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Abstract

Serological surveillance involves the detection of Plasmodium species-specific antibodies as
biomarkers for monitoring recent and historical malaria transmission dynamics at
population-level. These methods are particularly useful in low transmission settings where
standard surveillance such as parasitological and entomological approaches are inefficient.
This thesis explores the use of serological surveillance to estimate the magnitude and
heterogeneity of malaria transmission using different sampling strategies, mapping
techniques and serological assays in three areas of differing endemicity in Indonesia. Findings
suggest that: 1) Analysis of community-based serological data can confirm the
discontinuation of transmission and be used to identify high-risk areas where malaria is most
likely to be reintroduced, 2) Mobile technology-based participatory mapping approaches can
be used to quickly obtain spatial residential information for individuals presenting at health
facilities in resource poor areas where formal addresses are typically not used and internet
connectivity is limited, 3) the combination of facility-based sampling, multiplex serological
assays and participatory mapping can be used as an additional surveillance method to better
identify and target areas still receptive to malaria in very low transmission area conducting
elimination, 4) seropositivity to Etramp5.Agl is sensitive and specific in predicting
Plasmodium falciparum PCR positivity in children in a high transmission setting, suggesting
its potential use as a marker of recent exposure in elimination setting. In conclusion, this
thesis demonstrates the various applications of serological surveillance at different levels of
malaria endemicity. Further implementation research is needed to enable the integration of

these methods to the existing surveillance systems.
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1. Introduction

1.1 Global burden and the changing epidemiology of malaria

In humans, malaria is caused by five species of Plasmodium. Plasmodium falciparum,
Plasmodium vivax, Plasmodium malariae and Plasmodium ovale are spread from one person
to another via the bite of female mosquitoes of the genus Anopheles, whereas Plasmodium
knowlesi is a result of zoonotic transmission when an Anopheles mosquito infected by
parasites circulating in a macaque then bites and infects humans (1). Of these five species,
P. falciparum and P. vivax cause the greatest public health challenge because P. falciparum
is responsible for most of the disease morbidity and mortality whilst P. vivax is the most
geographically widely distributed and has a hypnozoite, liver stage which is extremely
difficult to detect and responsible for approximately 80% of infections (1-5). In addition, the
public health threat caused by P. knowlesi appears to be growing with the number of human
P. knowlesi cases increasing across Southeast Asia (1,6—13) with those who visit rural,

forested areas of the region most at risk (6,14,15).

Globally, there were significant reductions in the number of malaria cases and deaths
between 2010 and 2017. It was estimated that the number of malaria cases had decreased
from 239 million cases (95% Cl: 219-285 million) in 2010 to 219 million cases (95% Cl: 203—
262 million) in 2017(16). In line with the cases, the estimated number of malaria deaths had
also decreased from 607,000 deaths in 2010 to 435,000 in 2017. Although there were large
reductions in the number of malaria cases and deaths, malaria is still a major public health
problem in many countries of the world. It is reported that almost 80% of all malaria cases

were in 15 African countries and in India, whilst approximately 82% of estimated P. vivax

17



malaria cases in 2017 occurred in just five countries i.e. India, Pakistan, Ethiopia, Afghanistan
and Indonesia (16). The spatial distribution of age-standardized P. falciparum parasite rate
in 2005 and 2017 and the predicted P. vivax parasite rate and change 2005 and 2017 can be

seen in Figure 1.1 and 1.2, respectively.

P falciparum parasite m
00 05% 1% 25% 50% 75% 100%

rate 2005

P falciparum parasite m
0

Tate2017 0 05% 1% 25% 50% 75% 100%

Figure 1.1 Spatial distribution of age-standardized P. falciparum parasite rate for children
aged 2-10 years in 2005 (top) and 2017 (bottom) reproduced from from Weiss et al. (17)
The grey shades represent low endemic areas with a linear scale between zero and 0-01 P.
falciparum parasite rate;-10, colors from blue to red represent areas with P. falciparum
parasite rate,_;0 between 0-01 and 1. Areas without endemic P. falciparum are shown in
white.
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Figure 1.2 Map of P. vivax parasite rate and change 2005 and 2017 as shown in Battle et
al.(18)

Light grey represents endemic areas with insufficient information to generate a prediction.
The change in parasite rate was calculated by the value for 2005 minus 2017 divided by the
2005 value and multiplied by 100. A scale of white to green represents a decrease and from
white to red represents an increase. The darkest green areas have seen a 2100% decrease in
prevalence, while the darkest red areas show a 2100% increase in prevalence from 2005 to
2017.
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The significant decline in malaria transmission in many regions has led to optimism that
malaria elimination might be achieved in numerous countries (19-26). Malaria elimination is
being considered as an ultimate goal and sustaining a malaria-free status will have
tremendous benefits in terms of deaths and illness averted, household socioeconomics, and
the growth of industrial and agricultural benefits for a country (27,28). It was reported that
there are 91 countries and territories with ongoing malaria transmission (29) , 7 countries
and territories certified malaria-free (29,30) and there are 21 countries with the potential to

eliminate by 2020 (Figure 1.3 (31)).

. Ongoing malaria transmission

& Countries certified as malaria-free since 2007

Figure 1.3 Map of 21 countries with the potential to eliminate malaria by 2020 reproduced
from Rabinovich et al.(31)

A recent review by Cotter et al. (3) has provided a comprehensive picture of the changing
epidemiology of malaria in areas moving from controlled low—endemic malaria to

elimination. In East Asian countries, the most common epidemiological shift is the increasing
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proportion of malaria in the adult male population due to occupational and behavioural
factors such as plantation work and forest activities, sleeping in fields for farming purposes,
and travel to endemic areas, which increases risk of exposure (32,33). Whilst in Africa,
malaria risk is occupationally related to gold miners, loggers, and outdoor activities such as
sleeping outdoor and social activities. Residual transmission is also typically concentrated in
hard-to-reach populations whom typically have less access to malaria prevention and
treatment provided by health facilities (34). Finally, imported malaria and human migration
may provide a significant source of reintroduction of malaria transmission in the absence of

strong public health systems (35-37).

