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Introduction: In areas where malaria transmission has been successfully

reduced, surveillance based solely on clinical cases becomes increasingly

challenging. Antibodies generated by the host in response to malaria infections

may persist in the circulation for several months or longer. We assessed a

serological surveillance tool to measure malaria transmission in eastern

Indonesia where reported cases have been recently declining.

Methods: In June 2021, we conducted a cross-sectional survey of elementary

schoolchildren aged 5 to 14 years residing in six villages in an endemic area of

West Timor, Indonesia. Annual Parasite Incidence (API, cases/1,000 residents/

year) of these villages ranged from 0.0 to 4.1 in 2021. Finger-prick plasma

samples were tested using a multiplexed Luminex MAGPIX
®
bead array system

to measure IgG antibodies against a panel of 8 Plasmodium vivax antigens. Using

a random forest classification algorithm, individuals with predicted exposure to P.

vivax in the prior 9 months were identified.

Results: 15 of 398 (4%) schoolchildren were seropositive for recent P. vivax

exposure. Remarkably, 87% (13/15) of seropositive children were from one village,

the one with the highest API (4.1). In contrast, one seropositive child was from a

village with an API of 1.3, and another from a village with an API of 0.0.
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Conclusion: Our serological survey data confirms the reported malaria cases

from PHC in the villages with likely ongoing transmission. Malaria programs may

consider Lamea as the target for intervention.
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1 Introduction

The global malaria elimination campaign has successfully

reduced malaria transmission in many parts of the world (World

Health Organization, 2021). A large proportion of areas formerly

designated as meso-high endemic have shifted to a low endemicity

level (Sitohang et al., 2018). The most common cause of human

malaria, Plasmodium falciparum, has declined in prevalence over

the past decades, attributable to effective treatment and escalated

control efforts (World Health Organization, 2021). However, this

trend has been less pronounced for the second major species,

Plasmodium vivax (Battle et al., 2019; Alemayehu et al., 2021;

Angrisano and Robinson, 2022). P. vivax has thus reportedly

become the major species in many countries transitioning from

medium-high to low endemicity (Quah et al., 2019; Price et al.,

2020; Angrisano and Robinson, 2022).

Conventional surveillance methods involving case reporting in

low transmission settings are challenging (referred to as passive case

detection, PCD) (Edwards et al., 2021; Ochwedo et al., 2021;

Tayipto et al., 2022). As the number of cases become sparse and

spatially heterogenous, parasitological and entomological surveys

become operationally and logistically costly and inefficient while, at

the same time, resources are limited and should be used in the most

efficient way (Greenhouse et al., 2019). Furthermore, PCD provides

an incomplete picture due to large proportions of asymptomatic

infections, including hidden liver-stage parasites (hypnozoites) in

the case of P. vivax (Tadesse et al., 2018; Koepfli et al., 2021; Tayipto

et al., 2022). These asymptomatic and latent reservoirs may silently

contribute to ongoing transmission.

Diagnosis of P. vivax is more challenging due to lower

parasitemia levels and the presence of dormant parasites in the

liver (Angrisano and Robinson, 2022). As with other pathogens, an

infection by P. vivax initiates the production of antibodies in

response to the invading organism (Longley et al., 2017). Longley

et al. (2017) assessed antibodies to 307 proteins of P. vivax origin,

such as merozoite surface protein 1 and the circumsporozoite

protein. Through a down selection pipeline and extensive

validation in three geographic regions, they identified 8 antigen-

specific antibodies as indicative of recent P. vivax infection within

the prior 9 months (Longley et al., 2020). These individuals are

likely to harbor hidden liver-stage hypnozoites, due to the biology of

relapse timing (White and Imwong, 2012). Relapse not only causes
02
morbidity but also maintain transmission (Bantuchai et al., 2022).

Even low-density asymptomatic infections harbor sexual stage

parasites and can contribute to onward transmission (Slater et al.,

2019; Almeida et al., 2021), and it is now well acknowledged that the

hidden hypnozoite reservoir is the dominant (>80%) source of acute

blood-stage infections in P. vivax-endemic communities (Robinson

et al., 2015). These blood-stage parasitemia stemming from

relapsing hypnozoites may serve as infectious reservoirs and

predict the probable continuous transmission (Bantuchai et al.,

2022). Thus, the identification of individuals with recent exposure

of P. vivax can offer valuable insights into understanding the

malaria burden, especially in regions with low endemicity.

