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Abstract

Background

Despite recent intensification of control measures, Plasmodium vivax poses a major chal-
lenge for malaria elimination efforts. Liver-stage hypnozoite parasites that cause relapsing
infections can be cleared with primaquine; however, poor treatment adherence undermines
drug effectiveness. Tafenoquine, a new single-dose treatment, offers an alternative option
for preventing relapses and reducing transmission. In 2018, over 237,000 cases of malaria
were reported to the Brazilian health system, of which 91.5% were due to P. vivax.

Methods and findings

We evaluated the impact of introducing tafenoquine into case management practices on
population-level transmission dynamics using a mathematical model of P. vivax transmis-
sion. The model was calibrated to reflect the transmission dynamics of P. vivax endemic set-
tings in Brazil in 2018, informed by nationwide malaria case reporting data. Parameters for
treatment pathways with chloroquine, primaquine, and tafenoquine with glucose-6-phos-
phate dehydrogenase deficiency (G6PDd) testing were informed by clinical trial data and
the literature. We assumed 71.3% efficacy for primaquine and tafenoquine, a 66.7% adher-
ence rate to the 7-day primaquine regimen, a mean 5.5% G6PDd prevalence, and 8.1% low
metaboliser prevalence. The introduction of tafenoquine is predicted to improve effective
hypnozoite clearance among P. vivax cases and reduce population-level transmission over
time, with heterogeneous levels of impact across different transmission settings. According
to the model, while achieving elimination in only few settings in Brazil, tafenoquine rollout in
2021 is estimated to improve the mean effective radical cure rate from 42% (95%
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uncertainty interval [Ul] 41%—44%) to 62% (95% Ul 54%—68%) among clinical cases, lead-
ing to a predicted 38% (95% Ul 7%—99%) reduction in transmission and over 214,000 cumu-
lative averted cases between 2021 and 2025. Higher impact is predicted in settings with low
transmission, low pre-existing primaquine adherence, and a high proportion of cases in
working-aged males. High-transmission settings with a high proportion of cases in children
would benefit from a safe high-efficacy tafenoquine dose for children. Our methodological
limitations include not accounting for the role of imported cases from outside the transmis-
sion setting, relying on reported clinical cases as a measurement of community-level trans-
mission, and implementing treatment efficacy as a binary condition.

Conclusions

In our modelling study, we predicted that, provided there is concurrent rollout of G6PDd
diagnostics, tafenoquine has the potential to reduce P. vivax transmission by improving
effective radical cure through increased adherence and increased protection from new
infections. While tafenoquine alone may not be sufficient for P. vivax elimination, its intro-
duction will improve case management, prevent a substantial number of cases, and bring
countries closer to achieving malaria elimination goals.

Author summary

Why was this study done?

« Radical cure with tafenoquine plus chloroquine has been recently approved to treat P.
vivax malaria; however, the impact of improving individual-level effective radical cure
—Dby overcoming non-compliance with primaquine with this single-dose regimen—on
population-level transmission is unknown.

o Depending on age, pregnancy and lactating status, and glucose-6-phosphate dehydroge-
nase (G6PD) phenotypic activity and drug metabolism, treatment eligibility and effec-
tive radical cure rates may vary across different populations with variable transmission.

What did the researchers do and find?

« With mathematical modelling, we accounted for these complex dynamics to consider
the non-linear dynamics of primaquine and tafenoquine treatment on the burden of P.
vivax malaria across a range of settings and for various implementation strategies.

o To our knowledge, our work is the first to show how rolling out tafenoquine in popula-
tions will improve case management of P. vivax, reduce transmission, and prevent a
substantial number of cases, even in settings with high rates of effective case manage-
ment with primaquine. However, tafenoquine alone will not lead to P. vivax
elimination.
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What do these findings mean?

o Accounting for the factors that lead to a variable degree of impact, our results can guide
countries considering introducing tafenoquine with G6PD deficiency testing as part of
tailored intervention strategies adapted to their local context.

o Overall, tafenoquine will have several public health benefits; however, it should be con-
sidered as an additional tool along with other interventions to reach elimination goals
in the proposed time frame.

Introduction

Plasmodium vivax malaria has proven to be particularly challenging to control with conven-
tional malaria control measures [1]. In co-endemic regions, as malaria transmission levels
decrease, P. vivax is able to persist better than P. falciparum, frequently becoming the domi-
nant malaria species [2—6]. This resilience to control is largely attributable to its ability to
relapse from long-lasting liver-stage hypnozoites, causing relapsing blood-stage infections
weeks to years after the primary infection. Targeting the hypnozoite reservoir responsible for
approximately 80% of all blood-stage infections is a key aspect of any strategy tackling P. vivax
malaria [7,8].

