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Summary
Background Plasmodium vivax malaria is challenging to control and eliminate. Treatment with radical cure drugs fails
to target the hidden asymptomatic and hypnozoite reservoirs in populations. PvSeroTAT, a novel serological test-and-
treat intervention using a serological diagnostic to screen hypnozoite carriers for radical cure eligibility and treatment,
could accelerate P. vivax elimination.

Methods Using a previously developed mathematical model of P. vivax transmission adapted to the Brazilian context
as a case study for implementation, we evaluate the public health impact of various deployment strategies of
PvSeroTAT as a mass campaign. We compare relative reductions in prevalence, cases averted, glucose-6-phosphate
dehydrogenase (G6PD) tests, and treatment doses of PvSeroTAT campaigns to strengthened case management alone
or mass drug administration (MDA) campaigns across different settings.

Findings Deploying a single round of PvSeroTAT with 80% coverage to treat cases with a high efficacy radical cure regimen
with primaquine is predicted to reduce point population prevalence by 22.5% [95% UI: 20.2%–24.8%] in a peri-urban
setting with high transmission and by 25.2% [95% UI: 9.6%–42.2%] in an occupational setting with moderate
transmission. In the latter example, while a single PvSeroTAT achieves 9.2% less impact on prevalence and averts 300
less cases per 100,000 than a single MDA (25.2% [95% UI: 9.6%–42.2%] point prevalence reduction versus 34.4%
[95% UI: 24.9%–44%]), PvSeroTAT requires 4.6 times less radical cure treatments and G6PD tests. Layering
strengthened case management and deploying four rounds of PvSeroTAT six months apart is predicted to reduce
point prevalence by a mean of 74.1% [95% UI: 61.3%–86.3%] or more in low transmission settings with less than 10
cases per 1000 population.

Interpretation Modelling predicts that mass campaigns with PvSeroTAT are predicted to reduce P. vivax parasite prev-
alence across a range of transmission settings and require fewer resources than MDA. In combination with strengthened
case management, mass campaigns of serological test-and-treat interventions can accelerate towards P. vivax elimination.
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Research in context

Evidence before this study
Mathematical modelling informed by clinical and
epidemiological data have improved our understanding of
Plasmodium vivax malaria transmission dynamics and the
potential public health impact of interventions. Some P. vivax
parasites during primary infections develop into hypnozoites
that remain dormant until they activate and cause relapses
weeks or months after the primary infection. Clinical trials
have shown that relapses account for up to 80% of PCR-
detectable blood-stage infections in children and modelling
predicts that P. vivax elimination would be slow without
directly targeting these clinically silent stages.
We searched PubMed using the terms P. vivax AND serolo*
AND (intervention OR tool OR diagnostic) to identify
serology-based interventions for P. vivax malaria and another
search using the terms P. vivax AND (epidemio* OR trend* OR
prevalence OR incidence) AND Brazil to understand current
trends. A novel serological diagnostic tool that measures
antibody levels to biomarkers of past infection has been
validated to observational cohort data using a machine
learning algorithm to detect infection within the past nine
months with 80% sensitivity and 80% specificity. Modelling
has shown that a serological screen-and-treat intervention is
more effective than blood-stage mass screen-and-treat
strategies and only marginally less effective than mass drug
administration, with diagnostic sensitivity being the key
driver of impact. Treatment with a blood-stage clearance drug
such as chloroquine and liver-stage drugs such as primaquine
can provide radical cure of all parasites with different
estimated levels of clearance efficacy. P. vivax transmission in
the Brazilian Amazon Region is heterogeneous and an
increase in burden since 2015 has been observed for
indigenous populations and children and importations in
miners or migrants in border states. Brazil, despite

implementing strong case management of P. vivax with
radical cure, has recently launched a malaria elimination plan,
for which no new technologies were addressed.

Added value of this study
P. vivax malaria is particularly challenging to eliminate and
current tools and interventions fail to disrupt transmission.
Novel tools are needed to accelerate elimination efforts by
targeting the entire parasite reservoirs, in particular in
asymptomatic carriers that contribute significantly to onward
transmission. A novel mass campaign intervention,
PvSeroTAT, combines both serological testings to screen for
potential parasite carriers and improved radical cure
treatment to prevent future relapses. Using a robust
mathematical model that captures P. vivax transmission
dynamics, we demonstrate the public health benefit of
implementing PvSeroTAT across heterogeneous endemic
transmission settings and for different deployment strategies.
Additionally, our study demonstrates the added benefit of
combining strengthened case management and PvSeroTAT
mass campaigns.

Implications of all the available evidence
Our findings identified optimal deployment strategies for
novel serological test-and-treat interventions that can
accelerate P. vivax elimination efforts. These modelling
findings can inform both clinical trial design and future
programmatic implementation in terms of site selection,
timing and the number of rounds, and expected impact
estimates. Our modelling results can be further validated by
clinical evidence to accelerate regulatory approval of novel
serological diagnostic tools for P. vivax. Modelling can support
the adoption of such tools by policymakers and guide
national implementation strategies.
Introduction
Despite ongoing efforts to improve access to radical
cure, case management of clinical P. vivax malaria cases
will undoubtedly miss asymptomatic carriers, which can
constitute up to 90% of all P. vivax infections.1 Diag-
nosis and treatment of P. vivax malaria is further
complicated by a high proportion of parasites present in
deep organs such as the spleen, liver and bone marrow
rather than in circulation.2 Individuals with untreated
asymptomatic infections contribute to transmission
with early development of gametocytes during both
primary and relapsing infection.1,3–5 Radical cure drugs
to prevent relapses are not widely available in endemic
regions, making it particularly challenging to eliminate
P. vivax.6,7 New diagnostic tools to identify cases and
treat individuals with radical cure drugs are needed to
interrupt transmission and accelerate elimination.