Serological survey may support the surveillance system for

monitoring and planning of malaria program. This study aims to

measure seroprevalence in one endemic area in eastern Indonesia

which very recently demonstrated declining transmission through

health center clinical case data.
2 Materials and methods

2.1 Study area

The study was conducted in Malaka district, West Timor,

Indonesia (Figure 1). In the study area, malaria transmission varies

significantly, with the highest endemicity observed in a region served

by two primary health centers (PHC), Weoe and Alkani, located in

theWewiku subdistrict. The area has low endemicity as shown by the

annual parasite index (API) per 1,000 population, a commonly used

transmission indicator. API is measured by calculating the number of

new microscopically/RDT-confirmed malaria cases reported by PHC

in a year, divided by the total population number within the

catchment area, multiplied by 1,000. The API in 2021 was 1.5 and

2.10 in Weoe and Alkani, respectively (District Health Officer,

personal communication).
2.2 Sample collection

This study utilized a purposive sampling technique to select

schools. The criteria for selection were the location of the schools in

the endemic villages with the highest number of malaria cases in the
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last two years as reported by both PHCs. Ten of the total 24

elementary schools were selected and visited for blood collection

during 16–26 June 2021 (Figure 1, Table 1). School-age children are

typically engaged in limited travel compared to adults. Thus, they

may serve as an ideal representative to assess local transmission in

the area.

At each school, forty children from first to fifth grade were invited

to participate in the survey. This number was chosen to fulfill the

sample size of 400, assuming seropositive rate of 20%, design effect of
Frontiers in Malaria 03
1.5, precision of 0.05, and loss of 8% of subjects. This sample size

represented 50% of the total number of children at each school. Since

each endemic village consisted of several sub-villages, the selection

process, conducted by the teachers, was designed to ensure that each

sub-village within the school’s catchment area was adequately

represented. However, one school (no. 3) could only provide 28

children due to their few numbers of students. In contrast, other

schools could provide 41 (nos. 4, 6, 7) and 47 (no. 10) schoolchildren.

Finger-prick blood samples (400 µL) were collected from each subject
FIGURE 1

Map of the study area. API varied from 0.0 to 4.1 in the study area (Weoe and Alkani PHC). Numbers represent the identity of schools sampled in
this survey.
TABLE 1 Geographic distribution of participants by school and village.

School number
Village representation

Total
Weoe Alkani Seserai Badarai Lamea Weseben

1 39 1 40

2 40 40

3 26 2 28

4 1 40 41

5 4 36 40

6 40 1 41

7 6 1 33 1 41

8 7 33 40

9 1 39 40

10 2 45 47

Total 41 59 104 40 119 35 398
frontiersin.org

https://doi.org/10.3389/fmala.2024.1362585
https://www.frontiersin.org/journals/malaria
https://www.frontiersin.org


Kosasih et al. 10.3389/fmala.2024.1362585
into microtainer EDTA tubes and stored temporarily in a cooler box

for later plasma separation in the field laboratory. Sex, age, and sub-

village of residence were recorded from each participant.
2.3 Laboratory procedures

In the field laboratory, whole blood was centrifugated at 5,000 rpm

for 10 minutes to separate plasma. Plasma was shipped to Jakarta by

cold chain (2–8 °C) and stored temporarily at −80°C prior to the

serological assay. We specifically utilized a multiplexed antibody assay

against 8 P. vivax targets, where the combined serological signature

has been previously validated to inform on recent exposure to P. vivax

parasites in the prior 9 months (Longley et al., 2020).

IgG antibodies against the panel of 8 P. vivax antigens were

measured using a multiplexed Luminex MAGPIX® bead array system

as previously described (Longley et al., 2020; Mazhari et al., 2020). The

eight P. vivax antigens were: PVX_099980 (merozoite surface protein

1–19, MSP1–19), PVX_096995 (Pv-fam-a), PVX_112670 (Pv-fam-a),

PVX_087885 (rhoptry associated membrane antigen, RAMA),

PVX_097625 (MSP8), PVX_097720 (MSP3.10), PVX_094255

(reticulocyte binding protein 2b, RBP2b) and KMZ83376.1

(erythrocyte binding protein region II, EBPII) (Supplementary

Table 1). In this study, magnetic beads were used (Mazhari et al.,

2020). Plasma samples were assayed at a 1/100 dilution along with

blank, positive, and negative controls. A 2-fold serial dilution from

1/50 to 1/25,600 of the positive control (hyperimmune plasma pool

from Papua New Guinea) was used on each plate to generate a

standard curve and allow plate-plate standardization. Negative

controls were from individuals from Jakarta, Indonesia, that had no

recent history of malaria. The median fluorescent intensity (MFI)