At present, primaquine is the only widely available drug capable of eliminating liver-stage
hypnozoites that is routinely used in case management [9]. However, its complex treatment
schedule makes adherence a challenge, and its effectiveness is often less than optimal [10]. A
new radical cure regimen with tafenoquine plus chloroquine has recently been licensed. In
phase III trials, it demonstrated non-inferiority with respect to low-dose primaquine to pre-
vent relapse whilst requiring the administration of only a single dose [11].

There are substantial challenges when extrapolating the results of clinical trials to estimate
the potential impacts of primaquine and tafenoquine when administered to real populations.
First, both pose the risk of potentially serious episodes of haemolysis when administered to
individuals with glucose-6-phosphate dehydrogenase deficiency (G6PDd), an X-linked inher-
ited blood disorder [12]. Tafenoquine is counter-indicated for individuals with below 70%
G6PD activity, as determined by a quantitative G6PD test [13]. Therefore, eligibility of patients
for tafenoquine will depend on the genotypic prevalence of G6PDd in populations, the GGPD
activity levels of those with P. vivax infections, and the performance of the diagnostic tests
[14]. Second, in the absence of directly observed therapy, adherence to a full course of prima-
quine treatment for either 7 or 14 consecutive days can be highly variable in real populations
[15,16]. Third, the efficacy of liver-stage drugs can be undermined by insufficient dosing and
low CYP2D6 metabolism [17]. Treatment failures due to low CYP2D6 metabolism have been
observed for primaquine, while the impact on tafenoquine remains uncertain [11,18-21].

Mathematical models of P. vivax transmission can provide guidance and projections on a
number of key areas surrounding the impact of introducing tafenoquine for first-line treat-
ment of symptomatic cases. Such studies are particularly relevant for populations expecting to
roll out tafenoquine in the coming years, such as in Brazil, which became the first endemic
country to approve tafenoquine in October 2019 [22]. Despite readily available case manage-
ment with primaquine provided free of charge by the government, Brazil has observed a rise in
the number of reported malaria cases since 2016 [23]. With some surveys observing less than
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70% adherence to the short-course primaquine regimen [24,25], Brazil’s adoption of tafeno-
quine with quantitative G6PD testing may provide a new tool for controlling the recent surge
of P. vivax malaria and progressing towards elimination.

In our study, we assess the impact of tafenoquine introduction, with Brazil as a case study
of pre-existing primaquine case management practices, using a mathematical model of P.
vivax transmission [26]. The data-driven modelling approach allows us to assess the impact on
P. vivax transmission of prescribing tafenoquine instead of primaquine in eligible groups,
assuming various levels of G6PDd prevalence, primaquine adherence, prevalence of low
CYP2D6, and drug efficacy. We compare several distinct tafenoquine introduction scenarios,
and assess the sensitivity of parameter estimates, to provide an overview of the potential impact
of various treatment strategies.

Methods
Overview

Treatment pathways for radical cure of P. vivax infections were incorporated into a previously
developed transmission model to better understand the potential impact of introducing tafe-
noquine into case management practices on population-level transmission dynamics (Fig A in
S1 Text) [26]. Quantitative G6PD diagnostic testing was implemented in the model using
Gaussian mixture models for men and women fitted to data from studies reporting phenotypic
G6PD activity, calibrated to G6PDd genotype prevalence from a large Brazilian survey (Fig D
and Fig F in S1 Text). We accounted for misclassification with the SD Biosensor G6PD test as
areference (Fig B in S1 Text). We evaluated the differential impact of varying 8-aminoquino-
line eligibility criteria and efficacy, and conducted sensitivity analyses on adherence and preva-
lence of low CYP2D6 metabolism. Different scenarios of tafenoquine rollout in 2021 were
simulated for municipalities with active transmission to evaluate the public health impact up
to the year 2030. The treatment scenarios to be modelled were specified in advance of epidemi-
ological data acquisition.

P. vivax transmission model

We adapted a previously published mathematical model of P. vivax transmission to model
case management with tafenoquine in Brazilian settings [26]. Fig A in S1 Text shows a com-
partmental representation of the transmission model. The model is implemented in 2 comple-
mentary formats: first, as a deterministic compartmental model described by a system of
ordinary differential equations, and, second, as an individual-based stochastic model. Notably,
the 2 model implementations provide identical predictions for large population sizes, when
stochastic effects average out. The population dynamics of multiple mosquito species are
described using compartmental models. The model was further adapted to reflect the epidemi-
ology of P. vivax in Brazil by incorporating 2 distinct modes of transmission (peri-domestic
and occupational) (see S1 Text for details). The model code is available online at https://
github.com/MWhite-InstitutPasteur/Pvivax_TQ_IBM.