Healthcare systems are required to safely deliver
radical cure with 8-aminoquinolone drugs such as pri-
maquine or tafenoquine. The World Health Organiza-
tion (WHO) recommends, whenever possible, glucose-
6-phosphate dehydrogenase (G6PD) testing before
administration of primaquine to prevent haemolysis
among G6PD deficient individuals, however, the test is
not routinely used in most countries.8 Diagnostic testing
of G6PD deficiency has been shown to be cost-effective
in modelling analyses and in preventing primaquine-
related hospitalisations.9,10 Yet the dose at which
www.thelancet.com Vol 22 June, 2023
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primaquine should be given is unclear. While most
countries, including Brazil, recommend a total prima-
quine dose of 3.5 mg/kg, a recent trial demonstrated
that doubling the dose to 7.0 mg/kg given over 14 days
increase recurrence-free percentage at day 168 to 86%
compared to 59% among those who received the lower
total dose regimen.11 These results however reflect
directly observed therapy with potentially higher adher-
ence than real-world compliance, particularly for the 14-
day regimen. While strengthening case management
and improving treatment adherence have the potential
to reduce transmission, without other interventions they
will not lead to elimination because clinical cases
represent only a proportion of P. vivax parasite carriers
in populations.11,12 The population-level impact of case
management with higher efficacy primaquine regimens
on P. vivax transmission has not yet been demonstrated.

Mass campaign interventions with primaquine could
be considered for targeting asymptomatic carriers and
accelerating elimination efforts. Mass-drug-administration
(MDA) with primaquine has been used during malaria
elimination programs (e.g. in China, the Caucasus region,
and Central Asia),13,14 however, there is no conclusive evi-
dence supporting programmatic implementation for
reducing P. vivax transmission.15 MDA is associated with
significant overtreatment of the population and
exposes some individuals to 8-aminoquinolone-induced
haemolysis if there is no screening of G6PDd in-
dividuals.3,14,16 Risk of haemolysis renders MDA with
8-aminoquinolones logistically challenging and thus not
acceptable for many malaria programs. Mass-screen-and-
treat (MSAT) campaigns testing for blood stage parasites
with a rapid diagnostic test (RDT) or light microscopy have
little impact on P. vivax transmission due to both their
relatively low sensitivity to detect low density blood stage
infection and inability to detect latent liver stage infections
and cryptic infections in the haematopoietic niche of bone
marrow and the spleen.17,18

To address these challenges, a novel tool based on
antibody titers of validated serological markers of
exposure has been developed to identify previous
P. vivax infection.19 This first-generation serological
diagnostic tool using machine learning algorithms is
validated to identify those with a PCR-detectable blood
stage infection in the previous nine months with 80%
sensitivity and 80% specificity. Such a serological diag-
nostic could thus be used to screen and treat individuals
with recent P. vivax exposure and thus likely hypnozoite
and/or cryptic infections in mass campaign in-
terventions. Initial target product profile (TPP) model-
ling has suggested the importance of achieving very
high diagnostic sensitivity to achieve similar reductions
in P. vivax prevalence compared to MDA. However,
increased sensitivity is traded-off against reduced spec-
ificity, and a higher proportion of overtreatment where
false positives are given radical cure.20 What is currently
not yet well understood is the potential population-level
www.thelancet.com Vol 22 June, 2023
impact of this novel intervention in real-world settings
in addition to what would be the most favourable
deployment strategies to achieve greatest transmission
reduction and acceleration to pre-elimination phases.

While the risk of primaquine-induced haemolysis has
prevented uptake in other P. vivax endemic countries in
South-East Asia and the Pacific,21 Brazil has demonstrated
how strong management of clinical cases with prima-
quine without G6PD testing can result in reduction in
transmission across the country. Brazil’s intensive passive
case detection and management of clinical P. vivax cases
contributed to transmission reductions since 2000.22–24

Additionally, chloroquine and primaquine are provided
free of charge by the government for positive diagnoses
and delivered at all levels of the healthcare system in ur-
ban and rural communities.25 Since approving tafeno-
quine for radical cure in 2019, Brazil has also moved to
train, test, and evaluate G6PD deficiency diagnostic tools
with the aim of widespread use in the coming years.26,27

Yet despite significant reduction in P. vivax in recent
years, there is still wide heterogeneity of transmission
across the endemic Amazon region of Brazil with out-
breaks, importations, and drug resistance threatening
progress toward elimination milestones by 2030.28,29

Here we consider how mass campaign interventions
targeting asymptomatic P. vivax infected individuals with
a serological diagnostic screening and treatment can
further accelerate endemic settings to reach pre-
elimination phases. We use Brazil as an example of a
setting with heterogeneous transmission and a healthcare
system that can support mass test-and-treat campaigns
with strengthened case management using primaquine
and G6PD testing. Using our previously developed model
of P. vivax transmission adapted to Brazilian settings, we
thus consider the public health impact of PvSeroTAT
interventions screening the population for seropositive
cases and treating them with a higher efficacy prima-
quine radical cure regimen after G6PD testing.12

Strengthened case management alone and MDA cam-
paigns are modelled as comparators. We model the
reduction in total population P. vivax PCR prevalence and
the resources, including treatment courses and tests
required to achieve these gains, for multiple rounds,
timing of deployment, and layering interventions.
Methods
P. vivax transmission model
Our study uses a mathematical model to capture the
complex mechanistic dynamics of P. vivax malaria
transmission to estimate and compare the potential
public health impact of novel interventions with radical
cure treatment, a serological diagnostic tool for
screening, and G6PD testing. Modelling facilitates hy-
pothetical scenario testing and generates evidence to
guide design and planning of novel interventions. We
simulate a range of scenarios using a previously
3
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Intervention