1.2 Malaria surveillance in elimination

Global technical strategy for
malaria 2016-2030

C Supporting element 1. Harnessing innovation and expanding research )

C Supporting element 2. Strengthening the enabling environment )

Figure 1.4 Global technical strategy for malaria 2016-2030: framework, pillars and
supporting element copied from WHO (38)

21



Transforming malaria surveillance into a core intervention is one of three pillars of the WHO
global technical strategy for malaria 2016-2030 (Figure 1.4) (38). In an elimination context,
as transmission declines, monitoring changes in malaria transmission intensity and disease
prevalence through surveillance becomes increasingly important to allow the evaluation of
health services and control programs (19,39,40). Moreover, once elimination has been
achieved, surveillance must continue in order to confirm a region’s elimination status and to
ensure that outbreaks resulting from re-introduced infections are quickly identified and
controlled (41). Measuring transmission in these situations is challenging as it tends to
become more heterogeneous and hotspots of transmission (geographical areas where
transmission intensity exceeds the average level (42,43)) are increasingly common (Figure

1.5).

High Moderate Very low Zero Maintaining zero

Nen-
receptive

Non-
receptive receptive / transmission
Malaria
without

defined foci

active foci

Receptive
with malaria
transmission

Very low

but no
malaria

Cleared foci

Active foci

Meonthly aggregate reporh'n; Munthlyorw&ekl? > Weekly reporting > Immediate netificatien
aggregate reporting

Figure 1.5 Malaria heterogeneity across the transmission continuum

Schematic of the increasingly focal nature of malaria as transmission decreases, requiring
increased intensity and frequency of reporting from large geographical areas (e.g., district)
to reporting near-real-time individual case data in small areas”. Figure from WHO (41).

The WHO framework for malaria elimination defined the following stratification for

transmission risk (Figure 1.6): 1) Receptive areas (i.e. the ecosystem is suitable for
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transmission of malaria) and non-receptive areas (i.e. the ecosystem is not suitable for
transmission of malaria), 2) Receptive areas with and without ongoing transmission, 3)

Transmission with or without foci, 4) Degree of transmission in diffuse or focal areas.

Low
transmission

' 65_ T

active foci

Active foci

1st stratification 2nd stratification 3rd stratification 4th stratification
Receptive vs non-receptive Receptive with and without Transmission with or Degree of tfransmission
transmission without foci in diffuse or focal areas

Figure 1.6 Sequential risk stratification based on receptivity and transmission intensity taken
from WHO (44)

1.2.1 Heterogeneity of transmission

Heterogeneity of transmission occurs when a small proportion of the population is
disproportionally affected and experiences the majority of the disease due to
environmental, social or biological factors (45,46). To better target interventions in areas
moving towards elimination, it is increasingly important to identify and target hotspots of
transmission and understand the factors that may contribute to disease persistence in these
locations (47,48). However, the assessment of transmission heterogeneity has been focused
on national level estimates, mainly due to the availability of data (49,50). Previous studies
reported that the detection of local level clusters of infection has an important role for
improving understanding of the micro epidemiological patterns of disease transmission, and
to ensure that control strategies are tailored to the specific epidemiological characteristics

in an area as much as is feasible (42,43).
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1.3 Approaches to quantify malaria transmission

1.3.1 Entomological

The entomological inoculation rate (EIR) is considered the gold standard for estimating
malaria transmission. EIR provides a measure of the degree of malaria exposure in the
population by assessing the average number of infectious bites that a person in a given area
is expected to receive per unit time (51,52). As it is difficult to directly calculate the
proportion of host seeking mosquitoes that are harbouring sporozoites (53), using human
landing catches is considered to be the best proxy. However, as this method involves the risk
of the workers being exposed to malaria, the use of light and chemical traps have become
more widely utilised as an alternative method (54,55). Despite it being considered the gold
standard for estimating transmission intensity, EIR is not extensively used as it is a highly
seasonal measure with extreme variability over time and space, and is difficult to estimate

in areas of low transmission intensity where the density of mosquitoes is low (52,56).

1.3.2 Parasitological

1.3.2.1 Microscopy

Microscopy is considered the gold standard of malaria diagnostic tools in the field and the
estimates of P. falciparum parasite rate (PfPR) generated from microscopy tests are the
most common malaria burden metric reported worldwide (57). Microscopy is typically the
recommended diagnostic in a clinical setting and involves reviewing and quantifying the
presence of parasites in bloods slides that are visualised under an oil immersion microscope

(58).
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Although microscopy is able to detect as few as 5 parasites/pl of blood, its sensitivity has
been reported to vary considerably with some estimates suggesting a more consistent limit
of detection closer to 100-200 parasites/ul of blood for routine microscopy in clinical
settings and likely to be more insensitive in low transmission areas where microscopists do
not see malaria parasites on a regularly basis (59—61). Parasite densities tend to fluctuate
in most infected individuals, with microscopically detectable malaria likely to be present at
some points during each infection (62—64). It has been reported that parasite prevalence
generated from microscopy tests could be negatively biased by at least 20% due to
fluctuating parasite densities (65). Specifically, for P. vivax, it is impossible for microscopy

to diagnose individuals with hypnozoites which can result in future infections.

1.3.2.2 Rapid Diagnostic Tests

Malaria Rapid Diagnostic Tests (RDTs) provide an easy and less technically demanding
diagnostic tool with similar sensitivity to conventional field based microscopy (66). The
basis for P. falciparum and P. vivax detection by RDTs is usually detection of histidine-rich
protein 2 (HRP2) and plasmodium lactate dehydrogenase (pLDH), respectively. The latest
WHO malaria RDT evaluation reported that most RDTs are showing invalid rate when
testing samples with parasite densities below 200 parasites/ ul of blood (67). The RDTs are
also likely to be false-positive, often caused by the detection of HRP-2 that is still circulating
post clearance of infection. In addition, it was reported that the currently available RDTs
were less good at detecting P. vivax than P. falciparum infection (67). For an example, a
study in the high transmission area in Papua province, Indonesia reported that sensitivity
of Plasmotec Malaria-3 RDT to detect P. falciparum and P. vivax was 78% and 52% when

parasite densities ranged from 101-1,000/ul then became lower to 60% and 21% when
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parasite densities were lower than 100/ul (68). Although there is a P. falciparum highly
sensitive HRP2-based RDT with a reported detection limit 10 folds more sensitive than

conventional RDTs, assessment of its field performance is still ongoing (69).