Parameter estimates for the Brazilian setting

We used data from 2018 case reports from the Malaria Epidemiological Surveillance Informa-
tion System (SIVEP-Malaria) database to estimate the incidence (light-microscopy-positive
slides or positive rapid diagnostic tests reported per 1,000 population) for each municipality
and to extract the eligibility criteria for treatment among cases (age, pregnancy, and lactation
status) [27]. The model was calibrated for 126 Brazilian municipalities reporting at least 100
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cases from January to December 2018 using case notification data from SIVEP-Malaria for
incidence and occupational exposure risk, the Brazilian Institute of Geography and Statistics
(IBGE) databases for population size and mean age, and a large genotyping survey for G6PDd
prevalence (Fig E, Fig F, and Table D in S1 Text). We assumed the reported incidence repre-
sented the majority of clinical cases in the population. Parameters for treatment efficacy, low
CYP2D6 metabolism, and G6PDd diagnostics were assumed to be the same across the munici-
palities and were estimated from the literature (S1 Text). For the Brazilian setting, we assumed
an average relapse rate of 1/69 days ' based on work by Daher et al. [28]. Model calibration
details are provided in Table A in S1 Text. Ethical approval was not required for our study.

Since several municipalities cover a large spatial area and population, we included an addi-
tional peri-urban setting to model variations between urban and rural transmission. Since the
municipality of Manaus accounts for a population of over 2 million residents, with a large
malaria-free urban area, we accounted for the intra-municipality heterogeneity in transmis-
sion by only modelling the peri-urban area of Manaus, informed by data from a longitudinal
cohort [29]. Reported aggregate results include only peri-urban Manaus.

Intervention scenarios

Using transmission levels from 2018, we compared a baseline scenario with the current radical
cure regimen with chloroquine and primaquine to several scenarios for tafenoquine case man-
agement. For each setting, each scenario was simulated 100 times, and incidence across the
time period was smoothed with a moving average. All results are reported as the median with
minimum-maximum range or as a 95% uncertainty interval (UT) of values between the 2.5
and 97.5 percentiles. A population size of 100,000 was simulated to ensure constant transmis-
sion, and outputs were converted to the estimated 2018 population size. For settings with
fewer than 100 reported cases, we assumed the median effect size from the simulated settings
to estimate impact. Additional scenarios were simulated to account for uncertainty in parame-
ter estimates for pre-existing adherence and assumptions of the impact of low CYP2D6
metabolism.

Results
Malaria epidemiology in Brazil

Due to strong case management practices, Brazil has seen a significant decrease in malaria
over the last 15 years, with its lowest level reported in 2016, at 151,000 cases [4]. The number
of cases has since increased, reaching 237,000 reported cases in 2018, of which more than 90%
were due to P. vivax. Including mixed infections, 217,000 P. vivax cases were reported, along
with 21,000 cases of P. falciparum (Table 1). Approximately 60% of reported cases were in
males, and approximately 64% in adults aged 16 years or older. Pregnant women represented
1.5% of all malaria cases.

The age and sex distributions of cases across different transmission settings showed high
levels of heterogeneity (Fig 1A). In Itaituba municipality (an archetype of occupational expo-
sure) in Para state, working-aged males were the main driver of cases, with an incidence of 23
cases per 1,000. In Sdo Gabriel da Cachoeira (an archetype of peri-domestic transmission),
cases were observed across all ages and equally across sex, with a higher proportion in young
children. A very high incidence of 267 cases per 1,000 was observed in this setting. In peri-
urban Manaus, where transmission is significantly higher than in the municipality as a whole
(114 cases versus 6 cases per 1,000), a combination of occupational exposure and exposure
around the household likely drove transmission dynamics.
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Table 1. Summary of 2018 malaria case reports from the national surveillance system (SIVEP-Malaria).