S0 Baseline CM

S1 Strengthened CM

S2 PvSeroTAT

S2a PvSeroTAT

S2b PvSeroTAT

S3a PvSeroTAT

S3b PvSeroTAT

S3c PvSeroTAT

S3d PvSeroTAT

S3e PvSeroTAT

S3f PvSeroTAT

S4 MDA

S4a MDA

S4b MDA

S4c MDA

S4d MDA

S4e MDA

S4f MDA

S5a PvSeroTAT

S5b PvSeroTAT

S6a S1 + S3a

S6b S1 + S3e

CM: case management. PvSe

Table 1: Simulated scena
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described individual-based P. vivax transmission model
calibrated to Brazilian settings (Table 1).5,12,20 The
detailed individual-based simulation model of P. vivax
transmission with both human and mosquito compart-
ments was previously calibrated to data from epidemi-
ological studies in Papua New Guinea and the Solomon
Islands.5 This model captures the contributions of
relapse infections which are vital for P. vivax trans-
mission dynamics. Several interventions are included:
vector control (e.g. long-lasting insecticidal nets) and
treatment pathways for radical cure with chloroquine,
primaquine, and tafenoquine, accounting for differ-
ences in adherence and efficacy.5,12 Pathways assess
treatment eligibility via age, pregnancy and lactating
status, and G6PD phenotypic activity in men and
women, drug metabolism, and drug efficacy against
blood-stage parasite clearance. PvSeroTAT interventions
are implemented to screen individuals with P. vivax
infection within the previous nine months for the
various treatment pathways.20 Performance of the sero-
logical diagnostic tool modelled are based on sensitivity
and specificity estimates from previous studies.19,20

Calibration for Brazilian settings of baseline incidence,
G6PD deficiency prevalence, and occupational exposure
risk are detailed in the Supplementary Materials and in
a previous publication by the authors.12 The model is
publicly available online at https://github.com/MWhite-
InstitutPasteur/Pvivax_TQ_IBM.
Rounds Months between
rounds

Coverage (%) seven-day
PQ adherence

0.95 0.667

0.95 0.80

1 0.80 0.80

1 0.80 0.80

1 0.80 0.80

2 6 0.80 0.80

2 12 0.80 0.80

3 6 0.80 0.80

3 12 0.80 0.80

4 6 0.80 0.80

4 12 0.80 0.80

1 0.80 0.80

2 6 0.80 0.80

2 12 0.80 0.80

3 6 0.80 0.80

3 12 0.80 0.80

4 6 0.80 0.80

4 12 0.80 0.80

1 in mid-season 0.80 0.80

1 in high season 0.80 0.80

5 years + 2 rounds 6 0.80 0.80

5 years + 4 rounds 6 0.80 0.80

roTAT: serological test-and-treat for P. vivax. MDA: mass-drug-administration. PQ: primaq

rios.
Intervention scenarios
Two case management (CM) interventions and twenty
different mass campaigns including PvSeroTAT and
MDA are simulated. All individuals covered in the MDA
campaign are administered chloroquine and only those
eligible and G6PD normal are administered prima-
quine. For PvSeroTAT campaigns, chloroquine is given
to all individuals who are then screened for a previous
infection within the last nine months and when sero-
positive, are also tested for G6PD phenotypic activity.
Seropositive and G6PD normal individuals are admin-
istered primaquine. These interventions are further
described in the Supplementary Materials. For all mass
campaign interventions, we assume a background
baseline scenario (S0) for case management. In-
terventions vary by their levels of coverage, rates of
adherence to primaquine regimens, use of G6PD
testing, and PvSeroTAT diagnostic performance.
Different deployment strategies are considered by
varying the timing of initial deployment during the
transmission season, number of rounds, and timing
between rounds varying from six to 12 months apart.

For all scenarios, we assume all individuals older
than six months are eligible for radical cure treatment
except for pregnant women. The baseline scenario S0
assume 95% coverage of all symptomatic cases with no
G6PD testing, 66.7% adherence to a radical cure
regimen with seven-day 3.5 mg/kg dose primaquine and
(%)
seven-day
PQ efficacy (%)

G6PD
testing

Sensitivity (%) Specificity (%)

0.714 No

0.80 Yes

0.80 Yes 0.80 0.80

0.80 Yes 0.60 0.90

0.80 Yes 0.90 0.60

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes

0.80 Yes

0.80 Yes

0.80 Yes

0.80 Yes

0.80 Yes

0.80 Yes

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

0.80 Yes 0.80 0.80

uine. G6PD: glucose-6-phosphate dehydrogenase.
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three-day chloroquine. Baseline radical cure assumes
94.8% blood stage parasite clearance co-administration
efficacy and 71.4% liver stage parasite clearance effi-
cacy for full adherence. Strengthened case management
(S1) and mass campaigns assume improved radical cure
with G6PD testing, 80% treatment adherence, 94.8%
blood stage parasite clearance co-administration effi-
cacy, and 80% liver stage parasite clearance efficacy.
Only individuals with intermediate and normal G6PD
activity >30% are eligible for the high efficacy dose while
deficient individuals with ≤30% G6PD activity received
only a chloroquine course. S1 assumes 95% coverage of
all symptomatic cases. Mass campaigns assume 80%
population coverage for each round with an individual–
level correlation across consecutive rounds.

All impact indicators are calculated for each simu-
lation and we report mean estimates with 95% uncer-
tainty intervals using the 2.5% and 97.5% percentiles
for 100 model stochastic simulations. The intervention
effect size is measured by calculating the percent
change between two time points (baseline and inter-
vention follow-up) for P. vivax parasite prevalence in
the population for all ages (zero to 80 years) detectable
by polymerase chain reaction methods (PvPRPCR) and
averted P. vivax clinical cases for each simulation. Es-
timates are further detailed in the Supplementary
Materials. R version 4.1.3 was used for all calcula-
tions and to generate figures.

