine derivatives have been found to be strongly
associated with the formation of met-Hb (Link et al., 1985), which results from the
oxidation of haemoglobin iron (Fe** — Fe**). However, methaemoglobinaemia is not a
pronounced feature of acute haemolytic anaemia in G6PDd patients. A third set of evidence
points away from direct damage mediated through oxidative degradation of the RBC
cytosol or membrane. Baird and colleagues observed that the increased PPP activity
stimulated by primaquine metabolites occurred independently of glutathione redox activity.
They suggested that redox equilibrium between a reduced and oxidized species of
primaquine would, in a G6PDd cell, strongly favour the oxidized species, without
necessarily prompting a broad oxidative degradation of cytosol proteins (Brueckner et al.,
2001). The oxidised species could therefore be the agent of haemolysis. Any mechanism of
haemolysis must ultimately be reconciled with what is highly likely to be a very brief and
quantitatively insubstantial oxidative challenge to the RBC by primaquine. It would
therefore appear that a general oxidative stress would be insufficient, but that an
irreversible accumulation of the harmful primaquine species (and its damage) is being
captured within the RBC. This is consistent with evidence that haemolysis usually starts in

earnest after the third or fourth daily dose. For example, an accumulation of displaced haem
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molecules in the RBC membrane, manifest as Heinz bodies, is compatible with all these

features.

Whatever the mechanism, it seems to be that the degree of damage in the cell is influenced
by the rate of the PPP: the level of direct oxidative damage, the amount of met-Hb
accumulated, or the position of equilibrium between reduced and oxidised species in the
cell. G6PD enzyme activity, which is the rate limiting step of the PPP, would appear to be
directly associated with the severity of the haemolysis. Correspondingly, it is well
established that primaquine-induced haemolysis does not occur in individuals with normal
levels of G6PD activity (Edgcomb et al., 1950; Baird et al., 2001). The limited
pharmacokinetic data available appears to support an inverse correlation of residual enzyme
activity with severity of potential primaquine-induced harm (Baird and Surjadjaja, 2011).
As explained in Chapter 5, three G6PDd variants have been characterised in detail in
relation to their susceptibility to primaquine-induced haemolysis. The Mediterranean
variant (expressing ca. <1% activity levels (Piomelli et al., 1968)) is associated with very
severe symptoms (Beutler, 1991), while the Mahidol (ca. 5-32% residual enzyme activity
(Louicharoen et al., 2009)) and the A- variants (ca. 10% residual enzyme activity (Beutler,
1991)) are usually associated with milder, self-limiting haemolysis (Dern et al., 1954).
Although this small subset of variants fits this correlation, a universal relationship across all

variants requires investigation of a greater number of common G6PDd variants.

6.1.5. Clinical manifestations of primaquine-induced haemolysis

The physiological damage caused by exposing G6PDd RBCs to primaquine leads to
intravascular haemolysis, making acute haemolytic anaemia the main clinical symptom.
Haemolytic attacks are typically characterised by malaise, weakness, and abdominal or
lower back pain. After a few hours or days, patients will develop jaundice and dark urine
due to haemoglobinuria (Luzzatto, 2006). Freely circulating haemoglobin from haemolysed
cells causes the most severe and potentially lethal conditions, including haemoglobinuria

and acute renal failure (Burgoine et al., 2010; Recht et al., unpublished). A full review of
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severe adverse reactions from primaquine, and primaquine-induced death, has recently been
conducted (Recht et al., unpublished). It is important to recall, that all G6PDd individuals
will be haemolysed to an extent by exposure to primaquine, but it is the severity of that
haemolytic event (determined by the proportion of haemolysed cells) which is of clinical
concern. Measures of residual enzyme activity are the only proxy indication of the severity

of haemolytic risk.

6.2. Assessing national-level haemolytic risk from primaquine therapy

Bringing together the various streams of evidence about primaquine-associated risks into a
framework applicable to public health questions is important to applying the research
outputs of Chapters 4 and 5. This section explores how the epidemiological datasets of the
prevalence and variants of G6PDd may be applied in classifying relative haemolytic risk
between areas. | focus here on large regional scales for public health perspectives. Risk at
the individual level should always be assessed directly by clinicians, and large scale maps
can never supersede the need for individual level drug supervision. As discussed later in
this chapter, underlying data simply does not exist for modelling quantitative estimates of
adverse haemolytic events under different scenarios of primaquine policy. Instead,
qualitative national level risk maps are generated to answer questions of relative risk:
whether the requirement for G6PDd screening could be lifted in some areas; or whether
testing needs to be mandatory everywhere; whether molecular diagnostics in addition to
G6PDd phenotypic screening out to be used to differentiate the severity of the deficiency.
This chapter makes no direct attempt to answer these questions, but instead provides the
evidence-base to support local medical and public health experts. The level of acceptable
risk will vary, for instance, according to the local laboratory facilities, medical
infrastructure and ability to provide emergency transfusions, to the baseline health status of
the population, and to the level of malaria endemicity (to gauge the relative frequency with
which primaquine would need to be used, and the impact that a primaquine policy would

have).
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Although there are multiple factors which determine the severity of haemolysis at the
individual patient level, in making national-level predictions, | consider the main spatially
variable predictor of haemolysis to be the underlying G6PDd variants. The relative
influence of the other factors (e.g. age, concurrent infection) would be relatively constant
across all areas. As described in the previous section, current hypotheses indicate that the
rate of the PPP (itself directly determined by the G6PD enzyme activity rate) relates to the
severity of haemolysis. The main assumption made in this classification of risk, therefore,
is that enzyme activity levels are an indicator of the severity of haemolytic risk. There are
certainly exceptions to this rule. For instance, an Iranian boy with 19.5% residual activity
(usually considered ‘mild deficiency’) required a transfusion after a single 45 mg
primaquine dose (Ziai et al., 1967), and a 5-year old heterozygote Tanzanian experienced a
severe adverse reaction (Hb level <5 g/dL) also following a single 15 mg dose (Shekalaghe
et al., 2010). These are important reminders that large public-health scale policies do not

supersede the need for careful medical monitoring of primaquine therapy.

In an attempt to classify overall national-level risk from G6PDd, | propose a simple
framework synthesising the two epidemiological datasets presented in Chapters 4 and 5.
This is a coarse-scaled attempt highly constrained in its scope by the important limitations
to the data informing this analysis: one which must be refined as more data becomes

available about risk of haemolysis.

6.2.1. Proposed framework for ranking national-level risk from G6PDd

Current WHO treatment guidelines consider haemolytic risk to differ between
“mild/moderate” and “severe” classes of G6PDd. “Mild/moderate” cases may be treated
with the eight weekly 0.75 mg/kg dosing regimen, while “severe” patients should not be
administered any primaquine (WHO; WHO, 2010). In the absence of more specific
categorisation of risk for most variants, the G6PDd population at risk of haemolysis
resulting from treatment with primaquine may also be considered to be at these two levels

of risk. The overall public health risk presented to a population by the use of primaquine
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may be considered contingent on two factors: (i) the prevalence of deficiency, and (ii) the
relative composition of “mild” and “severe” G6PDd variants reported. The dataset used to
inform the first factor was the population-weighted, national-level frequency map presented
in Chapter 4. The second dataset, informing the severity of local variants was more

involved, and is described in the following section.

6.2.2. A database of G6PDd variants

A database of occurrences of named variants was assembled from the same literature search
as described in Chapter 5. The objective of this dataset was to reflect the most commonly
reported variants from each country. This meant that all the criteria imposed on the dataset
described in Chapter 5 were not necessary to apply, and patient and case reports could be
included. All occurrences of specified variants from named malaria endemic countries were
recorded, generating a total of 1,468 positive occurrence reports across malarious regions.
In the same way as in Chapter 5, duplicated biochemical variants were aggregated
according to their genetic mutations using the tables by Mason et al. (Mason et al., 2007) in

2007 and recently updated by Minucci et al. (Minucci et al., 2012).

6.2.3. A variant severity classification system

A simple classification system of G6PDd variants (Yoshida et al., 1971), endorsed by the
WHO (WHO Working Group, 1989), groups variants into five classes according to their
residual enzyme activity levels, their clinical characteristics, and their frequency within
populations (polymorphic/sporadic) (Luzzatto et al., 2001) (Table 6.1). | used this
classification system to distinguish “mild” from *“severe” variants. Class | variants are
associated with the most severe clinical symptoms (CNSHA, see Chapter 5). The chronic
anaemia associated with Class | variants means that they never reach polymorphic
frequencies (defined as >1% prevalence) and as such are not of major public health concern
and could therefore be excluded from this analysis. Class 1V and V variants do not express

significantly reduced enzyme activity, so are therefore not relevant to this study.
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Class Degr_ee of Re3|dua_l enzyme Clinical characteristics
deficiency activity
| Severe Virtually none Chronic non—spheroc_ytlc haemolytic
anaemia
I Severe <10% Acute haemolytic anaemia
Il Moderate 10 - 60% Occasional haemolysis
v Normal 60 — 150% None
\ Increased activity >150% None

Table 6.1. G6PDd variant classifications, based on residual enzyme activity levels, the
severity of clinical symptoms, and the frequency at the population-level. Table adapted
from WHO Working Group (1989) and Cappellini and Fiorelli (2008).

Class Il and Il variants do express a significant reduction of enzyme activity (<10% and
10-60% residual activity levels, respectively) and represent the most commonly inherited
variants, reaching polymorphic frequencies across communities. The clinical phenotypes of
Class Il variants (e.g. Mediterranean) are more severe than those of Class 1l variants (e.g.
A- and Mahidol). These are the classes of variants mapped in Chapter 5. A series of
published databases assign G6PDd variants into these WHO classes (Dr Andrew C. R.
Martin's Group; Yoshida et al., 1971; Beutler, 1993; Vulliamy et al., 1997; Luzzatto et al.,
2001; Kwok et al., 2002; Minucci et al., 2012). Where there was discrepancy between
classifications of variants, these were reviewed on a case-by-case basis from the original
publications and categorised according to either the most frequently designated class, or as
the most severe type when several classes were commonly assigned. Of the genetically
characterised variants, classifications did not exist for a small number (n = 5 variants in our
database: Dagua, Gond, Laibin, Yunan) of rarely reported variants (n = 9 total occurrences)
which had to be excluded. A much more significant number of reports had to be excluded
due to their poorly defined biochemical characteristics which precluded them from being
reliably assigned to severity classes; these included diagnoses such as “Gd-1", “B-slow”
and, for example, 21 different variants each reported only up to three times from

populations in Papua New Guinea in the 1970-80s.

Following this classification of variant occurrences, the final dataset included 932 positive

occurrences, 527 of “severe” Class Il variants, and 405 of “mild/moderate”, from 54 MECs.
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The variants reported from each country are listed in Table S3 of the Appendix to Chapter

4. The mapped distribution of this dataset, by severity class (Il and 1) is shown in Figure
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Figure 6.2. Distribution of G6PDd variant occurrences, by severity class. Class 1l
variants (red data points) are the more severe, with <10% residual enzyme activity; Class
I11 variants (blue data points) are the milder, with 10-60% residual enzyme activity. Data
points are mapped with a jitter to show spatial duplicates (R jitter function; factor = 100), so
their exact position is only approximate.

6.2.4. Generating an index of national-level risk from G6PDd

The simple risk framework brought together both the prevalence of G6PDd and the relative
severity of G6PDd variants at the national level. The prevalence score was based on the
population-weighted national estimate presented in Chapter 4 (Figure 3A). Countries with a
median predicted national G6PDd allele frequency of <1% were scored 1 (rare); >1 - <10%
(common) were scored 2; and national prevalence >10% (high) was scored 3 (see Table 6.2).
Next, the variant severity score reflected the relative proportion of Class Il and Class 11 variant
occurrences. Score 1 (mildest severity) was given to countries from which only Class IlI
variants were reported; score 2 (moderate severity) to countries where two thirds or more of the
data points were Class Ill, but Class Il variants were nevertheless reported; countries where
Class Il variants made up more than a third of occurrences were scored 3 (severe). If no data
were available from a country, a conservative approach was followed which took the highest
score from any neighbouring country. Four island nations were lacking data: Haiti and
Dominican Republic were scored 2 (moderate) based on the score of the large majority of

surrounding mainland countries; and Madagascar was scored 1 (mild) based on Mozambique
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and all other central African countries; Mayotte was assigned score 3 (severe) in accordance

with data from the nearby Comoros islands.

The index of overall risk was calculated by multiplying the prevalence and severity scores,
resulting in six categories across a spectrum of risk from mild and rare G6PDd to common and

severe G6PDd (Table 6.2). The resulting risk maps are shown in Figure 6.3.

G6PDd risk index Variant severity
Class 111 only Class Il uncommon | Class Il common
National Rare: <1% Level 1 (n=1) Level2(n=7) Level 3(n=7)
G6PDd Common: >1 - 10% Level 2 (n=13)
prevalence High: >10% Level 3 (n = 20) Level 6 (n = 11)

Table 6.2. Scoring table for determining an index of overall national-level risk from
G6PDd, accounting for the severity of the commonly reported mutations and the overall
prevalence of deficiency.

6.2.5. Generating an uncertainty index of national-level risk from G6PDd.

The starting premise of the risk analysis is that all predictions of primaquine-induced
haemolytic events are inherently uncertain, constrained by the relatively poor knowledge of
haemolysis. Additionally, 1 have assembled an uncertainty framework to capture the
additional uncertainty introduced specifically through this analysis. | attempt here to
qualitatively assess the relative uncertainty from the two data sources used in the risk

analysis.

Using the same framework as for the risk index, scores were devised to account for the
level of uncertainty with which the risk classifications were made. These accounted for
uncertainty in the national prevalence prediction as well as uncertainty in the estimate of
local variant severity. Uncertainty in the prevalence estimate was scored as the size of the
IQR around the prevalence prediction relative to the median estimate. Countries where the
prediction was most certain (IQR <50% median estimate) were given score 1; if the IQR
was 50-100% the size of the median estimate, countries were scored 2; finally a score of 3
was given when the IQR was >100% the size of the median estimate. IQR values for all

national-level prevalence estimates are given in Table S1 of the Appendix to Chapter 4.
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To stratify uncertainty in the variant severity score, | used two factors: the number of

occurrence points within each country, and the local heterogeneity in variant scores. If all

neighbouring countries had the same severity scores, then uncertainty was decreased.

Conversely, nearby heterogeneity increased uncertainty. The categories for numbers of data

points per country were defined as: >3 data points (score = 1), 1-2 data points (score = 2),

and 0 data points (score = 3). Heterogeneity was scored as Low (score = 1) if a country’s

variant severity score was the same as all neighbouring countries, Medium (score = 2) if a

country’s variant severity score was the same as more neighbours than not, and High (score

= 3) if most neighbours had a different variant severity score. Based on these two scores,

each country was allocated an overall score from 1 to 3 for variant severity uncertainty

using Table 6.3.

Variant severity Number of data points per country
i i 3+ 1-2 0
Scoring unce rtamty (score = 1) (score = 2) (score = 3)
Low Low uncertainty Low uncertainty Medium uncertainty
(score = 1) (n=22) (n=10) (n=22)
Nearby Medium Low uncertainty Medium uncertainty
heterogeneity (score = 2) (n=7) (n=4)
High Medium uncertainty
(score = 3) (n=5)

Table 6.3. Scoring table for determining the uncertainty of variant severity scores,
based on numbers of data points per country, and regional heterogeneity in variant severity
scores. These uncertainty classes in the variant severity scores are mapped in Figure 6.4B.

The variant severity uncertainty scores were combined with the prevalence uncertainty

scores for each country in a multiplicative table (Table 6.4) to generate a final uncertainty

score for each country, as mapped in Figure 6.4.

Overall uncertainty index

Variant severity uncertainty

. Medium
Low uncertainty uncertainty
Prevalence | Low: 0 -50% Level 1 (n=13) Level 2 (n=4)

uncertainty
(IQR/Median)

Medium: 50 - 100%

Level 2 (n=19)

High: >100%

High uncertainty

Level 6 (n = 20)

Table 6.4. Scoring table for determining the index of overall uncertainty in the
national-level risk classifications. Final categories of the risk scores are shown, with total
number of MECs belonging to each category. These are mapped in Figure 6.4C.
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Figure 6.3. National-level prevalence scores, variant severity scores and the culminating
index of overall national-level risk from G6PDd. Panel A shows the scored prevalence
estimates (score = 1: if national prevalence is estimated as <1%; score = 2 if national prevalence
is estimated as >1-10%; and score = 3 if the national prevalence is >10%); Panel B gives the
three variant severity scores: lowest severity (score = 1) for countries with only Class Il
G6PDd variants, moderate variant severity (score = 2) for countries where a minority (<'5) of
Class Il prevailed among Class 11 variants; and the most severe (score = 3) for countries where
Class II G6PDd variants were common (> records). Panel C shows the final six categories of
overall national-level risk from G6PDd: the scores in Panels A and B were multiplied.
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Figure 6.4. National-level scores of prevalence uncertainty, variant severity uncertainty
and overall uncertainty in national-level risk from G6PD. Panel A shows the stratified
prevalence uncertainty based on the proportion of IQR relative to median predictions (score =
1: if the IQR of the prevalence prediction was <50% of median prediction; score = 2: if the IQR
was >50-100% of median prevalence prediction; score = 3 if the IQR was >100% of the median
prevalence prediction for that country); Panel B gives the estimated variant severity uncertainty:
scores were determined by both the number of data points in each country and the local
heterogeneity in variant severity scores (fully described in Section 6.3.4); and Panel C maps the
final scores from multiplying Panels A and B into an index of overall uncertainty in the
national-level classifications (Table 6.3).
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6.2.6. Global distribution of G6PDd-associated haemolytic risk from primaquine therapy

The simple qualitative framework proposed here ranks overall risk (from 1: lowest risk; to
6: highest risk) of using primaquine across populations with spatially variable prevalence of
deficiency as well as underlying variants causing the deficiency. These maps may be
interpreted as the overall public health risk of G6PDd on a population, and the relative
likelihood of triggering severe adverse reactions to primaquine within populations. There is
significant uncertainty in these risk predictions (Figure 6.4), which is further discussed in
the following section, and important to bear in mind when considering the main findings of

the analysis. The significance of these maps was also previously discussed in Chapter 4.

Risk associated with primaquine therapy was found to be high across Asia and the Asia-
Pacific region, with highest risk predicted across the countries targeting malaria elimination
in the Persian Gulf (Saudi Arabia, Irag, Iran) and the Mekong region where a high diversity
of severe variants are present at high frequencies (>10%) (Figure 6.3). Risk across the rest
of the Asian continent and west Pacific island nations was only slightly lower (Level 5 of
6), due to the widespread prevalence of severe variants and their relatively common

prevalence (>1-10% across the Asia Pacific and Indian sub-continent).

Data were scarce from many countries of the Americas, making risk assessment highly
uncertain. However, moderate risk (Levels 2-4 of 6) was predicted across most of the
continent, which increased in countries of central America where severe variants (usually
Mediterranean) were more commonly reported, such as Costa Rica. Variants were found to
be of ‘Moderate severity’ across the continent — an indication of the relative admixture of

Class Il and 111 variants.

Uncertainty was high across most sub-Saharan African countries, with variant occurrence
data lacking from many areas. However, where available, the variants reported were
generally Class Il (A- variant), putting the variant severity rank as ‘Mild’. The high
prevalence of deficiency, however (>10%), meant that Level 3 was the median rank across
the continent. This rose in countries around Sudan and South Africa where Class Il variants

(Mediterranean) were reported.
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G6PDd-associated risks are therefore prevalent across all malaria endemic regions, and
very high in a third of countries (in 36 of 99 countries, G6PDd was common and caused by
severe variants). The benefits of administering primaquine can only be justified where
G6PDd-associated risks are low. Twenty-one countries, mainly located on the fringes of P.
vivax transmission (Pacific coastal regions of the Americas, and Sahel countries in sub-
Saharan Africa) were classified as being at the lowest two classes of risk. With the
exception of Peru, these are not areas where high dose primaquine will be commonly
needed as P. vivax endemicity in these countries is low (Gething et al., 2012). The results
of this analysis (Figure 6.3) indicate that in no areas can the risks of primaquine therapy be
deemed ‘low’, and that prior screening for G6PDd must continue to be pre-requisite to
treatment. The importance of semi- or fully-quantitative screening to distinguish mild from
severe deficiency is vital in areas where Class Il variants are reported — these areas are

mapped as Moderate or Severe in Figure 6.3B, and correspond to 65 of 99 countries.

6.2.7. Important limitations to predicting national-level haemolytic risk

Uncertainty was introduced into this framework from two sources. First, from the two
imperfect evidence-bases informing the ‘true’ prevalence and variant distributions, which
included large areas with no data. Countries from which no data could be identified had to
have their scores inferred from neighbouring countries. The uncertainty framework
attempted to represent these gaps, summarising the relative confidence in the underlying
maps of prevalence and variant severity (Figure 6.4). The more fundamental source of
uncertainty, however, stemmed from the uncertainty in the interpretation of the maps.
Interpreting the significance of the different variants is currently constrained by the lack of
clinical data on the relative haemolytic risk associated with each of the variants and
different primaquine doses. The data which would be necessary to improve our
interpretation of the maps and to move towards a quantitative assessment of risk are

discussed below.
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A main assumption of the simple framework proposed here is that the proxy measures of
primaquine sensitivity — the WHO-endorsed severity classes — are adequate indicators of
the relative risk of primaquine-induced haemolysis. This was the only classification which
was universally available for all variants. However, the rationale for the distinction between
Class Il and Il variants has been deemed blurry and no longer useful (Luzzatto, 2009),
given that any degree of haemolysis will always be detrimental. And there appears to be no
empirical clinical evidence supporting the 10% residual enzyme activity threshold by which
Class Il and 111 are distinguished. There does appear to be a differential tolerance between
variants with differing levels of deficiency, with milder G6PDd phenotypes able to tolerate
lower doses of primaquine safely in a majority of cases. This is the basis of the WHQO’s
current primaquine treatment guidelines (WHO; WHO, 2010). More uncertain, is the
evidence base upon which variants are classified as Class Il or I1l. For many variants, this
has only been assessed with small sample sizes, and inconsistently normalised laboratory
techniques (Pers. Comm., Lucio Luzzatto; 23 May 2012). Furthermore, in many countries,
there were no reports of named G6PDd variants, so the severity scores of 45 countries had
to be inferred from neighbouring countries. Countries classified as having high uncertainty
in their assignment of variant severity would be important targets for carrying out surveys

of the local variants.

6.3. Towards a quantitative haemolytic risk framework for

primaquine therapy

Primaquine is a necessary drug for malaria control and elimination. Knowing how to
manage it properly is the cornerstone of safe P. vivax therapy. Looking ahead, the only
plausible alternative drug to primaquine for at least the next decade is tafenoquine, a GSK-
MMV partnership drug currently in Phase I1b/1l1 trials (Shanks et al., 2001; Crockett and
Kain, 2007). However, also being an 8-aminoquinoline, this drug presents similar oxidative

challenges to G6PDd individuals, which overshadows its prospects for licencing:
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tafenoquine has already been in development for three decades. Understanding how to

safely deploy 8-aminoquinolines is a major challenge facing the P. vivax community.

Elimination of P. vivax is likely to be dependent upon primaquine, although it has been
suggested that elimination may still be feasible in some areas without widespread use of
primaquine (Lasse Verstergaard, WHO WPRO representative, APMEN Vivax Working
Group, Incheon 2012), as is reported from Vanuatu where both P. falciparum and P. vivax
endemicity are dropping without primaquine. However, the feasibility of “finishing the job’
and achieving elimination status without primaquine to clear the reservoirs of relapsing
hypnozoites is not yet demonstrated, and neither is the scalability of the progress from

Vanuatu to non-island regions.

The operational inadequacy and severe threats posed by primaquine to G6PDd patients
leave this drug unfit for use in endemic zones in its current form. Large-scale screening of
G6PDd - together with a robust understanding of how reduced enzyme activity predicts
haemolytic risk — is essential to allow widespread and safe use of this drug. The current
uncertainties for assessing many aspects of primaquine therapy in G6PDd individuals mean
that the coarse, qualitative assessment of relative risk presented here may be the best
framework that can be produced for now. Knowing how to interpret the G6PDd variant data
more fully will allow this risk framework to be substantially improved and its uncertainties
reduced. In the meantime, the only certain predictor of risk — a phenotypic deficiency in
G6PD activity — may be the safest and most reliable indicator of primaquine suitability,

regardless of G6PDd variant severity.

Fundamental questions need to be answered, such as what constitutes an acceptable degree
of haemolysis? Given that all G6PDd individuals suffer some degree of haemolysis, it is
necessary to establish the threshold at which this becomes clinically unacceptable and
primaquine ought not to be administered. This threshold can then be used to determine
where the ‘mild” and ‘severe’ cut-offs ought to lie, and what regimens would be suitable for
these different levels of deficiency. The G6PDd variant maps can then be used to discern

which regimens would be best suited to different areas. In the absence of practical field-

126



Chapter 6 — Haemolytic risk from primaquine

based tests, it is also necessary to determine how low the probability of adverse haemolytic
events to primaquine has to be to justify the use of primaquine without prior phenotypic and
genotypic testing. Using the thresholds applied in the risk assessment presented here, only
Cape Verde emerged as having the lowest category of risk: with low prevalence (<1%
allele frequency) of low risk variants. The widespread prevalence of G6PDd, combined
with the common occurrence of severe variants makes primaquine therapy for P. vivax

radical cure without prior G6PDd screening highly unadvisable.

The main knowledge gap preventing a quantitative prediction of adverse events to
primaquine is sensitivity data for all the common variants in relation to specific primaquine
doses. The further study required to obtain this risk data could address the following

questions:

1. What are the biochemical and genetic characteristics of individuals who suffer
primaquine-induced haemolysis? Retrospective analyses of G6PDd individuals in
whom primaquine was erroneously prescribed resulting in adverse events. For
example, the follow-up investigations of the collapsed Dapsone trials have allowed
valuable insight into the widespread susceptibility of haemolysis triggered by this
drug in individuals with the A- G6PDd variant (Pamba et al., 2012). Similarly
thorough studies must be conducted on all reported cases of primaquine-induced
haemolysis. A central repository of these adverse event reports would also greatly
facilitate their analysis.

2. A robust database of paired genotype and phenotype data for a broad range of
variants. It is widely reported that enzyme expression levels are heterogeneous even
within individuals of the same genotypes (Kim et al., 2011; Shah et al., 2012). As
such, can genotypes be reliable predictors of enzyme expression?

3. What is the relationship between residual enzyme activity and the degree of
haemolysis which results from certain doses of primaquine? Given the obvious
ethical difficulties in investigating this question, is it possible to study this in vitro?

Closely monitored and well equipped environments may allow in vivo
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investigations by administering primaquine in gradually ascending doses. One such
study is being carried out by the MMV-GSK Tafenoquine trials in Thailand on
G6PDd heterozygotes with the Mahidol variant (Medicines for Malaria
Venture/GlaxoSmithKline). These data would indicate whether it is necessary to
adapt diagnostic tests to predicting haemolysis, rather than providing a measure of
residual enzyme activity as an acceptable indicator of risk.

What is the relative contribution of the different factors determining haemolysis in
individual patients? These are currently thought to include co-occurring infection,
anaemia, patient age etc, as discussed earlier in this chapter. Individual-level data
from patients with a range of variants would allow insight into these questions.

How can the primaquine dosing regimen be altered to reduce haemolysis to
acceptable levels, whilst maintaining plausible adherence rates? Could individuals
with “‘Mild” deficiency be safely administered a shorter regimen than the extended
8-week therapy currently recommended? An understanding of the factors affecting
these relationships would provide an evidence-base for tailoring primaquine
therapy.

What are the molecular mechanisms by which primaquine triggers haemolysis?
This knowledge would allow insight into the aforementioned relationship between
variants and their primaquine sensitivity.

Are there spatially-variable patterns of primaquine-susceptibility to improve safe
access to P. vivax radical cure? To apply knowledge of risk at the individual level to
spatial scales of public health pertinence, it is necessary to fill the gaps in the
existing maps and reduce uncertainty in the evidence-bases of the existing maps.
Countries for which variant severity had to be inferred (hashed out in Figure 6.2B
and 6.3B) need studies to investigate the common variants. Similarly, countries in
which the prevalence of deficiency could only be predicted with high uncertainty
(Figure 6.3A) would benefit from additional population screening surveys. Robust
data about the prevalence of G6PDd variants would allow sub-national level

assessments.
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As data become available to answer these questions, it will be important to refine the risk
framework described here and provide the malaria public health community with more

detailed analyses of the spatially variable risks surrounding P. vivax radical cure.

Improving safe access to primaquine requires: (i) better management of the risks associated
with this drug, as discussed above, but also (ii) drug developments to reduce primaquine
toxicity whilst maintaining its therapeutic efficacy. Drug management requires drug trials
which determine primaquine sensitivity phenotypes of a broad range of G6PDd variants.
Knowledge of drug regimens which can be tolerated by individuals with different variants
could enable broader access to safe therapy. In turn, this has important implications for the
types of diagnostic methods required (qualitative/semi-quantitative/quantitative/molecular).
A thorough understanding of the relative risks associated with different variants would also
provide a more detailed landscape within which to assess the relative risks of primaquine
spatially and quantitatively, at the public health decision-making scale. In terms of drug
developments, the early studies which identified the total-dose effect of primaquine,
whereby the periodicity of treatment does not affect its efficacy but can make the drug safe
for A- G6PDd patients, opened up a large population able to tolerate the drug. Similar
studies with other variants are needed to establish whether other regimens could be
developed to further increase its tolerability. Further, there is evidence that primaquine
interaction with co-administered schizonticides may affect the drug’s toxicity (Myint et al.,
2011). If confirmed, this could prove a relatively straightforward solution to safer therapy.

Understanding the mechanisms of primaquine-induced haemolysis would support this goal.

The next chapter — Chapter 7 — is a general discussion of the overall thesis. In this, I discuss
in more detail the practical options for increasing safe access to primaquine in the short-

term, and propose studies to increase evidence-based assessments of risk in the longer term.
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Chapter 7 — Discussion

This thesis’ primary objectives were to map the spatial prevalence of the Duffy blood group
variants and of G6PD deficiency (G6PDd) in order to support malaria control programmes
globally. I have given examples of how these suites of maps are being applied to current
public health problems, and through this have attempted to demonstrate the positive
contribution that integrating spatial epidemiological human genetic data can make in
improving the evidence-base for strategic planning for control of an infectious disease,
thereby attempting to bridge the gap between basic biological research and the health

sciences (Weatherall, 2010).

This Discussion opens by summarising the salient results from each chapter to pave the
way through a general discussion of the strengths, limitations, and main conclusions of this
work. The research objectives of the thesis presented different mapping challenges. These
methodological challenges are reiterated, and | discuss both the value and the limitations of
the geostatistical models developed. Next, | consider the status of these two bodies of work
as milestones in the scientific progression towards ever-optimised malaria control and |
propose future research priorities which emerge off the back of these results. In particular, 1
consider further studies to help understand the status of P. vivax transmission, particularly
in Africa. In relation to G6PDd, | suggest priorities for increasing safe access to
primaquine, and argue that investment in diagnostic methods must be at the forefront of

short-term research and development (R&D) targets.

7.1. Chapter summary

This thesis’ first two research chapters concern the Duffy blood group antigens — the only
currently known red blood cell (RBC) receptors enabling P. vivax infection. Chapter 2

described the allele frequency maps of the Duffy antigen variants (FY*A, FY*B, FY*B)
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and of the Duffy negative phenotype (Howes et al., 2011). These maps showed highly
conspicuous spatial patterns, with the Duffy negative phenotype predominant among
populations of sub-Saharan Africa (>95%) and common to certain coastal communities of
the Americas. FY*B was most common among European populations and in the Americas
(ca. 50% prevalence). Away from the European epicentre of the FY*B allele, frequencies of
the FY*A allele increased with distance, reaching frequencies greater than 90% across much
of East and Southeast Asia. The significance of these results was considered in Chapter 3,
in which the contribution of the Duffy negativity map to a range of analyses examining the
global public health significance of P. vivax was discussed. In attempting to map the
distribution of the population at risk of P. vivax (PvPAR) infection, the Duffy negative map
was used to represent the population resistant to infection (Guerra et al., 2010). The high
prevalence of Duffy negativity across sub-Saharan Africa meant that despite the
environmental and biological environment being suitable for transmission, only 86.4
million (or 3.5%) of the 2.5 billion individuals at risk of infection globally were from the
African region (Africa+). Instead, the global focus of P. vivax risk was demonstrated to be
across the central and south-eastern regions of Asia. The Duffy negativity map was also
incorporated into a model-based geostatistical framework to predict transmission intensity
of P. vivax globally, allowing the mapping model to borrow predictive strength from the
Duffy map in areas where parasite prevalence surveys were lacking (Gething et al., 2012).
Evidence for the differential binding preference of P. vivax to Fy? and Fy® antigens
emphasised the value of mapping the individual Duffy positive alleles as well as the Duffy

negative phenotype (King et al., 2011).