Malaria cases P. vivax P. falciparum Mixed infections™
All 216,407 (91.1%) 20,317 (8.5%) 912 (0.4%)

Males 131,215 (91.2%) 12,025 (8.4%) 563 (0.4%)
Females 85,192 (90.8%) 8,292 (8.8%) 349 (0.4%)
Pregnant women 3,123 (88.3%) 399 (11.3%) 16 (0.5%)

Aged <16 years 79,045 (92.5%) 6,160 (7.2%) 373 (0.4%)

Aged >16 years 137,362 (90.3%) 14,157 (9.3%) 539 (0.4%)

*Mixed infections of P. vivax and P. falciparum.

https://doi.org/10.1371/journal.pmed.1003535.t001

Estimating the effective radical cure rate with chloroquine and primaquine

The current radical cure treatment regimen in Brazil for P. vivax cases is chloroquine 25 mg/
kg total dose over 3 days and primaquine 3.5 mg/kg total dose over 7 days. The proportion of
individuals eligible for primaquine depends on the underlying demographics of the popula-
tion. In Fig 1B, for the baseline scenario, we estimated that among primaquine eligible cases,
66.7% fully adhered to the 7-day regimen, 8.1% were low CYP2D6 metabolisers, and prima-
quine had 71.3% efficacy (S1 Text). Based on these assumptions, we estimate that a median
43.7% (range 19.4%, 43.7%) of reported cases of P. vivax and mixed infections in 2018 were
effectively treated (defined as fully adherent, with normal CYP2D6 metabolism, and with
100% clearance of parasites) under the current radical cure regimen, with some variability
across different settings (Fig 1C; Table E and Fig G in S1 Text). This corresponds to a total of
92,150 effectively treated P. vivax cases in 2018.

Novel chloroquine, primaquine, and tafenoquine treatment pathway

In the standard tafenoquine introduction scenario (Fig 1D), we assume the same primaquine
adherence rate of 66.7% and a prevalence of low CYP2D6 metabolisers of 8.1%. Since tafeno-
quine is prescribed as a single dose, we assume 100% adherence. We assume that tafenoquine
and primaquine have a comparable drug efficacy in the Brazilian population of 71.3%, since
no significant difference was observed in the phase III clinical trial [11]. We assume no role of
CYP2D6 in tafenoquine metabolism (S1 Text). Assuming the novel treatment pathway was
introduced in the same epidemiological context of 2018, we estimate a median 59.8% radical
cure rate (range 26.6%, 61.9%), resulting in an additional 16.1% of clinical cases being effec-
tively treated, the equivalent of 34,950 additional cases (Table E and Fig I in S1 Text).

Impact of tafenoquine on transmission in archetype settings

With plans for rollout in the coming years, we simulated tafenoquine introduction in Brazil in
2021 assuming similar transmission levels to those in 2018. The previously described novel
treatment pathway (scenario 1 [S1]) was compared to a baseline scenario with no tafenoquine
introduction and scenarios 2-6 (S2-S6) with variable age eligibility criteria, tafenoquine effi-
cacy, and pre-existing primaquine adherence (Table 2).

Transmission intensity and the age and sex distribution of cases are major factors influenc-
ing the impact of tafenoquine. In Fig 2 and Table 3, we show the variable impact of different
tafenoquine introduction scenarios (S1-56) across the 3 archetype P. vivax transmission set-
tings previously described in Fig 1.

With increasing P. vivax incidence, we expect a smaller effect size of tafenoquine on popu-
lation-level transmission (Fig 2G). In higher transmission settings, individuals in the
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Fig 1. Effective hypnozoite clearance with current radical cure with primaquine and with novel tafenoquine radical cure
treatment pathways. (A) The age and sex distribution of cases reported in 2018 across 3 example settings (left to right: Itaituba in
Para state [PA], peri-urban area of Manaus in Amazonas [AM], and Sdo Gabriel da Cachoeira in Amazonas) shows the varying
underlying P. vivax epidemiology. (B) In the treatment pathway for the current radical cure regimen with primaquine (PQ), age
and sex determine eligibility for primaquine, while everyone receives chloroquine (CQ). Of those who receive PQ, some will not
fully adhere to the full regimen. Of those who do fully adhere, a certain proportion will be subject to treatment failure due to low
CYP2D6 metabolism and lack of drug efficacy for the given total dose. (C) We estimated that 43.1%, 42.9%, and 42.2% of cases in
these 3 respective settings were effectively treated with primaquine. (D) The novel treatment pathway for radical cure with
tafenoquine (TQ) introduces G6PD testing and a second age criterion for treatment eligibility. Along with infants and pregnant
women, individuals with G6PD deficiency (<30% G6PD activity) receive only CQ. Those with intermediate activity (30%-70%)
and aged under 16 years are prescribed CQ and PQ. Those 16 years and older and with normal G6PD activity (>70%) are
prescribed CQ and TQ. (E) We estimated that with this novel pathway, radical cure with tafenoquine along with prescription for
primaquine could achieve 59.0%, 60.5%, and 61.9% of effective radical cure rates among cases in Itaituba, Manaus, and Sao Gabriel
da Cachoeira, respectively.