1.3.2.3 Molecular methods

Molecular methods such as polymerase chain reaction (PCR) and loop mediated isothermal
amplification (LAMP) are more sensitive methods for determining parasite positivity typically
used in malaria research. Firstly, PCR-based methods have been found to detect as few as 1
or 2 parasites/ul of blood demonstrating the high sensitivity and specificity of these methods
(70,71). It has been reported that the increased sensitivity of PCR could overall detect 50%
more infections than microscopy or RDTs (59,72). However, the field application of PCR is
limited by technical complexity and high cost of the assay as well as the length of time
required to process samples (60). LAMP has been reported as the most advanced molecular
method that may provide a field-friendly sensitive diagnostic tool that can be used in malaria
endemic countries (73—75). LAMP provides an attractive alternative tool with less technical
complexity, less time to obtain a result, and with similar sensitivity to PCR (73,76). These
molecular methods have the potential to become useful tools to quickly detect areas of focal
transmission when detecting sub patent infections becomes the priority as the malaria

programmes move towards elimination (72).

1.3.3 Serological measures

Malaria infections elicit the production of antibodies in humans which can be used as
markers of exposure to the disease (77). Studies suggest that antibodies to parasite antigens

are generated within 2 weeks after infection (78,79) with some variation depending on age
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(78). Furthermore, previous studies suggested that there are differences in the production
of antibodies by age, where malaria species specific antibodies may be short-lived in young

children (80) but long-lived in older individuals (81).

As markers of exposure, a memory antibody response exists and can persist for many years
in adults (82—85). Studies have shown that antibodies can persist for several years without
re-infection in immigrants to Europe (82,83). It has also been reported that antibodies
appear very rapidly in individuals re-exposed to malaria during epidemics in Madagascar (84)
and in populations from which malaria had been eliminated in Vanuatu (85). However,
evidence suggested that antibody responses in children are not as fixed as they are in adults,

particularly in areas of seasonal malaria (80,86,87).

Serology provides an alternative approach to indirectly estimate malaria transmission by
measuring human antibody responses to malaria parasite antigens. The presence of species-
specific antibodies reflects historical (or current) exposure and therefore offers a more
sensitive measure of transmission, particularly in low endemic settings where other
approaches become less viable (88—90). This approach has been used to measure
transmission intensity, primarily through seroconversion rates (SCR, i.e. the annual rate by
which people seroconvert from negative to positive) derived from age-dependent measures
of antibody seroprevalence. Serological estimates have been reported as alternative
measures of medium and long-term transmission intensity (39,40,77,91-95) and strongly
correlate with estimates of EIR, PR, and clinical incidence (39). Recently, it has been reported
that SCR has a stronger correlation with EIR, compared to the correlation between PR and
EIR (Figure 1.7).
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Figure 1.7 Comparison of EIR, SCR and parasite rate measurements from multiple sites
taken from Greenhouse et al. (96)

1.4 Potential use of serological surveillance to aid malaria elimination

1.4.1 Potential application

Conventional measures such as entomological estimates and parasitaemia point prevalence
become less sensitive and relatively expensive as transmission declines (59,97). The
detection of Plasmodium species-specific antibodies as biomarkers for monitoring exposure
and transmission has been utilised in several countries and is a more sensitive tool to assess

population-level malaria exposure in low-transmission settings (39,98). One of the potential
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applications of serological surveillance is to confirm malaria elimination and monitor for re-
emergence of malaria (99). Serological surveillance could be used to verify that malaria has
been eliminated since the absence of antibodies in the youngest age groups indicates that
malaria transmission has been interrupted (93,98). In addition, it can also be used to identify

high-risk areas (94,100) and groups suitable for active case detection (34).

Figure 1.8 describes the priority applications of serological markers of exposure in different
levels of transmission intensity and different target populations. At the population level,
serological surveillance can be used to generate risk stratification and measure changes in
transmission due to interventions in areas where transmission is low and/or approaching
zero, as well as to verify the absence of transmission once zero transmission is achieved. At
the individual level, serological markers could be used to develop point of care tests to
identify people who have had recent exposure to infection. This could be particularly
pertinent for P. vivax exposure as there are currently no tests which detect the hypnozoite
stage- but the presence of antibodies indicating recent exposure may help to identify
individuals at risk of carrying hypnozoites in areas approaching zero transmission and also
can potentially be used as early detection and response tools in areas with very low

transmission setting where infections are becoming very rare.
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Figure 1.8 Priority applications of serological markers of exposure from Greenhouse et al.
(101)

1.4.2 Potential antigens for serological surveillance

Malaria parasites consist of many antigens, some of which induce strong antibody responses
in humans depending on their abundance on the parasite, the size of the antigen and their
availability to the human immune system. For instance, The invasion of erythrocytes involves
several interactions with proteins on the merozoite surface and those associated with
invasion organelles — micronemes and rhoptries (Figure 1.9) (102). These antigens are major
targets for protective antibodies due to their direct exposure to the host immune system and
their roles in invasion. The antibodies can act either by inhibiting parasite replication,
blocking binding of merozoite ligands to their receptor or binding partners, or blocking
processes required for parasite function (103—110). After initial exposure and binding to
parasite antigens, naive B cells begin to differentiate into either short-lived plasma cells that

function to control initial infection or long-lived plasma cells and memory B cells (MBCs) that
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contribute to the maintenance of sustained antibody-based immunity (111,112). Research
suggests that short-lived plasma cells secrete primarily immunoglobulin-M (IgM) that only
persists for several days to a month, while long-lived plasma cells and MBCs secrete

immunoglobulin-G (IgG) that can persist for years (113).