Role of the funding agency
The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.
Results
Clinical case management versus mass campaign
interventions
We compare the population-level impact of baseline CM
(S0), strengthened CM (S1), a single round of PvSer-
oTAT (S2), and a single round of MDA (S4) deployed
during the low transmission season. Results are pre-
sented for three archetype Brazilian settings with vary-
ing levels of baseline transmission intensity and
occupational exposure to malaria in the following order:
an occupational exposure archetype setting in Itaituba,
Pará with 23 cases per 1000 population; a peri-urban
mixed archetype setting in Manaus, Amazonas with
114 cases per 1000; and a peri-domestic exposure
archetype setting in São Gabriel da Cachoeira, Ama-
zonas with 267 cases per 1000.

S0 has no predicted change in transmission over
time as the model is at an equilibrium. The impact of
S1 increases over time due to introduction of high ef-
ficacy primaquine and G6PD testing. Across the three
settings shown in Fig. 1, a mean point PvPRPCR

reduction of 5.4% [95% UI: −10.7% to 18.3%], 5.3%
www.thelancet.com Vol 22 June, 2023
[95% UI: 0.1%–11.2%], and 4.8% [95% UI: 2.2%–7.4%]
is predicted at 12 months which increases to 8.7%
[95% UI: −8.9% to 24.3%], 7.2% [95% UI: 1.4%–12%],
and 6.6% [95% UI: 3.8%–8.8%] at 24 months, and to
8.4% [95% UI: −8.2% to 28.1%], 9.6% [95% UI: 4%–

14.9%], and 7.6% [95% UI: 4.9%–10.2%] at 36 months
(Supplementary Table S1). After several years, trans-
mission reaches a new equilibrium due to the perma-
nent improved case management that initially reduces
prevalence until a new steady state is reached.

S2, a single PvSeroTAT round with 80% coverage
deployed in the low transmission season, is predicted to
achieve 25.2% [95% UI: 9.6%–42.2%], 24% [95% UI:
17.8%–28.4%], and 22.5% [95% UI: 20.2%–24.8%]
mean PvPRPCR reduction at 12 months in archetype
settings (Fig. 1, Supplementary Table S1). S2 is pre-
dicted to have higher impact than strengthened CM but
less impact than MDA due to imperfect sensitivity
(assumed at 80% in this scenario). S2 mean PvPRPCR

reduction wanes over time and reduces to 15.7% [95%
UI −7.3% to 36.2%], 9.9% [95% UI: 3.6%–16.9%], and
7.2% [95% UI: 4.6%–9.8%] at 36 months compared to
baseline prevalence before the campaign. A single MDA
round (S4) is predicted to reach higher levels of preva-
lence reduction within the first 12 months as compared
to S1 or S2 with a predicted 12-month mean PvPRPCR

reduction of 34.4% [95% UI: 24.9%–44%], 31.2% [95%
UI: 27.1%–36.4%], and 29.1% [95% UI: 26.8%–31.5%]
(Supplementary Table S1); however, the benefits of the
MDA decrease over time and transmission rebounds to
baseline levels within five or more years depending on
the setting.

Diagnostic performance of PvSeroTAT campaigns
and timing of deployment will vary predicted impact.
Compared to S2 with 80% sensitivity and 80% speci-
ficity, improved sensitivity (S2b) versus improved speci-
ficity (S2a) of known diagnostic targets is predicted to
have greater impact on population-level outcomes
(Supplementary Fig. S1). S2b with 90% sensitivity and
60% specificity is predicted reduce point PvPRPCR by
29.7% [95% UI: 18.2%–43.2%], 27.9% [95% UI: 22.2%–

32.7%], and 25.7% [95% UI: 23.5%–27.7%] at 12
months follow-up (Supplementary Table S2). Deploying
PvSeroTAT during the low transmission period (S2) is
predicted to achieve the highest point PvPRPCR reduc-
tion (Supplementary Fig. S2 and Table S2). For example,
delaying deployment by six months during the period
between low and high transmission (S5a) achieves less
impact by reducing mean point PvPRPCR to 21.8% [95%
UI: 6.5%–34.1%], 18.9% [95% UI: 14.6%–22.3%], and
17.2% [95% UI: 15.4%–19.5%] at 12 months.

For all interventions, the relative reduction in clinical
cases over a 12-month period is lower than the relative
reduction in point PvPRPCR; however, the overall impact
of different interventions follow the same trends. A
greater effect size is predicted in low prevalence set-
tings, although a larger number of cases are averted in
5

www.thelancet.com/digital-health


Itaituba,
Pará

Peri−urban M
anaus,

A
m

azonas
São G

abriel da C
achoeira,

A
m

azonas

2024 2025 2026 2027 2028 2029 2030

0.0%

0.1%

0.2%

0.3%

0.4%

0%

1%

2%

3%

0%

3%

6%

9%

P
v 

PR
PC

R
 (%

)