https://doi.org/10.1371/journal.pmed.1003535.g001

population are highly exposed to P. vivax parasites and develop higher levels of immunity; as a
result, the majority of infections are subpatent, and only a small subset of cases will develop
clinical symptoms and seek treatment (Fig J in S1 Text). For example, in Itaituba municipality
in Para state, the model predicts that 18% of infections result in clinical disease, while in Sao
Gabriel da Cachoeira municipality in Amazonas, clinical cases represent only 8% of all infec-
tions. As a result, the impact of S1 in Itaituba is much higher than in Sdo Gabriel da Cachoeira
(31.9% versus 9.1%) since case management is able to reach a higher proportion of cases
(Table 3).

The age and sex distribution of cases has a major impact on eligibility for tafenoquine and
the potential impact on a population level. Introduction of a higher efficacy tafenoquine dose
(S2) would improve effective radical cure rates and cause a greater reduction in transmission
in highly occupational exposure settings like Itaituba, where the majority of cases are in adult
males (Fig 2A and 2B). In moderate and highly peri-domestic exposure settings, where many
cases are reported in those under 16 years old, the availability of a paediatric formulation of
tafenoquine (S3) would be more advantageous than S2 (Fig 2C-2F). For S3 in Sao Gabriel da

Table 2. Tafenoquine introduction scenarios.

Scenario Primaquine pathway Tafenoquine pathway

Age G6PD Adherence | Efficacy | Age G6PD Efficacy
activity activity

Baseline >6 No testing 66.7% 71.3%
months

Scenario 1: Standard tafenoquine introduction >6 30%-70% 66.7% 71.3% >16 >70% 71.3%
months years

Scenario 2: High-efficacy tafenoquine introduction >6 30%-70% 66.7% 713% | >16 >70% 90.0%
months years

Scenario 3: Tafenoquine introduction in children* >6 30%-70% 66.7% 71.3% >2 years | >70% 71.3%
months

Scenario 4: High-efficacy tafenoquine introduction in children* >6 30%-70% 66.7% 71.3% >2years | >70% 90.0%
months

Scenario 5: Tafenoquine introduction with high pre-existing primaquine >6 30%-70% 90.0% 713% | >16 >70% 71.3%

adherence months years

Scenario 6: Tafenoquine introduction with low pre-existing primaquine >6 30%-70% 30.0% 713% | >16 >70% 71.3%

adherence months years

Model simulations of different tafenoquine with G6PD testing strategies introduced for P. vivax case management in 2021 and simulated to 2030. Drug eligibility

depends on the age and G6PD activity of individuals. Drug adherence and efficacy were estimated from the literature.

*It is assumed that the formulation for children is adjusted by weight to have the same efficacy as the formulation in adults.

https://doi.org/10.1371/journal.pmed.1003535.t002
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Fig 2. Effect of introducing tafenoquine on P. vivax incidence in low-, moderate-, and high-transmission settings for scenarios 1-4. (A, C, E) Model
simulated P. vivax incidence under no intervention (baseline) and under scenarios 1-4 introducing tafenoquine with testing for G6PD deficiency in 2021 in
Itaituba (A), peri-urban Manaus (C), and Sao Gabriel da Cachoeira (E). Incidence represents the average of 100 independent simulations per scenario, with a
moving-average smoothing of the data. Incidence was calibrated to clinical cases reported in 2018 per 1,000 population. (B, D, F) The effect size (in percent)
is reported as the percentage reduction in incidence after 5 years (incidence in 2025 compared to 2020) for scenarios 1-4 in Itaituba (B), peri-urban Manaus
(D), and Sao Gabriel da Cachoeira (F). (G) The 5-year post-intervention effect size in all simulated municipalities. A Loess fitted line and 95% confidence
interval bands (shading) are shown. For municipalities with an incidence below 25 cases per 1,000 population, stochastic fade out in the absence of
importation prevents accurate assessment of impact.

https://doi.org/10.1371/journal.pmed.1003535.g002

Cachoeira, a 21.2% reduction in transmission could result in 11,600 cases averted over 5 years
if children are also treated, as compared to 4,400 cases averted when treating only adults
(Table 3; Table F in S1 Text).