Chapter 4 turned to consider the distribution of G6PDd. Individuals with this genetic pre-
disposition to primaquine-induced haemolysis were found to be widespread across all
malaria endemic regions (Howes et al., 2012). Frequencies were highest across the tropical
regions of sub-Saharan Africa and the Arabian Peninsula, where prevalence rose above
30% in certain communities. Across all 99 malaria endemic countries, a median allele
frequency of 8.0% was estimated (IQR: 7.4-8.8), and a frequency of 5.3% (4.4-6.7) was

predicted across those countries targeting malaria elimination. These estimates
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corresponded to an estimated 350 million affected individuals. Population-weighted median

national-level frequencies of G6PDd were also estimated and mapped.

In mapping its prevalence, G6PDd was considered to represent any persons with reduced
G6PD enzyme activity levels. Though informative and practical from a public health
perspective, this binary classification masks a range of enzyme deficiency levels. This
spectrum of enzyme activity is reflected in its associated clinical severity which ranges
from mild to highly severe. Chapter 5 attempted to represent this diversity and mapped the
prevalence of fifteen common polymorphic variants. These maps revealed striking
geographic patterns, with apparent genetic homogeneity among the G6PDd populations of
the Americas and sub-Saharan Africa diversifying into a very heterogeneous pool of
variants reported from the East and Southeast Asian regions. This regional heterogeneity in
Asia was also evident at the population level, where as many as ten genetic variants were
reported from a single population survey in Malaysia. The public health risks associated
with primaquine stem both from the overall prevalence of G6PDd individuals in a
population and from the severity of the variants common to that population. The relative
influence of these two spatially variable factors was formalised in a risk framework in
Chapter 6. Across Asia, the prevalence of G6PDd was common (>1% allele frequency) and
the pool of variants severe. These countries were therefore ranked as being at highest risk
from G6PDd. Variants from sub-Saharan Africa were generally less severe (predominantly
the A- variant reported), but the high prevalence of G6PDd (>10%) meant that this region
was at moderate risk from G6PDd. Across the Americas, an admixture of severe and
moderate G6PDd variants was coupled with variable prevalence estimates of G6PDd which
ranged from rare (<1%) to common (1-10%). These factors ranked overall risk as being
heterogeneous across this continent, ranging from relatively low to high. The limitations of
this framework and the inadequacies of the underlying evidence-base leave much room for
development in ranking and predicting risk between areas. These limitations and
suggestions for further study were discussed in Chapter 6. From this suite of G6PDd-
associated maps and analyses, it is demonstrated that G6PDd is of major public health

concern, and that its widespread distribution means that primaquine cannot be safely
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dispensed for P. vivax radical cure without prior screening for this risk factor of drug-

induced haemolysis.

7.2.  Methodological discussion

The core methodological requirement of both the Duffy and the G6PDd studies was to
generate a model which could use a disparate evidence-base to predict spatially continuous
maps of a series of required outputs. Additionally, population estimates for each output
were also needed. | discuss here the methods developed for each of these applications, their
strengths and limitations. The specifics of each modelling assignment are summarised in
Table 7.1. As these have already been discussed at length in the relevant chapters and

appendixes, | reiterate here a brief and consolidated overview.

7.2.1. Model strengths

Broadly the same framework was used to model the distribution of both the Duffy variants
and G6PDd. This model-based geostatistical framework was developed from that
previously applied to mapping the frequencies of sickle-cell haemoglobin (HbS) (Piel et al.,
2010; Piel et al., 2012). Two of the main strengths of this model are its probabilistic
approach and its flexibility in terms of types of input data and model outputs, as well as the
option of incorporating known biological relationships within a primarily empirical

overarching model architecture.

The major novel advance in the methodology developed here compared to previous
attempts to map the Duffy variants and G6PDd was the model’s Bayesian framework for
generating probabilistic outputs (Patil et al., 2011). Within this framework, over a million
iterations were generated using a Markov chain Monte Carlo (MCMC) algorithm to infer a
fitted joint distribution of the model parameters from the input data. From this set, over a
thousand iterations were selected at random from which to generate a posterior predictive

distribution (PPD) of the target outputs (Duffy or G6PDd allele frequencies) for each
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location in the map. In both these studies, initial validation exercises demonstrated that the
median of the PPD was the most representative summary statistic, and was thus adopted as
a point estimate for each pixel in order to generate the modelled maps. The spread of the
PPD is an indication of the relative confidence with which the model predictions were
made, and the interquartile range (IQR) of the PPD was used as an indicator of model
uncertainty. These uncertainty metrics are important reminders that the mapping predictions
are not perfectly precise estimates, but rather the most probable scenario given the available
evidence-base. The IQR maps indicate how this uncertainty varies spatially, and thus where
the predictions should be interpreted with more or less caution. High uncertainty represents
a clear call for new surveys and a strengthening of the evidence-base in that particular

region.

As well as the model’s framework for quantifying uncertainty, the model was highly
flexible in terms of its input and output data structure, allowing bespoke adaptations to be
made to each biological system being mapped (Table 7.1). In the case of the Duffy model,
five different input data types were used, each contributing distinct but complementary
information, and none of the inputs related directly to the required outputs (allele
frequencies). For the G6PDd model, sex-specific input information was required and the
primary output, the G6PDd allele frequency, could be directly inferred from the input
‘Male’ data type. This model, however, had to account for the gene’s X-linked inheritance
and the difficulties of predicting numbers of deficient females. While the number of genetic
heterozygotes is relatively straightforward to predict, knowing what proportion of them
would be phenotypically diagnosed as clinically deficient is not straightforward. There is no
simple genotype-phenotype relationship for heterozygote expression. The model used here
was the first spatially variable and evidence-based attempt to address this challenge. The
framework allowed the proportion of phenotypically deficient females to vary spatially

according to the evidence-base of surveys provided.

The major methodological advance between the two mapping projects was in estimating the

population affected by each phenotype. In the earlier Duffy modelling project, | simply
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Duffy blood group G6PD deficiency

Representative community surveys
Sample size
Survey location (Latitude, Longitude) and spatial extent (point vs. polygon)

Data inputs Five data types according to
diagnostic method (serological vs. Data according to sex:
molecular): o
N males tested & deficient
Phenotype, Phenotype-a, Phenotype- N females tested & deficient
b, Promoter, Genotype
Total datapoints n=821 n=1734
Map outputs
Mapping

methodology Bayesian model-based geostatistical mapping framework

Allele frequency maps &
uncertainty:

& Duffy negativity phenotype allele frequency & uncertainty
frequency

Population estimates

Population surface Global-Rural Mapping Project (GRUMP) projected to year 2010
Methodolo Calculation in GIS framework Avreal mean predictions model
9y = No uncertainty estimate = Quantified uncertainty

National median and uncertainty
estimates:
- Allele frequency (males)
- Homozygous females
- All deficient females

National population numbers by

Output = phenotype:
Fy(a+b+), Fy(a+b-)
Fy(a-b+), Fy(a-b-)

Table 7.1. Summary of key methodological distinctions between the challenges of
mapping the Duffy blood group frequencies and the prevalence of G6PDd. Full
explanations of each of the terms used here are given in the original chapters (Duffy in
Chapter 2; G6PDd in Chapter 4) and in the associated Appendixes and publications.

multiplied the population density map surface (GRUMP) by the mean prevalence map of
each phenotype and aggregated the number of individuals with each phenotype to the
national level. For the G6PDd population estimates, however, the nature of the maps as a
summary surface of a full PPD was taken into account, and areal estimates of each
phenotype were generated within a Bayesian framework. The areal estimate model sampled

repeatedly the full PPD, taking into account the spatial covariance between each pixel,
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rather than simply the median prediction summary map. This population estimate model’s
output was another PPD which in turn allowed uncertainty metrics to be quantified from it.
The Duffy phenotype population estimates are described in the paper by King and
colleagues (2011), summarised in Chapter 3 and provided in the Appendix. The equivalent
methods for G6PDd population estimates are described both in Chapter 4 and the associated

Appendix files.

7.2.2. Model limitations

Conceptual as well as practical limitations hinder the mapping models used in this thesis.
An important difficulty encountered with mapping human polymorphisms, as opposed to
insect vector or parasite distributions, is the absence of suitable covariates. Ideally, maps of
genetic relatedness (possibly using ethnicity as a proxy of genetic relatedness) and of
consanguinity would have been available to inform the model’s predictions. No such
comprehensive and reliable global resources for these, however, could be identified. The
model predictions were therefore wholly dependent on the input database of surveys, and
areas scarcely populated with data were predicted with greatest uncertainty. A practical
upshot of knowing this uncertainty is that it represents a clear indication of where new
surveys would be most informative to improving our current understanding of the spatial
epidemiology of these disorders. As new data become available, it may be feasible to
substantively improve the resolution and reliability of the first generation maps presented
here. The falling costs and technical difficulties of high-throughput gene sequencing have
allowed extensive datasets to be generated by a number of large genomic consortium
studies which may prove valuable sources of such data (1000 Genomes - A Deep Catalog
of Human Genetic Variation; International HapMap Project; MalariaGen Genomic

Epidemiology Network).

The models had to assume that populations were in Hardy-Weinberg equilibrium to allow
derivation of allele frequencies from the observed input data, and phenotypes from the

allele frequencies. Hardy-Weinberg equilibrium assumes that gene inheritance between
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generations is fully random, and is not affected by any of the inevitable biases and
deviations caused by small population sizes and genetic drift, selection, non-random
mating, mutation, migration rates and hybridisation (Hardy, 1908; Weinberg, 1908;
Crawford, 2007). In the absence of any global database of these deviances, it was not
possible to refine the model to predict the relative influence of these factors and | therefore

had to assume allele inheritance was in Hardy-Weinberg equilibrium.

From a practical perspective, these models were highly computationally and financially
demanding. For example, the final GGPDd mapping and population estimates took over two
months to compute despite using high performance cloud computing processors from the

Amazon Elastic Compute Cloud (EC2, http://aws.amazon.com/ec2/). More importantly, the

modelling code was written in Python coding language and was built upon complex
existing libraries, limiting its core flexibility for non-specialist users. A more accessible
model package may increase its application to a wider range of mapping scenarios. The
strengths described of the flexible Bayesian model-based geostatistical framework,
however, will hopefully inspire the continued development of new generations of these

models.

7.3.  The spatial epidemiology of the Duffy blood group

Knowledge of the spatial extent of P. vivax transmission across Africa has important
practical repercussions for surveillance systems, the choice of diagnostic methodology and
treatment guidelines, for instance, as well as obvious implications for the clinical burden of
malaria across a continent where endemicity of P. falciparum is dropping (Gething et al.,
2010; WHO, 2011). The evidence of P. vivax being harder to target with conventional
control interventions, as discussed in Chapter 1, may be a forewarning of a hidden threat
which could emerge in the wake of P. falciparum control successes. Given the
accumulating evidence from Africa of P. vivax infections in returning travellers, infected

mosquitoes, widespread P. vivax seropositivity, and of apparent Duffy-independent P. vivax
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infections (references all given in Chapter 3), there is a pressing need to pursue our
understanding of P. vivax epidemiology across this continent. A further complication to the
potential problem of P. vivax in Africa is the high prevalence of GEGPDd mapped in Chapter

4, which prevents widespread use of the only radical cure for P. vivax infections.

The Duffy maps presented here are an important component of the evidence-base for
investigating the public health significance of P. vivax, as these represent the key
determinant of blood-stage infection success. Insights into the significance of the Duffy
negative phenotype, both at the public health level and at the individual level, will support
our understanding of P. vivax epidemiology across Africa. First, at the public health
population level, a series of surveys are required to assemble a core epidemiological
knowledge-base of P. vivax prevalence across Africa. The surveys should include both
investigations of blood-stage infection (as done by Culleton and colleagues (2008)) and
serological screening (as conducted by Culleton and colleagues (2009)) to assess different
populations’ overall exposure to the parasite. Complementary entomological surveys
(similar to those reported by Ryan et al. in Kenya (2006) would further corroborate the
body of evidence of the parasite’s presence on this continent. To assess how the findings of
these studies relate to their associated human Duffy landscapes, these surveys should be
targeted across populations of differing Duffy negativity prevalence and across a spectrum
of epidemiological settings. Target areas for these surveys should therefore include areas of
highest Duffy negativity prevalence, such as anywhere across West Africa, as well as areas
bordering the high Duffy negativity regions where Duffy phenotypes are more
heterogeneous, such as Angola (where Duffy-independent transmission was reported, as
described in Chapter 3). Although a large number of PvPR surveys have been conducted
across Zambia (all were Pv-negative, see Chapter 3), no surveys have been documented
from Mozambique. Plasmodium vivax across this country would be valuable to document,
both because of a gradient of Duffy negativity prevalence predicted across the country, but
also its proximity to Madagascar where P. vivax endemicity is at stable transmission levels
(Gething et al., 2012) and Duffy-independent transmission has been confirmed (Menard et

al., 2010).
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The Duffy negativity map should also be used to map the density of Duffy positive hosts
and relate these to theoretical transmission models of P. vivax. Given the parasite’s
relapsing behaviour, it is likely that low population densities of competent hosts could
sustain P. vivax parasites in populations of predominantly Duffy negative individuals,
irrespective of Duffy-independent transmission. This population of Duffy positive hosts not
only suffer the burden of relapsing clinical cases themselves, but also represent a latent and

persistent source of infectious parasites sustaining infectious mosquitoes.

Second, at the level of the individual, it is necessary to pursue in-depth studies of the
phenomenon of apparent Duffy-independent transmission. Where possible, simple
serological characterisation of the Duffy phenotype of confirmed P. vivax positive cases
would further populate the map of occurrences of Duffy-independent transmission in
Chapter 3 (Figure 3.4), and allow the significance of these occurrences, and their
association with the local Duffy phenotypes to be better understood. Instances of Duffy-
independent transmission will only be recorded if these are specifically searched for.
Unravelling the mechanisms enabling Duffy-independent transmission and identifying an
alternative receptor is a vital component to understanding the potential for P. vivax
infection in areas of high Duffy negativity. The on-going difficulties of culturing P. vivax in
vivo (Mueller et al., 2009), however, do not facilitate these studies. The gene sequencing-
based approach briefly described in Chapter 3 may provide alternative evidence to support

these investigations.

Evidence from both these streams of research — the prevalence of P. vivax across
populations, and the extent and mechanism of Duffy-independent transmission — would
provide important information for refining current estimates of the population at risk of P.
vivax infection and the targeting of appropriate control measures. As discussed in Chapter
3, the assumption of complete immunity in Duffy negative hosts may be a substantial over-
estimate which needs reassessing. Knowing how to calibrate the degree of protection which

Duffy negativity prevalence confers to populations would allow an evidence-based re-
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assessment of the PVPAR to replace the series of projected scenarios presented in Chapter

3.

Although this discussion focuses on the relationship between P. vivax and the Duffy
receptor across Africa, the emerging evidence of preferential binding between the Fy?* and
Fy® antigen variants (discussed in Chapter 3) provides interesting insights to support
ongoing vaccine targeting, as well as opening up a range of questions concerning the
evolutionary origins of the polymorphic variants of the Duffy gene. Establishing the drivers
of the strong gradients of FY*A and FY*B across Asia, and the stark contrasts between the
alleles of African populations and elsewhere, present fascinating questions which merit
multi-evidenced investigation, bringing together molecular, phylogenetic, clinical and
spatial epidemiological data. Attempting to reconstruct the evolutionary history of P. vivax
and the Duffy antigen variants to assess causative relationships requires knowledge of the
age and origin of P. vivax to estimate the time period over which this parasite has been
conferring a fitness pressure on populations in different areas (Culleton and Carter, 2012).
Clinical data, such as the evidence of reduced P. vivax parasitaemias observed in Duffy
negative heterozygotes (Kasehagen et al., 2007), would allow estimates of the time period
over which the allele frequencies mapped here may have taken to emerge, if P. vivax is the
selective agent. Insights into these processes in relation to P. vivax would provide not only
an understanding of evolutionary history, but potentially also an indication of the clinical

significance of the P. vivax parasite.

The Duffy maps are a means to an end, not a direct informant of public health policy in
their own right. However, these maps are an important component to understanding the
range of unanswered questions discussed here, and the potentially far-reaching public
health implications of the emerging evidence make this field of study an important

candidate for future research.
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7.4. The spatial epidemiology of G6PDd

The maps generated in this thesis indicate that the risks associated with G6PDd are too
widespread and potentially severe to justify administering primaquine for P. vivax radical
cure without prior screening for this haemolytic risk factor. The practical implication of this
widespread threat is that primaquine is largely under-used across areas where P. vivax
endemicity is high (Baird and Surjadjaja, 2011; Baird, 2012; Baird, 2013). Given this, |
discuss here practical options for overcoming the risks presented by G6PDd — a necessary

hurdle to overcome if P. vivax control is to be successfully brought about.

If G6PDd screening is pre-requisite to primaquine therapy, development of suitable
diagnostic methods must be an immediate R&D priority. Although a number of methods
exist and a rapid diagnostic test (RDT) similar to RDTs for malaria parasites has been
recently evaluated (Kim et al., 2011), no methods are currently suitable for field-based
point-of-care applications. Currently available diagnostics fall into three distinct categories:
(i) binary phenotype-based tests distinguish deficient from normal cases based on a
subjective threshold; (ii) quantitative assays which measure the residual enzyme activity;
(iii) molecular or very specific biochemical studies which identify the presence or absence
of specific mutations. Although each of these is suited to specific requirements and clinical
settings, the logistical and financial constraints of field-based environments mean that only
the first category of diagnostics would be practical. A methodologically simple test with a
binary outcome indicating whether primaquine can or cannot be safely given is necessary.
A target product profile (TPP) for this diagnostic was recently discussed at the Asia Pacific
Malaria Elimination Network (APMEN) Vivax Working Group (Incheon, May 2012
(APMEN)) and included low cost, stability across a range of temperatures and humidity
levels, rapid diagnostic result, methodological simplicity and requiring only minimal
training. The urgency for such a test is well illustrated by the difficulties inherent to current

methods (see Box 7.1).
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Box 7.1. A case study: the WST-8/PMS diagnostic in Pulau Bacan, Maluku Province,

Indonesia

In July 2010, I was involved in a G6PDd screening survey led by members of Dr Din
Syafruddin’s Malaria Research Team from the Eijkman Institute in Jakarta, Indonesia. This
study was conducted on Bacan Island, in the eastern province of the Maluku (Figure 7.1).
The high P. vivax (Elyazar et al., 2012) and P. falciparum (Elyazar et al., 2011) endemicity
across this region put it in the Indonesian Ministry of Health’s final phase for malaria
elimination. The field setting was extremely remote and although the island’s central health
centre was equipped with microscopes and basic laboratory facilities, the rural clinics were
not. This environment is likely to be characteristic of many of the remaining transmission

foci across this region.
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Figure 7.1. Map of Indonesian administrative boundaries and their elimination targets.
Figure reproduced from Elyazar and colleagues (2011).

The diagnostic method selected for G6PDd screening was the WST-8/PMS diagnostic
developed by Tantular and Kawamoto (2003) (Dojindo Laboratories) as a “simple”
screening method. This dye decolourisation diagnostic required a team of two or three

individuals, including a qualified nurse, to run the tests. It also depended on a cold-chain

Continued overleaf
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Box 7.1. Cont.

for the reagents, and a full diagnostic apparatus filling several boxes. Although these
requirements were certainly possible to meet in the context of a bespoke population
screening survey, applying them in routine point-of-care scenarios would be prohibitive.
Most constraining, however, was the difficulty of interpreting the results (Figure 7.2). The
slight colour differences characteristic of normal and deficient expression made naked eye

judgements of deficiency hard to interpret and required two independent blinded assessments. A

third opinion was sought to settle discrepancies.

Figure 7.2. Results of the WST-
8/PMS rapid screening method,
showing colour differences
after the recommended 20
minute reaction time: severely
deficient (left), mildly or
moderately deficient (centre) and
normal (right) G6PD activity.

Severely Mildly/moderately

deficient deficient Dseeatal

My direct involvement with this study emphasised to me the difficulties associated with
existing diagnostic methods. Significant efforts are ongoing towards developing more
suitable alternative diagnostics (Medicines for Malaria Venture/GlaxoSmithKline; Kim et
al., 2011; PATH, 2011; Eziefula et al., 2012) and it seems reasonable to hope that such a
product will be available relatively soon. As an aside, a G6PDd RDT is also likely to be a
prerequisite to tafenoquine licencing (Pers. Comm., Justin Green, GSK Tafenoquine Project
Physician Lead; 6 May 2012). Difficult issues concerning female diagnoses (see the
Appendix to Chapter 4), however, will need to be addressed. The G6PDd prevalence and P.
vivax endemicity maps can support assessments of the relative need for these tests between
areas. The immediate benefits from a simple G6PDd RDT would be in allowing much

broader access to primaquine. However, as discussed in Chapter 6, the need for
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demonstrating the relationship between residual enzyme activity and haemolytic risk

remains to fully validate the suitability of a simple enzyme activity diagnostic.

In the longer term, the issues discussed at length in Chapter 6, namely the difficulties of
characterising the primaquine sensitivity phenotypes of the common G6PDd variants and of
predicting haemolytic risk, must be addressed. The heterogeneous maps of G6PDd
prevalence and variants, however, indicate that a single binary diagnostic may not be
optimal for ensuring maximal use of primaquine. For example, the extended dosing
regimens discussed in Chapters 5 and 6 reduce the haemolytic risks associated with therapy
whilst maintaining the drug’s therapeutic efficacy. A more intricate understanding, both of
the epidemiology and of the molecular mechanisms causing primaquine-induced
haemolysis, would allow a more refined and targeted approach to increasing safe access to

this important therapy.

Ultimately, the development of a non-toxic alternative to the 8-aminoquinolines
(primaquine and tafenoquine) would provide the optimal solution to ensuring access to safe
P. vivax radical cure. No such alternatives are currently in development stages (Medicines
for Malaria Venture). The potential benefits of widespread use of such a drug, however, are

very far-reaching and motivating towards this goal.

The different R&D steps which | envisage along the pathway to overcoming the difficulties

presented by G6PDd to P. vivax radical cure are summarised in Figure 7.3.
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Figure 7.3. Necessary future R&D aims to increase safe access to P. vivax radical cure.
The left side of the orange barrier indicate the types of studies needed, and the right side list
the outputs required. Progression from top to bottom of the plot represents time and relative
safety associated with P. vivax therapeutic options.

7.5. Conclusions

The maps developed through this research are certainly not perfect, and suffer important
limitations from knowledge gaps, both in their underlying evidence-bases and in their
interpretation as indicators of P. vivax immunity and of primaquine haemolytic risk. The
maps do serve, nevertheless, a number of important purposes. First, they represent the first
robust evidence-base to support assessments of the magnitude of the public health problems
they address: the distribution and numbers of individuals at risk of P. vivax infection and
the prohibitively widespread risks from primaquine therapy. Second, these large-scale
assessments provide a basis for advocacy for further study. The potentially far-reaching
negative repercussions of unrecognised P. vivax transmission in Africa and the potential

benefits of a robust spatial framework assessing G6PDd-associated risk support calls for
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further research into all the themes discussed in this chapter. Refining the analytical
resolution of these maps will require a concerted inter-disciplinary effort bringing together
information from numerous types of studies: molecular, biochemical, clinical and

geographic.

This thesis opened by discussing the neglect of P. vivax as a legacy of the GMEP. The
results generated through this research have served to support two specific knowledge gaps
identified as particularly pertinent to understanding the spatial epidemiology of P. vivax
with the target end-point of supporting its control and eventual elimination. Through this
thesis, | hope to have demonstrated value of integrating spatial maps of human genetic traits
into infectious disease models and public health decision making, and the need and nature
of the future research required to sustain the increased attention which P. vivax has received

in the years since starting this doctoral research.
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Post-script

The timing of this work has made it particularly exciting. Both the Duffy blood group and
G6PD deficiency were relatively unheard of among the wider malaria research community
until recently. I recall a senior academic who works on the interactions of red blood cell
polymorphisms with malaria in Africa telling me at the start of my doctorate that Duffy
negativity was “one of those topics which I occasionally look into and forget all about
within 24 hours”. A few months later, | talked Pete Zimmerman through my poster of
preliminary Duffy negativity maps at an ASTMH conference, and he told me about his
team’s recent findings of P. vivax-infected Duffy negative individuals. Their landmark
publication has re-ignited the intrigue around P. vivax transmission in Africa. Similarly, P.
vivax therapy has been in limbo for decades, but the significance of G6PD deficiency and
primaquine was frequently brought home to me by the ever-enthusiastic valiant adversary
of P. vivax, Kevin Baird. A couple of years later, unpublished copies of our G6PD
deficiency maps had been requested as evidence for the WHO Expert Review Group
examining single dose primaquine for transmission blocking applications. The upsurge of
interest around P. vivax, both among the malaria research community and national control
programme managers, has created the opportunity for witnessing practical applications for
both avenues of the research presented in this thesis. While these results are only an
imperfect beginning, they provide a starting platform which must be evolved and improved

into the future.

153



Appendix

APPENDIX

154



Appendix

Appendix

This Appendix includes the following supplementary information:

1. AppendixX t0 Chapter 2 ...

2. Appendix to Chapter 4 ...

3. Guerraetal. (2010), referred to in Chapter 3 .........ccocovvvvrvrinnennn.

4. Gething et al. (2012), referred to in Chapter 3 .........cccccvevevvviennn.

5. Kingetal. (2011), referred to in Chapter 3 .........cccocvevevveveveenene.

Reference is also made throughout the thesis to two Advances in Parasitology chapters

(Zimmerman et al. 2013 & Howes et al. 2013). Due to their length and space constraints in this

Appendix, these are not included here but are available on request. They are in press and will be

published in February 2013.
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Supplementary Figures

a Numbers of surveys conducted, b Total numbers of individuals tested,

categorised by decade and data type categorised by decade and data type
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Supplementary Figure S1. Historical patterns of data types in the input data set. (a) Patterns
according to survey numbers with colour-coded according to data points in Figure 2; (b) Patterns
according to total individuals sampled. (*includes data from unpublished sources acquired in 2010).

a Tc.)tal surveys conducted, b Total numbers of individuals tested,
categorised by decade and continent categorised by decade and data type
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Supplementary Figure S2. Historical patterns of survey locations by continent in the input data set.
(a) Patterns according to survey numbers; (b) Patterns according to total individuals sampled.
(*includes data from unpublished sources acquired in 2010)

157



Predicted Duffy negativity frequency

Predicted FY*A/*B frequency

0.8

0.6

04 -

0.2

0

0.6

0.5 -

04

03

0.2

01 -

{‘ o) '?
a # |
=] O
o
(s}
o o]
o
o
o o
L (=) ) 'D
O o
@ o o
g 0.2 o4 0.6 0.8 1
Observed Duffy negativity frequency
[o]s]
C
[e]
o, "
96 ©
[e]
; o
o o
%o
5 & le)
~" o o
o .
1] 01 02 03 04 05
Observed FY*A/#*B frequency

Coverage probabilities
(observed proportion below quantile)

Coverage probabilities
(observed proportion below quantile)

1.0

Appendix to Chapter 2

0.8

0.6}

0.4t

0.2

1.0

08

0.2

0.4 0.6
Predictive quantile

0.8 1.0

0.8f

0.6

0.4}F

0.2

0g5—

0.2

04 06 0.8 1.0

Predictive quantile

Supplementary Figure S3. Model validation plots. (a) Scatter plot of actual versus predicted point-
values of Duffy negativity prevalence. (b) Probability-probability plot comparing predicted

probability thresholds with the actual proportion of true values below quantile for Duffy negativity;

(c) and (d) show equivalent plots for FY*A/*B heterozygosity validation. In all plots the 1:1 line is also

shown (dashed line) for reference.
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Malaria endemicity
Malaria free
Epidemic
Hypoendemic

[ Mesoendemic

I Hyperendemic

Bl Holcendemic

Supplementary Figure S4. Historical malaria endemicity map, originally generated by Lysenko and
Semashko®, recently republished and fully described by Piel et al>.The classes are defined by
parasite rates (PR,.1o, the proportion of 2 to 10 years olds with parasites in their peripheral blood):
malaria free, PR,.1o = 0; epidemic, PR,.1; = 0; hypoendemic, PR,.; <0.10; mesoendemic, PR,.; 20.10
and <0.50; hyperendemic, PR,.;o 20.50 and <0.75; holoendemic PRy, = 0.75 (this class was measured

in 0 to 1 year olds)>.
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Parameter Model term Parametar Modlel term Parametar Model term
Dab Po n

Pap mean 3.57 rf)o mean 7.02 1 mean 0.0119

@5r‘{,median 3.36 ‘.3')0 median 6.26 P1 median 0.0119

Pap std 1.24 oy std 2.70 P71 std 0.000921

@ 1QR 1.64 ¢p1QR 3.36 P1IOR 0.00130

@ap 95 BCI 4.91 ¢hp 95 BCI 10.5 171 95 BCI 0.00368

B, mean 4.99 o mean 3.05

6'“;_, median 4.83 Bg median 2.23

O, std 3.04 By std 2.74

Bqp1QR 4.02 B0 1QR 3.11

B4, 95 BCI 11.9 fg 95 BCI 10.7

I, mean 0.377 I/ mean 0.422

Vgt median 0.380 /g median 0.427

Uy std 0.0412 1/ std 0.0473

Vg 1QR 0.0640 19 1QR 0.0769

Vgt 95 BCI 0.156 1/9 95 BCI 0.152

Vab mean 0.152 Vo mean 0.345

V,p median 0.149 Vo median 0.323

V,p std 0.0322 Vo std 0.123

V.p10R 0.0492 Volar 0.163

V., 95BCI 0.114 Voos Bal 0.478

Supplementary Table S1. MCMC output parameter values at the three modelled loci. The first

columns refer to the locus differentiating FY*A from FY*B. The association of the FY*B variant with

the silencing Duffy negative mutation (-33C; i.e. the FY*B® allele) is considered in the middle

columns. The third term, the pl1 variant, represents the constant modelling the frequency of

association between the FY*A variant and the silencing promoter mutation (i.e. the FY*A" allele).

Spatially variable parameters reported include amplitude (¢ and ), scale (8 and &,,;), degree of

differentiability (¢ and 1+,;) and nugget variances (Vpand V). Summary statistics of the MCMC

output include mean and median values, standard deviation (‘std’), 50% interquartile range (‘IQR’)

and 95% Bayesian credible intervals ('95 BCI’). Scale is measured in units of earth radii; other

parameters are unitless. Values are presented to three significant figures.
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. Sub-Saharan Africa
Statistic .
covariate effect
Median 0.832
Mean 0.829
STD 0.310
IQR 0.420
95% BCI 1.214

Supplementary Table S2. Summary statistics for the sub-Saharan Africa (B.wica) cOvariate effect.
The posterior is concentrated in positive values, indicating that the covariate increases likelihood of

association between the silencing mutation and the FY*B locus in the sub-Saharan Africa region. This

is reflected by increased frequencies of FY*B® south of the covariate boundary. (Full model details

are given in the Supplementary Methods 1, pages S2-4).

. N samples . o .
.'.
N sites (all sites) Variants % Duffy positive
Genotype 22 272 FY*BY/Fy*B* 272 0%
Phenotype 11 3,738 Fy(a+b+) 1 0.70%
Fy(a+b-) 13
Fy(a-b+) 12
Fy(a-b-) 3,712
Promoter 83 7290 Fy-pos 24 0.33%
Fy-neg 7,266
Phenotype-a 5 508 Fy(a+) 7 1.38%
Fy(a-) 501 (excludes any Fy(a-b+))
Phenotype-b 2 148 Fy(b+) 1 0.68%
Fy(b-) 147  (excludes any Fy(a+b-))

Supplementary Table S3. Duffy positive samples in the predicted 98-100% Duffy Negative region.

Total surveys conducted in this region: n=123.

t Of the 11,956 individuals surveyed across the predicted 98-100% Duffy negativity region, 58 Duffy positive

individuals were identified at 22 sites across nine countries: Angola, Cameroon, Cote d’lvoire, The Gambia,

Kenya, Malawi, Mozambique, Nigeria and the United Republic of Tanzania.
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Supplementary Discussion

Comparison with existing maps.

The only previously published maps of the Duffy alleles are those of Cavalli-Sforza et al, in their
History and Geography of Human Genes (HGHG®*). The following discussion centres on (i) the
general and (ii) the specific cartographic differences between these two mapping efforts.

In general terms, both efforts employed a similar conceptual framework: an evidence-base of Duffy
blood group surveys which informs a statistical model and generates a prediction map. The main
methodological differences between the HGHG and the current mapping efforts can, therefore, be
examined as (i) the evidence-base, and (ii) the statistical modelling method employed. The third
aspect of this discussion will examine the specific differences between the resulting maps.