Baseline CM Strengthened CM MDA PvSeroTAT

Itaituba,
Pará

Peri−urban M
anaus,

A
m

azonas
São G

abriel da C
achoeira,

A
m

azonas

1 2 3 1 2 3 1 2 3 1 2 3

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

100%

follow−up period (years)
ef

fe
ct

 s
iz

e 
(%

)

a b

Fig. 1: Impact of high efficacy primaquine deployed through strengthened CM, a single round of PvSeroTAT, or MDA interventions in three
archetype settings: Itaituba, Pará (23 cases per 1000); peri-urban Manaus, Amazonas (114 cases per 1000); and São Gabriel da Cachoeira,
Amazonas (267 cases per 1000). (a) Model predicted PvPRPCR over time with interventions deployed at the end of 2024 (solid vertical grey line).
Evaluation of the effect size compares the percent change in point PvPRPCR before the intervention and the point PvPRPCR one, two, and three
years post-intervention (indicated by dotted vertical lines). PvPRPCR over time is shown for the baseline scenario (black), strengthened CM
(yellow), MDA (blue), and PvSeroTAT (green). (b) Mean point PvPRPCR reduction effect size (%) and 95% uncertainty intervals for 100 stochastic
simulations per scenario evaluated at one, two, and three years follow-up. Values are reported in Supplementary Table S1.
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high prevalence settings (Supplementary Tables S3 and
S4). In the example of a single round of PvSeroTAT, the
mean PvPRPCR reductions predicted range from 25.2%
[95% UI: 9.6%–42.2%], 24% [95% UI: 17.8%–28.4%], to
22.5% [95% UI: 20.2%–24.8%], while the mean pro-
portion of clinical cases averted range from 20.7% [95%
UI: 0.5%–36.5%], 18.3% [95% UI: 4.5%–32.2%], to
15.3% [95% UI: 2%–29.6%] in archetype settings
(Supplementary Table S3). While Itaituba, which has
lower baseline transmission, is predicted to achieve
20.7% [95% UI: 0.5%–36.5%] mean reduction in cases
resulting in an average 900 [95% UI: 0–1500] cases per
100,000 averted, São Gabriel da Cachoeira with high
transmission achieves 15.3% [95% UI: 2%–29.6%]
mean relative reduction in cases and 7000 [95% UI:
900–13,900] averted cases per 100,000 (Supplementary
Table S4).

Multiple rounds
We evaluated the impact of multiple rounds (two, three,
or four) of PvSeroTAT and MDA with variable timing
between rounds (six months versus 12 months apart).
Overall, high frequency strategies that increase the
number of rounds and deploy rounds six months apart
have higher population-level impact (Fig. 2,
Supplementary Table S2). Rounds six months apart are
more impactful than 12 months apart even if the second
or fourth round are deployed during the high season.
The highest impact for PvSeroTAT campaigns is
observed for scenarios with four rounds six months
apart resulting in a predicted 57.5% [95% UI: 43.6%–

73.1%], 47.6% [95% UI: 42.7%–51.2%], and 41.4% [95%
UI: 39.2%–43.7%] reduction in point PvPRPCR at 12
months across archetype settings (Fig. 2,
Supplementary Table S2).

Each additional mass campaign round increases
mean point PvPRPCR reduction. In the example of Itai-
tuba, Pará, multiple rounds of PvSeroTAT 12 months
apart with 12-month follow-up after the last round are
predicted to reduce PvPRPCR by: 25.2% [95% UI: 9.6%–

42.2%] for a single round, 40.6% [95% UI: 24%–54.1%]
for two rounds, 51% [95% UI: 36%–64.7%] for three
rounds, and 56.6% [95% UI: 35.7%–70.8%] for four
rounds. In the same setting, we predict higher PvPRPCR

reduction for deployment intervals six months apart:
38.1% [95% UI: 24.4%–49.4%] for two rounds, 53.7%
[95% UI: 40.4%–65.8%] for three rounds, and 57.5%
[95% UI: 43.6%–73.1%] for four rounds (Fig. 2,
Supplementary Table S2). In the same setting, MDA has
higher impact overall compared to PvSeroTAT. Four
rounds of MDA reduce mean point PvPRPCR by 69%
[95% UI: 56.4%–80.9%] when deployed 12 months apart
and by 70.2% [95% UI: 55.5%–80.6%] when deployed
six months apart (Supplementary Table S2). Each
www.thelancet.com Vol 22 June, 2023
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Fig. 2: Impact of multiple rounds of PvSeroTAT and MDA interventions with variable timing between rounds. (a) PvPRPCR over time is shown
for different deployment strategies in Itaituba, Pará. Each round is shown as a grey solid vertical line. Impact of PvSeroTAT on PvPRPCR is
shown in green and MDA in blue. (b) Mean point PvPRPCR reduction effect size (%) and 95% uncertainty intervals (UI) for 100 stochastic
simulations per scenario evaluated 12 months after the last round during follow-up. Values are reported in Supplementary Table S2.
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additional round increases the relative reduction in
clinical cases and number of cases averted per 100,000
(Supplementary Tables S3 and S4). For Itaituba, four
rounds of PvSeroTAT six months apart reduce clinical
cases by 50.7% [95% UI: 26%–71.2%] at 12 months
follow-up translating to 2100 [95% UI: 1100–3000] cases
averted per 100,000. We observe similar trends for peri-
urban Manaus and São Gabriel da Cachoeira settings
(See Supplementary Materials).

Treatment courses and G6PD tests
We evaluated the required radical cure courses and
G6PD tests required to achieve population-level impact
for the various interventions (Supplementary Table S5).
A single mass campaign with PvSeroTAT or MDA re-
quires more resources than five years of strengthened
CM (Fig. 3). In Itaituba, a single round of PvSeroTAT
administers 0.15 per 100,000 or 15,300 [95% UI:
15,200–15,300] radical cure courses, a single MDA ad-
ministers 70,000 [95% UI: 70,000–70,000] radical cure
courses, and strengthened CM administers 9000 [95%
UI: 8200–9800] courses over a five-year period (Fig. 3,
Supplementary Table S5). PvSeroTAT campaigns
require significantly less resources than MDA cam-
paigns. While a single MDA achieves an additional 9.2%
reduction in point PvPRPCR compared to PvSeroTAT
(34.4% [95% UI: 24.9%–44%] versus 25.2% [95% UI:
9.6%–42.2%]) and averts an additional 300 cases (1200
[95% UI: 0–1500] vs. 900 [95% UI: 0–1500] cases per
100,000 averted) in Itaituba, it does so with 4.6 times the
www.thelancet.com Vol 22 June, 2023
number of radical cure doses than PvSeroTAT (Fig. 3,
Supplementary Tables S4 and S5). Additionally, a single
PvSeroTAT campaign requires 4.6 times fewer G6PD
tests than MDA (16,900 [95% UI: 16,800–16,900] tests
versus 77,300 [95% UI: 77,300–77,300] tests). The gap
between resource mobilisation for MDA as compared to
PvSeroTAT for small gains in impact are most apparent
with four rounds of consecutive interventions. In Itai-
tuba, four rounds of PvSeroTAT deployed six months
apart achieves 57.5% [95% UI: 43.6%–73.1%] PvPRPCR