The level of impact of tafenoquine on transmission depends greatly on the assumption of
the pre-existing primaquine adherence rate (Fig K in S1 Text). In a low-transmission setting
such as Itaituba, if the pre-existing adherence rate is as low as 30% (S6), tafenoquine introduc-
tion will have a significant impact on transmission, reducing incidence from 23 cases to 9.1
per 1,000, with a 5-year effect size of 60.8%. In contrast, if the pre-existing primaquine adher-
ence is 90%, tafenoquine only has a marginal impact, reducing transmission from 23 cases to
21.7 cases per 1,000, with a 4.4% effect size. In a high-transmission setting like Sao Gabriel da
Cachoeira, where low adherence could be an issue due to a significant indigenous population,
tafenoquine could reduce transmission by a predicted 16.4%. Even such a small reduction in
transmission would result in an important reduction of clinical cases, averting potentially an
additional 10,100 cases over a 5-year period (Table F in S1 Text).

Table 3. Effect of introducing tafenoquine on P. vivax incidence in low-, moderate-, and high-transmission settings for scenarios 1-6.

Modelled scenario

Municipality, state (exposure setting; cases per 1,000 population)

Itaituba, Para (occupational; | Manaus, Amazonas
23) (moderate occupational in

Sao Gabriel da Cachoeira,
Amazonas (peri-domestic;

Scenario 1: Standard tafenoquine intervention

Scenario 2: High-efficacy tafenoquine intervention

Scenario 3: Tafenoquine intervention in children

Scenario 4: High-efficacy tafenoquine intervention in children

Scenario 5: Tafenoquine intervention with high pre-existing

primaquine adherence

Scenario 6: Tafenoquine intervention with low pre-existing
primaquine adherence

peri-urban area; 114)

267)

Incidence Effect size Incidence Effect size Incidence Effect size
(95% UI) (95% UI) (95% UI) (95% UI) (95% UI) (95% UI)
14.5 31.9% 89.5 17.9% 235.9 9.1%
(12.1to (19.8% to (86.6 t0 95.0) | (13.2% to (231.2to (6.8% to
17.9) 44.3%) 21.7%) 240.1) 10.4%)
14.0 47.7% 82.4 25.0% 226.0 12.0%
(10.1 to (34.6% to (78.4 to 84.6) | (22.5% to (223.4 to (10.4% to
15.3) 55.1%) 28.6%) 230.9) 13.9%)
15.3 37.4% 76.6 30.7% 200.8 21.2%
(116 to (27.1% to (73.4t0 81.5) | (25.2% to (197.6 to (19.6% to
17.7) 47.1%) 34.1%) 206.5) 23.2%)
11.9 49.1% 67.2 38.8% 180.9 29.7%
(8.6 t0 14.9) | (37.7% to (63.6t0 70.6) | (36.7% to (178.0 to (28.8% to
62.0%) 42.1%) 183.4) 31.1%)
21.7 4.4% 104.2 7.0% 246.2 5.0%
(16.7 to (-2.7% to (98.4 to (2.2% to (242.2 to (3.1% to 6.7%)
24.4) 24.4%) 109.1) 12.0%) 249.3)
9.1 60.8% 69.7 35.6% 206.9 16.4%
(6.6t0 11.9) | (48.0% to (65.7 to 75.1) | (29.3% to (203.8 to (15.4% to
68.7%) 39.6%) 210.4) 19.2%)

The incidence per 1,000 population and 5-year post-introduction effect size are reported for the 3 archetype settings: Itaituba, peri-urban Manaus, and Sdo Gabriel da

Cachoeira. The incidence is reported as the median of 100 independent simulations with smoothing and 95% uncertainty intervals (Uls). The effect size (in percent) is

reported as the median percentage reduction in incidence 5-years after tafenoquine introduction in 2021 (incidence in 2025 compared to 2020) with 95% UL

https://doi.org/10.1371/journal.pmed.1003535.t003
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National-level impact of tafenoquine

In the standard tafenoquine introduction scenario (S1), tafenoquine is expected to reduce P.
vivax transmission regardless of the main exposure routes or transmission intensity (Fig 3) by
increasing the mean effective hypnozoite clearance rate across simulated years 2021 to 2030
from a baseline of 42.3% (95% UI 40.5%-44.2%) to 62.1% (95% UI 54.2%-67.7%). By the end
of the first year, we estimate a median effect size of 5.1% in transmission (Fig L and Table I in
S1 Text). We expect an additional 19.9% increased impact in the second year, followed by an
incremental increase until transmission stabilises over time, reaching a new equilibrium (Fig
3E). The effect size and cumulative number of averted cases will vary by setting and transmis-
sion intensity. Five years post-introduction, we estimate a median 37.5% reduction in trans-
mission (Fig 3D). Ten low-transmission municipalities (incidence < 5 cases per 1,000) are
predicted to reach over 80% reduction in transmission within 5 years post-introduction (Fig
3C). However, among moderate- and high-transmission settings (incidence > 25 cases per
1,000), we predict a median 18.2% effect size (Table J in S1 Text).