1. Database

The most obvious advantage that the MAP database has over the HGHG evidence base is twenty
years of additional data collection, including all the genotyped data (the most informative data
type). The data assembly effort, including reference gathering methods, criteria for survey inclusion
and geopositioning protocols are documented in more detail in this effort than previously in the
HGHG. In addition, from our review of their sources, it is apparent that non-representative samples
of communities were included in the HGHG dataset, such as studies selecting specific ethnic groups
from ethnically diverse communities, groups of related individuals and malaria patients, providing
potentially biased allelic frequency estimates. These various limitations were addressed in the
present study.

The methodological descriptions provided in this paper and the referenced sources for additional
information are intended to provide sufficient detail to enable independent reproduction and thus
objective evaluation. This addresses another significant limitation to the methods of the HGHG
protocols, where only limited documentation is presented on the cartographic methodology
employed. The full list of sources used here is given in the Supplementary References; the complete
derived database will be made freely accessible online in mid-2011 (the model input extracted from
the database is published here as Supplementary Data); the statistical code is freely available for
download from the open-access github repository (https://github.com/malaria-atlas-project).

2. Statistical mapping model

The statistical mapping methods employed in the present effort benefit from two decades of
development in the field of geostatistics, enabling better representation of small-scale variation in
gene frequencies. The most significant development, however, relates to the Bayesian framework
which allows the map surface to be interpreted according to its relative reliability by generating
numerous iterations of predictions from which various summary indicators (e.g. mean or median)
and uncertainty measures can be derived. An immediate advantage of this is enabling predictions for
regions where data are absent, and quantifying the certainty in the predictions; in contrast, data
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limitations, such as in Madagascar, prevented Cavalli-Sforza et al from making predictions in data-
poor areas. Further, the importance of uncertainty metrics has recently been emphasised to the
public health research community>.

Furthermore, the HGHG model input was restricted to surveys specifically informing the frequency
of each variant, with each variant being mapped in isolation of the others, in spite of their intricate
associations. The multi-allelic framework employed here, adapted for the five data types previously
described, allowed all data to inform the predictions of each allele simultaneously.

3. Spatial differences between maps

Comparisons of the predictions for all three alleles are discussed here. As Cavalli-Sforza et al”* do not
present global frequency maps for all alleles, predictions of FY*B and FY*B® frequencies focus on
the African continent, while the FY*A maps are discussed on a global scale.

A limitation of the practical applicability of the HGHG maps is that their outputs include only gene
frequency maps. We present here the first published Duffy negativity phenotype map, as we believe
this output will be most informative to the anticipated end-user community. A further limitation of
the HGHG maps derives from their presentation, specifically the categorical boundaries employed.
The highest allele frequency band (95-100%) corresponds to a wide range of Duffy negative
phenotype frequencies (90-100%), which could encompass a wide range of P. vivax epidemiological
scenarios. Modelled as a continuous measure, the new version can be used as a continuous or
categorical surface (available on request from the authors).
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i. Null Duffy allele, FY*B*, and FY*B in Africa
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Supplementary Figure S8. Comparative display of the HGHG and MAP allele frequency maps for FY*B* and
FY*B in Africa. Supplementary Figures S8a-c represent the silent FY*B~ allele (denoted FY*0 in the HGHG), and
S8d-f the FY*B allele frequencies. Differences between the HGHG maps (S8a and S8d) and the new maps (S8b
and S8e) are shown in panels S8c and S8f, respectively. Discrepancies are represented by the difference in
number of classes between the two versions, based on the categorical classes defined by the HGHG maps.
Negative differences (yellow to red) indicate areas where the MAP version predicted higher frequencies than
the HGHG version, positive differences (in blue) are where the HGHG version predicted frequencies higher
than in the new version. Same class predictions in the HGHG and MAP versions appear in pale green. Black
datapoints represent input data points (HGHG: n=41; MAP: n=203).

Visual comparison of the FY*B® and FY*B series of maps for Africa (Supp. Figure S8) reveals roughly
comparable unskewed outputs, an observation supported by quantitative summaries of the
difference maps (Supp. Figure S9). The categorical difference maps (Supp. Figure S8c and S8f) reveal
50% and 51% concordance for FY*B® and FY*B frequency predictions, respectively, between the
HGHG and MAP maps (Supp. Figure S9). A quarter (24%) of the FY*B prediction surface area differed
by two classes or more (4% difference in allelic frequency), and 18% of the FY*B® predicted area
differed by 20% or more (2 frequency classes).
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Supplementary Figure S9. Histogram of differences between frequency categories of the HGHG and MAP
predictions for FY*B™ and FY*B allele frequencies in Africa (HGHG — MAP prediction). Negative differences
indicate higher frequency predictions in the MAP version than in the HGHG version; positive differences mean
the HGHG version predicted frequencies higher than in the new version. The differences are quantified by
proportions of land surface area.

Due to the additive nature of the variant frequencies, the location of the discrepancies overlaps for
both alleles, namely the boundary zone around the region of highest Duffy negativity prevalence.
The most striking area of discrepancy is the prediction for southern Africa, where the HGHG map
predicts much higher frequencies of FY*B® and lower frequencies of FY*B than the new iteration
does, a reflection of the new dataset which includes surveys reporting very low rates and even
absence of Duffy negativity in the local population, an element not reflected in the HGHG map. At
the eastern limit of the high frequency zone, the indent of lower FY*B® and higher FY*B frequencies
into Sudan is less pronounced into the HGHG map than the current one. Similarly, predictions in
Ethiopia for frequencies of both allele frequencies are generally lower in the HGHG map. The
position of the northern boundary of high Duffy negativity differs by one or two classes between the
maps, with higher frequencies of FY*B® stretching further north and correspondingly lower
frequencies of FY*B predicted in the new maps.

The database updates yielded a five-fold increase in the input evidence-base, from nugic,=41 in the
HGHG version (though only 27 points could be digitised from their published maps) to nasi;=203 in
the current iteration (including 37 Genotype and 61 Phenotype), (Figure 2). The differences in the
southern and eastern parts of the distributions are directly informed by the updated dataset.
Notably, the highly informative genotype datapoints in southern Ethiopia enable the more spatially
convoluted prediction in this area. However, being transition regions becoming increasingly
heterozygous, both are also areas of high uncertainty (Figure 3e-f). The spectrum of frequencies
across the western and central Sahara is informed by a much larger dataset in the current iteration
than the HGHG one, both across the sub-Saharan countries (Nigeria and West Africa: 3 datapoints in
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Supplementary Figure S10. Comparative display of the HGHG and MAP allele frequency maps of FY*A
globally. Differences between the HGHG map (S10a) and the new map (S10b) are shown in panel S9c.
Discrepancies are represented by the difference in number of classes between the two versions, based on the
categorical classes defined by the HGHG maps. Negative differences (yellow to orange) indicate areas where
the MAP version predicted higher frequencies than the HGHG version; positive differences (in blue) are shown
where the HGHG version predicted frequencies higher than in the new version. Pale green indicates same class
predictions in both versions. Blanks in the HGHG and difference maps indicate areas where no prediction was
made, including many islands, most prominently Madagascar and large parts of Indonesia. Black datapoints
represent input data points (HGHG: n=751; MAP: n=821). [Although it was only possible to digitise 241 of the
HGHG datapoints from their published map — many appear to be spatial duplicates, and the European
datapoints were missing from their global FY*A map)].
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the HGHG, 64 in the updated dataset) and the Maghreb region (west of Libya: 1 datapoint in the
HGHG, 29 in the updated version). However, no surveys were identified within the Sahara region,
likely a reflection of the low population densities in the area. The exact position of the frequency
class boundaries therefore, as it corresponds to almost zero population levels, is of minor
consequence. MAP predictions across the desert are moderated by increased uncertainty (Figure 3d-
f), contrasting with the much more certain predictions across central Africa.

iii. FY*A global distribution

Only FY*A and FY*B are commonly found outside the Africa region. To avoid repetition, only the one
set of maps are discussed here — FY*A, the only global Duffy allele frequency map presented in the
HGHG.

Overall the FY*A HGHG and MAP maps reveal good correspondence (Supp. Figure S10), with 85% of
the prediction surfaces being within 10% of the other. Largest differences are in the Americas, where
the population composition is known to be highly heterogeneous with populations of diverse origins.
Predictions from south eastern Australia also differ by up to 50% (5 prediction classes), with the MAP
prediction falling to frequencies of 40 to 50% in areas predicted to be 90 to 100% by the HGHG map.
The MAP prediction in this region is informed by two relatively large surveys from the SE Australian
coast (n=304° and n=788") and three from northern New Zealand, contrasting with the uniform
HGHG prediction informed only by data from central Australia. The prediction across much of Africa
and Europe is largely concordant between maps. The exact position of the class boundaries across
Asia varies slightly, but both show the same general trend of increasing FY*A frequencies eastwards
across the continent.

FY*X variant: potential further elaboration to the model.

A number of mutations additional to those encoding the common Duffy variants discussed here
(FY*A, FY*B, FY*B®, FY*A®) have been described®®, most notably the FY*X allele, which reaches
polymorphic frequencies among populations of European origin®. Despite being relatively common,
insufficient data prevented its inclusion in the current mapping project. Additional data on the
prevalence of this variant would have allowed extension of the model to include the C265T and
G298A loci which encode the FY*X allele in association with the FY*B variant®®. These mutations

weak

cause reduced expression levels of Fyb antigen, characterised as the Fy(b+""") phenotype.

The lack of reliable data on this variant is largely due to the low sensitivity of agglutination
diagnostics. The low levels of Fyb antigen expressed by FY*X (10% wildtype levels®) are not
consistently or reliability detected by agglutination assays, due to differences in antiserum reactivity

weak

and experimental procedures. This inconsistency means that the Fy(b+"") phenotype may
occasionally have been misclassified as the Fy(b-) phenotype, overlooking the presence of the Fyb

antigen.

The FY*B map presented here is, therefore, defined only in terms of expression at two loci for which
sufficient data existed for reliable modelling: nucleotide -33 in the promoter GATA-box region and at
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position 125 of exon 2. Where detected, expression of the FY*X allele is included in the FY*B map,
due to its correspondence at the two loci considered. The availability of more multi-locus Genotype
data would allow full refinement of the model.
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Supplementary Methods

Mathematical description of the Bayesian geostatistical model and its implementation.

This supplement provides information on the geostatistical model used to map the allelic
frequencies of the monogenic Duffy blood group variants. General principles of the geostatistical
framework used have been previously described by Diggle and Ribeiro®.

1. Random fields

To accommodate the five input data types previously detailed (Table 2), and to simultaneously
model the distribution of both the positive alleles, FY*A and FY*B, and their corresponding negative
variants, FY*A® and FY*B®, the model targets two spatially-varying allele frequencies: the frequency
of the Fy® variant (125A, which is present in both FY*B and FY*BF), and the frequency of the
promoter region silencing variant (-33C) in association with the 125A coding region variant (thus the
frequency of the FY*B® allele). These are denoted p () and py(i) respectively, where x:is a
location. A third allele frequency, the frequency of the silencing variant occurring in association with
the 125G variant (thus the FY*A® allele) is modelled as a small constant denoted p1. This allele’s
highly restricted distribution, as reported in the assembled database, and its low frequencies where
it was detected, prevent its distribution being modelled spatially as for the other alleles. The model
for these allele frequencies is as follows:

Map ~ Normal(0, 10000)
mg ~ Normal(0, 10000)
Batrica ~ Normal(0, 10000)
)

p1 ~ Uniform(0, .05

ju—ab(/r) = ﬁafrical;r in africa T Mab
My(x) = my

®an ~ Exponential(.

1)
¢o ~ Exponential(.1)
B ~ Exponential(.1)

1)

(-
By ~ Exponential(.

Vyp, ~ Uniform(0

.3)
o ~ Uniform(0, 3)
Vi ~ Exponential(.1)

1)

Vo ~ Exponential(.

Cup(,y) = dapMatern(d(z. v)/Oap: Vap) + Vaple=y
C(]({ q) = o(;Matem I 1Y /9[] Uo) + Vol,.— =y

Jab ~ GP (Mg, Cop)

fo ~ GP(My, Cp)

pas () = logit™ ! (fup(x))
po(x) = logit ™' (fo(x))
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The mean function for fsimply returns a constant, 1r.;. The mean of f,; takes presence in sub-
Saharan Africa as a covariate with coefficient (3, ., and also a constant term ;.

Both fields use the Matérn covariance function®?. The range parameters of foand f,;, are 8gand 6.,
respectively; the corresponding amplitude parameters are g and ¢,;; the degree-of-differentiability
parameters are denoted ¢ and 1-,;; and the nugget variances are V4, and V/,;. The distance function
d gives the great-circle distance between its arguments.

The Gaussian random fields are converted to probabilities using the standard inverse logit link
function.

2. Likelihood

The probability of the 125A variant being present (variant encoding Fyb antigen) is pub(:i;'), and
should be much higher for x in Africa. Given that 4 = 1, the promoter region “erythrocyte silent” -
33C variant occurs with probability pg(z). Given that » =0, the -33C variant happens with
probability 1, which is assumed to be a small, constant value (representing the FY*A® allele).
Hardy-Weinberg assumptions apply to the genotype frequencies.

Input data falls into five categories: gen, phe, prom, aphe, bphe defined by the diagnostic method
used (Table 1), and thus what phenotypic/genotypic information is discernable. The nomenclature
system used includes a prefix denoting the data category (gen*, phe*, prom*, aphe*, bphe*)
followed by a symbol for each variant:*a for FY*A or Fy® variant, *b for FY*B or Fy® variant, allelic
variant *0 for FY*B®, allelic variant *1 for FY*A®, phenotypic variant *0 to denote absence. These
are fully described as follows:

gen* : Genotype data. Allelic frequencies are:

gena (1 — pap(x))(1—p1)
genb puy(x)(1 — po(x))
gen0 pgp(x)po(x)

genl (1 — pa(x))p1

The genotype frequencies (genaa (or FY*A/FY*A), genab (or FY*A/FY*B), etc.) can be obtained using

the standard Hardy-Weinberg formula. For example, the frequency of genab is twice the product of
63,64

the frequencies of gena and genb, which is 2(1 — pus()) (1 = p1)pas () (1 — po(x))

phe* : Phenotype data. Studies where full phenotype resolution was provided.

pheab This can only happen if the genotype is genab.

phea This can only happen if the genotype is gena0, genal or genaa.
pheb This can only happen if the genotype is genb0, genb1 or genbb.
phe0 This can only happen if the genotype is gen00, gen01 or gen11.

prom* : Molecular data. Studies that considered only the promoter region variant (T-33C).
promO0 This can only happen if the genotype is gen00, gen01 or genl1.
promab This corresponds to the complement of promO.
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aphe* : Phenotype data. Only anti-Fya antibody was used in the diagnosis.
aphea This can only happen if the genotype is genaa, genab, genal or gena0.
aphe0 This corresponds to the complement of aphea.

bphe* : Phenotype data. Only anti-Fyb antibody was used in the diagnosis.
bpheb This can only happen if the genotype is genbb, genab, genb0 or genb1.
bphe0 This corresponds to the complement of bpheb.

The sampling distributions are assumed to be multinomial, conditional on the appropriate individual
phenotype or genotype probabilities described above. This likelihood completes the Bayesian
probability model.

3. Model implementation and output

As previously detailed®”, implementation of the modelling procedure was divided into two
computational tasks: (i) the Bayesian inference stage which was implemented using the Markov
Chain Monte Carlo (MCMC) algorithm® and was used to generate samples from the posterior
distribution of the parameter set and the spatial random fields at the data locations; and (ii) a
prediction stage in which samples were generated from the posterior distribution of allele
frequencies at each prediction location on a global 10 x 10 km grid and 5 x 5 km grid across Africa.

Convergence of the MCMC tracefile was judged by visual inspection and verified using the Geweke
convergence diagnostics®’; 1.2 million MCMC iterations were run, with 10% recorded in the tracefile
and the first 30,000 iterations excluded from the mapping stages. During the mapping process, the
posterior distributions were thinned by 88, resulting in 1003 mapping iterations. MCMC dynamic
traces® are available on request.

The model code was written in Python programming language (http://www.python.org), and is

freely available from the MAP’s code repository (http://github.com/malaria-atlas-project/duffy).

MCMC algorithm®®, was used from the open-source Bayesian analysis package PymMC®
(http://code.google.com/p/pymc). Maps were generated using Python and Fortran code, available

from the MAP’s code repository (http://github.com/malaria-atlas-project/generic-mbg).

Model validation procedure.

To assess the plausibility of the model’s multiple outputs, two validation procedures were run to
quantify the disparity between the model’s predictions and hold-out subsets of the data®. First the
frequency of the Duffy negativity phenotype was assessed, a measure determined directly by the
FY*B® allele frequency map. Second, the frequency of heterozygosity was used to consider the
reliability of all three allelic frequency predictions: FY*A, FY*B, FY*B®.
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Selection of the validation sets:

1. Duffy negativity. Three of the five input data types (Genotype, Phenotype, Promoter) directly
inform the frequency of the negative phenotype. A subset of these three data types corresponding
to 10% of the overall dataset (n=84) were randomly selected as a hold-out dataset. The Bayesian
geostatistical model was then implemented in full using the remaining 90% dataset.

2. Heterozygosity. Only molecularly diagnosed data, which assessed expression at both the
promoter and coding-region loci can directly inform the frequency of allelic heterozygosity. This
meant that only the Genotype data could be used in this hold-out dataset (n=73). Due to the small
number of datapoints available, a smaller subset was held-back for validation (n=42), corresponding
to 5% of the overall dataset.

Quantifying model performance

Simple statistical measures were used to quantify the model’s ability to predict pixel values at
unsampled locations by comparing model predictions with the held-out subset of observed values.
The mean error (correlation coefficient between predicted and actual values) was used to assess
overall model bias in the predictions, and mean absolute error (summary of the model’s general
tendency to over/underestimate frequencies) quantified the overall prediction accuracy as the
average magnitude of errors in the predictions®.

Variability of Duffy typing diagnostic methods.

Uncertainty in relation to diagnostic methodology may arise due to a number of factors, each is
discussed in turn.

First, diagnoses have historically been hampered by shortages of Fy® anti-serum, thus leading
authors to ‘guess’ the unknown phenotypes. Across sub-Saharan Africa Fy(a-) samples were
assumed to be Duffy negative samples; outside this region, Fy(a-) individuals were assumed to be
Fy(b+) (e.g. refs 7072
directly through the model design. According to the diagnostic methodology employed, data were

). The obvious uncertainty associated with such assumptions was addressed

categorised into five data types (Table 2) and informed the model accordingly. Our modelling
techniques therefore allow use of the complete dataset for each map without requiring any such
tenuous assumptions to be made.

weak

Uncertainty may arise, however, due to the inconsistently diagnosed Fy(b+"**") phenotype. This low
copy-number variant may pass undetected by some antisera during agglutination assays’>. Ideally,
we would have included this additional locus as a spatially-variable term in the model. However, the
allele’s low frequencies, which are poorly and inconsistently reported, rendered it impossible to map
this variant separately. For reasons discussed in Supplementary Discussion 2, the weakly

agglutinating samples were treated as the Fy(b+) phenotype.
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The second source of diagnostic uncertainty relates directly to the experimental procedures
themselves. The main dichotomy between methods in terms of relative reliability is between
serological methods (assessing phenotypes) and molecular methods (determining genotypes),
corresponding to the greatest potential source of variation. Anticipated levels of variability between
phenotypic and genotypic diagnoses can be ascertained from studies examining samples with
multiple diagnostics. For example, this was recently done by Ménard et al on samples from
Madagascar who found perfect concordance between a combination of phenotype-based methods
(a microtyping kit and anti-sera, and flow cytometry) and molecular SNP analysis™ (n = 661). Similar
correspondence was reported from the range of diagnoses tested on a Brazilian sample:
agglutination tests, flow cytometry analysis and PCR-RFLP DNA analysis and sequencing’®; the same
result was found among UK blood donors’®. These diagnoses therefore support the commonly cited
understanding of a tight phenotype-genotype association with Duffy blood types’®.

The third aspect of diagnostic uncertainty is introduced by experimental error. However, even poorly
preserved blood samples need not necessarily be considered a major source a potential error, due to
the remarkable stability of most blood antigens’. The ability of the antigens to maintain their
integrity over time was demonstrated by the successful agglutination assay applied to six-month old
samples from Papua New Guinea’’ and twelve-month old samples from the Maoris of New
Zealand’®. However, when sample degradation does arise, there is evidence from the literature of
such samples being excluded from analyses (e.g. due to poor refrigeration during transport’®).
Furthermore, results described by authors as likely to contain false-positives (e.g. Livingstone et al in
West Africa’’) were excluded from the present study to conform with the conservative approach

defined in our data abstraction protocols (main manuscript pages 15-17).

We decided not to include diagnostic methodology as a covariate in the model as the model
structure already allows for the differences between antigen and DNA-based methods. These were
the only two diagnostic types encountered: serological anti-serum agglutination tests (n=659) and
DNA-molecular methods (n=162). We therefore considered that little additional information would
have been derived from this addition to the model. It is therefore not possible to quantitatively
determine the level of variation introduced through synthesis of the different methods; however, we
hope to have demonstrated that, within the modelling framework used here, we believe its
influence to be very low.
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Protocol S1. Assembling a global database of G6PD deficiency (G6PDd)

prevalence surveys

S1.1 Overview of database requirements

This document summarises the methodological steps involved in assembling the input
dataset for the mapping model, documenting both the assembly of sources and data
abstraction of survey details into a customised database. The aim of this literature search
was to assemble a database of G6PD deficiency (G6PDd) surveys which would form the
evidence base for the geostatistical mapping model (Protocol S2). A similar search strategy
and data abstraction protocol has been previously described in detail in reference to the
Duffy blood group variants by Howes et al. [1] and malaria parasite rate data by Guerra et al.

[2]. The final input dataset is available for download from: http://www.map.ox.ac.uk/.

S1.2 Library assembly

Extensive efforts were invested in attempting to assemble all available surveys of G6PDd.
These came both from the published and unpublished literature, dating from 1959.
Systematic searches of the online biomedical literature databases PubMed
(http://www.pubmed.gov), ISI Web of Science (http://wok.mimas.ac.uk/) and Scopus
(http://www.scopus.com) were conducted for all articles including the terms ‘G6PD’,
‘glucose-6-phosphate dehydrogenase’ and ‘glucose 6 phosphate dehydrogenase’. Following
duplicate removal, a total of 17,272 unique sources were found to contain these terms. Titles
and abstracts were reviewed conservatively for relevance to the project and, for example,
clinical case reports, laboratory studies and animal studies were excluded. Searches were
then conducted to identify full-text articles of the potentially relevant sources.

Unpublished sources were also identified through contact with the research and medical
communities. In particular, the Filipino Newborn Screening Reference Center (NIH,
Philippines) contributed their universal screening results since 2004 to this study, adding 636
locations to the database. Individuals who shared data with the project are gratefully
acknowledged on the Malaria Atlas Project (MAP) website

(http://www.map.ox.ac.uk/inherited-blood-disorders/acknowledgements/).

S1.3 Dataset inclusion criteria
All sources for which full text copies could be identified were reviewed in detail. Specific
inclusion criteria for the final dataset are detailed below. A schematic breakdown of these

criteria is illustrated in Figure S1.1.
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Online & existing database searches:
‘G6PD’, ‘glucose-6-phosphate dehydrogenase’
& ‘glucose 6 phosphate dehydrogenase’

n = 17,272 online sources
& n = 472 sources from additional searches

Title & abstract review

Exclusion 1: Sources judged unlikely to inform
prevalence mapping study
(n = 16,135 sources)

Full text review
n = 1,609 sources

Exclusion 2: Survey data reported
No data (case reports, patients, secondary/
duplicated data, incomplete/unclear information, full
text article not available)
(n = 1,005 sources)

v

Full data abstraction of remaining sources
n = 604 sources
which described:
n = 2,899 surveys

v

Exclusion 3: geopositioning
Spatially duplicated surveys (n = 117)
Can't locate/no reply from author (n = 255)

Exclusion 4: Gender infomation la
Data not sex-specific (n = 197) I%

Exclusion 5: Spatial specificity

>3,867 km? (n = 422)
I

Exclusion 6: Local representativeness

Unrepresentative (n = 169) II

Exclusion 7: Diagnostic type-T

Molecular, Heinz bodies, GSH stab (n = 5) I

N surveys N sources
(n=1,734) (n=261)
\ \
Male only Both sexes Female only
(n = 667; 38%) (n =1,053; 61%) (n = 14; <1%)

Figure S1.1. Breakdown of the exclusions applied in assembling the input dataset.
Sources include published journal articles, book chapters, published and unpublished reports, etc;
each source may report multiple surveys. Orange rectangles correspond to review steps; blue
rectangles show the number of sources or surveys at each level of exclusion; pale blue indicating
when the decisions are based on full-text review. Diamonds indicate the number of remaining surveys
following each exclusion. The final input dataset, separated by sex, is represented by parallelograms.

"Most of the surveys reporting these methods had already been excluded before this step; this is not a

representative estimate of the number of surveys available using those diagnostic methods.
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A comprehensive protocol was developed to ensure objectivity and consistency in the
abstraction decision-making process across the data-abstraction team [MMH, REH, OAN,
FBP]. All data entered into the database were checked by a second individual and then
reviewed by a senior member of the team [REH or FBP] before inclusion in the model input

dataset.

Sex

To account for the G6PD gene’s position on the X-chromosome and hence its sex-
specific inheritance patterns [3], rates of deficiency were recorded separately for males and
females. Data were then considered separately by the model (Protocol S2). Surveys which

did not report sex-specific data were excluded.

Representativeness

To generate a map showing the overall population prevalence of G6PDd, only surveys of
representative population samples were included. Surveys preferentially selecting individuals
from specific ethnic groups were excluded as these would provide incomplete, and
potentially skewed, information about the overall local frequency of G6PDd. Furthermore,
samples of patients, both with minor ailments and all hospitalised cases, including malaria

patients, were excluded for the same reasons of being potential biased samples.

Spatial specificity

Prerequisite to inclusion in the database is that surveys be geographically specific and
possible to map. Both the latitude and longitude of all surveys, as well as the survey’s spatial
extent, were recorded. A specific mapping protocol has been developed within the Malaria
Atlas Project (MAP) to ensure that a maximum of surveys can be positioned with the
required specificity [1,2]. This involved both the use of online geopositioning gazetteers and
direct contact with authors where online searches failed. Wherever possible, surveys were
mapped to their specific recruitment sites. However, surveys were often reported to
administrative level, rather than village or city levels; administrative level 1 corresponds to
provinces or states, and administrative level 2 to districts. Globally, the sizes of these
administrative divisions are highly variable. Previous MAP databases have used
administrative region levels as a cut-off for inclusion: for instance allowing administrative
level 2 data, but not administrative level 1 or national-level data. To refine the specificity of
the data used here, the G6PD database included the spatial extent of all data points
alongside geographic coordinates. We used ArcGIS Desktop (ArcMap 10.0, ESRI Inc.,
Redlands, CA, USA) to digitise and calculate surface areas of spatial polygons. Where data
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presented were amalgamated from multiple sites, the maximum distance between sites was
measured in Encarta (Microsoft Corporation, Redmond, WA, USA), and the area of the circle
around these was calculated to obtain a conservative estimate of the maximal area
represented. A conservative cut-off, based on the average size of the administrative level 2
regions, was used: 3,867 km?. All surveys with an extent larger than this were excluded from
the database as these were considered too spatially unspecific. This meant that national-
level data from ten countries could be included; these were mostly Pacific islands, but also
Bahrain and Singapore.

Only a single survey estimate could be entered for each pixel on the global grid. All
spatial duplicates were therefore identified and only the survey considered to be most
representative of the contemporary status of G6PD deficiency was included. In selecting
between spatially duplicated surveys, the factors considered were survey date, sample size,
whether both sexes had been tested and the diagnostic methodology. Beutler's SPOT test
[4] and electrophoretic methods [5] were considered more reliable than Motulsky's cresyl
blue dye decolourisation test [6], for example. Spatial overlap was notable in the Philippines,
due to inclusion of the extensively distributed national screening data. To overcome this, all
opportunistic community surveys from the Philippines (n = 27) were excluded, leaving only

the gold-standard universal screening data.

S1.4 Survey diagnostic methods

The International Committee for Standardization in Haematology recommends the
fluorescent spot test for population screening surveys [7]. However, this method requires
some technical equipment and numerous alternative methods are also in wide use to
overcome the constraints of the spot test. There is no single, standardised method in use
today. Furthermore, the methods used are invariably modified by users (for example, in
terms of the cut-off times imposed) and adapted to local conditions and survey constraints;
there is therefore a broad range of methodology employed in diagnosing G6PDd. The
database assembled here recorded key information about the methodology used, and these
were categorised into ten methods (Figure S1.2). Where multiple methods were used, data
from the initial screening method used to test the whole population was recorded; if several

methods tested the full population (rare), then the method deemed most reliable was used.

Phenotypic vs. molecular diagnosis
The central dichotomy within diagnostics lies between molecular and phenotypic tests. As
the objective of this study was to represent clinically significant cases, these were best

detected by assessment of residual enzyme activity levels. In contrast, molecular methods
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look for specific mutations, and their relationship with the expressed enzyme activity level,
and thus their clinical severity, is poorly established in most cases [8]. A further limitation to
molecular methods stems from the numerous mutations in the G6PD gene (186 mutations
catalogued by Minucci et al. in 2012 [9]); most molecular methods search for only a subset
of these, and hence cannot reliably identify all deficiency cases; significant discrepancies in
this regard were recently demonstrated by a comparative study of enzymatic and molecular
methods by Johnson et al. [10]. Surveys diagnosed with only molecular methods were

therefore excluded from the current mapping analysis.

Diagnostic methods reported in the G6PDd database (n = 1,734)
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Figure S1.2. Diagnostic methodology use across the dataset. EAA: enzyme activity assay
(quantitative or semi-quantitative measure of NAPD>NADPH conversion) (47%); BCB: brilliant cresyl
blue test (14%); MRT: methaemoglobin reduction test (12%), SPOT: NADPH fluorescent spot test
(9%), DPIP: 2,6-dicholorophenol indophenol dye test (6%), ELE: enzyme electrophoresis (5%), WST-
8: WST-8/1-methoxy PMS method (3%); MTT-PMS: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H
tetrazolium bromide (MTT)-PMS (1%); NBT: nitro blue tetrazolium test (<1%); MBR: methylene blue
reduction test (<1%). In 2% of surveys, the diagnostic method was not reported or was unclear from

the author description.

Diagnosing deficiency
A number of simple, binary, qualitative/semi-quantitative/quantitative diagnostic kits were

widely recorded across our database, with standardised protocols for many of these
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originally set by the WHO [11], which are all considered adequate for diagnosing deficiency
in males [5,12]. Most of these kits assess the rate of NAPD reduction to NADPH through dye
decolourisation or fluorescence, which informs G6PD enzyme activity. Sensitivity and
specificity of some of the recommended methods has been previously examined and were
found to be very high for males [13,14]. Applying the principle of dye intensity to
electrophoretic gels, detailed diagnoses of particular variants as well as residual enzyme
activity can be ascertained. Enzyme electrophoresis is therefore another reliable diagnostic.
Exceptions to this are the Heinz body test and the glutathione stability tests, which are
indirect, proxy measures of G6PD activity and were not considered to be reliable indicators
[12]. Thus all surveys using these tests were excluded. Enzyme activity levels are the same
for homozygous deficient females as they are in deficient males — all red blood cells in a
homozygous deficient female are affected by the deficiency. Thus diagnosis has been
demonstrated to be equally reliable in homozygotes and deficient males.

Heterozygous deficient females are harder to diagnose reliably due to their mosaic
populations of deficient and wild-type red blood cells. The relative proportions of each cell-
type population are variable and a given genotype may be expressed as a spectrum of
phenotypic levels of deficiency. As a result, the diagnostic cut-off point may therefore
influence the proportion of females found to be deficient in a survey. This is discussed in
further detail in Protocol S5. All model predictions made from these input datasets, however,

must be evaluated with these constraints and uncertainties in mind.

Conclusions

With the exception of Heinz body diagnoses, GSH stability tests and molecular analyses,
all diagnostic methods were included in the study. Diagnostic outcome is influenced by a
number of factors, including variable sensitivity of methods used, variable reaction time cut-
offs used by investigators, and differing levels of residual activity associated with the
numerous genetic variants. A further confounding factor for diagnosis which has not yet
been discussed, is the increased probability of false-positive diagnoses due to anaemia,
which reduces the overall number of red blood cells, and therefore level of G6PD enzyme
per volume of blood; G6PD diagnosis should account for this [15], though rarely does in
most community screening surveys.