Human

Sporozoite surface

Merozoite surface proteins
« MSP1.19, MSP2.Dd2,
. . 4% MSP2.Ch150, H103,
LIVC' GLURP
g Micronemal proteins
* AMAI1 EBA175, EBA1B],
EBA140, PvDBP, PvEBP
Rhoptry proteins
Rh5, Rh2.2030, Rh4.2, PVvRBP

Schizont

* SEA-1

Infected erythrocytes
* Etramp5.Agl
* Etramp4.Ag2
* Hyp2
* GexP18
HSP40
Trophozoite

Figure 1.9 Parasite life cycle and antigens that are potential biomarkers of malaria exposure
adapted from Wu 2018 (114), Winzeler et al 2006 (115) and Cowman et al 2006 (102).

A summary of antigens used in this thesis is presented in Table 1.1. Some of the well-studied
P. falciparum antigens such as PfAMA1, PfMSP-1.19, MSP2, CSP and PfGLURP have been
reported to induce long-lived antibodies that can persist years after infection (116,117) and
have been used to measure transmission intensity in many endemic settings. Some of the

relatively newly studied P. falciparum antigens such as Etramp5.Agl, Etramp5.Ag2, Hyp2,
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Gexpl8, HSP40, PfSEA-1 were recently reported to be associated with short-lived antibody
responses and can accurately predict days since an individual was last infected and malaria
incidence in the last 12 months (118). For P. vivax, in addition to the antigens associated with
long-lived antibodies i.e. PvAMA1 and PvMSP-1.15, there are some new antigens (PvDBP,
PVEBP, PvRBP1a and PvRBP2b) which are potentially useful for detecting historical exposure
and hypnozoite carriage. Of these antigens, PvRBP2b was reported as a potential antigen
associated with short-lived antibodies which could be used to detect recent P. vivax exposure

(119,120).
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Table 1.1 Summary of antigens used in this thesis

No GenelD Acronym Description Location Reference

1 PF3D7_0304600 CSP Circumsporozoite protein. Most predominant and antigenic Sporozoite (121)
protein on sporozoite surface. Component of RTS, S vaccine

2 PF3D7_1301600 EBA140 RIII-V erythrocyte binding antigen 140; involved in invasion Apical organelles, micronemes (122)

3 PF3D7_0731500 EBA175RII_F2 erythrocyte binding antigen 175; red blood cell (RBC) binding Apical tip (122)
region via glycophorin A

4 PF3D7_0423700 Etramp 4 antigen 2 Early transcribed membrane antigen. Integral parasitophorous Infected red blood cell (iRBC), (118)
vacuole membrane (PVM) protein. C-terminal PVM

5 PF3D7_0532100 Etramp5Ag1 Early transcribed membrane antigen. Integral PVM protein. iRBC, PVM (123)

6 PF3D7_0402400 GEXP18 Gametocyte exported protein 18. Unknown function. iRBC/Gametocyte (118)

7 PF3D7_1035300 GLURP R2 Glutamate rich protein R2 Merozoite Surface (124)

8 PF3D7_0501100.1 HSP40Agl Heat shock protein 40 iRBC (118)

9  PF3D7_0501100.1 HSP40 Ag 3 Heat shock protein 40 iRBC (118)

10 PF3D7_0206800 MSP2 CH150/9 CH150/9 allele of Merozoite surface protein (MSP) 2. Full-length.  Merozoite surface (125)

11 PF3D7_0206800 MSP2 Dd2 Dd2 allele of MSP2. Full-length. Merozoite surface (126)

12 PF3D7_1133400 PfAMA1 Apical membrane antigen 1 micronemes (127)

13 PF3D7_0930300 PfMSP-1-19 19kDa fragment of MSP1 molecule. Merozoite surface (128)

14 PF3D7_1021800 PfSEA-1 Schizont egress antigen. iRBC (129)

15 PF3D7_0424100 Rh5 Receptor for human protein Basigin. Apical tip (130)-(131)

16 PF3D7_0501300 SBP1 skeleton-binding protein; essential for translocation of PfEMP1 iRBC (132)
to iRBS surface via Maurer's cleft.

17 PF3D7_1002000 Hyp2 Plasmodium exported protein iRBC / PVM (118)

18 PF3D7_1036000 H103 Merozoite surface protein 11/H101/MSP3.7 Merozoite (133)

19 PVX_092275 PvAMA1 Apical membrane antigen 1 micronemes (134)

20 PVX_099980 PVMSP-1-19 19kDa fragment of MSP molecule Merozoite (135)

21 PVX_110810 PvDBP R2 Duffy binding protein region Il Merozoite (136)

22 PVX_110835 PVEBP Erythrocyte binding protein Merozoite (136,137)

23 PVX_098585 PvRBP1a Reticulocyte binding protein amino acids 160-1170 Apical tip (138)

24 PVX_094255 PvRBP2b Reticulocyte binding protein amino acids 161-1454 Apical tip (138)




1.4.3 Serological assays

The refinement of the enzyme linked immunosorbent assay (ELISA) for the detection of
malaria specific antibodies has increased the applicability of sero-epidemiology (98). Briefly,
the assay works by coating antigens on to high-binding micro-titre plates and all non-malarial
antibodies are blocked. The bound antibodies are then detected with an enzyme linked
secondary antibody. The presence of the target antigens (bound-antigen) is visualised
through a colour change in the reaction, and quantified using a spectrophotometer (98).
Advantages of the ELISA include high throughput capability, field applicability, and relatively
low cost. Many plates can be run simultaneously. However, since antigens are tested
individually and samples usually in duplicate, the time per antigen tested is relatively long.
Moreover, the dynamic range (i.e. the width from the minimum to the maximum value of
the response signal) is narrow in comparison with more advanced the techniques, such as

bead-based assays (139).

Bead-based assays (CBA: cytometric bead assays) are a relatively new technique which can
measure the response to multiple antigens in a single sample simultaneously. The assay
measures antibody responses as median fluorescence intensity (MFI). Current machines can
perform up to 500 different tests in one sample. One of the key strengths of the assay is the
ability to multiplex, which allows the potential to detect antibodies to multiple antigens at
the same time therefore could lead to highly efficient testing. The time to read a single plate
is relatively slow (1%5—3 h), but since multiple antigens are tested simultaneously, the relative
time per antigen is fast. Furthermore, the dynamic range of this assay is wide which increases

granularity (level of detail) for low antibody responses (139).