values from the MAGPIX instrument were converted to arbitrary

relative antibody units (RAU) using the standard curve data in a five-

parameter logistic function (Longley et al., 2020).
2.4 Data analysis

Data analysis and presentation were performed in R (version 3.5.3)

and Microsoft Excel 2019. A Random Forest classification algorithm

was used to predict which individuals had exposure to P. vivax in the

prior 9 months (Chotirat et al., 2021). The algorithm used the IgG

antibody data generated against the 8 P. vivax antigens as described

above. The algorithm was trained with 4 existing datasets: Thailand

(n=826), Brazil (n=925), the Solomon Islands (n=754) and negative

non-endemic controls (n=274) (Longley et al., 2020). Different

diagnostic targets along the receiver operator characteristic curve of

the algorithm could be selected and we aimed for a balanced target of

79% specificity and 79% sensitivity. Of note, the algorithm was trained

using data generated with non-magnetic beads and the BioPlex-200

platform whilst the current antibody data set was generated using

magnetic beads and the MAGPIX platform. Prior research has

demonstrated moderate-strong correlations when comparing these

two data types generated in malaria-endemic areas (Mazhari et al.,

2020). The classification algorithm was accessed through a RShiny App

available at: https://gitlab.pasteur.fr/tobadia/pvserotat-rshiny-app. API
Frontiers in Malaria 04
during 2019–2021 was calculated based on digital malaria information

system (e-SISMAL).
2.5 Ethical consideration

This study was approved by Ethical committee of Medical Faculty,

University of Indonesia (KET-1173/UN2.F1/ETIK/PPM.00.02/2019),

Walter and Eliza Hall Institute of Medical Research Human Research

Ethics Committee (19–17), and Oxford Tropical Research Ethics

Committee (OxTREC) (57–19). Parental informed consent, and

assent for those aged 12 year or more, were obtained from all study

subjects prior to blood sampling.
3 Results

3.1 Demography

A total of 398 schoolchildren participated in the survey

(Table 1). Males and females were represented equally (200/198).

More than half the schoolchildren were 8–10 years of age (n=231),

followed by 11–14 years (n=102), and 5–7 years (n=65). The

median age was 9 years (range 5–14 years). These subjects

domiciled in the six endemic villages, majority in Lamea (119/398

= 30%) and Seserai (104/398 = 26%) (Table 1).
3.2 Predicted recent P. vivax exposure

Total IgG antibody levels against the 8 P. vivax antigens assayed

were used in a Random Forest classification algorithm to classify

each child as recently exposed to P. vivax in the prior 9 months or

not (binary outcome). Higher antibody levels were demonstrated in

the seropositive subjects, particularly against RBP2b, MSP1–19 and

Pv-fam-a, in which distinct separation between the two groups was

observed (Supplementary Figure 1).

The overall predicted exposure status was 4% (15/398). A highly

disproportionate result was observed, with 87% (13/15) of

exposure-classified subjects found in Lamea, whereas one was

from Seserai, and another one from Weseben (Table 2).

Furthermore, a higher exposure status was observed in the group

of 11–14 years old (Table 2). In Lamea, a majority (69%, 9/13) of the

seropositive children were aged 11–14 years, even though this age

group constituted only 24% (28/119) of the total participants in the

village. In contrast, only 31% (4/13) of the seropositive children

were aged 8–10 years, despite this age group comprising 59% (70/

119) of the total participants in the village (Supplementary Table 2).

These sero-positivity patterns very closely reflect recent trends

in malaria transmission in Wewiku subdistrict. Previously a meso-

endemic region with API of 124 per 1,000 population in 2012 and

community prevalence of approximately 28% by PCR in 2013

(Sutanto et al., 2018), a significant decrease in malaria cases has

been reported in the last three years. At Weoe PHC, API decreased

from 14.50 in 2019 to 0.83 in 2020, and 1.5 in 2021. Meanwhile,

Alkani PHC which initially had a higher API, also reported a
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notable decrease from 61.00 in 2019 to 5.78 in 2020, and further to

2.10 in 2021 (District Health Officer, personal communication).

Children and adolescent were the most affected group by malaria in

both PHCs in 2019 (< 20 years: 68%, Supplementary Figure 2).