While the influence of these issues has, on the whole, been deemed relatively acceptable
for diagnosing males and homozygotes, who tend to have a distinct deficient/non-deficient
status, diagnosing heterozygotes across a spectrum of residual activity levels is less clear-
cut. However, the absence of a single standardised methodological rapid-test suited to mass

surveying, as well as the poor understanding of the genotype-phenotype relationship in
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Figure S1.3. Global distribution of the assembled G6PDd dataset. Panel A shows the distribution
of surveys according to which sex was tested: red where both sexes are included, green if female
data only and black of male data only; Panel B maps the total numbers of individuals (both sexes)
sampled in each survey; Panel C indicates the number of surveys identified from each country; Panel
D maps the spatial extent of each of the surveys. Background map colours in Panels A, B and D

represent the status of the national malaria programme (malaria free or malaria endemic).
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heterozygotes and of the association with haemolytic risk, there is limited potential for
imposing adjustments to the input dataset. The raw survey data was therefore used, with
female data being treated separately from the more reliable male data. The map aims to
represent individuals at greatest risk of G6PD-associated haemolysis. While some
discrepancy risks being introduced due to the difficulties of diagnosing this complex system,
this will only affect a small proportion of borderline heterozygote individuals, with
intermediate deficiency, thus individuals who are not necessarily at greatest risk of
deficiency. In the absence of any standardised methodology for this, we made the
assumption that phenotypic diagnostic test cut-offs would have been calibrated to detect
locally significant levels of G6PDd and that individuals at risk of primaquine-associated

haemolysis (male and female) would be included in this group.

S1.5 The final G6PDd survey dataset

As detailed in Figure S1.1, the original set of references included 17,272 sources from
online database searches and 472 sources from existing databases and personal
communications. From these, 1,734 spatially-unique surveys were identified which met all
our inclusion criteria, 1,289 of which were in malaria endemic countries (MECs) (74%); 97
countries, including 55 MECs, are represented in the dataset. These surveys were reported
from 261 sources, which are listed in the Supplementary References. Table S1 summarises
this final set of studies used to inform the mapping model analysis.

Surveying effort, in terms of number of surveys and number of individuals tested is
strongly biased towards Asia & Europe, with 85% of surveys and 98.6% of individuals

sampled in the Eurasian region. Surveys were tightly clustered across Sardinia, southern
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Appendix to Chapter 4
Table S1. Summary of G6PD dataset characteristics by region. Numbers correspond to
spatially unique community surveys meeting the study inclusion criteria and used in the

Africa Americas Asia & Europe Global
Total surveys Total MEC Total MEC Total MEC Total MEC
169 132 67 56 1,498 1,101 1,734 1,289
Number of countries 28 23 15 9 54 23 97 55
Publication time
1959 - 1969 42 31 22 19 204 50 268 100
1970 - 1979 41 29 14 9 77 59 132 97
1980 - 1989 21 16 8 6 143 110 172 132
1990 - 1999 12 3 12 11 224 60 248 74
2000 - 2011 53 53 11 11 850 822 914 886
Spatial extent (all surveys are <3,867km’)
Admin 0 centroids 1 0 0 0 9 0 10 0
Admin 1 centroids 8 2 0 0 16 4 24 6
Admin 2 centroids 3 3 9 8 62 17 74 28
Admin 3 centroids 0 0 0 0 8 8 8 8
Polygons (>25km’ to <3,867km?) 55 52 13 9 105 51 173 112
Wide areas (>10km” to <25km?) 9 6 8 8 13 8 30 22
Points (lekmz) 88 64 36 30 1,265 999 1,389 1,093
Multiple points 5 5 1 1 20 14 26 20
Data type
Male only 88 56 33 30 546 225 667 311
Female only 0 0 1 0 13 11 14 11
Male & Female 81 76 33 26 939 865 1,053 967
Total individuals sampled
Male 24,528 13,777 | 24,979 20,414 | 2,372,541 2,189,795 | 2,422,048 2,223,986
Female 6,859 5172 5,028 3,374 | 2,017,773 1,973,873 | 2,029,660 1,982,419
Total 31,387 18,949 30,007 23,788 | 4,390,314 4,163,668 | 4,451,708 4,206,405
Survey count by sample size (male + female)
<50 57 44 7 7 258 157 322 208
50 - <100 36 31 13 12 307 201 356 244
100 - <500 63 49 33 26 495 355 591 430
500 - <1,000 9 7 9 7 126 109 144 123
1,000 - <5,000 4 1 5 4 195 171 204 176
5,000 - <10,000 0 0 0 0 49 45 49 45
>10,000 0 0 0 0 68 63 68 63
Mean 185.7 143.6 447.9 424.8 2,930.8 3,782.0 2,567.0 3,263.3
Median 83.0 77.0 147.0 119.5 165.0 231.0 145.0 197.5
IQR 43-160  45-150 @ 90-479  85-419 70-662 80-1009 | 66-551 77 - 759
G6PD deficiency prevalence (male & female data)
Surveys with no G6PDd 22 15 23 20 212 98 257 133
Surveys with G6PDd 147 118 44 36 1,286 1,003 1,477 1,136
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mainland Italy, western Turkey, Sri Lanka, and especially the Philippines from where
national screening data was available. Their distribution, datatype in terms of sex, sample
size and prevalence values are shown in Figure S1.3. All three aspects influence each
survey’s relative influence on the model predictions (Protocol S2). Total numbers of males
and females surveyed were roughly equal (2.4 million males and 2.0 million females). The
distribution of these surveys through time is displayed in Figure S1.4.

A range of diagnostic methods were used to determine G6PD status, with the most common
being enzyme activity assays reported in 47% of surveys (quantitative or semi-quantitative
assessment of NAPD>NADPH breakdown [12], this method is used in the Philippines, which
made up 36% of the dataset); other diagnoses were qualitative or semi-quantitative:
Motulsky and Campbell-Kraut's [6] brilliant cresyl blue dye test (14% surveys globally);
Brewer’s [16] methaemoglobin reduction test (12% surveys globally); Beutler's [4] NADPH
fluorescent spot test (9%); and Bernstein’s [17] DPIP method (6% surveys globally) (Figure
S1.2)
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Temporal distribution and size of surveys per country (African MECs)
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Figure S1.4. The temporal distribution of surveys by country, in African MECs (Panel A), MECs
of the Americas (Panel B) and of Europe and Asia (Panel C). Data point colour and size reflect the
total number of individuals tested in each survey. The date corresponds to the date of publication, as
survey dates were not consistently reported.
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C Temporal distribution and size of surveys per country (Asian and European MECs)
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S1.6 Defining Malaria Endemic Countries (MECs) limits

In considering the risk that primaquine carries for G6PDd individuals, this study is
concerned with the condition’s prevalence within areas of malaria endemicity. Outside these
regions, primaquine will not be used routinely, and is most likely to be prescribed from
hospitals, where facilities for G6PD activity testing are more likely to be available. The public
health interest in this map is anticipated to be greatest in areas where point-of-care testing is
unavailable. Furthermore, few G6PD surveys were available outside historically malaria
endemic regions (including current MECs and the Mediterranean regions), which would have
made predictions for these data-sparse regions much less reliable.

200



Appendix to Chapter 4

At the low end of transmission, classifying a country’s malaria endemic status can be
difficult and contentious [18], and is ultimately dependent upon meeting the administrative
WHO certification criteria. The G6PDd map presented here is most applicable to countries
with large-scale programmes, rather than targeted individual hospital-based treatment, as is
likely to be the case in countries where malaria is very rare. The MAP’s Plasmodium
transmission mapping initiatives [19-21] do not consider countries with very low endemicity
where transmission is limited to small, sporadic foci stimulated by imported cases (including
Algeria, Armenia, Egypt, Jamaica, Russia and Syria), to be usefully included as endemic in
mapping terms. The MAP therefore considers 99 MECs [21] (including Mayotte, a French
overseas department). We focus this G6PDd mapping effort to the MAP MEC limits where
large-scale primaquine use is still appropriate and point-of-care G6PDd testing likely to be
rare. Countries targeting national elimination were identified from the 2011 Atlas of Malaria-
Eliminating Countries [22] and included 35 of the MECs considered in this study (Figure
S1.5).

o _._._,.,..-\A-;__kf?a"ihm‘

i

+  GBPDd suveys
//‘/ Malaria eliminating countries
Malaria endemic countries

: | Malaria free

Figure S1.5. Malaria endemic country limits used for mapping G6PDd. Grey areas denote
malaria-free regions; yellow areas are malaria endemic (n=99 countries), with hatches indicating

those countries targeting malaria elimination (n=35) [22].
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Protocol S2. Model-based geostatistical framework for predicting G6PDd

prevalence maps

This protocol provides information about the geostatistical model used to map the
prevalence of G6PDd. The general principles of model-based geostatistics have been
previously described by Diggle and Ribeiro [1]. The general framework of the model used
here has been fully described by Piel et al. in application to HbS mapping [2], though specific
adaptations to that model were made to reflect the G6PD gene’s sex-linked inheritance

mechanism.

S2.1 Model requirements in relation to G6PD genetics

The G6PD gene is carried on the X-chromosome, meaning that males inherit only a
single copy of the gene (“hemizygotes”). In contrast, females have two copies so may carry
two wild-type alleles or two deficient alleles (“homozygotes”), or a combination of one wild-
type and one deficient (“heterozygotes”). The relative frequencies of each of these
genotypes can be predicted if populations are assumed to be in Hardy-Weinberg equilibrium
[3,4], where g represents the frequency of deficient alleles, making (1 —gq) the allele
frequency of normal G6PD expression. The overall population allele frequency corresponds
to the frequency of male hemizygotes. As a consequence, the frequency of female
homozygous deficiency expression corresponds to g2, and 2q (1 —q) in heterozygotes.
However, for reasons discussed in Protocol S5, the heterozygous female genotype is often
not expressed as phenotypically deficient, so only a proportion of genetically heterozygote
females are identified in surveys and reported as deficient cases. There is therefore a
genotype-phenotype disjunction between frequencies of observed deficient females and
expected deficient females based upon Hardy-Weinberg derivations from frequencies of
deficiency in males.

The model requirements were therefore to incorporate prevalence data relating to both
males and females; and from this input dataset to generate continuous frequency estimates
across malaria endemic countries (MECs; Protocol S1) with quantified uncertainty measures
for rates of deficiency in (i) males, (ii) homozygous females, and (iii)) all females — this final
category being the combination of all homozygotes and the proportion of heterozygotes

expected to be diagnosed as phenotypically deficient.
S2.2 The model

In this section, we describe our Bayesian spatial model for the G6PDd allele frequency

surface q(.). q takes as its argument an arbitrary location on the Earth’s surface. The
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posterior [q] induces a posterior [qq] for the homozygous frequency surface qq(.). We
computed summaries of [q(x)] and [qq(x)], such as the mean E and the variance V, at each
location x, to produce the maps relating to G6PDd allele frequency. Predictions of expected
genetic heterozygotes [{2q(1 — q)}(x)] were adjusted to reflect the observation that many
genetic heterozygotes are not phenotypically deficient. A deviance term, h, was determined
by the model from the input data to represent the predicted deviation from the expected
rates of genetic heterozygotes (see Likelihood). National and regional level prevalence of
G6PDd in males and females was then computed from the model posterior distributions, as

described in Protocol S4.

Prior
We model g as a nonlinear transformation of a Gaussian random field [5,6] f(.), plus a
random field (.) that associates an independent normally distributed value with each

location on the earth’s surface. Specifically,

q() = g(f(0) +e(x)

The link function g maps the random variable f(x) + &(x), which can be any real number,
to the interval (0,1), so g(x) can be used as a probability or prevalence. We used a non-

standard link function, which is described below.

The prior for f is parameterized by the constant mean function M(x) =m, and the
standard exponential covariance function Cov(x,y) = ¢? expwwith amplitude parameter
¢ and range parameter 6. The distance function d gave the great-circle distance between x
and y, unless x was on a different side of the Atlantic ocean to y, in which case it returned
co. This modification prevented data in Africa from unduly influencing the east coast of south

America. Suitable priors were assigned to the scalar parameters m, ¢ and 9:

p(m) < 1
¢ ~ Exponential(.1)
0 ~ Exponential(.1)|(6 < 0.5)
f ~GP(M,Cov)

GP indicates a Gaussian process. The units of x, y and 6 are earth radii, and m and ¢
are unitless. The unstructured component &(x) is modelled as normally distributed with

unknown variance V:
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V ~ Exponential(.1)

e(x) iid Normal(0,V)

The distribution parameters for h, the deviance term from expected Hardy-Weinberg

deficiency rates in heterozygous females were defined by a and S, where:

h ~ Beta(a, 8)
a ~ Exponential(.01)
B ~ Exponential(.01)

Likelihood
Separate likelihoods were defined for males and females, in accordance with their

different inheritance mechanism of the G6PD gene.

In males: The frequency of G6PDd in males corresponds to the population allele
frequency of deficiency, g. If n; male individuals are sampled at the i"™ observation location
o0;, the probability distribution for the number k; of copies of the G6PDd allele that will be
found is binomial, with probability q(o;):

k; ~ Binomial(n;, q(0;))

In females: Under the assumptions of Hardy-Weinberg equilibrium [3,4], if n; female
individuals are sampled at the i" observation location o; (for a total of 2n; chromosomes),
the probability distribution for the number k; of G6PDd females is binomial, with probability
q(0;):

ki~ Binomial(2n;, h;(2q(0:)(1 - q(0y))) + q(0)%)

Flexible link function and empirical Bayesian analysis
The link function g for binomial data is usually taken to be the inverse logit

function:

exp x

_ =100 —
g(x) = logit™ (x) T+ expx

Piel et al. [7] employed this model. Applying the change of variables formula, the induced

prior for q(x) is:
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p(q(x)) =

1 . | ;
@1 -q0) Normal(logit(q(x));m, % + V)

Note that this is essentially a two-parameter family of probability distributions, since ¢
and V appear only in the sum.

Under this model, in areas where data points are highly clustered the best fitting values
of m and ¢2 + V result in long right-hand tails for the predictive distribution of prevalence in
the next observation at x, thus skewing the summary statistics to give implausibly high
predicted median values. To overcome this problem, we used an alternative flexible link

function:

jx) = i(zixi
=0

g =logit™t°j

We were unable to infer ¢; jointly with the other model parameters in a fully Bayesian
manner due to poor MCMC mixing, so we adopted an empirical fitting approach inspired by
data pre-processing steps employed in classical geostatistics. This improved the fitting of the

model to the data and is described in more detail below.

Empirical Bayesian approach to fitting the polynomial coefficients
For each observation of n; males tested and k; deficient males identified, we first
obtained the posterior expectation of the gene pool-wide prevalence of G6PDd with uniform

prior density on [0,1]:

We discarded values for which n; was below 25. Then, we inferred the parameters m and

V of the non-spatial Bayesian model:

1 _
) = | |ﬁNormal logit(p,); m,V
PP pl(l - pl) ( T )

i

We then plotted the posterior predictive cumulative distribution function (CDF) of logit(p)

against its empirical CDF, and fitted the coefficients ¢ of the cubic polynomial function j to
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the points using least squares, subject to the constraint that j must be invertible (or,
equivalently, monotone).
The polynomial coefficients for such a function are specific to the dataset. The set of

coefficients used, corresponding to an invertible function and fitting the empirical CDF was:

y = 0.15200304x3 + 1.12465599x2 + 0.03658898x + 0.00342442

In the Bayesian analysis of the full spatial model, the fitted values of ¢ were taken as
known and fixed. Although this empirical procedure is admittedly informal, the resulting non-

standard link function did substantially improve the fit of the model to the data.

Prior predictive constraint

The G6PDd database was largely composed of opportunistic community surveys. As
such, data points were unevenly distributed across the malaria endemic region (Figure
2.1A), and the model had to be adapted to this. Inclusion of the highly clustered datasets,
particularly in the Philippines, did not appear to alter predictions across the rest of the map.
In contrast, high and low latitude areas which were sparse in data (such as northern China
and Argentina) were very hard for the model to predict, generating implausibly high
population estimates of G6PDd prevalence. Based on our knowledge of the distribution of
G6PDd from existing maps [8-10], it seemed reasonable to assume that G6PDd was at low
prevalence in these areas, supporting the principle that most surveys will have been
conducted where G6PDd was expected to be found. To introduce this into the model, we
decided to constrain ¢, m and V in such a way that the prior predictive distribution of g(x),
before the data are incorporated, puts probability mass of 1x10™ or less on values in excess
of 0.0001. In other words, we constrained 99.99% of the prior predictive probability mass to
be between allele frequencies of 0% and 0.01%.This constraint arguably induces a lack of fit
by forcing f(x) to depart from its prior mean by many standard deviations in areas where
G6PDd allele frequency is known to be high; but it does remedy the implausibly high
predictive values in the data-sparse edges of the map, and does not seem to adversely
affect the fit in areas of non-zero allele frequency. A detailed explanation of this process is

given by Piel et al. [2].

S2.3 Model implementation
As previously described [11], implementation of the modelling and mapping procedure

was divided into two computational tasks: (i) the Bayesian inference stage was implemented
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using the Markov chain Monte Carlo (MCMC) algorithm [12,13] and was used to generate
samples from the posterior predictive distribution (PPD) of the parameter set and the spatial
random fields at the data locations; and (i) a prediction stage in which samples were
generated from the PPD of G6PDd frequencies at each pixel on the 5x5 km grid, as
described below in Protocol 2.5.

The scalar parameters ¢, m, 8 and VV were updated jointly using Haario, Saksman and
Tamminen's adaptive Metropolis algorithm [14], as implemented by PyMC’s
AdaptiveMetropolis step method. Each value of g(0;) at observation location o; was updated
separately using the standard one-at-a-time Metropolis algorithm. The distribution of the
Gaussian random field at the observation locations, {f (0;)}, is conjugate to the distribution of
{e(0;) + f(0;)}, so we updated {f(o0;)} by sampling from its full conditional distribution.
MCMC output parameter values are summarised in Table S2.1.

Convergence of the MCMC tracefile was judged by visual inspection; one million MCMC
iterations were run, with 10% recorded in the output tracefile, the first 50,000 iterations of
which were excluded from the mapping stages. During the mapping process, the posterior
distributions were thinned by 100, resulting in 500 mapping iterations. MCMC dynamic
traces are available on request.

The model code was written in Python programming language (http://www.python.orq),

and is freely available from the MAP’s code repository (https://github.com/malaria-atlas-

project and https://github.com/RosalindH/g6pd). The MCMC algorithm was used from the

open-source Bayesian analysis package PyMC [15] (http://code.google.com/p/pymc).

S2.4 Overview of mapping procedure

The output algorithm from the MCMC was used to generate PPDs for each model output
at all pixels in the MEC 5x5 km grids. The PPDs can be used to determine the most
probable prevalence estimate at each pixel [5], these were summarised for each pixel as
median values, together with the PPD’s interquartiie range (IQR). The median was
determined to be more representative than the mean value, due to the PPD’s right-hand
skew, inflating the mean values of the predictions. Maps were generated using Python and

Fortran code, available from the MAP’s code repository (http://github.com/malaria-atlas-

project/generic-mbg) and subsequently displayed in GIS software (ArcMap 10.0, ESRI Inc.,
Redlands, CA, USA).
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S2.5 Uncertainty

Uncertainty metrics.

The MCMC and derived map predictions are directly informed by the evidence-base of
surveys. However, there is usually some level of disparity within this database (i.e. in
clustered areas) and between the database and the map predictions. The relative influence
of each point’s influence on the model predictions is moderated according to the data points’
sample size (through a binomial model previously described [11]), their spatial distribution
and the level of heterogeneity in the frequencies identified between neighbouring data
points. These three factors influence the model’'s ability to predict frequencies, which are
then reflected in the spread of the PPD. The precision of the PPD is an indicator of the
representativeness of the summary statistic used (in this case median values) [5] and is
guantified here by the interquartile range (IQR) of the PPD, thus corresponding to a 50%
probability class. However, because the values of the IQR are affected by the underlying
G6PDd prevalence levels, with IQR generally increasing with prediction values. The IQR
was therefore also standardised against the median map to produce an uncertainty index

less affected by the underlying prevalence levels and more illustrative of relative model

R
ian

performance driven by data densities in different locations (M:?l ). Maps of both uncertainty

metrics are presented for comparison (Figure S2.1).

Uncertainty maps.

Greatest absolute variation in the predictions (Figure S2.1B) was found from areas of
relatively high predicted frequencies and low input data availability (Figure S2.1A),
specifically southern Pakistan, the central Sahel region across Chad and Sudan, and
southern central Africa (Democratic Republic of Congo (DRC), Zambia, Malawi, southern
Tanzania and Mozambique) and Madagascar. Model predictions for these areas should be
interpreted with caution; additional surveys from these areas would enable more robust

predictions.

Adjusting the IQR values to the predicted median frequency values gives a representation
of the relative variability in the PPD (Figure S2.2B). The greatest relative prediction
uncertainty is in peripheral transition regions, such as the Horn of Africa and southern Africa
— where prevalence drops relative to surrounding areas. The high IQR region across DRC
and neighbouring areas is not so pronounced in the proportional map. Greater uncertainty is
shown across the Americas, previously masked in the raw IQR map (Figure S2.2A). The
large proportion of northern China which is uninformed by data has very high relative

uncertainty, reflecting an uncertainty in the model about where exactly to bring down the
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prevalence predictions to the very low levels predicted across the north of the country. An

equivalent increase in uncertainty and associated data absence is seen on Borneo.

These two uncertainty metrics complement each other, allowing interpretation of
confidence in the map predictions and can be used to identify areas where additional data

would be most informative towards improving our understanding of G6PDd prevalence.

Parameter Symbol Mean Median St. Dev. IQR 95% BCI
Nugget variance vV 0.239 0.226 0.080 0.037 0.190
Amplitude (or partial sill) [0) 3.422 3.426 0.202 0.213 0.919
Scale (or range) 0 0.498 0.499 0.003 0.002 0.007

Table S2.1. MCMC output parameter values. Summary values of the model parameters, as fully
described in Protocol S2. Summary statistics of the MCMC output include mean, median, standard
deviation (St. Dev.), interquartile range (IQR) and the 95% Bayesian credible interval (95% BCI).
Scale is measured in units of Earth radii; other parameters are unitless.
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Figure S2.1. Prediction uncertainty metriés. Panel A shows the input surveys database. Panel B is
the interquartile-range (IQR) of the PPD of male G6PDd prevalence, representing absolute values of
map uncertainty. The map in Panel C was derived directly from the IQR map, adjusted to the median

values.
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Protocol S3. Model validation procedures and results

To assess the model's predictive ability, a validation run was used to quantify the
disparity between the model’s predictions and a hold-out subset of the data [1,2,3,4]. The

disparities were quantified to summarise general trends in the model’s predictions.

S3.1 Creation of the validation datasets

To ensure that the validation metrics were representative of the overall model
performance, it was necessary to ensure that the validation dataset was also representative
of the full predicted surface. However, the dataset included some strong spatial clustering of
surveys where small geographic areas had been heavily surveyed (e.g. the Philippines, Sri
Lanka and the Kenyan coast). To ensure that data points from these areas (which are
inherently more likely to be easier to predict, even with expected heterogeneity in allele
frequency) were not over-represented in the validation procedure, a spatial-declustering
sampling procedure was applied to the dataset. The details of this procedure have been
previously described by Hay et al. [5]. This increased the probability that isolated samples
will be included in the hold-out dataset, thus corresponding to areas which will be harder for
the model to predict. A spatially-declustered 5% subset of the data (n=86) was therefore
withheld from the validation MCMC, which was run with the remaining 95% (n=1,648) of the
dataset (Figure S3.1A). It was not possible to use a hold-out sample larger than 5% with the
declustering algorithm as the remaining dataset would have been too sparse to allow
plausible mapping, thus making the validation process unrepresentative.

A second validation procedure was run with a randomly selected 10% subset of the data
(n=173). Selecting the dataset at random meant that the geographical distribution of the
hold-out dataset was more likely to be representative of the distribution of the overall dataset
(Figure S3.1B).

S3.2 Model validation methodology

The Bayesian geostatistical G6PDd model was implemented in full with the thinned
datasets (n=1,648 and n=1,561). This generated full PPDs, predictions from which could be
compared with those in the hold-out datasets (from n=86 and n=173 locations, respectively),
with differences summarised with simple statistical measures. Mean error was used to
assess the model's overall bias, and the mean absolute error quantified the overall
prediction accuracy as the average magnitude of errors in the predictions. These are fully
described by Hay et al. [5]. A scatter plot was also generated as a visualisation of the

correspondence between the predicted and actual values.
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As well as considering the model’s ability to predict point estimates, it was also important
to assess the extent to which the model PPDs provided a suitable measure of uncertainty. A
previously developed process [3,6,7] was used to test how well the validation sets of n=86
and n=173 PPDs captured the true uncertainty in the model output. Credible intervals (Cls)
define a range of candidate values associated with a specified predicted probability of
occurrence. Working through 100 progressively narrower Cls, from the 99% CI to the 1% ClI,
each was tested by computing the actual proportion of the hold-out prevalence observations
that fell within the predicted ClI. Plotting these actual proportions against each predicted Cl

level allowed the overall fidelity of the PPDs at the hold-out data locations to be assessed.

The bespoke dataset spatial declustering code and validation code are freely available

from the MAP online code repository (https://github.com/malaria-atlas-project/generic-mbq).

S3.3 Validation results

The declustered validation data subset was a more stringent validation test than the
randomly selected dataset, as the model’s predictive ability was being preferentially tested in
areas where fewer data were available to inform the predictions (Figure S3.2 and Table
S3.1). The mean error values reveal a slight tendency to overestimate G6PDd frequency by
1.45% and 0.17% in the declustered and randomly selected validation runs respectively. So
although the model has relatively low overall prediction bias, the magnitude of the variance
between the predicted and observed prevalence can be more substantial, as indicated by
mean absolute errors of 4.07 and 3.48%. These larger discrepancies may be due to the
absence of nearby data points and to local heterogeneity in G6PDd values.

The probability-probability plots comparing predicted quantiles with observed coverage
fractions (Figures 3.2C-D) show the fraction of the observations that were actually contained
within each predicted CIl. These plots show a good degree of fidelity in the predicted
guantiles, indicating that the IQR measures used to represent uncertainty are a good

representation of the model predictions.

Validation metric Declustered 5% Random 10%
Hold-out dataset n=86 n=173
Thinned dataset n=1,648 n=1,561
Mean error 1.45% 0.17%
Mean absolute error 4.07% 3.48%

Table S3.1. Summary of the validation statistics. Values are given in % frequency of G6PDd.
Mean error statistics summarise the model’'s overall predictive bias (over/under-estimating); mean

absolute errors indicate the magnitude of those errors.
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Figure S3.1. Distribution of the hold-out data subsets used for model validation. Red points are
those held-out from the model run and used for validation of the model’s predictions based on the
remaining thinned dataset (black data points). Panel A shows the spatially declustered 5% hold-out

dataset; Panel B shows the randomly selected 10% hold-out dataset.
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Figure S3.2. Model validation plots for both validation processes. Panels A and C correspond to
the declustered 5% hold-out (n=86), B and D are the randomly selected 10% hold-out (n=173).

Panels A and B are scatter plots of actual versus predicted point-values of G6PDd. Panels C and D

show the probability-probability plots comparing predicted credible intervals with the actual

percentage of true values lying in those intervals. The 1:1 line is also shown for reference.
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Protocol S4. Demographic database and population estimate procedures

Both G6PDd prevalence and population density are heterogeneous in their distributions.
To reflect both these sources of spatial variation in our estimates of G6PDd populations, we
used high resolution population density grids to weight the G6PDd predictions and generate
a single representative predictive posterior distribution (PPD) and summary prevalence

estimates for each national and regional area of interest.

S4.1 GRUMP-beta human population surface

We used the Global Rural Urban Mapping Project (GRUMP) beta grids of population
counts rescaled to a 5x5 km spatial resolution (from the original 1x1 km resolution), adjusted
to UN national population total estimates for 2010 [1,2,3]. National-level sex-ratio population

data were also taken from the UN World Population Prospects [4].

S4.2 Areal prediction procedures

To account for model uncertainty, the full MCMC tracefile, and not simply the mapped
median values, was used to estimate aggregated population numbers affected by G6PDd
[5]. The areal prediction model is fully described by Piel et al. [6], but a brief conceptual
overview is given here. The model aimed to generate a summary description of G6PDd
prevalence across each country and regional MEC aggregation of interest. The model
sampled the MCMC tracefile repeatedly from the population-weighted selected sites across
the areal region of interest (30,000 and 1,000 spatial points from the MEC regional and each
national area, respectively). The model weighted the G6PDd estimate according to
population density (at a 5x5 km grid resolution), thus generating a single summary PPD for
the overall region. Each summary prevalence estimate was then related to the total
population estimate for 2010 from that region, accounting for the national sex-ratio [4]. The
PPDs allowed us to quantify the predictions’ uncertainty as done with the summary maps.

As with the summary allele frequency map, summaries of the areal-prediction PPDs are
given as median and IQR values (Supplementary Table S1 and S2). However, it is important
to note that the sum of median values is not equivalent to the median of sums [5]. As a
result, differences can be observed between the regional and the sums of national G6PDd
population median estimates in the region.

Median values were also used to derive the homozygous frequencies directly from the
areal allele frequency estimates (as opposed to from the full MCMC, as in for the male & all
female estimates) as these corresponded to the estimates which would have been
generated if we had used the full pixel-level method of estimation of homozygosity rates.

Additionally, to generate Monte Carlo standard error estimates of the areal prediction model,
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these were repeated ten times for each national spatial aggregate and five times for the
regional aggregates. The variation around the mean of each set of repeated summary
statistics (mean, median, 25% and 75% quartiles) is given as standard errors (SE) in
Supplementary Table S2.

The code used to implement this analysis is freely available at https://github.com/malaria-
atlas-project/.
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Protocol S5. Predicting the prevalence of G6PDd in females

S5.1 Overview of G6PDd in females

The implications of the G6PD gene’s position on the X-chromosome on its genetics and
inheritance mechanisms are particularly pertinent to estimates of the prevalence of G6PDd
in heterozygous females. Reasons for these complexities have been previously reviewed [1-

3], and are briefly discussed here.

S5.2 Heterozygous G6PDd expression and diagnosis

In a population at Hardy-Weinberg equilibrium where G6PDd allele frequency is <0.5,
prevalence of heterozygous females will be higher than that of affected males [4]
(frequencies >0.5 were not identified during our data searches apart from one instance
where individuals tested was n<10). However, not all heterozygous females express a
phenotypically significant deficiency; the difficulty of diagnosing deficiency in females, and
extrapolating these figures to national levels has been previously discussed [5].

The gene’s X-chromosome genetics means that heterozygotes have a mosaic-effect of
G6PD expression, with two populations of red blood cells — those expressing the wild-type
G6PD gene, and the rest bearing the deficiency [6]. This is due to the phenomenon of
Lyonization whereby only one X-chromosome is actively expressed in each cell [7].
Lyonization is a random process and the resulting proportions of normal and deficient cells
may deviate significantly away from the expected 50:50 ratio [3], leading some
heterozygotes to have virtually normal expression, and others with expression levels
comparable to female homozygotes (i.e. entirely deficient). Enzyme expression is therefore
mixed, and inherently hard to predict based on genotype. Depending upon the ratio of the
two cell populations, only a minority of heterozygotes will be clinically deficient and thus
identified by the standard enzyme deficiency tests which usually detect deficiencies below
about 20% of normal wild-type expression levels. Therefore, while deficiency may be readily
diagnosed in homozygous females, heterozygote expression is variable and harder to
determine.

As well as mosaic-expression of G6PD, the variability of expression among
heterozygotes is partly attributable to the diversity of G6PD mutations, as many as 160
genetic variants have been described [1]. These cause a spectrum of deficiency levels, from
<1% normal activity levels to having no discernible effect on enzyme activity [1]. As a result,
the residual enzyme activity levels in females will reflect this range; the proportion of
enzymatically deficient heterozygotes will therefore be spatially variable, determined by the

local molecular variants [8].
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lllustrating these issues, the diagnostic sensitivity of the WHO-recommended fluorescent
spot test was found to be only 32% (with 99% specificity) for heterozygote detection [2].
Although a few biochemical tests have been described which are better suited to detecting
heterozygosity, such as G6PD/6PDG and G6PD/PK ratio analysis, and the cytochemical
G6PD staining assay [2,9], these are impractical for large-scale, field-based population
surveys, and rarely used.

Whilst acknowledging that the common phenotypic tests have low sensitivity in detecting
heterozygotes, and therefore that a large proportion of genotypically deficient individuals will
escape identification, the aim of the population estimates presented in this paper is to
represent the prevalence of individuals with clinically significant deficiency, as determined by

the common phenotypic diagnostic tests.