While the majority of settings will not reach elimination with S1, 4 municipalities and peri-
urban Manaus would observe over 8,000 averted cases over this period. An estimated 177,000
new P. vivax cases would be averted during the first 5 years of tafenoquine rollout among sim-
ulated settings (Fig 3F; Table H in S1 Text). Among settings reporting fewer than 100 cases in
2018 (i.e., settings that were not simulated), a 37.5% median effect size over 5 years could result
in an additional 36,800 averted cases assuming no change in annual reported cases (Table H in
S1 Text). Overall, over 214,000 P. vivax cases would be averted across all endemic settings in
S1 (Table H in S1 Text).

We assessed the impact of alternative strategies, including a paediatric formulation of tafe-
noquine and a safely administered high-efficacy dose across all settings (S2-S4). Improving
tafenoquine efficacy to 90% in adults (S2) would have a greater overall impact on transmission
than introducing a paediatric formulation of the standard efficacy dose in children ages 2 to
<16 (S3) (Fig 3D). Compared to S1, S2 would improve impact by an additional 14.0% within 5
years, as compared to 7.5% for S3, since larger majorities of settings have cases in adult males
due to occupational exposure (Table 4). On the other hand, S3 would result in more cases
averted due to a higher burden among children in high-transmission settings being able to
benefit from radical cure with tafenoquine. Having a safe high-efficacy dose for all ages (S4)
would have the most benefit, reducing transmission by an additional 22.1% compared to S1
(median effect size of 59.6%) and averting twice as many cases (Table 4). Such a scenario
would help reach an 80% reduction in P. vivax transmission in 18 simulated municipalities
(mainly those with low transmission) and reach elimination in 4 municipalities. The vast
majority of municipalities across S1-S4 would not reach elimination with improved case man-
agement alone.

Adherence to primaquine can be highly variable across different populations worldwide;
therefore, we assessed the impact of different levels of pre-existing primaquine adherence on
the effect of introducing tafenoquine. The 37.5% median impact of S1 relied heavily on the
assumption of a 66.7% pre-existing primaquine adherence rate in the Brazilian population. If
the pre-existing primaquine adherence rate is higher, at 90% (S5), tafenoquine only contrib-
utes a 17.7% reduction over 5 years. However, if the pre-existing adherence rate is as low as
30% (S6), tafenoquine introduction has a substantial impact on transmission, with a median
effect size of 66.8% (Fig 3D; Table 4).

The total number of treatment courses of chloroquine, primaquine, and tafenoquine and
the number of G6PD tests administered over a 5-year post-intervention period were estimated
from model outputs (Table 4). As transmission decreases overtime, fewer chloroquine doses
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Fig 3. Effect of introducing tafenoquine across the P. vivax endemic region of Brazil. (A) P. vivax incidence per 1,000 population across all
municipalities (n = 424) reporting at least 1 case in 2018. (B) Comparison of incidence and total cases reported in 2018, with selected municipalities
labelled (peri-urban Manaus setting shown as star). (C) The effect size (percent change in incidence) 5 years after introduction of the standard
tafenoquine introduction scenario (scenario 1). (D) The median effect size across all municipalities over time for scenarios 1-6 (S§1-S6). S1 is shown
as a solid line and S2-S6 are shown as dotted lines. (E) The total cumulative number of averted cases reached 5 years post-introduction for S1 as
compared to the baseline scenario for all 424 municipalities. (F) The total cumulative number of averted cases over time for all municipalities for S1-

S6. Maps generated with shape

files from the R package malariaAtlas.

https://doi.org/10.1371/journal.pmed.1003535.9003

Table 4. Effect of introducing tafenoquine across

Modelled scenario

Baseline

Scenario 1: Standard tafenoquine intervention
Scenario 2: High-efficacy tafenoquine intervention
Scenario 3: Tafenoquine intervention in children

Scenario 4: High-efficacy tafenoquine intervention
children

Scenario 5: Tafenoquine intervention with high pre
existing primaquine adherence
Scenario 6: Tafenoquine intervention with low pre-
existing primaquine adherence

would need to be prescribed overall. At least 846,000 G6PD tests will need to be delivered over
this period in S1. Even after the introduction of tafenoquine, more primaquine courses will be
prescribed than tafenoquine courses due to the demography of the case population.