In 2019, the majority (67%) of the 472 local malaria cases were

reported from Lamea and Weoe village, followed by Alkani, Seserai,

Weseben, and Badarai (Figure 2A) with Lamea having by far the

highest malaria incidence among those six malarious villages

(Figure 2B, PHC data, personal comm.). While in 2020 and 2021

Lamea andWeoe accounted for a similar number of malaria case (65%

and 67%), with the majority of cases still in the 0–19 age group (60%
Frontiers in Malaria 05
and 53%), the relative burden of cases shifted significantly to more

populous Weoe in 2021 (70% vs 23% of cases from both villages,

p = 0.002).
4 Discussion

We successfully surveyed schoolchildren using a serological marker

of recent exposure to P. vivax and identified a lingering focus of

transmission in three villages. Serology predicted low overall levels of

recent exposure to P. vivax (4% positivity). This number was relatively

similar with the reported API in the area (1.5 and 2.1 per 1,000

individuals in Weoe and Alkani PHC, respectively).

A study in Thailand also reported areas with active transmission

in an overall low endemic region with the highest predicted recent

exposure by serology in the areas corresponding with higher PCR

prevalence in the area (seropositivity: 15.1% and 12.5% vs. PCR:

3.82% and 3.12% in Bongti and Suan Phueng, respectively) (Chotirat

et al., 2021). Another study conducted in Peru also identified areas

with active transmission (Iquitos and Mazan), with predicted recent

P. vivax exposure levels by serology of 56.5% and 38.2%, compared to

prevalence of 5.3% and 2.7% by PCR (Rosado et al., 2022).

As malaria levels near pre-elimination, spatial clustering of cases

even among proximal villages is becoming pronounced. This allows

malaria control programs to focus their resources on areas of

confirmed residual transmission. Our serological data indicate that

recent exposure to P. vivax was concentrated in Lamea village where

schoolchildren contributed 87% of all subjects classified as recently

exposed to P. vivax. This finding is well aligned with PHC data which

reported the highest incidence of clinical malaria cases in Lamea. As

levels of transmission and thus the number of malaria cases decrease,

these geographical patterns of local transmission become much harder

to identify from PHCdata (e-SISMAL).

Serological surveys of recent malaria exposure in primary school

children can provide accurate information that can supplement routine

case surveillance. Given school is compulsory in Indonesia and primary

school aged children travel less than adults, they provide an excellent

population to confirm the continued presence of ongoing local

transmission. As our serological exposure markers can detect an

exposure to a P. vivax infection in the past 9 months with 80%

sensitivity and 80% specificity (Longley et al., 2020), the presence of

seropositive schoolchildren is thus a clear indication of ongoing

local transmission.

A potential limitation of our study was that the Random Forest

classification algorithm was trained on prior datasets generated

using a non-magnetic bead assay, whilst the current data was

generated using an updated version of the lab assay using

magnetic beads as the scaffold. Data using these two different

assay set ups are well correlated (Mazhari et al., 2020), but

possibly slight variations may be reported when the algorithm is

re-trained on magnetic-bead data. Moreover, as the seroprevalence

was much lower than the initial assumption (4% vs. 20%), the power

was less than expected for comparison between schools.

Nevertheless, this study demonstrated the concurrence between

serological results and the village-level API in the remaining high-

burden villages in the study area.
TABLE 2 Predicted P. vivax exposure status by village and age group.

Description N Exposure (%)

Village
Weoe
Alkani
Seserai
Badarai
Lamea
Weseben

41
59
104
40
119
35

0 (0%)
0 (0%)
1 (1%)
0 (0%)
13 (11%)
1 (3%)

Age group
5–7 y
8–10 y
11–14 y

65
231
102

0 (0%)
5 (2%)
10 (10%)
A

B

FIGURE 2

Distribution of reported malaria cases by village in Wewiku
subdistrict during 2019–2021. Lamea and Weoe were shown to be
the major contributors of all malaria cases in the area (A). Lamea
was also depicted to have the highest annual parasite incidence per
1,000 population (B).
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Serological exposure surveys can therefore provide malaria

program managers with important actionable data on local

malaria transmission patterns.
5 Conclusions

We have demonstrated that a serological survey deploying

multiplexed antibody detection of recent P. vivax exposure can be

used to identify areas with ongoing residual transmission where

further attention and focal interventions are warranted. These

findings can be utilized as supplemental data for malaria

programs to further strategy planning.
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Antibody level against the 8 P. vivax antigens in school 9. In this school, 87%
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(RAU) were log10 transformed for each participant. Data are categorized by
the Random Forest seropositivity results. The boxplots show the median IgG

level per group with the whiskers indicating the median ± 1.5 IQR.

SUPPLEMENTARY FIGURE 2

Malaria distribution by age group in Weoe PHC and Alkani PHC during
2019–2021.
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