S5.3 Overview of female data in the G6PD database

Of the 1,734 locations reporting rates of G6PDd in the database, 1,067 (62%) reported
rates in females, with only 14 giving rates in females exclusively. The map in Figure 2A in
the main paper shows their geographic distribution, and that of the male-only data. The
prevalence values reported for females ranged from 0% (in 301 of the 1,067 female surveys)
to 51% (from a survey of 100 females in the Solomon Islands [10]). Prevalence estimates in
females are compared to those in males in Figure S5.1. As would be expected, there is a
general correlation between prevalence in males and females in the same population (R* =
74.9%). Female estimates tend to be lower than those in corresponding male samples,

though these patterns are heterogeneous.
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Figure S5.1. Observed G6PDd prevalence in males and females. Data points are from database
raw data. Only surveys sampling both sexes and with sample sizes =50 are included in these plots (n
= 725). Panel A summarises the overall deficiency prevalence estimates; Panel B plots the observed
co-occurring male and female prevalence estimates. Panel B also shows the 1:1 line (dashed red

line) and the line of best fit (continuous blue line).
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For reasons previously discussed (Protocol S2), estimates of the prevalence of
homozygosity can be calculated using simple rules of inheritance (q2). It is therefore
possible to subtract this predicted number of homozygous females, who are highly likely to
be phenotypically deficient, from the overall observed number of deficient females, and
compare prevalence of observed and expected genetically heterozygous females (2pq)
(Figure S5.2). This provides an estimate of the observed deviance in heterozygous
expression away from expected Hardy-Weinberg proportions. This deviance corresponds to
h — an estimate of the proportion of heterozygous females who will not be diagnosed as

phenotypically deficient (Protocol S2).
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Figure S5.2. Comparison of expected and observed heterozygous rates. Expected heterozygous
estimates are the calculated directly from the G6PDd frequency in males: Expected = 2 X q X (1 — q).
The observed heterozygous prevalence is estimated as the difference between the total observed
G6PDd females and the expected proportion of homozygotes based on male G6PDd frequency:
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sizes 250 are included in these plots (n = 725). Panel B shows the 1:1 line (dashed red line) and the

line of best fit (continuous blue line).

S5.4 Modelling phenotypic G6PDd prevalence in females.
When modelling the prevalence of G6PDd in females, the female population affected was
considered as two distinct populations: homozygotes (whose prevalence was estimated

directly from the population allele frequency (g?), with the assumption that gene inheritance
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is in Hardy-Weinberg equilibrium) and heterozygotes (a proportion of whom will be
phenotypically deficient). The discordance between genetic heterozygosity and phenotypic
deficiency complicates the modelling of heterozygous prevalence significantly [2,11]. In their
most recent estimate of affected heterozygotes [5], the WHO imposed a fixed threshold of
10% of heterozygotes being phenotypically deficient, as did the more recent study by
Nkhoma et al. [12]. However, the flexibility of the Bayesian model developed in this study
meant that we could give the model the freedom to determine this threshold based directly
on the input dataset. The expected variability in this threshold (Figure S5.3) indicated that
imposing a single threshold was not the most appropriate method; instead, the observed
variability supported the use of the spatially-variable deviance term, h, to moderate the
number of heterozygotes likely to be deficient, as determined by the input dataset. A detailed

description of these aspects of the model is given in Protocol S2.
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(1 — q)] diagnosed deficient [Observed = Female G6PDd prevalence — q?], in boxplot (Panel A) and
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19.5% (IQR: 10.0% — 36.6%). Only surveys sampling both sexes and with sample sizes 250 are
included in these plots (n = 725).

224



Appendix to Chapter 4

S5.5 Maps of G6PDd in females and population estimates

The spatial patterns of female G6PDd prevalence correspond to that for the allele
frequency map (Figure 2B), and female population estimates, aggregated to national and
regional areas, are given in Table 1 and Supplementary Table S1. The estimates of female
homozygotes may be considered a highly conservative estimate of the overall number of
females affected; in reality a proportion of heterozygotes will also share the G6PDd
phenotype. Although G6PDd is frequently considered to be rare in females, it is clear from
the assembled database and derived modelled population estimates that in many areas an

important proportion of females will also be affected.

Figure Sb5.4 displays the estimated proportion of expected G6PDd heterozygotes
(applying the Hardy-Weinberg equations to the median national summary estimates); while
the WHO imposed a 10% threshold, the model developed here derived this threshold directly
from the input data, with the flexibility for spatial variation. Across the predicted national
predictions, a median proportion of 26.4% (IQR: 25.2-27.6) expected heterozygotes were
predicted to be phenotypically deficient (Fig S5.4).
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Figure S5.4. Proportion of expected heterozygote females predicted by the model national
population estimates. Panel A plots the proportion of expected heterozygotes (derived from the
model national estimates of allele frequency) predicted to be deficient; Panel B summarises the
various heterozygote diagnostic cut-off limits: the boxplot data are of the input data points (n=725)
[median value: 19.5% (IQR: 10.0-36.6)]; the red line represents the WHO [5] and Nkhoma et al. [12]
10% cut-off threshold, and the blue lines summarise the model's national heterozygote population
predictions [Panel A: median value: 26.4% (solid line) (IQR: 25.2-27.6; dashed lines)]
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S5.6 Improving the map of G6PDd in females

Although we present population estimates of affected females, these estimates are
largely dependent upon the input dataset of surveys, and are therefore vulnerable to the
same limitations as those original population survey diagnoses. While most methods are
considered broadly equivalent for determining male hemizygote and female homozygote
expression (Protocol S1), skewed X-allele inactivation [13] leaves the female heterozygous
phenotype more ambiguous to diagnose and therefore harder to model [2,14]. This
relationship is spatially variable, and ill-defined; presumably dependent upon the severity of
the genetic variant, the Lyonization skew (which determines the relative proportions of
deficient and normal genes in the mosaic of G6PD erythrocytic expression [6]), and,
importantly, the sensitivity of the enzyme activity test used. It is well established that the
proportion of heterozygotes identified from phenotypic tests is variable [15,16]. However, in
terms of primaquine use, we make the assumption here that the proportion of deficient
heterozygotes who are at risk of significant clinical side-effects will all be identified by the
majority of tests; and that the border-line cases who may or may not be diagnosed,
depending on the tests, will be at lower risk of severe reactions and thus not of main concern
to policy-makers. However, this assumes that enzyme activity correlates with clinical

severity, which has not yet been demonstrated [17].

The evidence-based, modelled estimates presented here for affected females are the first
to be published, previous efforts having relied on a single pre-determined cut-off threshold
[5,12]. However, these estimates constitute only a first attempt; standardising the diagnostic
methods used, and developing better datasets and models for predicting phenotypic
heterozygote expression from allele frequency data are necessary to improve the estimates

for affected females.

Finally, further clinical data are required to understand the association between local
enzyme activity level and risk of haemolysis, as well as relating this information to relative
risk associated with different G6PDd allele frequencies. The model here relies on the
diagnostic tests having appropriate cut-off limits, but the model could be refined if a better

understanding of these relationships were available.
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Appendix to Chapter 4

Table S3. Reported observations of Class Il and Ill G6PD variants from malaria
endemic countries. Only MECs for which data were available are listed (n = 54 of 90 MECs).

The A- variant includes mostly variants carrying the 202 G—A and 376 A—G mutations; but also
some diagnoses determined only from the 202 locus (in cases where only the 376 A—G mutation was
identified (G6PD A), the record was not included here as that mutation is from Class 1V), as well as

the 680 G—T/376 A—G and the 968 T—C/376 A—G variants.

Country Number of Class Il variants Class Ill variants
occurrences
African MECs

Angola 1 A-[1]

Benin 1 A-[2]

Burkina Faso 4 A- [3-5]

Cameroon 8 A-[6,7]

Cape Verde 1 A- [8]

Central African 1 A-[9]

Republic

Comores 2 Mediterranean [10] A-[10]

Congo 1 A-[11]

Cote d’Ivoire 4 A-[7,12,13]

DR Congo 1 A- [14]

Gabon 3 A-[7,15,16]

Ghana 7 A- [5,16-20]

Guinea 2 A-[21]

Kenya 6 A- [5,22-24]

Malawi 4 A-[25-27]

Mali 6 A-[5,7,28-30]

Mauritania 1 A-[7]

Mozambique 2 A- [31]

Namibia 6 A-[32,33]

Nigeria 21 A-[5,14,16,23,34-43]
llesha [44]

Rwanda 1 A- [45]

Sao Tome and 1 A- [46]

Principe

Senegal 7 Santamaria [47] A-[7,47-51]

Sierra Leone 2 A- [52]

South Africa 2 Mediterranean [53] A-[14,33]

Sudan 7 Mediterranean [54] A- [54-59]

The Gambia 8 Santamaria [60] A-[14,60-63]

Uganda 3 A- [64-66]

United Republic 6 A- [5,67-70]

of Tanzania

American MECs
Brazil 39 Amazonia [71] A-[71-74,76-84]

Ananindeau [71]
Belem [71]
Crispim [71]
Chatham [72]
Farroupilha [73]

Bahia [78]

Lages [73]

Seattle [71,73,75,81]
Seattle-like [76,85]
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Mediterranean [72-76]
Santamaria [71]

Costa Rica 3 Santamaria [86,87] A- [86]

Ecuador 2 A- [88]

Guyana 1 A-[7]

Mexico 24 Santamaria [89] A-[89,91-94]
Union [89] Mexico City [95]
Valladolid [90] Seattle [89,94]
Vanua Lava [89]
Viangchan-Jammu [90]

Panama 3 Mediterranean [96] A-[96]

Eurasian MECs

Cambodia 11 Canton [97] A-[100]
Kaiping [98] Mahidol [97,101]
Valladolid [97]
Viangchan-Jammu [97-99]

China 266 Canton [102-136] A-[109,117]
Chinese-1[103,124,137] Chinese-5 [104-106,109,113,118,122-
Coimbra [106,109,130,136-138] 127,129,132-136]
Fushan [109,121,139,140] Gaohe [103-106,108-
Haikou [103] 110,112,113,115,117,118,121-
Hechi [109] 124,126,127,129,131-136,143,144]
Kaiping [103-110,112,113,115- Guangzhou [106,117]
119,121-127,129,132-136,138-144]  Keelung [137]
Liuzhou [109] Mahidol
Miaoli [109,113,126,129,137] [106,113,122,124,126,127,129,133,13
Nankang [103,124,126,145] 5,136,147]
Songklanagarind [109] Mahidol-like [117]
Taipei [113,126,133,135,136] Nanning [109]
Taipei-Hakka [111] Quing Yan
Union [106,124,126,127,132- [103,104,106,109,113,117,122-
134,136,146] 124,126,127,129,133-136,148]
Valladolid [122,124] Ube Konan [144]
Viangchan-Jammu
[103,106,109,112,118,121-
125,127,133,134]
Gaohe/Kaiping [106,124]

India 66 Chatham [149] Kalyan-Kerala [149-153,156-159];
Coimbra [150-153] Orissa [149,152-154,156,160,161]
Mediterranean [149,152-156]
Namouru [150,151,153]
Nilgiri [150,151]

Indonesia 76 Canton [162-167] Bajo Maumere [168]
Chatham [162,165,166,168-171] Chinese-5 [168]
Coimbra [162,168,169,171] Gaohe [162]
Kaiping [162,164-166,168-172] Mahidol [163]
Mediterranean [163,171]
Surabaya [162]
Union [165,166]
Vanua Lava [162,165,166,168-
171,173]
Viangchan-Jammu [165-169,171,174]

Iran 29 Canton [175,176] A-[175,176]

Chatham [175-182]
Cosenza [177,178,181,182]
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Mediterranean [155,175-186]

Iraq 11

Chatham [187,188]
Mediterranean [187-191]

A-[188,189]

Lao PDR 1

Viangchan-Jammu [162]

Malaysia 61

Andalus [192]

Canton [192-200]
Chatham [192,196,199]
Coimbra [192,198-200]

Kaiping [192,194,195,197-200]
Mediterranean [192,198-200]

Namouru [198]
Nankang [196]

Union [192,196]
Vanua Lava [192,199]

Viangchan-Jammu [192,194-196,198-

200]

Chinese-5 [194-197]
Gaohe [194-198,200]
Mahidol [192,196,198-200]
Orissa [192,199]

Quing Yan [195,196]

Myanmar 27

Canton [162,201]
Coimbra [201,202]
Viangchan-Jammu [202]
Kaiping [202]
Mediterranean [202]
Union [162,201]
Valladolid [202]

Kerala-Kalyan [202]
Mahidol [162,201-203]

Nepal 1

Mediterranean [204]

Pakistan

Chatham [205]

Mediterranean [155,205-208]

Orissa [205]

Papua New 16
Guinea

Viangchan-Jammu [209]
Kaiping [210]
Mediterranean-like [211,212]
Union [210]

Union-like [211,212]

Vanua Lava [209]

Philippines 2

Union [213,214]

Saudi Arabia 81

Aures [215-218]
Chatham [216-218]
Kaiping [218]

Mediterranean [191,215-230]

Mediterranean-like [221-226]
S. Antioco [216]

Union [216]

Viangchan [216]

A-[216,218,220-224,226-228,231]
Kerala-Kalyan [218]
Sibari [230]

Solomon Islands 1

Union [232]

Thailand 45

Canton [233-237]
Kaiping [233-239]
Mediterranean [233]
Songklanagarind [233]
Union [233-237]
Vanua Lava [240]

Viangchan-Jammu [233,234,237-239]

Chinese-5 [234]

Gaohe [233,237,238]
Kerala-Kalyan [238]
Mabhidol [233-239,241,242]
Quing Yan [233]

Turkey 7

Chatham [243,244]

Mediterranean [243,245-247]

A-[243]

Vanuatu 4

Namouru [248]
Naone [248]
Union [248]
Vanua Lava [248]
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Viet Nam 19 Bao Loc [249] Chinese-5 [252]
Canton [249-251] Gaohe [249,252]
Coimbra [252] Mahidol [250]
Kaiping [249] Quing Yan [249]
Union [249]

Viangchan-Jammu [249,252]
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Abstract

Background: A research priority for Plasmodium vivax malaria is to improve our understanding of the spatial distribution of
risk and its relationship with the burden of P. vivax disease in human populations. The aim of the research outlined in this
article is to provide a contemporary evidence-based map of the global spatial extent of P. vivax malaria, together with
estimates of the human population at risk (PAR) of any level of transmission in 2009.

Methodology: The most recent P. vivax case-reporting data that could be obtained for all malaria endemic countries were
used to classify risk into three classes: malaria free, unstable (<0.1 case per 1,000 people per annum (p.a.)) and stable (=0.1
case per 1,000 p.a.) P. vivax malaria transmission. Risk areas were further constrained using temperature and aridity data
based upon their relationship with parasite and vector bionomics. Medical intelligence was used to refine the spatial extent
of risk in specific areas where transmission was reported to be absent (e.g., large urban areas and malaria-free islands). The
PAR under each level of transmission was then derived by combining the categorical risk map with a high resolution
population surface adjusted to 2009. The exclusion of large Duffy negative populations in Africa from the PAR totals was
achieved using independent modelling of the gene frequency of this genetic trait. It was estimated that 2.85 billion people
were exposed to some risk of P. vivax transmission in 2009, with 57.1% of them living in areas of unstable transmission. The
vast majority (2.59 billion, 91.0%) were located in Central and South East (CSE) Asia, whilst the remainder were located in
America (0.16 billion, 5.5%) and in the Africa+ region (0.10 billion, 3.5%). Despite evidence of ubiquitous risk of P. vivax
infection in Africa, the very high prevalence of Duffy negativity throughout Central and West Africa reduced the PAR
estimates substantially.

Conclusions: After more than a century of development and control, P. vivax remains more widely distributed than P.
falciparum and is a potential cause of morbidity and mortality amongst the 2.85 billion people living at risk of infection, the
majority of whom are in the tropical belt of CSE Asia. The probability of infection is reduced massively across Africa by the
frequency of the Duffy negative trait, but transmission does occur on the continent and is a concern for Duffy positive locals
and travellers. The final map provides the spatial limits on which the endemicity of P. vivax transmission can be mapped to
support future cartographic-based burden estimations.
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Author Summary

Growing evidence shows that Plasmodium vivax malaria is
clinically less benign than has been commonly believed. In
addition, it is the most widely distributed species of
human malaria and is likely to cause more illness in certain
regions than the more extensively studied P. falciparum
malaria. Understanding where P. vivax transmission exists
and measuring the number of people who live at risk of
infection is a fundamental first step to estimating the
global disease toll. The aim of this paper is to generate a
reliable map of the worldwide distribution of this parasite
and to provide an estimate of how many people are
exposed to probable infection. A geographical information
system was used to map data on the presence of P. vivax
infection and spatial information on climatic conditions
that impede transmission (low ambient temperature and
extremely arid environments) in order to delineate areas
where transmission was unlikely to take place. This map
was combined with population distribution data to
estimate how many people live in these areas and are,
therefore, exposed to risk of infection by P. vivax malaria.
The results show that 2.85 billion people were exposed to
some level of risk of transmission in 2009.

Introduction

The bulk of the global burden of human malaria is caused by
two parasites: Plasmodium falciparum and P. vivax. Existing research
efforts have focussed largely on P. falciparum because of the
mortality it causes in Africa [1,2]. This focus is increasingly
regarded as untenable [3-6] because the following factors indicate
that the public health importance of P. wwax may be more
significant than traditionally thought: 1) P. vwax has a wider
geographical range, potentially exposing more people to risk of
infection [7,8]; ii) it is less amenable to control [9,10]; and, most
importantly, iii) infections with P. vivax can cause severe clinical
syndromes [3,11-16].

A key research priority for P. vivax malaria is to improve the
basic understanding of the geographical distribution of risk, which
is needed for adequate burden estimation [6]. Recent work by the
Malaria Atlas Project (MAP; www.map.ox.ac.uk) [17] has shown
P. falciparum malaria mapping to be a fundamental step in
understanding the epidemiology of the disease at the global scale
[18,19], in appraising the equity of global financing for control
[20] and in forming the basis for burden estimation [21,22]. The
benefits of a detailed knowledge of the spatial distribution of P.
vivax transmission, and its clinical burden within these limits, are
identical to those articulated for P. falciparum: establishing a
benchmark against which control targets may be set, budgeted and
monitored. Such maps do not exist for P. wwax, making any
strategic planning problematic. In addition, information about the
global extent of P. vivax transmission and population at risk (PAR)
is crucial for many nations that are re-evaluating their prospects
for malaria elimination [23,24].

This paper documents the global spatial limits of P. wwax
malaria using a combination of national case-reporting data from
health management information systems (HMIS), biological rules
of transmission exclusion and medical intelligence combined in a
geographical information system. The output is an evidence-
based map from which estimates of PAR are derived. The
resulting map also provides the global template in which
contemporary P. wvivax endemicity can be estimated and it
contributes to a cartographic basis for P. wwax disease burden
estimation.

@ www.plosntds.org
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Methods

Analyses Outline

A schematic overview of the analyses is presented in Figure 1.
Briefly, P. vivax malaria endemic countries (PPMECs) were first
identified and the following layers were progressively applied
within a geographical information system to constrain risk areas
and derive the final P. vivax spatial limits map: i) a P. vivax annual
parasite incidence (PvAPI) data layer; biological exclusion layers
comprising of ii) temperature and iii) aridity data layers; iv) a
medical intelligence exclusion layer; and v) a predicted Duffy
negativity layer. A detailed description of these steps follows.

Identifying PvMECs

Those countries that currently support P. zwax transmission
were first identified. The primary sources for defining national risk
were international travel and health guidelines [25,26] augmented
with national survey information, pertinent published sources
and personal communication with malariologists. Nations were
grouped into three regions, as described elsewhere [19]: i)
America; 1i) Africa, Saudi Arabia and Yemen (Africa+); and iii)
Central and South East (CSE) Asia. To further resolve PAR
estimates, the CSE Asia region was sub-divided into West Asia,
Clentral Asia and East Asia (Protocol S1).

Mapping case-reporting data

Methods described previously for mapping the global spatial
limits of P. falciparum malaria [18] were used to constrain the area
defined at risk within the PPOIMECs using PvAPI data (the number
of confirmed P. vivax malaria cases reported per administrative unit
per 1,000 people per annum (p.a.)). The PrAPI data were obtained
mostly through personal communication with individuals and
nstitutions linked to malaria control in each country (Protocol S1).
The format in which these data were available varied considerably
between countries. Ideally, the data would be available by
administrative unit and by year, with each record presenting the
estimated population for the administrative unit and the number
of confirmed autochthonous malaria cases by the two main
parasite species (P. falciparum and P. vivax). This would allow an
estimation of species-specific API. These requirements, however,
were often not met. Population data by administrative unit were
sometimes unavailable, in which cases these data were sourced
separately or extrapolated from previous years. An additional
problem was the lack of parasite species-specific case or API
values. In such cases, a parasite species ratio was inferred from
alternative sources and applied to provide an estimate of species-
specific APIL. There was, thus, significant geographical variation in
the ability to look at the relative frequency of these parasites
between areas and this was not investigated further. Finally,
although a differentiation between confirmed and suspected cases
and between autochthonous and imported cases was often
provided, whenever this was not available it was assumed that
the cases in question referred to confirmed and autochthonous
occurrences.

The aim was to collate data for the last four years of reporting
(ideally up to 2009) at the highest spatial resolution available
(ideally at the second administrative level (ADMIN2) or higher). A
geo-database was constructed to archive this information and link
it to digital administrative boundaries of the world available from
the 2009 version of the Global Administrative Unit Layers
(GAUL) data set, implemented by the Food and Agriculture
Organization of the United Nations (FAO) within the EC FAO
Food Security for Action Programme [27]. The PvAPI data were
averaged over the period available and were used to classify areas
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Figure 1. Flow chart of the various data and exclusion layers used to derive the final map. The pink rectangle denotes the surface area
and populations of PvMECs, whilst the pink ovoid represents the resulting trimmed surface area and PAR after the exclusion of risk by the various
input layers, denoted by the blue rhomboids. Orange rectangles show area and PAR exclusions at each step to illustrate how these were reduced
progressively. The sequence in which the exclusion layers are applied does not affect the final PAR estimates.

doi:10.1371/journal.pntd.0000774.g001

as malaria free, unstable (<0.1 case per 1,000 p.a.) or stable (=0.1
case per 1,000 p.a.) transmission, based upon metrics advised
during the Global Malaria Eradication Programme [28-30].
These data categories were then mapped using ArcMAP 9.2
(ESRI 2006).

Biological masks of exclusion of risk

To further constrain risk within national territories, two
“masks” of biological exclusion were implemented (Protocol S2).
First, risk was constrained according to the relationship between

@ www.plosntds.org

temperature and the duration of sporogony, based upon
parameters specific to P. viwax [31]. Synoptic mean, maximum
and minimum monthly temperature records were obtained from
30-arcsec (~1x1 km) spatial resolution climate surfaces [32]. For
each pixel, these values were converted, using spline interpolation,
to a continuous time series representing a mean temperature
profile across an average year. Diurnal variation was represented
by adding a sinusoidal component to the time series with a
wavelength of 24 hours and the amplitude varying smoothly
across the year determined by the difference between the monthly
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minimum and maximum values. For P. vivax transmission to be
biologically feasible, a cohort of anopheline vectors infected with
P. vwax must survive long enough for sporogony to complete
within their lifetime. Since the rate of parasite development within
anophelines is strongly dependent on ambient temperature, the
time required for sporogony varies continuously as temperatures
fluctuate across a year [31]. For each pixel, the annual
temperature profile was used to determine whether any periods
existed in the year when vector lifespan would exceed the time
required for sporogony, and hence when transmission was not
precluded by temperature. This was achieved via numerical
integration whereby, for cohorts of vectors born at each successive
2-hour interval across the year, sporogony rates varying
continuously as a function of temperature were used to identify
the earliest time at which sporogony could occur. If this time
exceeded the maximum feasible vector lifespan, then the cohort
was deemed unable to support transmission. If sporogony could
not complete for any cohort across the year, then the pixel was
classified as being at zero risk. Vector lifespan was defined as 31
days since estimates of the longevity of the main dominant vectors
[33] indicate that 99% of anophelines die in less than a month
and, therefore, would be unable to support parasite development
in the required time. The exceptions were areas that support the
longer-lived Anopheles sergentic and An. superpictus, where 62 days
were considered more appropriate (Protocol S2) [18].

The second mask was based on the effect of arid conditions on
anopheline development and survival [34]. Limited surface water
reduces the availability of sites suitable for oviposition and reduces
the survival of vectors at all stages of their development through
the process of desiccation [35]. The ability of adult vectors to
survive long enough to contribute to parasite transmission and of
pre-adult stages to ensure minimum population abundance is,
therefore, dependent on the levels of aridity and species-specific
resilience to arid conditions. Extremely arid areas were identified
using the global GlobCover Land Cover product (ESA/ESA
GlobCover Project, led by MEDIAS-France/POSTEL) [36].
GlobCover products are derived from data provided by the
Medium Resolution Imaging Spectrometer (MERIS), on board
the European Space Agency’s (ESA) ENVIronmental SATellite
(ENVISAT), for the period between December 2004 and June
2006, and are available at a spatial resolution of 300 meters [36].
The layer was first resampled to a 1x1 km grid using a majority
filter, and all pixels classified as “bare areas” by GlobCover were
overlaid onto the PvAPI surface. The aridity mask was treated
differently from the temperature mask to allow for the possibility
of the adaptation of human and vector populations to arid
environments [37-39]. A more conservative approach was taken,
which down-regulated risk by one class. In other words,
GlobCover’s bare areas defined originally as at stable risk by
PoAPI were stepped down to unstable risk and those classified
initially as unstable to malaria free.

Medical intelligence modulation of risk

Medical intelligence contained in international travel and health
guidelines [25,26] was used to inform risk exclusion and down-
regulation in specific urban areas and sub-national territories,
which are cited as being free of malaria transmission (Protocol S3).
Additional medical intelligence and personal communication with
malaria experts helped identify further sub-national areas classified
as malaria free in Cambodia, Vanuatu and Yemen. Specified
urban areas were geo-positioned and their urban extents were
identified using the Global Rural Urban Mapping Project
(GRUMP) urban extents layer [40]. Rules of risk modulation
within these urban extents were as follows: 1) risk within urban
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extents falling outside the range of the urban vector An. stephensi
[41] (Protocol S3) was excluded; ii) risk within urban areas
inhabited by An. stephensi was down-regulated by one level from
stable to unstable and from unstable to free (Protocol S3).
Specified sub-national territories were classified as malaria free if
not already identified as such by the PvAPI layer and the biological
masks. These territories were mapped using the GAUL data set

[27].

Duffy negativity phenotype

Since Dufly negativity provides protection against infection with
P. viwax [42], a continuous map of the Dufty negativity phenotype
was generated from a geostatistical model fully described
elsewhere (Howes et al., manuscript in preparation). The model
was informed by a database of Duffy blood group surveys
assembled from thorough searches of the published literature and
supplemented with unpublished data by personal communication
with relevant authors. Sources retrieved were added to existing
Dufty blood group survey databases [43,44]. The earliest inclusion
date for surveys was 1950, when the Dufty blood group was first
described [45].

To model the Duffy system and derive a global prediction for
the frequency of the homozygous Duffy negative phenotype
([Fy(a-b-)], which is encoded by the homozygous FY*B™/*B"S
genotype), the spatially variable frequencies of the two polymor-
phic loci determining Duffy phenotypes were modelled: i)
nucleotide —33 in the gene’s promoter region, which defines
positive/negative expression (T-33C); ii) the coding region locus
(G125A) determining the antigen type expressed: Fy* or Fy® [46].
Due to the wide range of diagnostic methods used to describe
Duffy blood types in recent decades, data were recorded in a
variety of forms, each providing differing information about the
frequency of variants at both loci. For example, some molecular
studies sequenced only the gene’s promoter region, and thus could
not inform the frequency of the coding region variant; serological
diagnoses only testing for the Fy* antigen could not distinguish Fy”
from the Duflty negative phenotype. As part of the larger dataset,
however, these incomplete data types can indirectly inform
frequencies of negativity. Therefore, despite only requiring
information about the promoter locus to model the negativity
phenotype, variant frequencies at both polymorphic sites were
modelled. This allowed the full range of information contained in
the dataset to be used rather than just the subset specifically
reporting Dufly negativity frequencies.

The model’s general architecture and Bayesian framework will
be described elsewhere (Howes ef al., manuscript in preparation).
Briefly, the dataset of known values at fixed geographic locations
was used to predict expression frequencies at each locus in all
geographic sites where no data were available, thereby generating
continuous global surfaces of the frequency of each variant. From
the predicted frequency of the promoter region variant encoding
null expression (-33C), a continuous frequency map of the Dufty
negative population was derived.

Estimating the population at risk of P. vivax transmission

The GRUMP beta version provides gridded population counts
and population density estimates for the years 1990, 1995, and
2000, both adjusted and unadjusted to the United Nations’
national population estimates [40]. The adjusted population
counts for the year 2000 were projected to 2009 by applying
national, medium variant, urban and rural-specific growth rates by
country [47]. These projections were undertaken using methods
described previously [48], but refined with urban growth rates
being applied solely to populations residing within the GRUMP
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urban extents, while the rural growth rates were applied to the
remaining population. This resulted in a 2009 population count
surface of approximately 1x1 km spatial resolution, which was
used to extract PAR figures. The PAR estimates in Africa were
corrected for the presence of the Dufly negativity phenotype by
multiplying the extracted population by [l - frequency of Dufty
negative individuals].

Results

Plasmodium vivax malaria endemic countries

A total of 109 potentially endemic countries and territories listed
in international travel and health guidelines were identified
[25,26]. Ten of these countries: Algeria, Armenia, Egypt, Jamaica
(P. falctparum only), Mauritius, Morocco, Oman, Russian Federa-
tion, Syrian Arab Republic and Turkmenistan have either
interrupted transmission or are extremely effective at dealing with
minor local outbreaks. These nations were not classified as
PoMECs and are all considered to be in the elimination phase by
the Global Malaria Action Plan [24]. Additionally, four malaria
endemic territories report P. falciparum transmission only: Cape
Verde [49], the Dominican Republic [50], Haiti [50,51] and
Mayotte [52]. This resulted in a global total of 95 PIMECs.
Figure 1 summarises the various layers applied on the 95 PPMECs
in order to derive the limits of P. vivax transmission. The results of
these different steps are described below.

Defining the spatial limits of P. vivax transmission at sub-
national level

PyAPI data were available for 51 countries. Data for four
countries were available up to 2009. For 29 countries the last year
of reporting was 2008, whilst 2007 and 2006 were the last years
available for 11 and six countries, respectively. For Colombia the
last reporting year was 2005. No HMIS data could be obtained for
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Kyrgyzstan and Uzbekistan, for which information contained in
the most recent travel and health guidelines [25,26] was used to
map risk. With the exception of Namibia, Saudi Arabia, South
Africa and Swaziland, which were treated like all other nations, no
HMIS data were solicited for countries in the Africa+ region,
where stable risk of P. vivax transmission was assumed to be present
throughout the country territories. In Botswana, stable risk was
assumed in northern areas as specified by travel and health
guidelines [25,26]. Amongst those countries for which HMIS data
were available, 16 reported at ADMINT and 29 at ADMINZ2 level.
For Southern China, Myanmar, Nepal and Peru, data were
available at ADMIN3 level. Data for Namibia and Venezuela
were resolved at ADMIN1 and ADMIN2? levels. In total, 17,591
administrative units were populated with PvAPI data. Protocol S1
describes these data in detail. Figure 2 shows the spatial extent of
P. viwax transmission as defined by the PvAPI data, with areas
categorised as malaria free, unstable (PPAPI<0.1 case per 1,000
p-a.) or stable (PtAPI=0.1 case per 1,000 p.a.) transmission [29].

Biological masks to refine the limits of transmission

Figure 3 shows the limits of P. vivax transmission after overlaying
the temperature mask on the PvAPI surface. The P. vivax-specific
temperature mask was less exclusive of areas of risk than that
derived for P. falciparum [18]. Exclusion of risk was mainly evident
in the Andes, the southern fringes of the Himalayas, the eastern
fringe of the Tibetan plateaux, the central mountain ridge of New
Guinea and the East African, Malagasy and Afghan highlands.
There was a remarkable correspondence between PvAPI defined
risk in the Andean and Himalayan regions and the temperature
mask, which trimmed pixels of no risk at very high spatial
resolution in these areas.

The aridity mask used here [36] was more contemporary and
derived from higher spatial resolution imagery than the one used
to define the limits of P. falciparum [18]. Figure 4 shows that the

Figure 2. Plasmodium vivax malaria risk defined by PvAPI data. Transmission was defined as stable (red areas, where PvAPI=0.1 per 1,000
people p.a.), unstable (pink areas, where PvAPI<0.1 per 1,000 p.a.) or no risk (grey areas). The boundaries of the 95 countries defined as P. vivax

endemic are shown.
doi:10.1371/journal.pntd.0000774.g002
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Figure 3. Further refinement of Plasmodium vivax transmission risk areas using the temperature layer of exclusion. Risk areas are

defined as in Figure 2.
doi:10.1371/journal.pntd.0000774.g003

effects of the aridity mask were more evident in the Sahel and
southern Saharan regions, as well as the Arabian Peninsula. In the
western coast of Saudi Arabia, unstable risk defined by the PvAPI
layer was reduced to isolated foci of unstable risk by the aridity
mask. In Yemen, stable risk was constrained to the west coast and
to limited pockets along the southern coast. Similarly, endemic
areas of stable risk defined by PvAPI data in southern Afghanistan,

southern Iran and throughout Pakistan were largely reduced to
unstable risk by the aridity mask.