The most frequently used source of antibodies in malaria serology research is serum
collected on filter paper from finger-prick blood samples (140). Although still an invasive
technique, itis a simple alternative to separating plasma or serum from a blood sample which
may be impractical in remote field settings with limited laboratory facilities. Additionally, the

same filter paper blood spots can be a source of parasite DNA for PCR-based testing (141).

1.5 Statistical approaches to serological data

Seroprevalence and seroconversion rates (SCR) are two key serological metrics that can be
used to measure malaria transmission in population. These metrics are sensitive to measure
transmission in low transmission settings but will saturate in high transmission settings as
the majority of individuals will be seropositive due to cumulative exposure to infection. In

addition, the utility of these metrics depends on the choice of antibody target.

Seroprevalence is defined as the percentage of individuals in a population who are
seropositive to a malaria antigen based on a defined cut-off. The seropositivity cut-off is
typically determined by two methods. The first method is based on antibody responses of
negative control/non-exposed individuals tested alongside the studied samples, where
individuals are classified seropositive if the respective antibody levels exceed the mean plus
3 times the standard deviation of the negative population. The second method is based on
the two-component finite mixture model (FMM) which relies on the basic assumption that
the tested sample is composed of a mixture of latent seronegative or seropositive
populations (142). Using similar criteria, individuals are then classified seropositive if the
respective antibody levels exceed the mean plus 3 times the standard deviation of the

seronegative population identified by the FMM.
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Seroconversion rate (SCR) is defined as the annual rate by which seronegative individuals
become seropositive upon malaria exposure. SCR can be used to measure population-level
transmission intensity and temporal changes in transmission from a single cross-sectional
sampling. Sepulveda et al. (142) have highlighted the reversible catalytic models (RCMs) as
the most popular models used to estimate SCR. The models rely on assumption that
individuals are born as seronegative but can convert into seropositive (seroconversion) upon
malaria exposure, and then can revert to a seronegative state (seroreversion) in the absence
of frequent malaria exposure. Two models used to estimate SCRs in this thesis are described

below.

The first model is used to estimate population-level transmission intensity assuming that
malaria transmission intensity is stable and constant over time. The seroconversion-
seroreversion dynamics of each individual is described by a Markov chain with two states,
seronegative (S°) and seropositive (S*). The resulting RCM is described by the following

probability of an individual aged t being seropositive:

2 _
ps+() = ;- (1—e @a+et),

where A is SCR and p is SRR (seroreversion rates).

The second model allows for a change in transmission intensity from 4, to 4, at time or age
T assuming there was a rapid reduction of malaria transmission intensity at some time point
before data collection or there are different risks of exposure due to different behaviour in
different age groups. Sampled people born after the change in transmission (t < t), will

have a probability of being seropositive with constant transmission (Model 1) subject to the
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current seroconversion rate A,. While people born before the change in transmission (£ >
T) will have a probability of being seropositive that is a function of both seroconversion rates
(past SCR). The p value included in Model 2 is a fixed value chosen based on the model with

the highest log likelihood.
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ﬁ (1 —€ ( 2+p) t) : t s
pS+(t) - Az
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(1 — e~ (A2#p) r) 4 M (1 — e~ @A1+p) (t—r)) e~ etp)T ¢t ¢
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Both models described above can be run using package available for Stata or R software.
When running the models, the package will generate a seroconversion curve describing the
fitted and observed probability for being seropositive for each age decile and estimate of the
seroconversion rates. At minimum, individual data on age and seropositivity status are

required to run the models.

1.6 Statistical approaches to assess spatial heterogeneity

Spatial analysis of malaria was historically restricted to visual comparisons of the
geographical distribution of malaria burden (143). However, more robust methods are
needed to identify malaria risk and disease clustering particularly in highly heterogeneous
areas (47). Advances in geographical information systems (GIS) and statistical cluster
detection methods has enabled the more nuanced detection of malaria hotspots (144,145).
Several methods that are commonly used to detect the spatial heterogeneity of malaria are

described below.
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Approaches that can detect spatial clustering of the malaria burden are useful to better
target surveillance and control programmes. The assumption used in identifying the clusters
of disease or exposure is that the risk is assumed to be consistent across space. Methods
then determine if the distribution of cases are likely to be concentrated in particular areas
and can be considered as clustered (146). Several spatial analysis approaches such
as kriging (i.e. a weighted moving average technique that interpolates estimates based on
values at neighbouring locations and parameters from the semi-variogram) or model-
based geostatistics (i.e. classical geostatistics is embedded in the framework of a generalised
linear model) (147,148) have been used in predicting malaria risk and are useful to capture
spatial patterns of malaria risk at different scales. However, the use of this approach is
currently restricted to national and regional level mapping due to the availability of currently

accessible data (17,18,149,150).

Several spatial clustering methods such as Kulldorff’s spatial scan statistic, kernel density or
the cumulative X test have similar assumptions and use the likelihood ratio test to determine
where clustering is occurring (151,152). Of these methods, Kulldroff’'s spatial scan statistic
which is accessible through SatScan software package (Harvard Medical School, Boston, USA)
is the most popular approach used in malaria research (146,151). This approach uses a series
of circles or elliptical shaped windows centred on each data point, followed by a likelihood
ratio test comparing the rate inside the window to the outside. To test the null hypothesis
that points are distributed randomly, Monte Carlo simulations generating permutations of
the data across the area are used (146,153). Hotspots (defined as foci by the WHO) are

identified using points representing the centre and the radius of the cluster size (154,155).
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This method has been used to identify malaria heterogeneity in several endemic settings in

Bioko Island (94), Tanzania (151), South Africa (100), and also in Indonesia (156).