reduction with 60,900 [95% UI: 60,700–61,000] radical
cure doses and 67,200 [95% UI: 67,100–67,300] G6PD
tests compared to MDA administering 280,100 [95% UI:
280,000–280,200] courses and 309,300 [95% UI:
309,200–309,400] G6PD tests to reach 70.2% [95% UI:
55.5%–80.6%] PvPRPCR reduction.

For all rounds, MDA requires 4.6, 3.6, and 2.4 times
more radical cure and G6PD tests than PvSeroTAT in
Itaituba, peri-urban Manaus, and São Gabriel da
Cachoeira respectively. These results suggest that with
decreasing transmission intensity, MDA campaigns
require increasingly higher resources compared to
PvSeroTAT. For settings with high transmission in-
tensity, since there are higher rates of infections,
symptomatic or not, and as a result higher rates of
seropositivity, we observe higher numbers of G6PD
tests and treatments required for PvSeroTAT in São
Gabriel da Cachoeira (Supplementary Fig. S4) compared
to peri-urban Manaus (Supplementary Fig. S3) and to
Itaituba (Fig. 3).
7
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Fig. 3: Total treatment courses and G6PD tests per 100,000 for scenarios by mean PvPRPCR effect size at 12 months in Itaituba, Pará. For
strengthened CM, we show the cumulative number of courses and tests one or five years after deployment and the effect size at year one or
year five respectively. We show results for multiple rounds of PvSeroTAT and MDA interventions six months apart for two, three, or four rounds
and Mean point PvPRPCR reduction effect size (%) at one-year follow-up. No significant difference in the total number of courses or tests is
observed if rounds are six months or 12 months apart. Each scenario was modelled with a population size of 100,000 individuals.
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Layered interventions
PvSeroTAT interventions could be implemented
together with strengthened CM to target both clinical
cases seeking care and those with asymptomatic in-
fections. We consider a potential scenario where the
Brazilian health system has strengthened CM for five
years followed by two (S6a) or four (S6b) rounds of
PvSeroTAT six months apart. Overall, we observe higher
predicted impact of S6b as compared to S6a and S3e
(Fig. 4, Supplementary Table S2, Supplementary
Fig. S5). Considering Itaituba for example, a mean
point PvPRPCR reduction of 43.3% [95% UI: 25%–

58.2%] is predicted for S6a and a 59.7% [95% UI: 38.6%–

74.1%] reduction for S6b (Fig. 4a) compared to a
reduction of 38.1% [95% UI: 24.4%–49.4%] for S3c and
57.5% [95% UI: 43.6%–73.1%] for S3e without
strengthened CM. In this setting, strengthened CM
alone compared to the same 12-month evaluation period
achieves 11.3% [95% UI: −7.9% to 31.7%] point
PvPRPCR reduction compared to S6a’s evaluation period
and 12% [95% UI: −11.5% to 28.3%] point PvPRPCR

reduction compared to S6b’s evaluation period.
Across all Brazilian P. vivax endemic settings, we
predict a wide range of impact estimates due to heter-
ogenous baseline transmission levels (Fig. 4b,
Supplementary Table S6). For S6b, the lowest impact
predicted is 13.2% [95% UI: 11.9%–14.5%] point
PvPRPCR reduction at 12 months in Oeiras do Pará,
Pará, which has the highest baseline incidence of 449
cases per 1000. For the same scenario, the highest
impact predicted is 95.7% [95% UI: 43.3%–100%] in
Paragominas, Pará, which has a baseline incidence of
0.3 cases per 1000 population.

The highest transmission settings with over 200
cases per 1000 are predicted to achieve the lowest
impact: a mean of 23.5% [95% UI: 11.8%–33.2%]
PvPRPCR reduction for S6a and a mean of 30.3% [95%
UI: 13.6%–44.4%] PvPRPCR reduction for S6b
(Supplementary Table S6). Three years following the last
PvSeroTAT campaign, transmission rebounds in both
scenarios; however, there is some continued effect. At
36 months, there is a predicted mean 8.4% [95% UI:
2.5%–14.1%] point PvPRPCR reduction maintained
compared to baseline levels before the interventions for
www.thelancet.com Vol 22 June, 2023
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Fig. 4: Impact of combined strengthened case management followed by four rounds of PvSeroTAT mass campaigns deployed six months apart.
(a) PvPRPCR over time in Itaituba, Pará. Strengthened CM starts indefinitely at the end of 2024 (yellow vertical line). After five years, four rounds
of PvSeroTAT campaigns deployed six months apart (green vertical lines) are deployed. The effect size or relative change in point PvPRPCR is
measured 12, 24, and 36 months after the last round (dotted vertical lines). (b) The mean point PvPRPCR reduction effect size (%) at 12 months
(green point) and the 95% UI (grey vertical bars) are shown for all simulated settings (# municipalities = 126) by the baseline simulation
incidence per 1000 population. (c) Each setting’s mean point PvPRPCR reduction effect size (%) at 12 months is mapped by colour in the main
plot and the size of the 95% UI is shown in the inset plot. For the simulated settings (n = 126), estimates of mean effect size are from model
simulations. For non-simulated settings, we assumed a mean effect size from the simulated settings with a similar 2018 baseline incidence: 295
settings had an incidence of less than five per 1000 population which corresponded to a mean effect size of 83.6% [95% UI: 70.6%–94.9%] at
12 months in the simulated settings; two settings had an incidence between five and 10 cases per 1000 population which corresponded to a
mean point prevalence effect size of 74.1% [61.3%–86.3%] at 12 months in the simulated settings; one setting had an incidence between 10
and 20 cases per 1000 population which corresponded to a mean point prevalence effect size of 69.5% [95% UI: 59.5%–79.4%] at 12 months in
the simulated settings (Supplementary Table S6).
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S6a and a mean 9.9% [95% UI: 2.5%–17.3%] point
PvPRPCR reduction for S6b (Supplementary Table S6).