Medical intelligence used to refine risk

The two international travel and health guidelines consulted
[25,26] cite 59 specific urban areas in 31 countries as being
malaria free, in addition to urban areas in China, Indonesia (those

Figure 4. Aridity layer overlaid on the PvAPI and temperature layers. Risk areas are defined as in Figure 2.

doi:10.1371/journal.pntd.0000774.g004
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found in Sumatra, Kalimantan, Nusa Tenggara Barat and
Sulawesi) and the Philippines (Protocol S3). A total of 42 of these
cities fell within areas classified as malarious and amongst these,
eight were found within the range of An. stephensi, as were some
urban areas in south-western Yunnan, China. Risk in the latter
was down-regulated from stable to unstable and from unstable to
free due to the presence of this urban vector. In the remaining 34
cities and other urban areas in China, Indonesia and the
Philippines, risk was excluded. In addition, 36 administrative
units, including islands, are cited as being malaria free (Protocol
S3). These territories were excluded as areas of risk, if not already
classified as such by the PvAPI surface and biological masks. In
addition, the island of Aneityum, in Vanuatu [53], the area around
Angkor Watt, in Cambodia, and the island of Socotra, in Yemen
[54], were classified as malaria free following additional medical
intelligence and personal communication with malaria experts
from these countries.

Frequency of Duffy negativity

From the assembled library of references, 821 spatially unique
Duffy blood type surveys were identified. Globally the data points
were spatially representative, with 265 in America, 213 in Africa+
(167 sub-Saharan), 207 in CSE Asia and 136 in Europe. The total
global sampled population was 131,187 individuals, with 24,816
(18.9%) in Africa+ and 33 African countries represented in the
final database.

The modelled global map of Duffy negativity (Figure 5)
indicates that the P. vivax resistant phenotype is rarely seen outside
of Africa, and, when this is the case, it is mainly in localised New
World migrant communities. Within Africa, the predicted
prevalence was strikingly high south of the Sahara. Across this
region, the silent Duffy allele was close to fixation in 31 countries
with 95% or more of the population being Dufly negative.
Frequencies fell sharply into southern Africa and into the Horn of
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Africa. For instance, the frequency of Dufty negativity in the South
African population was 62.7%, increasing to 65.0% in Namibia
and 73.5% across Madagascar. The situation was predicted to be
highly heterogeneous across Ethiopia, with an estimated 50.0% of
the overall population being Dufty negative.

Populations at risk of P. vivax transmission

The estimated P. viwax endemic areas and PAR for 2009 are
presented in Table 1, stratified by unstable (P0PAPI<0.1 per 1,000
p-a.) and stable (PpAPI=0.1 per 1,000 p.a.) risk of transmission,
globally and by region and sub-region. It was estimated that there
were 2.85 billion people at risk of P. vivax transmission worldwide
in 2009, the vast majority (91.0%) inhabiting the CSE Asia region,
5.5% living in America and 3.4% living in Africa+, after
accounting for Dufty negativity. An estimated 57.1% of the P.
vivax PAR in 2009 lived in areas of unstable transmission, with a
population of 1.63 billion.

Country level PAR estimates are provided in Protocol S4. The
ten countries with the highest estimated PAR, in descending order,
were: India, China, Indonesia, Pakistan, Viet Nam, Philippines,
Brazil, Myanmar, Thailand and Ethiopia. PAR estimates in India
accounted for 41.9% of the global PAR estimates, with 60.3% of
the more than one billion PAR (1.19 billion) living in stable
transmission areas. The situation in China was different as,
according to the PAPI input data, areas of stable transmission
were only found in the southern provinces of Yunnan and Hainan,
and in the north-eastern province of Anhui, which reported an
unusually high number of cases up to 2007. The latter is in
accordance with a recent report documenting the resurgence of
malaria in this province [55]. Transmission in the rest of China
was largely negligible, with PvAPI values well below 0.1 case per
1,000 people p.a. Given the reported cases, however, these were
classified as unstable transmission areas and the total PAR
estimated within them, after urban exclusions, was 583 million

Figure 5. The global spatial limits of Plasmodium vivax malaria transmission in 2009. Risk areas are defined as in Figure 2. The medical
intelligence and predicted Duffy negativity layers are overlaid on the P. vivax limits of transmission as defined by the PvAPI data and biological mask
layers. Areas where Duffy negativity prevalence was estimated as =90% are hatched, indicating where PAR estimates were modulated most

significantly by the presence of this genetic trait.
doi:10.1371/journal.pntd.0000774.g005
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2007. It is important to stress the necessity to access PPAPI data at
a higher spatial resolution from China (i.e. at the county level) in
order to refine these estimates and minimise biases.

Table 1. Regional and global areas and PAR of Plasmodium
vivax malaria in 2009.

Region Area (km?) PAR (millions)

Unstable Stable Any risk Unstable Stable Any risk

Table 2. Published evidence of Plasmodium vivax malaria
transmission in African countries.

Africa+ 4,812,618 17,980,708 22,793,326 20.1 77.9 98.0
America 1,368,380 8,087,335 9,455,715 99.0 58.8 157.8
CSEAsia 5848939 6,127,549 11976488 1,5090 10842 2,593 Country References*
West Asia 2,007,247 2,800,612 4,807,859 653.9 8452 1,499.2 Angola (68-73]
Central Asia 3,156,574 1,277,219 4,433,793 694.3 129.2 8234 Benin [68,70,71,74]
East Asia 685,118 2,049,717 2,734,835 160.8 109.8 270.6 Botswana [72]
World 12,029,937 32,195,600 44,225,537 1,628.1  1,220.9 2,849.0 Burkina Faso 168,711
Burundi [70-73]
doi:10.1371/journal.pntd.0000774.t001
Cameroon [68,69,71-79]
people. All other countries reporting the highest PAR were in CGSE Cen. African Rep. [68]
Asia, with the exception of Brazil and Ethiopia. Chad [74]
Comoros [68]
Discussion Congo [68,70,71,73,74,76,77,80]
We present a contemporary evidence-based map of the global gereidiivolrs ]
distribution of P. vivax transmission developed from a combination Congo (DR) [68,81]
of mapped sub-national HMIS data, biological rules of transmis- Djibouti [68,78]
sion exclusion and medical intelligence. The methods used were Equatorial Guinea (82

developed from those implemented for P. falctparum malaria [18]

N Eritrea [71,73,76,77,83,84]
and can be reprodu'ced 'followmg Fhe sequence of data layer Ethiopia [68-74,76-79,85]
assemblies and exclusions illustrated in Figure 1.

Plasmodium vivax 1s transmitted within 95 countries in tropical, I [68,71,86]
sub-tropical and temperate regions, reaching approximately 43 Gambia [71,72,76,78]
degrees north in China and approximately 30 degrees south in Ghana [69-74,76-79]
Southern Africa. The fact that P. vivax has a wider range than P. Guinea [68,69,71,76,77]
Jaletparum [18] 1s facilitated by two aspects of the parasite’s biology Kenya [68-73,76-79]
[56]: 1) its .dejvelopr.nent at lower temperatures du.rmg' sporogony Liberia [6-7376-79]
[31]; and 1) its ability to produce hypnozoites during its life cycle
in the human host [57]. The sporogonic cycle of P. vivax is shorter Madagascar [68-73,76,78,87]
(i.e. a lower number of degree days required for its completion) Malawi (68,70,72,73]
and the parasite’s sexual stage is active at lower temperatures than Mali [68,69,71]
other human malaria parasites (Protocol S2) [31]. Consequently, Mauritania [68,69,71,72,76,77,88,89]
generation of sporozoites is possible at higher altitudes and more Y (68-71,73,76,79,90]
extreme latitudes. In the human host, hypnozoites of P. vivax Namibia 701
temperate strains can relapse anywhere between months and
years after the initial infection, often temporally coincident RigSy [68,69,71,76]
with optimal climatic conditions in a new transmission season Nigeria [69-74,76-79,91]
[10,57]. Rwanda [68,71,72,78]

The resulting maps produced an estimate of 2.85 billion people S30 Tomé and Principe 168,92]

living at risk of P. viwax malaria transmission in 2009. The
distribution of P. viwvax PAR is very different from that of P.
Jalewparum 18], due to the widespread distribution of P. vivax in

Senegal

Sierra Leone

[68,70,71,73,76,77]
[68,69,72-74,76,78]

Asia, up to northern China, and the high prevalence of the Duffy Somalia [69,70,78,79,93]
negativity phenotype in Africa. China accounts for 22.0% of the South Africa [69-71,76-78]
global estimated P. vivax PAR, although 93.1% of these people live Sudan [68-74,76,77,79,94]
in areas defined as unstable transmission (Protocol S4). An Togo [70.71]
1mportant caveat 1s that PoAPI data from centra% 2'1nd I}orthern Uganda G5L7476578,55]
China could only be accessed at the lowest administrative level i

(ADMIN1) (Protocol S1). The very high population densities Tanzania [68-72,76,77.79]
found in this country exacerbate the problem, inevitably biasing Zambia [69-72,78,96]
PAR estimates, despite urban areas in China being excluded from Zimbabwe 168,69,71]

the calculations following information from the sources of medical
intelligence that were consulted [25,26]. Malaria transmission in

*The cited references mostly document imported cases from Africa. Evidence of
transmission of P. vivax in Guinea Bissau and Swaziland could not be found in

most of these unstable transmission areas in China is probably
negligible given the very few cases reported between 2003 and

the published literature.
doi:10.1371/journal.pntd.0000774.t002
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In Africa, the modelled prevalence of Dufty negativity shows
that very high rates of this phenotype are present in large swaths of
West and Central Africa (Figure 5). One of the functions of the
Dufty antigen is being a receptor of P. viwax [46] and its absence
has been shown to preclude infection with this parasite [58,59],
although the extent of this has been questioned [60-63]. There is
no doubt that the African continent has a climate highly conducive
to P. vivax transmission (Protocol S2). Moreover, dominant African
Anopheles have been shown to be competent vectors of this parasite
[62,64,65]. In addition, there is a plethora of evidence of P. vivax
transmission in Africa, mostly arising from travel-acquired P. vivax
infections during visits to malaria endemic African countries
(Table 2; Protocol S1). This evidence supports the hypothesis that
P. vivax may have been often misdiagnosed as P. ovale in the region
due to a combination of morphological similarity and the
prevailing bio-geographical dogma driven by the high prevalence
of Dufly negativity [60]. Despite the fact that the risk of P. vivax is
cosmopolitan, PAR estimates in Africa were modulated according
to the high limitations placed on infection by the occurrence of the
Duffy negative trait. Consequently, the PAR in the Africa+ region
accounts for only 3.5% of the global estimated P. vivax PAR.
Although recent work has shown 42 P. vivax infections amongst
476 individuals genotyped as Duffy negative across eight sites in
Madagascar [63], we have taken a conservative approach and
consider it premature to relax the Duffy exclusion of PAR
across continental Africa until this study has been replicated
elsewhere.

Mapping the distribution of P. vivax malaria has presented a
number of unique challenges compared to P. falciparum, some of
which have been addressed by the methods used here. The
influence of climate on parasite development has been allowed for
by implementing a temperature mask parameterised specifically
for the P. vivax life cycle. The question of Dufty negativity and P.
vivax transmission has also been addressed by modelling the
distribution of this phenotype and by allowing the predicted
prevalence to modulate PAR. It is also worth noting that the
accuracy of HMIS for P. vivax clinical cases, particularly in areas of
coincidental P. faleiparum risk, is notoriously poor [66], in part
because microscopists are less likely to record the presence of a
parasite assumed to be clinically less important. Here, HMIS data
were averaged over a period of up to four years and used to
differentiate malaria free areas from those that are malarious.
Within the latter, a conservative threshold was applied to classify
risk areas as being of unstable (PvAPI<0.1 per 1,000 p.a.) or stable
(PoAPI=0.1 per 1,000 p.a.) transmission [29]. We believe that this
conservative use of HMIS data balances, to some extent,
anomalies introduced by P. wwax underreporting and the
correspondence of the biological masks and PyAPI data in many
areas Is reassuring.

The intensity of transmission within the defined stable limits of
P. vivax risk will vary across this range and this will be modelled
using geostatistical techniques similar to those developed recently
for P. falctparum [19]. This modelling work will be cognisant of the
unique epidemiology of P. vwax. First, in areas where P. vivax
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Abstract

Background: Current understanding of the spatial epidemiology and geographical distribution of Plasmodium vivax is far
less developed than that for P. falciparum, representing a barrier to rational strategies for control and elimination. Here we
present the first systematic effort to map the global endemicity of this hitherto neglected parasite.

Methodology and Findings: We first updated to the year 2010 our earlier estimate of the geographical limits of P. vivax
transmission. Within areas of stable transmission, an assembly of 9,970 geopositioned P. vivax parasite rate (PvPR) surveys
collected from 1985 to 2010 were used with a spatiotemporal Bayesian model-based geostatistical approach to estimate
endemicity age-standardised to the 1-99 year age range (PvPR;_g9) Within every 5x5 km resolution grid square. The model
incorporated data on Duffy negative phenotype frequency to suppress endemicity predictions, particularly in Africa.
Endemicity was predicted within a relatively narrow range throughout the endemic world, with the point estimate rarely
exceeding 7% PvPR;_go. The Americas contributed 22% of the global area at risk of P. vivax transmission, but high endemic
areas were generally sparsely populated and the region contributed only 6% of the 2.5 billion people at risk (PAR) globally.
In Africa, Duffy negativity meant stable transmission was constrained to Madagascar and parts of the Horn, contributing
3.5% of global PAR. Central Asia was home to 82% of global PAR with important high endemic areas coinciding with dense
populations particularly in India and Myanmar. South East Asia contained areas of the highest endemicity in Indonesia and
Papua New Guinea and contributed 9% of global PAR.

Conclusions and Significance: This detailed depiction of spatially varying endemicity is intended to contribute to a much-
needed paradigm shift towards geographically stratified and evidence-based planning for P. vivax control and elimination.

Citation: Gething PW, Elyazar IRF, Moyes CL, Smith DL, Battle KE, et al. (2012) A Long Neglected World Malaria Map: Plasmodium vivax Endemicity in 2010. PLoS
Negl Trop Dis 6(9): e1814. doi:10.1371/journal.pntd.0001814

Editor: Jane M. Carlton, New York University, United States of America
Received April 24, 2012; Accepted July 29, 2012; Published September 6, 2012

This is an open-access article, free of all copyright, and may be freely reproduced, distributed, transmitted, modified, built upon, or otherwise used by anyone for
any lawful purpose. The work is made available under the Creative Commons CCO public domain dedication.

Funding: SIH is funded by a Senior Research Fellowship from the Wellcome Trust (#095066), which also supports PWG, CAG, and KEB. CLM and APP are funded
by a Biomedical Resources Grant from the Wellcome Trust (#091835). REH is funded by a Biomedical Resources Grant from the Wellcome Trust (#085406). IRFE is
funded by grants from the University of Oxford—Li Ka Shing Foundation Global Health Program and the Oxford Tropical Network. DLS and AJT are supported by
grants from the Bill and Melinda Gates Foundation (#49446, #1032350) (http://www.gatesfoundation.org). PH is supported by Wellcome Trust grants 089276/Z/
09/Z and the Li Ka Shing Foundation. RNP is a Wellcome Trust Senior Fellow in Clinical Science (#091625). JKB is supported by a Wellcome Trust grant
(#B9RJIXO). PWG, APP, DLS, AJT, DBG, and SIH also acknowledge support from the RAPIDD program of the Science and Technology Directorate, Department of
Homeland Security, and the Fogarty International Center, National Institutes of Health (http://www.fic.nih.gov). This work forms part of the output of the Malaria
Atlas Project (MAP, http://www.map.ox.ac.uk), principally funded by the Wellcome Trust, UK (http://www.wellcome.ac.uk). MAP also acknowledges the support of
the Global Fund to Fight AIDS, Tuberculosis, and Malaria (http://www.theglobalfund.org). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: peter.gething@zoo.ox.ac.uk (PWG); simon.i.hay@gmail.com (SIH)

Introduction surge in research attention for Plasmodium falciparum, the knowl-
edge-base for the other major human malaria, Plasmodium vivax, is

The international agenda shaping malaria control financing, far less developed in almost every aspect [7-11]. During 2006
research, and implementation is increasingly defined around the 2009 just 3.1% of expenditures on malaria research and
goal of regional elimination [1-6]. This ambition ostensibly development were committed to P. vivax [12]. The notion that
extends to all human malarias, but whilst recent years have seen a control approaches developed primarily for P. faleiparum in
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Author Summary

Plasmodium vivax is one of five parasites causing malaria in
humans. Whilst it is found across a larger swathe of the
globe and potentially affects a larger number of people
than its more notorious cousin, Plasmodium falciparum, it
receives a tiny fraction of the research attention and
financing: around 3%. This neglect, coupled with the
inherently more complex nature of vivax biology, means
important knowledge gaps remain that limit our current
ability to control the disease effectively. This patchy
knowledge is becoming recognised as a cause for concern,
in particular as the global community embraces the
challenge of malaria elimination which, by definition,
includes P. vivax and the other less common Plasmodium
species as well as P. falciparum. Particularly conspicuous is
the absence of an evidence-based map describing the
intensity of P. vivax endemicity in different parts of the
world. Such maps have proved important for other
infectious diseases in supporting international policy
formulation and regional disease control planning, imple-
mentation, and monitoring. In this study we present the
first systematic effort to map the global endemicity of P.
vivax. We assembled nearly 10,000 surveys worldwide in
which communities had been tested for the prevalence of
P. vivax infections. Using a spatial statistical model and
additional data on environmental characteristics and Duffy
negativity, a blood disorder that protects against P. vivax,
we estimated the level of infection prevalence in every
5x5 km grid square across areas at risk. The resulting
maps provide new insight into the geographical patterns
of the disease, highlighting areas of the highest endemic-
ity in South East Asia and small pockets of Amazonia, with
very low endemic setting predominating in Africa. This
new level of detailed mapping can contribute to a wider
shift in our understanding of the spatial epidemiology of
this important parasite.

holoendemic Africa can be transferred successfully to P. vivax is,
however, increasingly acknowledged as inadequate [13-17].
Previous eradication campaigns have demonstrated that P. vivax
frequently remains entrenched long after P. falciparum has been
eliminated [18]. The prominence of P. vivax on the global health
agenda has risen further as evidence accumulates of its capacity in
some settings to cause severe disease and death [19-25], and of the
very large numbers of people living at risk [26].

Amongst the many information gaps preventing rational
strategies for P. vivax control and elimination, the absence of
robust geographical assessments of risk has been identified as
particularly conspicuous [9,27]. The endemic level of the disease
determines its burden on children, adults, and pregnant women;
the likely impact of different control measures; and the relative
difficulty of elimination goals. Despite the conspicuous impor-
tance of these issues, there has been no systematic global
assessment of endemicity. The Malaria Atlas Project was initiated
in 2005 with an initial focus on P. falciparum that has led to global
maps [28-30] for this parasite being integrated into policy
planning at regional to international levels [4,31-36]. Here we
present the outcome of an equivalent project to generate a
comprehensive evidence-base on P. vivax infections worldwide,
and to generate global risk maps for this hitherto neglected
disease. We build on earlier work [26] defining the global range
of the disease and broad classifications of populations at risk to
now assess the levels of endemicity under which these several
billion people live. This detailed depiction of geographically
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varying risk is intended to contribute to a much-needed paradigm
shift towards geographically stratified and evidence-based plan-
ning for P. vivax control and elimination.

Numerous biological and epidemiological characteristics of P.
vivax present unique challenges to defining and mapping metrics of
risk. Unlike P. falciparum, infections include a dormant hypnozoite
liver stage that can cause clinical relapse episodes [37,38]. These
periodic events manifest as a blood-stage infection clinically
indistinguishable from a primary infection and constitute a
substantial, but geographically varying, proportion of total patent
infection prevalence and disease burden within different popula-
tions [37,39-41]. The parasitemia of P. viwax typically occurs at
much lower densities compared to those of falciparum malaria,
and successful detection by any given means of survey is much less
likely. Another major driver of the global P. vivax landscape is the
influence of the Duffy negativity phenotype [42]. This inherited
blood condition confers a high degree of protection against P. vivax
infection and is present at very high frequencies in the majority of
African populations, although is rare elsewhere [43]. These
factors, amongst others, mean that the methodological framework
for mapping P. viwax endemicity, and the interpretation of the
resulting maps, are distinct from those already established for P.
Jalewparum [28,29]. The effort described here strives to accommo-
date these important distinctions in developing a global distribu-
tion of endemic vivax malaria.

Methods

The modelling framework is displayed schematically in
Figure 1. In brief, this involved (i) updating of the geographical
limits of stable P. vivax transmission based on routine reporting
data and biological masks; (i1) assembly of all available P. vivax
parasite rate data globally; (iii) development of a Bayesian model-
based geostatistical model to map P. vivax endemicity within the
limits of stable transmission; and (iv) a model validation
procedure. Details on each of these stages are provided below
with more extensive descriptions included as Protocols S1, S2, S3,
and S4.

Updating Estimates of the Geographical Limits of
Endemic Plasmodium vivax in 2010

The first effort to systematically estimate the global extent of P.
viwax transmission and define populations at risk was completed in
2009 [26]. As a first step in the current study, we have updated this
work with a new round of data collection for the year 2010. The
updated data assemblies and methods are described in full in
Protocol S1. In brief, this work first involved the identification of
95 countries as endemic for P. vivax in 2010. From these, P. vivax
annual parasite incidence (PrAPI) routine case reports were
assembled from 17,893 administrative units [44]. These P2API
and other medical intelligence data were combined with remote
sensing surfaces and biological models [45] that identified areas
where extreme aridity or temperature regimes would limit or
preclude transmission (see Protocol S1). These components were
combined to classify the world into areas likely to experience zero,
unstable (PoAPT <0.1%o per annum), or stable (PPAPI =0.1%o per
annum) P. vwax transmission. Despite the very high population
frequencies of Dufty negativity across much of Africa, the presence
of autochthonous transmission of P. vivax has been confirmed by a
systematic literature review for 42 African countries [26]. We
therefore treated Africa in the same way as elsewhere in this initial
stage: regions were deemed to have stable P. vivax transmission
unless the biological mask layers or PAPI data suggested
otherwise.
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Figure 1. Schematic overview of the mapping procedures and methods for Plasmodium vivax endemicity. Blue boxes describe input
data. Orange boxes denote models and experimental procedures; green boxes indicate output data (dashed lines represent intermediate outputs
and solid lines final outputs). U/R=urban/rural; UNPP = United Nations Population Prospects. Labels S1-4 denote supplementrary information in

Protocols S1, S2, S3, and S4.
doi:10.1371/journal.pntd.0001814.g001

Creating a Database of Georeferenced PvPR Data

As with P faletparum, the most globally ubiquitous and
consistently measured metric of P. vivax endemicity is the parasite
rate (PoPR), defined as the proportion of randomly sampled
individuals in a surveyed population with patent parasitemia in
their peripheral blood as detected via, generally, microscopy or
rapid diagnostic test (RDT). Whilst RDTs can provide lower
sensitivity and specificity than conventional blood smear micros-
copy, and neither technique provides accuracy comparable to
molecular diagnostics (such as polymerase chain reaction, PCR),
the inclusion of both microscopically and RDT confirmed parasite
rate data was considered important to maximise data availability
and coverage across the endemic world.

To map endemicity within the boundaries of stable transmis-
sion, we first carried out an exhaustive search and assembly of
georeferenced PoPR survey data from formal and informal
literature sources and direct communications with data generating
organisations [46]. Full details of the data search strategy,
abstraction and inclusion criteria, geopositioning and fidelity
checking procedure are included in Protocol S2. The final
database, completed on 25" November 2011, consisted of 9,970
quality-checked and spatiotemporally unique data points, span-
ning the period 1985-2010. Figure 2A maps the spatial
distribution of these data and further summaries by survey origin,
georeferencing source, time period, age group, sample size, and
type of diagnostic used are provided in Protocol S2.
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Modelling Plasmodium vivax Endemicity within Regions
of Stable Transmission

We adopt model-based geostatistics (MBG) [47,48] as a robust
and flexible modelling framework for generating continuous
surfaces of malaria endemicity based on retrospectively assembled
parasite rate survey data [28,29,49]. MBG models are a special
class of generalised linear mixed models, with endemicity values at
each target pixel predicted as a function of a geographically-
varying mean and a weighted average of proximal data points.
The mean can be defined as a multivariate function of
environmental correlates of disease risk. A covariance function is
used to characterise the spatial or space-time heterogeneity in the
observed data, which in turn is used to define appropriate weights
assigned to each data point when predicting at each pixel. This
framework allows the uncertainty in predicted endemicity values
to vary between pixels, depending on the observed variation,
density and sample size of surveys in different locations and the
predictive utility of the covariate suite. Parts of the map where
survey data are dense, recent, and relatively homogenous will be
predicted with least uncertainty, whilst regions with sparse or
mainly old surveys, or where measured parasite rates are
extremely variable, will have greater uncertainty. When MBG
models are fitted using Bayesian inference and a Markov chain
Monte Carlo (MCMC) algorithm, uncertainty in the final
predictions as well as all model parameters can be represented
in the form of predictive posterior distributions [50].
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Figure 2. The spatial distribution of Plasmodium vivax malaria endemicity in 2010. Panel A shows the 2010 spatial limits of P. vivax malaria
risk defined by PvAPI with further medical intelligence, temperature and aridity masks. Areas were defined as stable (dark grey areas, where PvAPI
=0.1 per 1,000 pa), unstable (medium grey areas, where PvAPI <0.1 per 1,000 pa) or no risk (light grey, where PvAPI=0 per 1,000 pa). The
community surveys of P. vivax prevalence conducted between January 1985 and June 2010 are plotted. The survey data are presented as a
continuum of light green to red (see map legend), with zero-valued surveys shown in white. Panel B shows the MBG point estimates of the annual
mean PvPR;_g9 for 2010 within the spatial limits of stable P. vivax malaria transmission, displayed on the same colour scale. Areas within the stable
limits in (A) 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% [43] are shown in hatching for additional context.

doi:10.1371/journal.pntd.0001814.g002

We developed for this study a modified version of the MBG
framework used previously to model P. falciparum endemicity
[28,29], with some core aspects of the model structure remaining
unchanged and others altered to capture unique aspects of P. vivax
biology and epidemiology. The model is presented in full in
Protocol S3. As in earlier work [28,29,49], we adopt a space-time
approach to allow surveys from a wide time period to inform
predictions of contemporary risk. This includes the use of a
spatiotemporal covariance function which is parameterised to
downweight older data appropriately. We also retain a seasonal
component in the covariance function, although we note that
seasonality in transmission is often only weakly represented in
PPR in part because of the confounding effect of relapses
occurring outside peak transmission seasons [51]. A minimal set of
covariates were included to inform prediction of the mean
function, based on a priori expectations of the major environmental
factors modulating endemicity. These were (1) an indicator variable
defining areas as urban or rural based on the Global Rural Urban
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Mapping Project (GRUMP) urban extent product [52,53]; (i1) a
long-term average vegetation index product as an indicator of
overall moisture availability for vector oviposition and survival
[54,55]; and (iii) a P. vivax specific index of temperature suitability
derived from the same model used to delineate suitable areas on
the basis of vector survival and sporogony [45].

Age Standardisation

Our assembly of PoPR surveys was collected across a variety of
age ranges and, since P. wwax infection status can vary
systematically in different age groups within a defined community,
it was necessary to standardise for this source of variability to allow
all surveys to be used in the same model. We adopted the same
model form as has been described [56] and used previously for P.
Jalewparum [28,29], whereby population infection prevalence is
expected to rise rapidly in early infancy and plateau during
childhood before declining in ecarly adolescence and adulthood.
The timing and relative magnitude of these age profile features are
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likely distinct between the two parasites in different endemic
settings [51,57], and so the model was parameterised using an
assembly of 67 finely age-stratified PvPR surveys (Protocol S2),
with estimation carried out in a Bayesian model using MCMC.
The parameterised model was then used to convert all observed
survey prevalences to a standardised age-independent value for use
in modelling, and then further allowed the output prevalence
predictions to be generated for any arbitrary age range. We chose
to generate maps of all-age infection prevalence, defined as
individuals of age one to 99 years (thus PrPR; g9). We excluded
infection in those less than one year of age from the standardisa-
tion because of the confounding effect of maternal antibodies, and
because parasite rate surveys very rarely sample young infants. We
deviated from the two-to-ten age range used for mapping P.
Jalciparum [28,29] because the relatively lower prevalences has
meant that surveys are far more commonly carried out across all
age ranges.

Incorporating Duffy Negativity

Since Duffy negative individuals are largely refractory to P. vivax
infection [58], high population frequencies of this phenotype have
a dramatic suppressing effect on endemicity, even where
conditions are otherwise well suited for transmission [26]. The
predominance of Dufly negativity in Africa has led to a historical
perception that P. vivax is absent from much of the continent, and a
dearth of surveys or routine diagnoses testing for the parasite have
served to entrench this mantra [59]. However, evidence exists of
autochthonous P. vivax transmission across the continent [26], and
therefore we did not preclude any areas at risk a priori. Instead, we
used a recent map of estimated Dufly negativity phenotypic
frequency [43] and incorporated the potential influence of this
blood group directly in the MBG modelling framework. The
mapped Dufly-negative population fraction at each location was
excluded from the denominator in PoPR survey data, such that
any P. viwax positive individuals were considered to have arisen
from the Dufly 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
positives. Correspondingly, prediction of PrPR was then restricted
to the Dufty positive proportion at each pixel, with the final
prevalence estimate re-converted to relate to the total population.
This approach has two key advantages. First, predicted PoPR at
each location could never exceed the Dufly positive proportion,
therefore ensuring biological consistency between the P. vivax and
Dufty negativity maps. Second, where PrPR survey data were
sparse across much of Africa, the predictions could effectively
borrow strength from the Duffy negativity map because predic-
tions of PoPR were restricted to a much narrower range of possible
values.

Model Implementation and Map Generation

The P. vivax endemic world was divided into four contiguous
regions with broadly distinct biogeographical, entomological and
epidemiological characteristics: the Americas and Africa formed
separate regions, whilst Asia was subdivided into Central and
South East sub-regions with a boundary at the Thailand-Malaysia
border (see Protocol S2). This regionalisation was implemented in
part to retain computational feasibility given the large number of
data points, but also to allow model parameterisations to vary and
better capture regional endemicity characteristics. Within each
region, a separate MBG model was fitted using a bespoke MCMC
algorithm [60] to generate predictions of PoPR; g9 for every
5x5 km pixel within the limits of stable transmission. The
prediction year was set to 2010 and model outputs represent an
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annualised average across the 12 months of that year. Model
output consisted of a predicted posterior distribution of PrPR; g9
for every pixel. A continuous endemicity map was generated using
the mean of each posterior distribution as a point estimate. The
uncertainty associated with predictions was summarised by maps
showing the ratio of the posterior distribution inter-quartile range
(IQR) to its mean. The IQR is a simple measure of the precision
with which each PvPR value was predicted, and standardisation by
the mean produced an uncertainty index less affected by
underlying prevalence levels and more illustrative of relative
model performance driven by data densities in different locations.
This index was then also weighted by the underlying population
density to produce a second map indicative of those areas where
uncertainty is likely to be most operationally important.

Refining Limits Definition and Population at Risk
Estimates

In some regions within the estimated limits of stable transmis-
sion, PrPR, g9 was predicted to be extremely low, either because
of a dense abundance of survey data reporting zero infections or,
in Africa, because of very high coincident Dufty negativity
phenotype frequencies. Such areas are not appropriately described
as being at risk of stable transmission and so we defined a decision
rule whereby pixels predicted with high certainty (probability
>0.9) of being less than 1% PvPR; g9 were assigned to the
unstable class, thereby modifying the original transmission limits.
These augmented mapped limits were combined with a 2010
population surface derived from the GRUMP beta version [52,53]
to estimate the number of people living at unstable or stable risk
within each country and region. The fraction of the population
estimated to be Dufly negative [43] within each pixel was
considered at no risk and therefore excluded from these totals.

Model Validation

A model validation procedure was implemented whereby 10%
of the survey points in each model region were selected using a
spatially declustered random sampling procedure. These subsets
were held out and the model re-fitted in full using the remaining
90%. Model predictions were then compared to the hold-out data
points and a number of different aspects of model performance
were assessed using validation statistics described previously
[28,29]. The validation procedure is detailed in full in Protocol S4.

Results

Model Validation

Full validation results are presented in Protocol S4. In brief,
examination of the mean error in the generation of the P. viwax
malaria endemicity point-estimate surface revealed minimal
overall bias in predicted PoPR with a global mean error of
—0.41 (Americas —1.38, Africa 0.03, Central Asia —0.43, South
East Asia —0.43), with values in units of PPPR on a percentage
scale (see Protocol S4). The global value thus represents an overall
tendency to underestimate prevalence by just under half of one
percent. The mean absolute error, which measures the average
magnitude of prediction errors, was 2.48 (Americas 5.05, Africa
0.53, Central Asia 1.52, South East Asia 3.37), again in units of
PoPR (see Protocol S4).