Finally, spatial-temporal methods can provide more accurate predictions of malaria risk
when spatial data are available at different time points. Methods incorporating temporal
factors for cluster detection using SatScan software have been applied to malaria data using
two different approaches. The first approach is to independently analyse each time point of
dataset and visually observe any trends between the generated maps (156—159). The second
approach is to use the space-time model spatial scan statistic where the moving window
extends into cylindrical shape with the height reflecting the time aspect (146,160). The first
approach is the most commonly used and is simpler compared to the second approach,

especially if there are only few data points are analysed.

1.7 Malaria epidemiology in Indonesia

Indonesia is an archipelago that is located between two continents, Asia and Australia. It is
adjacent to other countries i.e. Malaysia, Singapore and Philippines in the North and Papua
New Guinea and Timor Leste in the East. Indonesia has the highest burden of malaria in the
South-East Asia region outside of India. It is estimated that 26% of the 255,500,000
Indonesian population live in malaria endemic areas. Of those at-risk populations, 12% live

in high transmission areas and 14% in low transmission areas (16).

All species of Plasmodium have been reported in Indonesia including the newly emerging P.
knowlesi (10-12,161,162). Plasmodium falciparum and P. vivax are the most prevalent

species causing malaria infections in Indonesia (16). In general, the risk of transmission is
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higher in eastern Indonesia than the rest of the country (17,18), with most of the endemic
areas in stable transmission zones with low transmission risk. The latest estimates of age-
standardised parasite prevalence for P. falciparum malaria in children 2-10 years old (PfPR,-
10) and all-age parasite prevalence rate for P. vivax malaria (PvPRi-g9) range broadly and are
highly heterogenous (Figure 1.10 and 1.11). To date, there were several studies reporting a
notable proportion of P. knowlesi infection in several areas in Sumatera and Kalimantan

islands where the macaque populations are reported to be prevalent (10-12,162).
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Plasmodium faiciparum, 2000-17: a spatial and temporal modelling study. Lancet 2019; published
online June 18. DOI:10.1016/S0140-6736(19)31097-9
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Figure 1.10 Map of age-standardised parasite prevalence for P. falciparum malaria in
children 2-10 years old (PfPR2-10) predictions in 2017, adapted from Weiss et al. (17).
Starred locations i.e. Timika District, Kulon Progo District and Sabang Municipality are 3 sites
with different level of endemicity studied in this thesis.
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Figure 1.11 Map of all-age parasite prevalence rate for P. vivax malaria (PvPR1-99)
predictions in 2017, adapted from Battle et al. (18). Starred locations i.e. Timika District,
Kulon Progo District and Sabang Municipality are 3 sites with different level of endemicity
studied in this thesis.
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Indonesia’s climate is typically of a high temperature (25—29°C) with relatively high humidity
(76%—105%), and heavy rainfall from October to March across the country. This climate
favours the survival of Anopheles mosquitoes and allows malaria parasites to develop in the
mosquito more rapidly (163—165). There are 20 Anopheles species documented as malaria
vectors in Indonesia with overlapping distributions in all the main islands (Figure 1.12).
Anopheles balabacensis, Anopheles flavirostris, Anopheles nigerrimus, Anopheles subpictus
and Anopheles sundaicus are the vectors found circulating in both western and eastern
Indonesia. Studies suggested that these vectors were more likely to have outdoor biting
habits and tend to rest outdoors in shaded locations such as in cattle shelters or under tree
than inside houses (166). These vectors are especially relevant because of the higher malaria
risk has been reported to be associated with forest-related work and other night outdoor

activities (163,167,168).

1.
2.

3.

4 : 4 18 f -

5. An. 4

6. . sl 13 An nigerimus ‘

7. An. flavirostris 14. An. parangensis Lesser Sunda Islands

8. An, karwari 15. An. punctulatus mﬁpq..
9. An. kochi 16. An. sinensis g 4
10. An. koliensis 17. An. subpictus s.\. 19. An. tessellatus

11.An. leucosphyrus 18, An. sundaicuss).  20.An. vagus

Figure 1.12 Distribution of primary Anopheles malaria vector in Indonesia reproduced from
Elyazar et al. (166)
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The majority of malaria cases (both falciparum and vivax) in Indonesia occur in adults
(49,50,168-171), with the exception in high transmission areas, Papua, where the risk of P.
vivax infection were reported to be higher in children compared to adults (171). A previous
report suggested that night outdoor activity at the farm or forest e.g. sleeping in the
plantation increases the risk of malaria infection (163,167,168). Human mobility becomes a
serious challenge for malaria control in Indonesia. People are travelling domestically for
several purposes i.e. for working, visiting relatives or just for vacation. The risk of malaria is
higher for migrants since they are typically moving from densely populated Java and Bali
Islands to the sparsely populated and usually highly endemic outer Islands (172). These
migrants then return routinely to Java, either permanently or, more often, for family
reunions and holidays (161). Mobility has been reported as one of risk factors for malaria
resurgence in low transmission setting (168). However, little research has been done to
investigate how significant the influence of human mobility is for reintroducing malaria

transmission in low endemic area in Indonesia.

1.8 Intervention strategies in Indonesia

The recent report by the Indonesian Ministry of Health provides a summary of malaria
elimination strategies and the current achievements in Indonesia as illustrated in Figure 1.13
(173). The history of malaria control started with the establishment of Indonesia’s National
Malaria Eradication Unit in 1952. Initially, control efforts were focused on indoor residual
spraying (IRS) with dichlorodiphenyltrichloroethane (DDT) and chloroquine-based treatment
in Java island. In 2004, artemisinin combination therapy was introduced as first-line
treatment with tightly controlled procurement and distribution of the drug. Regular

therapeutic studies have shown no drug resistance (174). Microscopy confirmation
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complemented by RDT is mandatory. Long-lasting insecticide-treated bed nets (LLIN) were
first distributed to eastern Indonesia and parts of Sumatra in 2005, and subsequently nearly
every 2 years to highly endemic districts and villages resulted in 20 million LLIN distributed
in the past decade. IRS was done in villages with annual parasite incidence >20 per 1000
population and in response to outbreaks. In high-transmission areas, malaria screening for
ill children was introduced into clinical management protocols. Capacity development efforts
supported case management, vector control, surveillance, and case investigation. The case
investigation has recently included adoption of the 1-2-5 surveillance and response protocol:
case management and notification on day 1; case classification and foci investigation on day
2; and foci response and elimination by day 5. Finally, locally tailored responses have been

essential for malaria elimination due to the high levels of decentralised authority.
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Figure 1.13 Changes in malaria incidence and intervention coverage, Indonesia 2004-2017
adapted from Sitohang et al. (173).