Low and moderate transmission settings benefit
most from both intervention strategies. For example,
settings with an incidence between 10 and 20 cases per
1000 are predicted to reduce point PvPRPCR at 12
months by a mean of 69.5% [95% UI: 59.5%–79.4%]
with S6b (Fig. 4, Supplementary Table S6). For the same
scenario, the lowest transmission settings with a base-
line incidence of less than five cases per 1,000, are
predicted to reduce point PvPRPCR by a mean of 83.6%
[95% UI: 70.6%–94.9%]. Assuming transmission dy-
namics are similar in non-modelled settings with very
low incidence (less than 100 cases reported in 2018,
n = 295), the majority of Brazilian settings could
potentially reach at least 80% reduction in point
PvPRPCR reduction at 12 months if this novel combined
strategy is implemented at high coverage across the
endemic region (Fig. 4c, Supplementary Table S6).

However, for low transmission settings, the uncer-
tainty in model predictions is also very high (Fig. 4b–c,
Supplementary Fig. S6). Settings with a baseline inci-
dence of less than five cases per 1000 compared to set-
tings with five to 10 cases per 1000 have wider
uncertainty intervals and higher rates of simulation
fadeout (Supplementary Fig. S6). Additionally, while not
www.thelancet.com Vol 22 June, 2023
included in mean impact estimates, many simulations
in low transmission settings reach zero cases before
interventions are introduced. For example, in Para-
gominas, Pará, 57 and 47 out of the 100 stochastic
simulations have zero cases before interventions S6a and
S6b are deployed respectively. Out of the simulations
with transmission, downward trends towards fadeout
are present which result in 80% of simulations with no
malaria 12 months after the last PvSeroTAT campaign.
Therefore, careful interpretation of impact estimates is
required for such settings.
Discussion
Interventions that directly target the P. vivax hypnozoite
reservoir for radical cure treatment and prevent trans-
mission from asymptomatic primary infections or re-
lapses are essential for accelerating malaria elimination
efforts. A serological diagnostic tool has been developed
and validated to detect recent P. vivax infections and
potential carriers of hypnozoites with 80% sensitivity
and 80% specificity. Such a diagnostic has the potential
to screen asymptomatic carriers of hypnozoites for tar-
geted radical cure treatment through mass campaign
interventions called PvSeroTAT. Our model predictions
show that strengthened case management with
9
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PvSeroTAT campaigns with efficacious radical cure
treatment at high coverage have the potential to reduce
point PvPRPCR by a mean 74.1% [95% UI: 61.3%–

86.3%] or more in low transmission settings with less
than 10 cases per 1000 population if deployed for several
rounds at short intervals across the Brazilian Amazon
Region.

Brazil’s strong case management practices have
helped to significantly reduce malaria over the last 20
years; nevertheless, Brazil has yet to eliminate P. vivax.
While the national malaria program plans to further
strengthen management of symptomatic clinical cases
of P. vivax by introducing single dose tafenoquine, the
already comparatively high rates of effective radical cure
limit the effectiveness of improved CM, also supported
by our results modelling higher efficacy and higher
adherence of radical cure with primaquine.12 Additional
interventions targeting the asymptomatic reservoir are
thus needed if Brazil is to achieve elimination goals
expeditiously.

Mass campaigns that can reach and treat asymp-
tomatic cases with radical cure at high coverage can have
substantial impact on P. vivax malaria. Our modelling
results show that a single mass campaign with MDA or
with PvSeroTAT screening could achieve between 20%
and 35% prevalence reduction at 12-month follow-up
with 80% coverage. MDA campaigns would achieve
the greatest impact because all carriers of parasites who
are covered by the campaign will receive radical cure
treatment. However, MDA is resource intensive – all
individuals need G6PD screening and radical cure
treatment leading to high rates of overtreatment. For
PvSeroTAT, while imperfect performance of the sero-
logical diagnostic will screen out false positive in-
dividuals resulting in slightly lower impact than MDA,
only seropositive individuals will be screened for G6PD
testing for radical cure eligibility resulting in significant
less overtreatment. Depending on the setting, PvSer-
oTAT administers 4.6 to 2.4 times less treatment and
G6PD tests compared to MDA. This rate is highest in
low transmission settings where mass campaigns have
the greatest impact. Given the lower number of G6PD
tests and treatments required, PvSeroTAT could poten-
tially be less costly to implement than MDA if the total
cost of serological testing is less than the additional
G6PD testing and treatment for MDA. This is particu-
larly true if directly observed treatment is required for
optimal PQ radical cure efficacy.30 G6PD testing has
been shown to be cost-effective in preventing
primaquine-associated hospitalisations and is likely to
be required for such campaigns.10 A formal cost-impact
analysis will be required to confirm the cost-benefit of
PvSeroTAT.