Global Plasmodium vivax Endemicity and Populations at
Risk in 2010

The limits of stable and unstable P. vivax transmission, as defined
using PoAPIL, biological exclusion masks and medical intelligence
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data are shown in Figure 2A. The continuous surface of P. vivax
endemicity predicted within those limits is shown in Figure 2B.
The uncertainty map (posterior IQR:mean ratio) is shown in
Figure 3A and the population-weighted version in Figure 3B.
We estimate that P. vivax was endemic across some 44 million
square kilometres, approximately a third of the Earth’s land
surface. Around half of this area was located in Africa (51%) and a
quarter each in the Americas (22%) and Asia (27%) (Table 1).
However, the uneven distribution of global populations, coupled
with the protective influence of Duffy negativity in Africa, meant
that the distribution of populations at risk was very different. An
estimated 2.48 billion people lived at any risk of P. viwvax in 2010
(Table 1), of which a large majority lived in Central Asia (82%)
with much smaller fractions in South East Asia (9%), the Americas
(6%), and Africa (3%). Of these, 1.52 billion lived in areas of
unstable transmission where risk is very low and case incidence is
unlikely to exceed one per 10,000 per annum. The remaining 964
million people at risk lived in areas of stable transmission,
representing a wide diversity of endemic levels. The global
distribution of populations in each risk class was similar to the total

Global Plasmodium vivax Endemicity in 2010

at risk, such that over 80% of people in both classes lived in
Central Asia (Table 1).

Plasmodium vivax Endemicity in the Americas

Areas endemic for P. vivax in the Americas extended to some 9.5
million square kilometres, of which the largest proportion was in
the Amazonian region of Brazil (Figure 2B). Interestingly, only a
relatively small fraction of these areas (15%) experienced unstable
rather than stable transmission, suggesting a polarisation between
areas at stable risk and those where the disease is absent altogether
(Table 1). The regions of highest endemicity were found in
Amazonia and in Central America — primarily Nicaragua and
Honduras — with predicted mean PoPR, g9 exceeding 7% in all
three locations. An important feature of P. vwax throughout the
Americas 1s that its distribution is approximately inverse to that of
the population. This is particularly true of the two most populous
endemic countries of the region, Brazil and Mexico, and it means
that, whilst the Americas contributed 53% of the land area
experiencing stable transmission worldwide, they housed only 5%
of the global population at that level of risk.

1.5
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0
(More certain)

1
(Less certain)

{ = 0
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 mapEEs-

mataria alias project

/

Figure 3. Uncertainty associated with predictions of Plasmodium vivax endemicity. Panel A 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;_g9
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 B shows the same index multiplied by the underlying population density and rescaled to 0-1 to
correspond to Panel A. Higher values indicate areas with high uncertainty and large populations.

doi:10.1371/journal.pntd.0001814.g003
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Table 1. Area and populations at risk of Plasmodium vivax malaria in 2010.

Area (million km?)

Population (millions)

Region

Unstable Stable Any risk Unstable Stable Any risk
America 1.38 8.08 9.46 87.66 49.79 137.45
Africa+ 20.60 1.86 2246 48.72 37.66 86.38
C Asia 5.60 3.63 9.24 1,236.92 812.55 2,049.47
SE Asia 0.96 1.78 2.74 150.17 64.90 215.07
World 28.55 15.35 43.90 1,523.47 964.90 2,488.37

doi:10.1371/journal.pntd.0001814.t001

Uncertainty in predicted PoPR; o9 was relatively high through-
out much of the Americas (Figure 3B). This reflects the
heterogeneous landscape of endemicity coupled with the generally
scarce availability of parasite rate surveys in the region (see
Figure 2A). However, when this uncertainty is weighted by the
underlying population density (Figure 3B), its significance on a
global scale is placed in context: because most areas at stable risk
are sparsely populated, the population-weighted uncertainty was
very low compared to parts of Africa and much of Asia.

Plasmodium vivax Endemicity in Africa, Yemen and Saudi
Arabia (Africa+)

Our decision to assume stable transmission of P. vivax in Africa
unless robust PeAPI or biological mask data confirmed otherwise
meant that much of the continent south of the Sahara was initially
classified as being at stable risk (Figure 2A). However, by
implementing the MBG predictions of PyPR; o9 throughout this
range and reclassifying a posteriori those areas likely to fall below an
endemicity threshold of 1% PvPR; g9, the majority of stable risk
areas were downgraded to unstable (Figure 2B). Thus, in the final
maps, 92% of endemic Africa was at unstable risk, with the
majority of Madagascar and Ethiopia, and parts of South Sudan
and Somalia making up most of the remaining area at stable risk.
Even in these areas, endemicity was uniformly low, with predicted
endemicity values rarely exceeding a point estimate of 2% PvPR
99. We augmented the final map with an additional overlay mask
delineating areas where Dufly negativity phenotype prevalence has
been predicted to exceed 90% (Figure 2B). The influence of this
blood group on the estimated populations at risk is profound: of
the 840 million Africans living in areas within which transmission
is predicted to occur, only 86 million were considered at risk,
contributing just 3% to the global total (Table 1).

Uncertainty in predicted PoPR g9 followed a similar pattern to
the magnitude of the predictions themselves (Figure 3B). Certainty
around the very low predicted endemicity values covering most of
the continent was extremely high — reflecting the increased precision
gained by incorporating the Duffy negativity information that
compensated for the paucity of P. vwax parasite rate surveys on the
continent. The pockets of higher endemicity in Madagascar and
northern East Africa were predicted with far less certainty. In the
population-weighted uncertainty map (Figure 3B), the lower
population densities of Madagascar reduced the index on that island
whereas the densely populated Ethiopian highlands remained high.

Plasmodium vivax Endemicity in Central and South East
Asia

Large swathes of high endemicity, very large population
densities and a negligible presence of Dufty negativity combine
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Risk is stratified into unstable risk (PvAPI<<0.1 per 1,000 people pa) and stable risk (PvAPI=0.1 per 1,000 people pa).

to make the central and south-eastern regions of Asia by far the
most globally significant for P. vivax. We estimate that India alone
contributed nearly half (46%) of the global population at risk, and
two thirds (67%) of those at stable risk. China is another major
contributor with 19% of the global populations at risk, primarily in
unstable transmission regions, whilst Indonesia and Pakistan
together contributed a further 12%. Within regions of stable
transmission, endemicity is predicted to be extremely heteroge-
neous (Figure 2B). Areas where the point estimate of PoPR; g9
exceeded 7% were found in small pockets of India, Myanmar,
Indonesia, and the Solomon Islands, with the largest such region
located in Papua New Guinea.

The uncertainty map (Figure 3A) reveals how the most precise
predictions were associated with areas of uniformly low endemicity
and abundant surveys, such as Afghanistan and parts of Sumatra
and Kalimantan in Indonesia. Conversely, areas with higher or
more heterogeneous endemicity, such as throughout the island of
New Guinea, were the most uncertain. The population-weighted
uncertainty map (Figure 3B) differs substantively, indicating how
the populous areas of Indonesia, for example, were relatively
precisely predicted whereas India, China, and the Philippines had
the largest per-capita uncertainty.

Discussion

The status of P. vivax as a major public health threat affecting
the world’s most populous regions is becoming increasingly well
documented. The mantra of vivax malaria being a very rarely
threatening and relatively benign disease [7,10] has been
challenged with evidence suggesting that it can contribute a
significant proportion of severe malaria disease and death
attributable to malaria in some settings [61]. Some reports have
pointed especially to very young children being a major source of
morbidity [20,62] and some hospital-based studies have reported
comparable mortality rates between patients classified with severe
P. vivax and severe P. falciparum [21,24,63]. The recognition of a
lethal threat by this parasite comes with evidence of failing
chemotherapeutics against the acute attack [64] and overdue
acknowledgement of the practical inadequacy of the only available
therapy against relapse [65]. As the international community
defines increasingly ambitious targets to minimise malaria illness
and death [66-68], and to progressively eliminate the disease from
endemic areas [1-6], further sustained neglect of P. vivax becomes
increasingly untenable.

Here we have presented the first systematic attempt to map the
global distribution of P. vivax endemicity using a defined evidence
base, transparent methodologies, and with measured uncertainty.
These new maps aim to contribute to a more rational international
appraisal of the importance of P. vivax in the broad context of
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malaria control and elimination policies, as well as providing a
practical tool to support control planning at national and sub-
national levels.

Interpreting P. vivax Endemicity in 2010

In 2010, areas endemic for P. vivax covered a huge geographical
range spanning three major continental zones and extending into
temperate climates. In the Americas, whilst important pockets of
high endemicity are present, the majority of areas of stable
transmission coincide with lower population densities, diminishing
the contribution of this continent to global populations at risk. In
Africa the protection conferred by Duffy negativity to most of the
population means the large swathes of the continent in which
transmission may occur contain only small populations at
biological risk. Thus it is primarily in Asia where very large
populations coincide with extensive high endemic regions, and as a
result nine out of every ten people at risk of P. vivax globally live on
that continent.

A number of important contrasts arise when comparing this
map with the equivalent 2010 iteration for P. falciparum [28].
Perhaps most obvious are the lower levels of observed endemicity
at which P. vwax tends to exist within populations experiencing
stable transmission. We used a cartographic scale between 0% and
7% to differentiate global variation in P. viwax endemicity, although
point estimates exceeded that upper threshold in localised areas.
For P. falciparum the equivalent scale spanned 0% to 70% [28],
suggesting an approximate order-of-magnitude difference in
prevalence of patent parasitemia. In part, this difference reflects
the decision to standardise our predictions across the 1-99 age
range, and values would have been higher if we had opted for the
peak 2-10 age range used for P. falciparum. This difference might
be accentuated by the likely more rapid acquisition of immunity to
P. vivax than P. falciparum in the most highly endemic areas [57]. A
number of other biological and epidemiological differences
between the two species also mean these lower apparent levels
of endemicity must be interpreted differently. One factor is the
lower sensitivities of microscopy and RDT diagnoses for a given
level of P. vivax infection prevalence, because infections tend to be
associated with much lower parasite densities which increase the
likelihood of false negative diagnoses [9]. A number of studies in
both high and low endemic settings have found microscopy to
underestimate prevalence by a factor of up to three when
compared with molecular diagnosis [57,69-72]. The decreasing
cost and time implications of molecular diagnosis may mean that
these gold standard diagnostic techniques become the standard for
parasite rate surveys in the future. A global map of PCR-positive
parasitemia rates would almost certainly reveal a larger underlying
reservoir of infections and, possibly, reveal systematic differences
in patterns of endemicity than we are able to resolve currently with
less sensitive diagnostic methods.

The lower parasite loads must be interpreted in the context of
implications for progression to clinical disease. For example,
Plasmodium vivax is known to induce fevers at comparatively lower
parasite densities than P. falciparum, a feature likely linked to overall
inflammatory responses of greater magnitude [16]. P. vivax is also
comparable to P. falciparum in its potential to cause anaemia
regardless of lower parasite densities, due to a combination of
dyserythropoesis and repeated bouts of haemolysis [22]. A recent
hospital-based study at a site in eastern Indonesia of hypo- to
meso-endemic transmission of both species showed far lower
frequencies of parasitemia >6,000/ul. among inpatients classified
as having not serious, serious, and fatal illness with a diagnosis of P.
vwax compared to P. falciparum [24]. Further, the majority of case
reports describing severe and fatal illness with a diagnosis of vivax
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malaria typically show parasitemia >5,000/ul.. In contrast, the
World Health Organization threshold for severe illness attribut-
able to hyperparasitemia with P. falciparum is >200,000/ul. [73].
In brief, the relationship between prevalence and risk of disease
and transmission for P. vwax is distinct from that for P. falciparum,
and it is weighted more heavily towards substantial risks at much
lower parasite densities and levels of prevalence of microscopically
patent parasitemia.

The capacity of P. wwax hypnozoites to induce relapsing
infections has a number of important implications. First, because
dormant liver stage infections are not detectable in routine parasite
rate surveys, our maps do not capture the potentially very large
reservoir of asymptomatic infections sequestered in each popula-
tion. Evidence is emerging that this hidden reservoir may be
substantially larger than previously thought, with long-latency P.
vivax phenotypes both prevalent and geographically widespread
[37]. Whilst not contributing to clinical disease until activated,
these dormant hypnozoites ultimately play a vital role in sustaining
transmission since they are refractory to blood-stage antimalarial
chemotherapy and interventions to reduce transmission. Hypno-
zoites also ensure an ability of P. zwax to survive in climatic
conditions that cannot sustain P. falciparum transmission. Second,
the P. vwax parasite rates observed in population surveys detect
both new and relapsing infections, although the two are almost
never distinguishable. This confounds the relationship between
observed infection prevalence and measures of transmission
intensity such as force of infection or the entomological inoculation
rate. This, in turn, has implications for the use of transmission
models seeking to evaluate or optimise control options for P. vivax
[2,9,27,74]. The current unavailability of any diagnostic method
for detecting hypnozoites [75] and our resulting ignorance about
the size and geographic distribution of this reservoir therefore
remain critical knowledge gaps limiting the feasibility of regional
elimination [9]. It is also worth noting that conventional parasite
rate data do not measure multiplicity of infection which is an
additional potential confounding effect between observed infection
prevalence and transmission intensity.

P. vivax in Africa and Duffy Polymorphism

Our map of P. vivax endemicity and estimates of populations at
risk in Africa are heavily influenced by a single assumption: that
the fraction of the population estimated to be negative for the
Dufly antigen [43] is refractory to infection with P. vivax. A body of
empirical evidence is growing, however that P. vivax can infect and
cause disease in Duffy negative individuals, as reported in
Madagascar [76] and mainland sub-Saharan Africa [77-80] as
well as outside Africa [81,82]. Whether the invasion of erythro-
cytes via Dufty antigen-independent pathways is a newly evolved
mechanism, or whether this capacity has been overlooked by the
misdiagnosis of P. viwax in Africa as P. ovale remains unresolved
[9,42,59]. Whilst this accumulated evidence stands contrary to our
simplifying assumption of complete protection in Duffy negative
individuals, there is currently no evidence to suggest that such
infections are anything but rare and thus are unlikely to have any
substantive influence on the epidemiology or infection prevalence
of P. vivax at the population scale throughout most of Africa. We
also make no provision in our model for a protective effect in
Duffy-negative heterozygotes, although such protection has been
observed in some settings [83-86]. The movement and mixing
within Africa of human populations from diverse ethnographic
backgrounds complicates contemporary patterns of Dufly nega-
tivity and, in principle, could yield local populations with
substantially reduced protection from P. viwax infection in the
future. Indeed, the implications for our map of population
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movement go beyond the effect of Dufty negativity: the carriage of
parasites from high to low endemic regions, for example by
migratory workers, may play an important role in sustaining
transmission in some regions and further research is required to
investigate such processes.

Mapping to Guide Control

There exists for P. falciparum a history of control strategies linked
explicitly to defined strata of endemicity, starting with the first
Global Malaria Eradication Programme [18,87,88] and undergo-
ing a series of refinements that now feature in contemporary
control and elimination efforts. Most recently, stratification has
been supported by insights gained from mathematical models
linking endemic levels to optimum intervention suites, control
options, and timelines for elimination planning [2,89-95]. In stark
contrast, control options for P. vivax are rarely differentiated by
endemicity, and there is little consensus around how this may be
done. In part, the absence of agreed control-oriented strata of P.
viwax endemicity stems from the biological complexities and
knowledge gaps that prevent direct interpretation of infection
prevalence as a metric for guiding control. It is also to some extent
inevitable that the dogma of unstratified control becomes self-
propagating: risk maps are not created because control is not
differentiated by endemicity, but that differentiation cannot
proceed without reliable maps.

As well as providing a basis for stratified control and treatment,
the endemicity maps presented here have a number of potential
applications in combination with other related maps. First, there is
an urgent need to better identify regions where high P. wvivax
endemicity is coincident with significant population prevalence of
glucose-6-phosphate dehydrogenase deficiency (G6PDd). This
inherited blood disorder plays a key role in chemotherapy policy
for P. wivax because primaquine, the only registered drug active
against the hypnozoite liver stage is contra-indicated in G6PDd
individuals in whom it can cause severe and potentially fatal
haemolytic reactions [96,97]. A new global map of G6PDd
prevalence is now available (Howes et al, submitted) which can be
combined with the endemicity maps presented here to provide a
rational basis for estimating adverse outcomes and setting appro-
priate testing and treatment protocols. Moreover, in practice most
clinical infections are managed without differentiating the causative
parasite species: combining the endemicity maps for P. vivax and P.
Jalctparum may therefore inform unified strategies for malaria control
programs and policy [28]. It has been proposed, for example, that
artemesinin-based combination therapy (ACT) be adopted for all
presumptively diagnosed malaria in areas coendemic for both
species, as opposed to a separate ACT/chloroquine treatment
strategy [98]. Further, in some regions more than 50% of patients
diagnosed with falciparum malaria go on to experience an attack of
vivax malaria in the absence of risk of reinfection [99]. This high
prevalence of hypnozoites may also justify presumptive therapy with
primaquine against relapse with any diagnosis of malaria where the
two species occur at relatively high frequencies. Such geographically
specific cross-parasite treatment considerations hinge on robust risk
maps for both species.

Future Challenges in P. vivax Cartography

Numerous research and operational challenges remain unad-
dressed that would provide vital insights into the geographical
distribution of P. vwax and its impacts on populations. Perhaps the
highest priority is to improve understanding of the link between
infection prevalence and clinical burden in both P. viwax mono-
endemic settings and where it is coendemic with P. falciparum.
Official estimates of national and regional disease burdens for P.
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viwax remain reliant on routine case reporting of unknown fidelity
and are only crudely distinguished from P. falciparum [100]. It is
illuminating that only 53 of the 95 P. vivax endemic countries were
able to provide vivax-specific routine case reporting data, and
there is a clear mandate for strengthening the routine diagnosis
and reporting of P. wviwax cases. Cartographic approaches to
estimating P. viwax burden can therefore play a crucial role in
triangulating with these estimates to provide insight into the
distribution of the disease independent of health system surveil-
lance and its attendant biases [27,101-105]. There is also a
particular need to define burden and clinical outcomes associated
with P. vivax in pregnancy [9,106] and other clinically vulnerable
groups, most notably young children. Linking infection prevalence
to clinical burden implies the need to better understand the
contribution of relapsing infections to disease. Whilst the
magnitude of this contribution is known to be highly heteroge-
neous, its geographical pattern is poorly measured and causal
factors only partially understood [39,41].

Further challenges lie in understanding how P. falciparum and P.
viwax interact within human hosts and how these interactions
manifest at population levels. Comparison of the maps for each
species reveals a complete spectrum from areas endemic for only
one parasite through to others where both species are present at
broadly equal levels. Whilst identifying these patterns of
coendemicity is an important first step, the implications in terms
of risks of coinfection and clinical outcomes, antagonistic
mechanisms leading to elevated severe disease risk, or cross-
protective mechanisms of acquired immunity remain disputed

[20,107-109].

Conclusions

To meet international targets for reduced malaria illness and
death, and to progress the cause of regional elimination, the
malaria research and control communities can no longer afford to
neglect the impact of P. viwax. Its unique biology and global
ubiquity present challenges to its elimination that greatly surpass
those of its higher-profile cousin, P. falciparum. Making serious
gains against the disease will require substantive strengthening of
the evidence base on almost every aspect of its biology,
epidemiology, control and treatment. The maps presented here
are intended to contribute to this effort. They are all made freely
available from the MAP website [110] along with regional and
individual maps for every malaria-endemic country. Users can
access individual map images or download the global surfaces for
use in a geographical information system, allowing them to
mntegrate this work within their own analyses or produce bespoke
data overlays and displays. We will also make available, where
permissions have been obtained, all underlying P. vwax parasite
rate surveys used in this work.
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Plasmodium vivax (Pv) is a major cause of human malaria and is in-
creasing in public health importance compared with falciparum
malaria. Pv is unique among human malarias in that invasion of
erythrocytes is almost solely dependent on the red cell’s surface re-
ceptor, known as the Duffy blood-group antigen (Fy). Fy is an impor-
tant minor blood-group antigen that has two immunologically
distinct alleles, referred to as Fy® or Fy®, resulting from a single-point
mutation. This mutation occurs within the binding domain of the
parasite’s red cell invasion ligand. Whether this polymorphism
affects susceptibility to clinical vivax malaria is unknown. Here we
show that Fy?, compared with Fy®, significantly diminishes binding of
Pv Duffy binding protein (PvDBP) at the erythrocyte surface, and is
associated with a reduced risk of clinical Pv in humans. Erythrocytes
expressing Fy® had 41-50% lower binding compared with Fy® cells
and showed an increased ability of naturally occurring or artificially
induced antibodies to block binding of PvDBP to their surface. Indi-
viduals with the Fy®>**~ phenotype demonstrated a 30-80% reduced
risk of clinical vivax, but not falciparum malaria in a prospective co-
hort study in the Brazilian Amazon. The Fy>**~ phenotype, predom-
inant in Southeast Asian and many American populations, would
confer a selective advantage against vivax malaria. Our results also
suggest that efficacy of a PvDBP-based vaccine may differ among
populations with different Fy phenotypes.

Duffy binding protein | resistance

he parasite Plasmodium vivax plays a major role in the overall

burden of malaria, causing severe morbidity and death (1).
At least 80 million individuals worldwide suffer from vivax
malaria; indeed, it is the most widely distributed malarial species
outside of sub-Saharan Africa (2). Global efforts to eliminate
malaria, largely based on reducing transmission, have been
considerably less effective with P. vivax than with Plasmodium
falciparum (3, 4), in part because of the former’s efficient
transmission in diverse ecological settings and its ability to
reinitiate blood-stage infection from a dormant liver hypnozoite
phase (5). Thus, success at P. vivax elimination may depend more
on developing vaccines to prevent infection and suppress re-
emergent blood-stage parasites.

P. falciparum demonstrates capacity to invade erythrocytes
through multiple receptor pathways (6). In contrast, P. vivax red
cell invasion appears to be primarily dependent on the Duffy
antigen (Fy) (7). Although Duffy-independent P. vivax infection
and disease can occur (8), alternative invasion pathways are not
understood. As detailed understanding of host and parasite ge-
netic polymorphisms and immune response inhibition of re-
ceptor-ligand interaction is of critical importance for vaccine
development, here we have investigated the relevance of the
Fy’>Fy" antigen polymorphism on susceptibility to clinical P.
vivax malaria.

The gene that encodes the Duffy antigen has two major
polymorphisms. A Asp—Gly amino acid substitution (codon 42)

www.pnas.org/cgi/doi/10.1073/pnas.1109621108

in the N-terminal region is associated with the Fy® and Fy*
blood-group antigens, respectively (Fig. 14). The second poly-
morphism T—C transition at nucleotide —33 in the Duffy gene
promoter ablates Duffy expression on erythrocytes (ES; eryth-
rocyte silent). The blood group and expression phenotypes as-
sociated with these polymorphisms have been well characterized,
nomenclature and biological properties of Duffy have been
summarized previously (8, 9) (Table S1).

Because of the critical role played by the Duffy antigen in
P. vivax erythrocyte invasion, the corresponding parasite ligand,
the Duffy binding protein (PvDBP), which is expressed at the
parasite’s cellular surface upon invasion, is a major vaccine can-
didate (10). The binding domain of PvDBP to Fy has been
indentified in a 330-aa cysteine-rich region referred to as region
I, designated PvDBPII (11, 12). Naturally acquired and artifi-
cially induced antibodies to PvDBPII inhibit parasite invasion
in vitro (13) and protect against clinical malaria in children (14),
supporting PvDBPII as a leading vaccine candidate. The critical
residues of Fy, to which PvDBPII binds, map to N-terminal re-
gion amino acids 842 (Fig. 14) (15, 16). Given studies on non-
human primates indicating that Fy” is the ancestral allele (17, 18),
we hypothesized that Fy* decreased the efficiency of PvDBPII
binding, thereby reducing susceptibility to P. vivax malaria. Indeed,
cross sectional association studies performed in the Brazilian
Amazon region suggested that individuals expressing the Fy’
compared with Fy® antigen may be more susceptible to P. vivax in-
fection (19). Additionally, prior studies showed that an ortholo-
gous protein expressed by the simian malaria parasite, Plasmodium
knowlesi, which infects human elglthrocytes in a Duffy-dependent
manner, preferentially bound Fy°- compared with Fy*-expressing
erythrocytes, both in vivo and in vitro (20).

Results

Fy?/Fy® Polymorphism Affects Binding of PvDBPII to Erythrocytes. To
examine whether human erythrocytes expressing Fy* showed
differential bindin%) of recombinant PvDBPII compared with
those expressing Fy”, we screened blood samples from a group of
healthy North American volunteers. Using a PCR assay, in-
dividual Fy genotypes were established (Table S1). Samples were
assayed for degree of recombinant PvDBPII binding to red cells
using flow cytometry. We found 40-50% lower binding of
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Relationship of FY genotype on binding to PvDBP. (A) N-terminal binding domain (black residues) of PvDBP to Fy. Fy6 is a mAb and the corresponding

epitope. Fy?>>Fy® is the only polymorphism in the N-terminal region. Red highlights indicate negatively charged amino acids; the overall pl is 3.4 for the N-
terminal region. In contrast, the binding domain of PvDBPII [consisting of 330 aa (32)] has a pl of 9.6. (B) Flow cytometry assessment of recombinant PvDBPII
binding levels to erythrocytes from people differing by Duffy genotype. (C) Level of Duffy expression using mAb Fy6. (D) Relative binding of PvDBPII
expressing COS-cells to erythrocytes of FY*A/FY*A (n = 12) vs. FY*B/FY*B (n = 12, P < 0.0001) blood donors; combines results of three separate experiments.
For example, the mean number of rosettes per 30 high-powered field was 83 + 11 for FY*B/FY*B erythrocytes compared with 46 + 5 for FY*A/FY*A (P = 0.007)

for one experiment (Fig. S1).

PvDBPII (0.2 pg per 10° red cells) (Fl%
FY*A/FY*A (i.e. phenotyplcalgf ) compared with FY*B/
FY*B (i.e., phenotyplcally Fy* ™) blood donors (Fig. 1B) (P <
0.0001). Erythrocytes from FY*4/FY*B donors displayed in-
termediate binding (Fy**®*). Our observed differences in
PvDBPII binding could not be attributed to levels of Fy ex-
pression, which were similar for FY*B/FY*B, FY*A/FY*A, and
FY*A/FY*B genotypes (Fig. 1C). FY*A/FY*BES cells expressed
approximately half the levels of Fy compared with FY*A4/FY*A4
cells; as expected, their binding was significantly reduced com-
pared with cells from corresgondmg FY*A4 homozygotes. Duffy-
negative erythrocytes (FY*B™S/FY*B"®) failed to express Fy and
did not bind PvDBPII. We also performed erythrocyte rosetting
assays, where PvDBPII was surface-expressed on COS cells. In
these studies, cells from FY*4/FY*A4 donors bound COS cells at
a 50% lower level compared with erythrocytes from FY*B/FY*B
donors (Fig. 2D and Fig. S2).

To investigate mechanisms responsible for the differential bind-
1ng, we looked at differences in electrostatlc charge, as well as ty-
rosine (Tyr) sulfation between Fy* and Fy" (Fig. 14). The less-
efficient parasite binding of Fy* may be a result of the charge
neutrality of Gly42 (replacing Asp42), because the N-terminal re-
gion of Fy is negatively charged but PvDBPII is positively charged.

Prior studies have shown that the degree of sulfation of Tyr41
markedly affected binding of PvDBPII to Fy (21). Although
Choe et al. observed no substantial difference in sulfation of
their Fy® vs. Fy® constructs [60 codons Duffy amino terminus
joined to human IgG1 Fc domain (20)], no data were provided to
compare PvDBPII interaction with thelr constructs correspond-
ing to Fy* vs. Fy" or native Fy* vs. Fy® antigens on the red cell
surface. To make these comparisons, we treated erythrocytes
with the enzyme arylsulfatase, which selectively and partially

S2) to erythrocytes from

20f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1109621108

removes sulfate groups from Tyr (Fig. S2) (22). Interestingly, en-
zymatic treatment of FY*4/FY*A erythrocytes reduced PvDBPII
binding by 42% (Fig. 24) (P = 0.0004), but had no effect on
PvDBPII binding to FY*B/FY*B erythrocytes (Fig. 2C). Enzy-
matic treatment did not affect quantitative expression of Fy on
erythrocytes (Fig. 2 C and D, and Fig. S2B). Arylsulfatase con-
centrations that would result in complete removal of sulfate
groups could not be used because it caused erythrocyte lysis.
These results suggest that Fy* may be more susceptible to loss of
sulfate groups from tyrosines compared with Fy’.

Binding Inhibitory Antibodies Show Greater Blocking of PvDBPII to
Fy>- Compared with Fy’-Expressing Erythrocytes. Previous studies
have shown that PvDBPII-specific antibodies inhibit P. vivax
erythrocyte invasion in vitro (13) and correlate with protection
against blood-stage infection in vivo (14). To determine whether
antibodies that inhibit P. vivax invasion would bind differentially
to Fy*- vs. FyP-expressing cells, a binding-competition assay was
performed using antibodies directed against PvDBPII. We found
that similar concentrations of either naturally acquired (Fig. 3 4
and B) or artificially induced inhibitory antibodies (Fig. 3 C and D)
effected 200-300% greater inhibition of PvDBPII binding to
erythrocytes from FY*4/FY*A compared with FY*B/FY*B do-
nors. For these experiments, PvDBPII-specific antibodies were
affinity-purified from human and rabbit sera. Therefore, the
concentration of these PvDBPII antibodies would be higher than
in circulating blood. Of note, antibody preparations were affinity-
purified to enrich for antibodies directed to PvDBPII, and thus
antibody concentrations used are unlikely to represent circulating
antibody levels in individuals. Overall, these results suggest that
binding inhibitory antibodies directed against PvDBPII may
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Fig. 2. Effect of arysulfatase treatment on binding of PvDBPII to eryth-
rocytes from blood donors with different FY genotypes. (A) Treatment of
erythrocytes from FY*A/FY*A donors selectively and partially removes sul-
fonate groups from tyrosine residues (Fig. S3) and reduced binding by
PvDBPII. (C) Identical treatment of erythrocytes from FY*B/FY*B donors did
not reduce PvDBPII binding. (B and D) Enzyme treatment of erythrocytes
does not affect Fy expression on erythrocytes. Symbols (circle to triangle)
paired by lines compare red blood cells from each individual before and
after treatment with 500 million units of arylsulfatase.

inhibit more efficiently when P. vivax is accessing the red blood cell
through contact with Fy* compared with Fy®.

Fy*/Fy® Polymorphism Is Associated with Reduced Risk to Clinical
P. vivax. We then sought to determine if our in vitro findings
associated with FY genotype correlated with in vivo susceptibility
to uncomplicated clinical P. vivax malaria. For this study, we
analyzed data from 400 individuals (5-74 y of age) living in a
P. vivax-endemic region of the Brazilian Amazon studied pre-
viously (Table S2). All individuals were actively followed for
clinical malaria over 14 mo, as determined by blood-smear mi-
croscopy and PCR-confirmation during a time when there was a
surge in malaria infection (23). Overall, 124 cases of P. vivax and
66 cases of P. falciparum malaria were diagnosed, with annual
incidence rates of 0.31 and 0.17, respectively. Mixed infection
was found in 31 cases.

Prior analysis of the complete dataset suggested that duration
of residence in the community and distance from the Iquiri River
influenced risk for malaria (23). Here we observed a slight re-
duction in risk for P. vivax malaria, with longer duration of res-
idence in the transmission area [risk ratio 0.94, 95% confidence
interval (CI) 0.91-0.98, P = 0.01, negative binomial analysis],
consistent with development of acquired immunity. Individuals
who lived in the high-transmission area close to the river were at
increased risk of P. vivax malaria (risk ratio 3.24, 95% CI 1.60-
6.05, P = 0.001). Similar risk ratios for development of P. fal-
ciparum malaria were associated with time and location (risk
ratio 2.89, 95% CI 1.72-5.67, P < 0.001). There was no signifi-
cant association for FY genotype and prevalence of individuals
living in high vs. low transmission areas, nor for FY genotype and
duration of residence (Table S2) S(Pearson’s x* test, P = 0.12).