Starred locations i.e. Timika District, Kulon Progo District and Sabang Municipality are 3 sites
with different level of endemicity studied in this thesis. *Baseline annual parasite incidence
(API) data available in 2009—-10 for 90% of districts. Major reduction represents downshift in
transmission strata or three-times reduction in API; no change represents same strata and
less than three-times reduction in API. Increase represents an upshift in transmission strata.
tincrease might reflect improved malaria surveillance. #Estimates based on expert
consultation with the Indonesian Ministry of Health and partners.

Despite the recent success in decreasing the malaria burden from APl 2.89 per 1000 in 2007
to 0.9 per 1000 population in 2017, so far, approximately only 60% of total districts and cities
have been declared as malaria-free areas (173). This makes it difficult to achieve malaria

elimination by 2030. Specifically, Java, the most populated island that contributes 71.6
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million people (54%) of total population at risk of P. falciparum in the whole of Indonesia
(175) has failed to achieve the target of malaria elimination by 2015. The sustained
transmission of different malaria species combined with the challenge of identifying where,
and in who, residual transmission is occurring, mean new strategies are needed to target
transmission and reduce the burden of infection. Key to this will be improved surveillance as

focus changes to include all infections, not just those that are symptomatic (169).

1.9 Research gaps

Identifying persistent and intense transmission areas in a smaller geographical scales can
prevent outbreaks of disease that spread from these areas and support disease elimination
strategies when overall disease occurrence has declined (176-178). As malaria transmission
in Indonesia is highly heterogeneous, insights into micro-epidemiological geographic
variation of malaria infections in sub-national level would give more useful operational
information on public health intervention planning aim to achieve local elimination.
Identifying regions with higher disease burden can effectively facilitate control efforts

prioritization (43,179,180).

As previously described in Section 1.4, serology has potential applications to measure
population-level of transmission, confirm interruption of transmission in areas approaching
zero, and characterise spatial patterns of transmission in the population. Only few (~1%)
malaria parasite antigens have been studied so far (181,182), with the majority of serological
data currently available at technical level focusing on responses to well-characterised blood-
stage antigens. However, recent identification of alternative P. falciparum antigens

associated with short-lived antibody responses (i.e. Etramp5.Agl, Etramp4.Ag2, Hyp2,
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GexP18, HSP40, and PfSEA-1) suggests they could be used as a potentially key indicator of
very recent exposure (118). This could provide rapid, cheap estimates of malaria incidence
to target and evaluate interventions. Moreover, although most serological work has been
focussed on P. falciparum, there were some promising antigens that can be optimised as an
additional application of serology for P. vivax (i.e. PvDBPR2, PVEBP, PvAMA-1, PYMSP-11,
PvRBP1a and PvRBP2b) to identify hypnozoite carriers for treatment; a major challenge for
control programmes (119,120,134,135,138). Inclusion of these P. falciparum and P. vivax
antigens in a multiplex bead-based assay could potentially expand the application of

serological surveillance for malaria elimination.

Despite its potential application, feasibility of implementing serological surveillance utilising
existing public health surveillance systems has not been evaluated, especially in the context
of Indonesia. The majority of malaria prevalence studies, including a serological study
conducted in Indonesia (183) have been based on community-based surveys which require
large resources and efforts for collecting samples. Several methods have been reported as
alternative sampling approaches that could provide more cost effective and efficient
strategies to collect samples and data to assess population-level exposure and infection in
low transmission areas. These methods target easy access groups such as school children,
health facility attendees or focus on other high-risk populations such as forest workers,
miners or farmers. In this thesis, we explore the implementation and evaluation of health
facility-based surveys where facility attendees and their companions are sampled as an
alternative sampling strategy to improve malaria surveillance capacity to monitor malaria

transmission dynamics in the population.
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Due to limited available data, the majority of the currently available malaria risk maps in
Indonesia were based on parasitological estimates at the district level resolution (49,50),
thus its utility in identifying local level hotspots is limited. Adding data collection methods
that enable surveillance to remotely capture spatial patterns of transmission at the micro
epidemiological level would be helpful for strategic and operational planning of control and
elimination programmes. Generally, a basis for the spatial analysis of disease transmission is
based on adequate address information (184,185) automatically generated by geocoding
software packages that can generate accurate spatial coordinate data for a large proportion
of individuals (186,187). In circumstances where formal address data are unavailable,
catchment areas of, for example, community pharmacies or general practitioners have been
used for describing spatial patterns in disease occurrence (34,188-190). However, this
approach is likely to has less utility for resource-poor settings where formal address systems
are commonly unavailable and where health-facility catchment areas are relatively large and

poorly defined (191-193).
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2. Aim and objectives

2.1 Aim

The main aim of this thesis is to examine approaches to optimise the operational application
of serological surveillance for monitoring malaria transmission as an additional measure for
the existing public health surveillance system in Indonesia. A core theme of the thesis is to
evaluate the use of serology with different data collection methods to assess the additional

information generated in three areas of differing endemicity.

2.2 Objectives
e To evaluate the use of sero-epidemiological analysis to investigate heterogeneity of
transmission in an area conducting malaria elimination in Indonesia. The study
presented in Chapter 3 aimed to explore the following hypotheses:
e Inthe absence of active infections:
1. Spatial analysis of serological data can identify areas at risk of malaria through
identifying areas of previously high exposure.
2. Seroconversion rate estimates can confirm low levels and historical changes in
malaria transmission.
3. Absence of seropositivity in the population under 5 years old can be used as a proxy
of transmission interruption.
4. Sero-epidemiological analysis can be used to determine factors associated with

transmission.