The impact of PvSeroTAT can be increased by
deploying the intervention in the low transmission
season and by increasing the number of campaign
rounds delivered, albeit with diminishing returns.
Impact can be further increased by shortening the in-
terval between campaign rounds because shorter pe-
riods provide less time for transmission to rebound.
For examples, four rounds of PvSeroTAT six months
apart are predicted to achieve 82% of the impact of
MDA with 4.6 fewer radical cure treatments in a low
transmission setting such as Itaituba in the state of
Pará. The optimal deployment strategy will however
depend on impact targets, cost-benefit, and operational
feasibility of delivering multiple rounds of a serological
diagnostic testing, G6PD testing, and radical cure
administration over a specific time frame. As for other
mass screen and treat interventions, operational feasi-
bility may be improved by deploying targeted PvSer-
oTAT in residual transmission pockets or in high-risk
populations (e.g. minors, forest workers, etc.). Like
MDA, PvSeroTAT will rarely lead to interruption of
local transmission alone, but it can accelerate the path
to elimination by potentially achieving 74% reduction
or more in PvPRPCR in low transmission settings with
a campaign achieving high coverage and adherence.
While our model predictions in settings with less than
five cases per 1000 population have a high degree of
uncertainty due to the strong stochastic effect of
modelling low transmission and rare infection events,
our results indicate a strong potential for the majority
of settings in Brazil to reach pre-elimination phases
quickly if frequent campaigns and high coverage are
achieved. Such campaigns alone may not achieve
elimination; however, they can significantly reduce the
malaria burden in a short period which can allow
programs to transition to implementation of reactive
case management and other strategies to prevent
rebound.

Brazil is an ideal setting to model the introduction
of PvSeroTAT due to several reasons: there is a cen-
tralised health care system with high case manage-
ment coverage of clinical cases and free radical cure
treatment; recent approval of tafenoquine by local
authorities and pilot study of G6PD quantitative
diagnostic testing before the use of tafenoquine has
shown promising results (Lacerda M, Fundação de
Medicina Tropical Dr. Heitor Vieira Dourado, Brazil;
personal communication), allowing Brazil to consider
different radical cure regimens; and Brazil has a het-
erogeneous transmission landscape from very high to
pre-elimination settings and peri-urban to occupa-
tional malaria exposure settings. In this context,
introduction of PvSeroTAT provides a much greater
impact on P. vivax transmission than further
strengthening case management. This is likely to be
quite different in other countries, particularly for most
of the Asia–Pacific, where rates of effective radical
cure for clinical infections are much lower.15 In such
settings, PvSeroTAT should be either implemented
after CM is strengthen or go hand-in-hand with CM
strengthening.
www.thelancet.com Vol 22 June, 2023
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Our modelling results are encouraging, suggesting
that introducing serology-based screening and mass
drug campaigns, especially in a country like Brazil
where currently case management and surveillance are
prioritised, will rapidly reduce prevalence; however,
further validation with clinical trial evidence is required.
While a rapid serological diagnostic test is currently
being developed to facilitate delivery, ongoing and
future clinical trials will provide the strongest evidence
for the range of prevalence and incidence reduction that
can be achieved in real-world settings. While we model
PvSeroTAT as a population-wide mass campaign, the
delivery methods, achievable population coverage, and
use cases may change with new evidence. For example,
PvSeroTAT could be deployed focally in high trans-
mission areas, to high-risk groups such as children, to
forest workers in communities, or in hospital settings as
a post-discharge screening tool for vulnerable patients.
Once the use cases are better understood and more
evidence is available, additional modelling studies can
provide improved impact estimates.

Our modelling results summarise the potential
trends in population-level impact of introducing novel
interventions to combat P. vivax; however, model un-
certainty and uncertainty in our parameterisation
should be considered in the interpretation of our re-
sults. Mean relative reduction or cases averted are re-
ported along with uncertainty intervals to show the
wide range of model predictions. Our predictions
should be considered as a summary statistic of a
complex process. We show that in very low trans-
mission settings, stochastic noise and fadeout result in
more unstable transmission dynamics and greater
variation between simulations. In some scenarios, we
observe no malaria cases after mass campaigns; how-
ever, such elimination events are likely accelerated by
model fadeout and should be interpreted with caution.
Simulated settings with baseline incidence greater than
five cases per 1000 did not fadeout and provide more
reliable impact estimates. Another limitation of our
work is that we also did not model imported malaria
cases; therefore, local transmission dynamics in real-
world communities are likely to differ compared to
our model. Our baseline assumptions were calibrated
to 2018 transmission levels before the Covid-19
pandemic and may not reflect the current and future
trends of malaria in Brazil. Additionally, we assume
homogenous mixing of populations in modelled set-
tings, particularly in settings covering large regions of
the Amazon Basin where pockets of heterogeneous
transmission are masked. Radical cure efficacy is based
on best estimates for Brazil, while they may be
different in programmatic PvSeroTAT implementa-
tion, particularly achievable intervention coverage.
Finally, we did not model reductions in adherence
rates per round or campaign coverage that could be
observed in specific populations with potentially low
www.thelancet.com Vol 22 June, 2023
treatment adherence or resistance to mass campaigns
such as gold miners. Further studies are needed to
better understand implementing novel strategies in
less accepting or accessible populations.26,31

Nonetheless, our modelling study demonstrates the
advantages of deploying PvSeroTAT compared to MDA
or strengthened CM alone. By comparing population-
level impact predictions across different settings and
quantifying required tests and treatment courses for a
range of deployment strategies, our study shows the
potential of PvSeroTAT to accelerate malaria elimination
efforts. PvSeroTAT mass campaigns deployed at high
coverage and frequency along with strengthened case
management have the potential to reduce point preva-
lence by 74% or more in low transmission settings.
Such interventions should be considered for future
clinical studies to validate PvSeroTAT and for future
implementation to accelerate elimination efforts.
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Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.lana.2023.100511.
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