Individuals with FY*4/FY*B"® and FY*A/FY*4 genotypes
showed the lowest incidence of clinical P. vivax (Fig. 4). Negative
binominal analysis adjusting for duration of local residence and
transmission areas showed respectively, 80% and 29% reduced
risk of clinical vivax malaria for individuals with FY*4/FY*B=S
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Fig. 3. Fy?/Fy° polymorphism affects binding inhibitory antibody blocking
activity of recombinant PvDBPII to erythrocytes. (A) Inhibition of PvDBPII by
different serum dilutions of pooled affinity-purified human binding in-
hibitory Abs of PvDBPII binding to erythrocytes from an FY*A/FY*A com-
pared with an FY*B/FY*B blood donor. (B) Binding inhibitory Abs from
human serum (1:50 dilution) show consistently greater blocking of PvDBPII
binding to erythrocytes from FY*A/FY*A (n = 7) compared with FY*B/FY*B
(n = 8) blood donors. (C and D) Affinity-purified rabbit serum generated
against PvDBPII also shows a greater capacity to inhibit binding of PvDBPII to
erythrocytes from FY*A/FY*A (n = 5) compared with the FY*B/FY*B (n = 5)
individuals at a serum dilution of 1:200. Each datapoint (A and C) represents
mean (+ SD) percent inhibition for individuals with Fy® vs. Fy®. Each dot
(B and D) represents means of duplicate or triplicate binding assays for one
donor. Statistical comparison uses a Student t test.

and FY*A/FY*A compared with the FY*4/FY*B genotype (Table
1). In contrast, individuals with FY*B/FY*B*5 and FY*B/FY*B
genotypes had 220-270% greater risk of vivax malaria compared
with the FY*4/FY*B genotype (Fig. 3B). Interestingly, we ob-
served no significant difference in the percent of subjects with
antibody responses against PvDBPII in association with FY ge-
notype (see Table 1 for sample sizes, FY*4/FY*B"® 16.7%, FY*A/
FY*A 11.9%, FY*A/FY*B 24.4%, FY*B/FY*B* 21.4%, FY*B/
FY*B 11.3%). Results show a consistent decreased susceptibility

Bl P. vivax
EZAP. falciparum

0.4+
0.3+

0.2

Incidence of Clinical Malaria

Duffy Antigen Genotype

Fig. 4. Effect of FY genotype on the unadjusted annual incidence of clinical
P. vivax (black bars) and P. falciparum malaria (striped bars). Incidence is
expressed as mean number of clinical episodes per person-years of follow-
up. Using a negative binomial analysis, the overall effect was highly signif-
icant, P < 0.001. The adjusted effect of specific genotype on P. vivax risk is
shown in Table 1.
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Table 1. Effect of Different FY genotype on risk of clinical vivax
malaria

Genotype n Risk ratios (95% Cl) P
FY*AIFY*BE® 35 0.204 (0.09-0.87) 0.005
FY*AIFY*A 52 0.715 (0.31-1.21) 0.06
FY*AIFY*B 140 Comparator

FY*BIFY*BES 76 2.17 (0.91-4.77) 0.09
FY*BIFY*B 87 2.70 (1.36-5.49) 0.002

Rate ratios are adjusted for location and duration of residence in endemic
area using FY*A/FY*B as the comparator groups based on a negative bi-
nomial analysis. Boldface indicates statistical significance.

to vivax malaria associated with Fy* and increased susceptibility
to vivax malaria with increased expression of Fy". There was no
association between FY genotype and risk for P. falciparum in the
multivariate analysis (overall risk ratio 1.08, 95% CI 0.87-2.38,
P = 0.42). The analysis was repeated excluding individuals with
mixed P. vivax and P. falciparum infections; FY*A4/FY*B"S and
FY*A/FY*A had risk ratios of 0.197 (CI 0.07-0.98), P = 0.03 and
0.684 (CI 0.28-1.45), P = 0.09 compared with the FY*4/FY*B
genotype. These results imply that differences in binding of
PVDBPII to Fy* compared with Fy" translate to decreased P.
vivax erythrocyte invasion efficiency, and lower parasitemias in
Fy***~ compared with Fy*™®* individuals. It should be noted
that parasitemia levels were not specifically determined in
this study.

Geographical Distribution of the Duffy Allelle Frequencies. The
global distribution of the three major FY alleles, FY*4, FY*B,
and FY*B"S, are shown in Fig. 5. This map was derived from
a suite of allele-frequency maps assembled from a database of
Duffy blood-typing surveys from 1950 to 2010 (24) (Table S3).
The FY*A allele appears to be advancing to fixation in many
Asian populations. In contrast, FY*B"S has followed a different
pattern and has achieved fixation in Africa. The FY*B allele
predominates in European populations. Admixture of FY*4 and
FY*B usually occurs in populations from relatively recent European

A frequency FY*BE frequency
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migrations into North Africa and the Americas following the
much early migration of populations from Asia.

Discussion

Our study demonstrates that PvDBPII binding is significantly
lower to Fy? than the ancestral Fy® antigen (Fig. 1B). Concor-
dantly, we found that Fy* was associated with protection, but Fy®
was associated with increased infection and disease (Table 1).
Although P. vivax parasitemia has been shown to correlate with
risk of clinical vivax malaria (25), we did not evaluate the re-
lationship of the FY genotype with parasitemia, as this feature of
infection was not recorded in the Brazilian longitudinal study.
Despite our recent findings that P. vivax is able to infect human
red cells through a Duffy-independent mechanism (8), it is well
known that Duffy-negativity (FY*B"/FY*B"%) is responsible for
high-level resistance to P. vivax blood-stage infection (7), sug-
gesting that this parasite’s invasion mechanism is heavily reliant
on access to Fy. Given the burden of illness and death associated
with vivax malaria (1), and proposals that P. vivax originated in
Asia following lateral transfers of simian parasites from Old
World monkeys (26), the emergence of a major vivax-resistance
allele in African populations alone (FY*B"S) is puzzling. There-
fore, we hypothesize that FY*4 has also been positively selected
to reduce efficiency of P. vivax red cell invasion to improve hu-
man fitness to P. vivax malaria. The observation that FY*4
has advanced to fixation in many Asian and American pop-
ulations where vivax malaria is most highly endemic (Fig. 5 and
SI Methods) supports this conclusion. Although historical re-
cord of vivax malaria in Africa is scanty, FY*B"® predominates
in most African ethnicities and holds vivax malaria at very
low prevalence.

Prior studies investigating Fy and other red cell surface pro-
teins as receptors for P. knowlesi/P. vivax red cell invasion have
reported results that both support and vary with our present
findings. Although evidence is limited, in vitro infection studies
by Miller et al. suggested that P. knowlesi displayed lower effi-
ciency in infecting human Fy**"~ compared with Fy*~"" red cells
(27). Additional studies did not compare parasite invasion be-
tween Fy**°~ and Fy*™* red cells directly (20, 28, 29) but did

Fig. 5. Global frequencies of the FY alleles. Areas predominated by a single allele (frequency > 50%) are represented by a color gradient (blue, FY*A; green,
FY*B; redlyellow, FY*B). Areas of allelic heterogeneity where no single allele predominates, but two or more alleles each have frequencies > 20%, are
shown in gray-scale: palest for heterogeneity between the silent FY*BES allele and either FY*A or FY*B (when coinherited, these do not generate new
phenotypes), and darkest being co-occurrence of all three alleles (and correspondingly the greatest genotypic and phenotypic diversity). Overall percentage
surface area of each class is listed in the legend. Refer to S/ Methods for a methodological summary and further detail about the map surface.
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compare binding of parasite proteins to human Fy**®~ and Fy* "
red cells. Haynes et al. showed that a 135-kDa protein from P.
knowlesi culture su%ernatants bound to Fy*™®* erythrocytes much
better than to Fy**"~ cells (20). Similar studies found that a 135-
140 “native” protein corresponding to the full-length Duffy binding
protein from P. vivax culture supernatants showed similar binding to
Fy* "~ vs. Fy*™* red cells (30). A subsequent study using the same
recombinant PvDBPII construct as the current study and a similar
flow cytometry erythrocyte-binding assay showed no significant
difference in PvDBPII binding to Fy**®~ vs. Fy*™* erythrocytes
(31). Experiments in this latter study used PvDBPII at concen-
trations 50-fold higher that those shown here that reveal preferen-
tial binding to Fy* " vs. Fy**®~ erythrocytes. High-concentration
PvDBPII obscure differential binding to Fy*™®* vs. Fy**°~
erythrocytes (Fig. S1). Overall differences and similarities suggest
that outcomes of in vitro studies may be sensitive to variation in
parasite species/strains and their parasitemias, as well as differ-
ences in antigen polymorphism and concentration.

Results from our in vitro studies were consistent with our
in vivo observations, suggesting a relationship between Fy* com-
pared with Fy® expressed on erythrocytes with the amounts of
PvDBPII erythrocyte binding in vitro and further susceptibility
to clinical vivax malaria in vivo. Individuals who were Fy**°~
(particularly the FY*A4/FY*B"S genotype) had the lowest binding
of PvDBPII to their erythrocytes in vitro and the greatest re-
sistance to vivax malaria. Those who were Fy*~®* displayed the
highest binding to PvDBPII and the greatest sensitivity to clin-
ical vivax malaria. Interestingly, even though erythrocytes from
FY*B/FY*B"S donors express approximately half the amount of
Duffy antigen (Table S1) compared with FY*4/FY*4 and FY*A/
FY*B, they were more susceptible to P. vivax malaria than the
FY*A/FY*A and FY*A/FY*B genotypes (Table 1). The reasons
for the relationships between these in vitro and in vivo results are
unclear, and may be related to cohort sample size. However, our
in vivo findings are consistent with a significant protective effect
of the FY*4 allele.

The mechanism by which Fy-expressing red cells show re-
duced binding to PvDBPII and reduced susceptibility to vivax
malaria needs to be fully elucidated. As the N-terminal region of
Fy is negatively charged and PvDBPII is positive, less efficient
parasite binding to Fy* may be because of the electrostatic
neutrality of Gly42 (pI = 6) vs. negatively charged Asp42 (pI =
3.1). Additionally, because sulfation of Fy appears to influence
PvDBPII binding, observed increased lability of PvDBPII binding
to Fy**?~ vs. Fy*™°* following arylsulfatase treatment of donor
cells suggests that P. vivax red cell invasion efficiency may be
susceptible to differences in Fy sulfation.

In conclusion, our observations related to P. vivax interaction
with Fy* vs. Fy® and subsequent development of naturally ac-
quired immunity has important implications for vaccine trials
using PvDBPII. In vitro studies demonstrate that both naturally
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acquired and artificially induced antibodies block erythrocyte
binding of recombinant PvDBPII to Fy™- better than Fy"-expressing
erythrocytes. Although we observed that the FY genotype is not
associated with any significant differences in PvDBPII-specific an-
tibody responses, our results suggest that naturally acquired im-
munity to P. vivax infection and disease may be more effective in
populations where the FY*A4 allele predominates. Additionally, our
findings indicate that it will be important to test PvDBPII-based
vaccine in populations that carry combinations of both FY*4 and
FY*B alleles (Fig. 5).

Methods

Detailed information is provided in S/ Methods.

Participants. Erythrocytes for the binding experiments were obtained from
malaria uninfected volunteers at Case Western Reserve University. Malaria-
exposed subjects were recruited as part of longitudinal cohort study per-
formed in the Brazilian Amazon in 2004-2005, as previously described (23).
All work with human samples was performed in accordance with approved
Institutional Review Board protocols of the Veterans Affairs Medical Center,
Cleveland, OH, University Hospitals, Cleveland, OH, and Ethical Review Board
of the Institute of Biomedical Sciences of the University of Sdo Paulo, Brazil.

Binding Experiments. Binding experiments with recombinant Pv Duffy Binding
protein and Fy6 mAb that recognizes N-terminal region of Duffy antigen used
fresh human erythrocytes from subjects previously genotyped for Duffy and
were performed as previously described (13). Binding inhibition levels by
anti-PvDBPII were assessed as previously described (13).

Statistical Analysis. A negative binomial regression analysis (SAS version 9.2;
SAS Institute) was used because of the overdispersion of the data. Sample size
was 400, input risk variables were Duffy genotype, location, and duration of
residence in the study area with the primary output being risk of clinical
P. vivax. There was little interaction between Duffy genotype and location
and duration of residence (Table S2).

Mapping Duffy Genotypes. The probability distribution based on a Bayesian
model is summarized as a single statistic: in this case, the median value, as this
corresponds best to the input dataset, as previously described (24). Median
values of the predictions were generated for each allele frequency at a 10 x
10-km resolution on a global grid with GIS software (ArcMap 9.3; ESRI).
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S| Methods

Erythrocyte Samples. Healthy volunteers from the local Cleveland
area donated finger-prick samples of blood and were screened for
their Duffy genotypes using PCR and a Bioplex fluorescent con-
jugated ligase chain detection (1). Institutional Review Boards at
the Veterans Affairs Medical Center, Cleveland, OH and Uni-
versity Hospitals, Cleveland, OH approved the study. Ethical
Review Board of the Institute of Biomedical Sciences of the
University of Sao Paulo, Brazil gave approval for the studies
performed in Brazil. Written informed consent was obtained from
each adult participant and from the parent or legal guardian of
every minor.

Erythrocyte Binding Assays and Duffy Expression. PvDBPII (the
binding domain of Plasmodium vivax Duffy binding protein to Fy,
indentified in a 330-aa cysteine-rich region referred to as region
IT) binding to RBC was assessed using a flow cytometry based-
assay (2, 3). Finger-prick blood (~100 pL) was collected directly
into 0.5 mL of PBS and washed twice in PBS using a micro-
centrifuge at 8,000 x g for 1 min. Following the final spin, 10 pL
of packed RBC were removed from the pellet and resuspended
in 40 pL of PBS (1:5 dilution). One microliter of this RBC was
further diluted into 100 pL PBS plus 1% BSA to yield a total of
~10° erythrocytes. Recombinant PvDBPII was added (0.2 pg
total) to the 100-pL erythrocyte suspension and incubated for 2 h
at room temperature or overnight at 4 °C. Production of re-
combinant PvDBPII and the different variants was performed as
previously described (2, 4). Following binding to PvDBPII, each
sample was washed three times with PBS/1% BSA and incubated
(1 h in the dark at 4 °C) with rabbit anti-PvDBPII (1:8,000),
washed, then followed by the secondary antibody phycoerythrin-
conjugated goat—anti-rabbit antibody (Invitrogen). The amount
of antibody was titered to obtain optimal signal with each lot of
antibody (ranging from 1:5-1:50 dilution). LSRII-based (Becton-
Dickinson) flow cytometry evaluated 50,000 erythrocytes (using
a Blue 488 laser).

PvDBPII binding to RBC varied with the amount of recom-
binant protein used (Fig. S1). Maximal binding of recombinant
PyDBPII (rPyDBPII) occurred at 1 pg/10° RBC for erythrocytes
with the FY*B/FY*B genotype, whereas maximal binding for
FY*A/FY*A occurred at 5-10 pg/10° RBC. The greatest differ-
ence in PvDBPII binding between FY*B/FY*B and FY*A/FY*A
occurred between concentrations of 0.2 and 0.5 pug/10° RBC. Thus,
0.2 pg/10° was routinely used to examine differences in binding.

To evaluate Duffy expression, erythrocytes were prepared as
described above, except rather than adding PvDBPII, the mAb
Fy6 (kindly provided by John Barnwell (Atlanta, GA); recognizes
Fy N-terminal amino acids 19-25) (Fig. 14) was added at a final
dilution of 1:25,000 for 15 min at 37 °C. Cells were then washed,
a 1:6 dilution of phycoerythrin-conjugated goat anti-mouse Abs
(Sigma) was added and then cells were evaluated by flow cytometry.

Erythrocyte binding to PvDBPII expressed on COS cells was
also assessed, as recently described (5). COS7 (green monkey
kidney epithelial) cells were maintained in DMEM (Sigma)
containing 10% fetal bovine sera (FBS). Only cells between the
passage numbers of 5 and 20 were used for binding assays. COS7
cells were plated in 24-well plates at a density of 35,000 cells
per well and were transiently transfected with endotoxin-free
pEGFP-PvDBPII DNA using Lipofectamine or Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions.
Forty-two hours posttransfection, the transfected COS7 cells
were incubated with Fy antigen-positive human erythrocytes for
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2 h (2.5 x 107 cells per well, previously washed three times with
incomplete DMEM). Wells were washed three times with PBS to
remove nonadherent erythrocytes and binding was scored by
counting the number of rosettes per 30 fields of view at 200x
magnification. EGFP fluorescence was used to confirm surface
expression of the PvDBPII construct.

Binding Inhibition Using Antibodies to Recombinant PvDBPIl. To
evaluate the ligand-receptor inhibitory ability, affinity-purified
human or rabbit anti-PvDBPII Abs were incubated with rPvDBPIL
at the specified dilutions (1 h at 37 °C) before combining with
donor erythrocytes. Percent binding was evaluated by assessing the
percentage of erythrocytes with bound rPvDBPII following ex-
posure to test serum, divided by the percentage of erythrocytes
with bound rPvDBPII following exposure to prebled rabbit serum
and multiplied by 100.

Removal of Sulfated Tyrosine Residues with Arylsulfatase. Eryth-
rocytes were prepared as described above. An additional binding
assay was performed, using a chimeric molecule consisting of the
60-aa N-terminal region Duffy antigen linked to the human FcgR
binding region of human IgGl heavy chain (nDARCIg), as
previously described (2, 6), in which 0.1 pg/mL of the protein was
coated on Immulon 4 plates. Both RBC and chimera-treated
plates with the Fyb construct were incubated with 100-1,000 mu
(million units) of arylsulfatase (Sigma) overnight at 4 °C and
then washed with PBS/1%PBS or ELISA buffer before addition
of rPvDBPII. Maximal reduction of binding occurred in a range
of 500-1,000 mu/mL (Fig. S24) that corresponded to loss of
recognition of mAb, called PSG2 (Fig. S3B) that binds with high
affinity and exquisite specificity to sulfotryrosine residues on
proteins (7) (kindly provided by Kevin L. Moore (Oklahoma
City, OK), University of Oklahoma Health Sciences Center)
(Fig. S3B). Human RBC (10° in 100 pL PBS/1% BSA) were
treated with maximum amount of arylsulfatase 500 mu/mL
overnight at 4 °C to achieve maximal activity. Arylsulfatase
concentrations >500 mu/mL resulted in partial erythrocyte lysis
and, thus, could not be reliably used. Following treatment with
arylsulfatase, RBC were washed twice with PBS/1%BSA and
a flow-based binding assay was performed as described above.

Study Area, Design, and Population. The study population, design
and incidence of symptomatic P. vivax and Plasmodium falcipa-
rum have been previously described in detail (8, 9). Briefly, the
study population was from a settlement area in Acre, north-
western Brazil, with an equatorial humid climate. This area be-
gan settlement around 1982 with immigrants from Southeast and
South Brazil. A population-based open cohort study was started
in March 2004 and ended in May 2005, where active case de-
tection (5 d/wk) as well as passive surveillance was performed for
malaria. A total of 123 households with 509 inhabitants were
studied over this period. Blood samples were obtained on 425
subjects between ages of 5 and 90 y, of which 400 were suc-
cessfullg genotyped and phenotyped for Duffy positivity and Fy?
and Fy” using the molecular methods described above and mi-
crotyping method (DiaMed-ID Microtyping System, DiaMed
AQG), respectively. The diagnosis of clinical malaria was based on
blood smear with any parasite present and confirmed by a semi-
quantitative PCR analysis, accompanied by an oral temperature
of >38 °C on examination or reporting of fever within the past
2 d accompanied by a headache or respiratory distress, myalgias,
and other symptoms consistent with malaria and absence of
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other obvious causes for the symptoms. All Giemsa-stained thick
blood smears had at least 100 fields examined for malaria par-
asites under 700x magnification by two experienced micro-
scopists. A reference microscopist in Rio Branco, the capital of
Acre, reviewed all positive slides and 10% of the negative ones.
Levels of parasitemia were not recorded. Mixed P. vivax and
P. falciparum infections by blood smear occurred in 12% of clinical
cases. In this situation the individual was considered to have
P. vivax-attributed illness if the P. vivax parasite density was higher
by at least a factor of 2 compared with P. falciparum. A minimal
interval of 28 d between two or more consecutive sample exami-
nations was required to count the last positive slide as a new ma-
laria episode. When different species were detected in samples
obtained less than 28 d apart, the subject was considered to have
a single episode of mixed-species infection. Factors that could af-
fect malaria exposure were recorded, such as bednet use, location,
and age; however, because all were immigrants and the majority
from malaria-free areas (60.1%), age did not correlate with ma-
laria risk during follow-up (9). Cumulative exposure was therefore
estimated as length of residence in malaria-endemic areas.

Statistical Analysis. Binding levels were compared using Student
t test in GraphPad Prizm. The risk of malaria infection was
calculated by using a negative binominal regression (SAS Inc.),
with FY genotypes as the independent variable, and with out-
comes being mean annual incidence of clinical P. vivax or P.
falciparum infections per person-years of follow-up, adjusted by
location and number of years of residence in the area. Age was
found not to be associated with risk of malaria (9) because of the
low transmission rates and immigration of most subjects from
areas in Brazil not endemic for malaria.

Mapping the Duffy Allele Frequencies. Fig. 5 was derived from the
suite of allele-frequency maps described in detail by Howes et al.
(10) and in Table S3. A total of 821 spatially unique surveys
conformed to the inclusion criteria of geographic specificity and
community representation. This geopositioned evidence base in-
formed a bespoke multilocus Bayesian geostatistical model
adapted for both serological and molecular diagnostic types.
The output of the Bayesian model is a probability distribution
of plausible allele frequencies based on the input dataset at each

. Ménard D, et al. (2010) Plasmodium vivax clinical malaria is commonly observed in
Duffy-negative Malagasy people. Proc Natl/ Acad Sci USA 107:5967—5971.

2. Grimberg BT, et al. (2007) Plasmodium vivax invasion of human erythrocytes inhibited

by antibodies directed against the Duffy binding protein. PLoS Med 4:e337.

3. Tran TM, et al. (2005) Detection of a Plasmodium vivax erythrocyte binding protein by

flow cytometry. Cytometry A 63:59—66.

4. Singh S, et al. (2001) Biochemical, biophysical, and functional characterization of
bacterially expressed and refolded receptor binding domain of Plasmodium vivax
duffy-binding protein. J Biol Chem 276:17111—17116.

. McHenry AM, Barnwell JW, Adams JH (2010) Plasmodium vivax DBP binding to Aotus
nancymaae erythrocytes is Duffy antigen dependent. J Parasitol 96:225—227.

6. Choe H, et al. (2005) Sulphated tyrosines mediate association of chemokines and

Plasmodium vivax Duffy binding protein with the Duffy antigen/receptor for

chemokines (DARC). Mol Microbiol 55:1413—1422.
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prediction location. To present this output as a single summary
map, the probability distribution is summarized as a single sta-
tistic, in this case the median value, as this corresponds best to the
input dataset. Median values of the predictions were generated
for each allele frequency at a 10 x 10-km resolution on a global
grid. GIS software (ArcMap 9.3; ESRI) was used to selectively
represent areas of allelic predominance (displayed in color) and
allelic heterogeneity (shown in grayscale) in a single synthesized
map (Fig. 5).

Estimating Population Numbers of Different Duffy Phenotypes. To
generate fully additive population counts for the various Duffy
phenotypes, the Bayesian outputs of the model previously de-
scribed (10) were summarized as mean predicted values. Allele
frequencies were assumed to be in Hardy—Weinberg equilibrium
and genotype frequencies calculated accordingly to generate the
six allelic combinations listed below, by multiplying the 10 x 10-
km gridded map surfaces in GIS software (ArcMap 9.3; ESRI):

1 =FY*A? + FY*B? + FY*B"? + 2(FY*A x FY*B) + 2
(FY*A x FY*B®) + 2(FY*B x FY*B").

Phenotype surfaces were then made by adding surfaces where
required: Fy®**™) are FY*4/FY*A4 or FY*A/FY*BS; Fy®*™®*) are
FY*BJFY*B or FY*B/FY*B"S; Fy®*®*) are FY*4/FY*B; and
Fy®™2) are FY*BES/FY+*BES.

To derive population estimates for each phenotype, the Dufty
surfaces were transposed to 1 x 1-km grids, for compatibility with
the high-resolution population surface used. As previously de-
scribed (11), the dataset was the p-version of the Global Rural
Urban Mapping Project gridded population database (http://sedac.
ciesin.columbia.edu/gpw/), which was projected from 2000 to 2010
using separate urban and rural growth rates estimated by the 2007
United Nations World Urbanization Prospects (http://esa.un.
org/unup/). The national population totals were then adjusted to
match those reported in the 2008 United Nations World Pop-
ulation Prospects report (http://esa.un.org/unpp/). This pop-
ulation surface was overlaid on each of the Duffy phenotype
frequency maps, as previously described (11, 12), to derive grid-
ded population counts for each phenotype, then summarized by
country to estimate the relative proportions of each phenotype
(Table S3).

7. Hoffhines AJ, Damoc E, Bridges KG, Leary JA, Moore KL (2006) Detection and
purification of tyrosine-sulfated proteins using a novel anti-sulfotyrosine monoclonal
antibody. J Biol Chem 281:37877—-37887.

8. da Silva NS, et al. (2010) Epidemiology and control of frontier malaria in Brazil: Lessons
from community-based studies in rural Amazonia. Trans R Soc Trop Med Hyg 104:343—350.
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dynamics, risk factors, spatial distribution, and prospects for control. Am J Trop Med
Hyg 79:624—635.

10. Howes RE, et al. (2011) The global distribution of the Duffy blood group. Nat
Commun 2:266.

11. Hay SI, et al. (2009) A world malaria map: Plasmodium falciparum endemicity in 2007.
PLoS Med 6:1000048.

12. Guerra CA, et al. (2010) The international limits and population at risk of Plasmodium
vivax transmission in 2009. PLoS Negl Trop Dis 4:e774.
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Fig. S1. The proportion of erythrocytes that bound recombinant PvDBPII varies with protein concentration and Duffy genotype. This is one of five experi-
ments showing the impact of PvDBPII concentration on erythrocyte binding from individuals with FY*A/FY*A or FY*B/FY*B genotypes. Shown are mean
percent binding of duplicates assays for each PvDBPII concentration for two individuals, one with the FY*A/FY*A genotype and the other with FY*B/FY*B
genotype. Variation in percent binding in duplicate cultures is less than 10%.
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Fig. S2. The level of PvDBPII binding to erythrocytes is influenced by FY genotype as shown in an erythrocyte binding assay in which COS7 cells were
transfected with plasmid expressing the gene encoding PvDBPII and then incubated with erythrocytes expressing either FY*A/FY*A or FY*BIFY*B, resulting in
formation of rosettes as described in the S/ Methods. Assays were performed in triplicate and each dot represents mean of three assays from one individual.
There were seven different individuals examined, FY*B/FY*B (n = 4) and FY*A/FY*A (n = 3). The assays were performed twice with similar results with the
combined results shown in Fig. 1D.
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Fig. $S3. Treatment of N-terminal region of Fy with arylsulfatase removes sulfonated tyrosines and reduces PvDBPII binding. (A) Treatment of a chimeric
molecule nDARCIg [60-aa N-terminal region of the Fy antigen fused to the FcgR1 binding region of the IgG1 heavy chain (2, 6)] with varying concentrations of
arylsulfatase reduces binding with PvDBPII. (B) Treatment with arylsulfatase results in reduced binding of mAb PGS2 that specifically recognizes sulfated ty-
rosines (), demonstrating the effectiveness of the arylsulfatase treatment, but did not affect binding by mAb Fy6 (A) that recognizes the N-terminal region
of the Duffy antigen/receptor for chemokines (Fig. 1A). Percent reduction in mAb binding was determined by optical density (OD), with the specific mAbs
following treatment with different concentrations arylsulfatase divided by OD in the absence of arylsulfatase.
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Table S1. Duffy blood group nomenclature relevant to the
current study

Phenotype
Allele Antigen Genotype Serological Expression*
FY*A Fy® FY*AIFY*A Fya+- 2x Fy?, Ox Fy®
FY*AIFY*BES Fy+/P= 1x Fy?, 0x FyP
FY*B Fy® FY*BIFY*B Fy2~/o+ 0x Fy?, 2x Fy°
FY*BIFY*BES Fy2 P+ 0x Fy?, 1x Fy®
FY*AIFY*B Fy2++ 1x Fy?, 1x FyP
FY*BES  No antigen  FY*BES/Fy*BFS Fy2 /b~ 0x Fy?, 0x Fy®

Alleles correspond with antigens. Genotypes (allele combinations) corre-
spond with phenotypes. An alternative gene name for the Duffy blood
group is the Duffy antigen/receptor for chemokines (DARC), which is consis-
tent with the blood-group mutations database at the National Center for
Biotechnology. The official nomenclature is yet to be determined. Geno-
types are designated using standard nomenclature whereby genotype is
signified by uppercase letters and italicized fonts for both alleles, e.g.,
FY*B/IFY*B. Lowercase designations indicate phenotypes. For purposes of
this study, ES (erythrocyte silent) pertains only to the B allele.

*Expression phenotypes based on composite flow cytometry with Fy®
mAb and chemokine binding based on results in the article and the refer-
ences provided.

Table S2. Study population in Brazil

Genotype FY*AIFY*BES FY*AIFY*A FY*AIFY*B FY*BIFY*BE® FY*BIFY*B
n =400 (%) 35 (8.8) 52 (13.0) 140 (35) 76 (19.0) 87 (21.8)
Median age (range) 28 (5-52) 23 (5-74) 25 (5-71) 21 (4-64) 25 (5-67)
Sex (M/F) 13/21 21/31 78/68 39/33 51/34
Median years in area (range) 11 (2-22) 8 (0.1-22) 8 (0.1-24) 10 (0.2-23) 10 (0.2-24)
High-transmission area 42.8" 59.6 421 50 50.5
Intermediate-transmission area 40 23.1 28.6 27.6 20.7
Low-transmission area 17.2 19.2 30 22.4 28.7

"Percentage of individuals living in the different transmission zones as a function of distance from Iquiri River, as determined pre-
viously (9).
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Table S3. Proportions of population numbers for Duffy phenotypes in P. vivax-endemic countries

2010 United Nations estimated
Region/country Fy@+o+ (%) Fy@+07) (%) Fy©@=2%) (%) Fy©@=2) (%) country population (in thousands)

Africa

Benin 0.00 0.43 2.10 97.46 9,212

Burkina Faso 0.00 0.22 0.23 99.55 16,287

Cameroon 0.03 1.12 3.56 95.29 19,958

Chad 0.61 3.86 17.64 77.89 11,506

Congo 0.02 1.48 2.27 96.23 3,759

Cote d'Ivoire 0.00 0.30 0.19 99.50 21,571

Equatorial Guinea 0.01 0.83 1.58 97.58 693

Ethiopia 4.79 14.67 35.29 45.24 84,976

Gambia 0.00 0.17 0.10 99.73 1,751

Guinea 0.00 0.28 0.33 99.39 10,324

Kenya 0.03 2.01 1.90 96.06 40,863

Madagascar 1.36 22.84 8.30 67.51 20,146

Mali 0.01 0.67 0.60 98.72 13,323

Mozambique . . X 23,406

Niger E . . 15,891

Rwanda . . . 10,277

Senegal . . . 12,861

Somalia . 9,359

Sudan . 43,192

Togo 0.00 0.35 1.11 98.54 6,780

United Reiublic of Tanzania X . X 45,040
Zimbabwe 0.13 2.77 7.07 90.03 12,644
Americas

Belize 7.34 76.26 4.59 11.81 313

Brazil 21.77 36.54 28.51 13.18 195,423

Costa Rica 36.17 43.86 18.53 1.45 4,640

El Salvador 13.70 69.46 8.17 8.66 6,194

Guatemala 16.26 67.11 9.35 7.28 14,377

Honduras 8.79 70.44 6.45 14.31 7,616

Nicaragua 18.99 61.45 12.12 7.44 5,822

Paraguay 28.06 59.54 10.57 1.82 6,460
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2010 United Nations estimated
Fy@++) (%) Fy@+b) (94) Fy@o+ (%) Fy@7) (%) country population (in thousands)

Suriname 19.67 72.65 5.68 2.00 524

West Asia
Afghanistan 29.44 49.62 17.38 3.56 29,117
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Bangladesh 29.68 51.85 15.72 2.75 164,425

7
=y

Georgia 47.78 23.71 28.45 0.05 4,219

Iran (Islamic Republic of) 27.35 39.53 25.23 7.89 75,078

Kyrgyzstan 29.01 58.02 11.20 1.77 5,550

Pakistan 29.43 45.16 20.88 4.53 184,753

Sri Lanka 16.77 72.26 6.73 4.23 20,410

Turkey 42.71 26.00 30.68 0.60 75,705
Yemen 10.63 28.49 32.08 28.80 24,256
Central Asia

China 12.72 86.39 0.83 0.07 1,354,146

Lao People’s Democratic Republic . . 6,436

Republic of Korea . . 48,501

Viet Nam . R 89,029
East Asia

Malaysia 24.37 66.08 8.03 . 27,914

Philippines 15.24 80.94 2.81 . 93,617

Timor-Leste 8.01 89.66 1.22 1.1 1,171

Phenotype frequencies were estimated from the allele frequency maps presented by Howes et al. (10), summarized in Fig. 5. National population estimates
were derived from the high resolution Duffy phenotype and 2010 United Nations population maps (adapted from http://esa.un.org/unpp/). P. vivax endemic
countries and their regional categorizations are based on those recently determined by Guerra et al. (12).
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