To evaluate the use of mobile technology-based participatory mapping approaches to

geolocate health facility attendees for disease surveillance in low resource settings. The

study presented in Chapter 4 aimed to explore the following hypotheses:

1. Participatory mapping using android tablet-based offline high-resolution maps can
be used to efficiently geolocate individual residences from health facility.

2. Open source software and maps offer potential utility to collect spatial information

for research and disease surveillance purposes.

To implement and evaluate use of health facility-based serological surveillance to
investigate P. falciparum and P. vivax transmission dynamics in an elimination setting.
The study presented in Chapter 5 aimed to explore the following hypotheses:

1. Estimates of population-level transmission intensity (SCR) generated from a single
health facility-based survey is similar to the estimate generated from the repeated
health-facility based surveys.

2. Repeated health facility-based surveys can capture short-term changes in antibody
levels over time.

3. Spatial analysis of antibody responses to multiple malaria antigens can
prospectively predict areas at high-risk of malaria outbreak.

4. Sero-epidemiological analysis can be used to determine factors associated with
transmission in elimination setting where the numbers of active infections are

insufficient for conducting a risk factor analysis.
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e To evaluate the use of multiple serological markers to measure transmission level and
assess its association with active infections in a high transmission setting. The study
presented in Chapter 6 aimed to explore the following hypotheses:

1. Population-level seroconversion rate estimates can confirm the high level of
transmission.

2. Species-specific serological markers are associated with P. falciparum and P. vivax
infections.

3. P. falciparum short-lived markers are sensitive and specific in predicting P.

falciparum infections.

2.3 Thesis structure
This thesis consists of an Introduction, four scientific papers and a general Discussion
summarising the main findings presented in Chapter 2 to Chapter 6, discussing the thesis

limitations, future directions, and implications for other infectious diseases.

The first paper (Chapter 3) describes how analysis of sero-epidemiological data coupled with
household GPS coordinates collected through a community-based cross-sectional study can
be useful in an area reporting zero cases in 3 consecutive years prior to data collection. As
the absence of infections could not facilitate the identification of the population and areas
at risk for malaria reintroduction in the future, the study described in this chapter was
conducted to seek evidence that analysis of serological data could be an alternative tool to
assess P. falciparum and P. vivax transmission level, to investigate the risk factors for
transmission and to describe the heterogeneity of potential transmission in the absence of

active infections detected by standard malaria diagnostic tool such as microscopy.
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The second paper (Chapter 4) demonstrates the use of mobile technology-based
participatory mapping approach for collecting geolocation data for public health research
and surveillance in low resource settings. The most common mapping approaches usually
require door to door visit to collect the household GPS coordinates, or use currently available
data that rely on formal addresses, or remotely collect data using online-based approaches
that require a stable internet connection. As many malaria endemic areas in Indonesia are
usually hard to reach, have informal addresses and poor or no internet connection, the study
presented in this chapter was conducted to evaluate and validate alternative approaches to
remotely collect household-level spatial data from health facilities using a computer tablet-
based offline high-resolution maps to support the identification of fine scale resolution of

local-level disease heterogeneity.

The third paper (Chapter 5) describes the application of quarterly health facility-based cross-
sectional surveys and epidemiological analysis of multiple antibody response data generated
using bead-based multiplex serological assays coupled with household GPS coordinates
collected using participatory mapping approach (validated in Chapter 4) in a very low
transmission setting conducting elimination. As the malaria transmission was very low and
only a few infections were detected by standard microscopy tests, conventional methods to
measure transmission such as parasite rate and EIR are inefficient due to large sample sizes
required to detect infections in human and mosquitos, respectively. This paper aimed to
answer the question on how the advances in serological and mapping methods can be used
to better understand P. falciparum and P. vivax transmission dynamics by utilising the

existing health facility-based surveillance systems.
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The fourth paper (Chapter 6) presents the application of analysing multiple P. falciparum and
P. vivax serological markers combined with parasitological data generated by microscopy
and PCR tests to better estimate malaria burden in a high transmission setting. The
seropositivity to any of several new P. falciparum recently identified as markers of recent
exposure to infection can be used as a proxy of recent malaria infection. Evaluating the
sensitivity and accuracy of these serological markers in a high transmission setting will
provide important information before they can be used to measure recent transmission in a
lower transmission setting where active infection become rare and difficult to detect by
standard parasitological diagnostics such as microscopy and RDTs. This paper aimed to
provide evidence on the potential use of analysis of multiple serological markers to measure
population-level transmission intensity and predict the current malaria infection. Table 2.1

presents a summary of the methods used in each paper presented in this thesis.
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Table 2.1 Summary of methods used in each paper

Chapter

Design

Community-
based cross-
sectional study

Software
evaluation and
field testing

Quarterly
health facility-
based cross-
sectional study

Community-
based cross-
sectional study

Population and
sample

Communities in
Sabang,
Municipality, Aceh
Province, Indonesia
(n=1624)

Households in Rizal
District, Palawan
Province, the
Philippines (n=203)
and Kulon Progo
District, Yogyakarta
Province, Indonesia
(n=400)

Health facility
attendees in Kulon
Progo District,
Yogyakarta
Province, Indonesia
(n=9453)

Communities in
Mimika District,
Papua Province,
Indonesia (n=2496)

Data sources

ELISA, microscopy
test, paper
guestionnaire and
handheld GPS

Software review,
tablet-based GPS
and questionnaire,
handheld GPS

Luminex assay,
microscopy test,
tablet-based
qguestionnaire and
GPS

Luminex assay,
microscopy and
PCR tests, paper-
based
guestionnaire and
handheld GPS

Outcomes

- Transmission level
estimates

- Spatial patterns of
household-level P.
falciparum and P.
vivax exposure

- Review of
geolocation
software

- Accuracy of tablet-
based participatory
mapping approach

- Transmission level
estimates

- Spatial pattern of
household-level P.
falciparum and P.
vivax exposure

- Transmission level
estimates

- Spatial patterns of
household-level P.
falciparum and P.
vivax exposure

- Predictive models
of current malaria
infection
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