Other contributing factors

Another alternative strategy to improving radical cure among those ineligible for tafenoquine
(children or those with intermediate G6PD activity) is switching from the low (3.5 mg/kg total
dose) to high (5 mg/kg total dose) primaquine regimen. Switching to higher efficacy tafeno-
quine and primaquine (S7 in Table J in S1 Text) as compared to only high-efficacy tafenoquine
(S2) would improve the 5-year median effect size by 4.0% (from 51.5% to 55.5%), especially in
settings with more cases in children who would benefit from improved primaquine efficacy
(Table J and Fig M in S1 Text).

Cytochrome P450 2D6 (CYP2D6) is an important enzyme in the activation of drugs in the
liver and in particular of 8-aminoquinoline [17]. If low CYP2D6 metabolism also compro-
mises tafenoquine efficacy (S8 in Table J in S1 Text), we predict a reduced impact (from 37.5%
t0 28.6%) (Table J and Fig N in S1 Text). A lower prevalence of low CYP2D6 metabolism of
4% (S9 in Table J in S1 Text), compared to 8.1%, would not have a significant impact. How-
ever, a higher prevalence of 20% (S10 in Table J in S1 Text) would compromise 8-aminoquino-
line efficacy more significantly.

the P. vivax endemic region of Brazil.

Effect size (95% | Cases Total courses G6PD Percent effective radical
uI) averted cQ PQ TQ tests cure (95% UI)
1,058,200 | 1,022,000 | O 0 42.3% (40.5% to 44.2%)

37.5% (7% to 177,600 881,400 411,100 341,100 | 846,900 62.1% (54.2% to 67.7%)
99.4%)
51.5% (9.6% to 254,100 804,900 395,000 288,900 | 772,400 72.7% (58.7% to 81.3%)
98.3%)
45.0% (19.2% to 276,700 782,400 | 95,200 565,500 | 749,300 68.6% (67.3% to 70.1%)
89.8%)

in 59.6% (26.6% to 383,600 675,500 87,500 476,500 | 645,100 84.9% (82.9% to 86.3%)
99.7%)

- 17.7% (-0.7% to | 105,100 953,900 | 423,600 | 387,200 | 915,600 68.3% (65.5% to 71.6%)
98.1%)
66.8% (15.4% to 345,900 713,200 | 371,100 | 243,800 | 685,600 49.8% (34.5% to 60.1%)
97.1%)

The median effect sizes 5 years after tafenoquine introduction in 2021 for scenarios 1-6 are reported across 126 simulated municipalities (Manaus includes only peri-

urban Manaus). The cumulative averted cases are compared to the baseline scenario. The total numbers of chloroquine (CQ), primaquine (PQ), and tafenoquine (TQ)

courses and G6PD tests are reported as a cumulativs

e sum from the period 2021 to 2025. The mean effective radical cure rate is reported as the proportion of primaquine

and tafenoquine doses that completely clear hypnozoites compared to the total doses prescribed during the 2021 to 2030 period. Issues of adherence and drug efficacy
are accounted for in the model. Cases and dose values are rounded to the nearest 1,000.

https://doi.org/10.1371/journal.pmed.1003535.t004
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Discussion

Introducing a novel radical cure regimen to effectively clear P. vivax hypnozoites with chloro-
quine and a single dose of tafenoquine with G6PD testing is predicted to have a significant
impact on transmission over time. Currently in Brazil, radical cure with primaquine and chlo-
roquine without G6PD testing is estimated to provide effective radical cure to less than half of
symptomatic cases. The major advantage of introducing tafenoquine treatment is full compli-
ance with the single-dose treatment compared to a longer 7-day primaquine regimen, resulting
in an increase of the overall rate of effective radical cure. In addition, tafenoquine provides an
extended prophylactic period protecting individuals from new infection. Furthermore, pre-
venting future relapses will prevent onward transmission to mosquitoes; thus, introducing
tafenoquine will lead to reduction in P. vivax transmission on the population level. Notably,
these benefits will even extend to individuals who do not receive tafenoquine. By accounting
for these non-linear dynamics of malaria transmission, mathematical models estimate the full
public health impact of improved case management.

Our model predictions show that increasing the effective radical cure rate from 42% to 62%
could achieve a median 38% reduction in transmission within 5 years across the P. vivax
endemic region of Brazil. Over this period, such a reduction in transmission is predicted to
avert over 214,000 cumulative cases compared to the baseline scenario. The potential size of
the impact of tafenoquine rollout on transmission will vary greatly depending upon several
epidemiological characteristics and the rollout strategies put in place. Notably we predict that
P. vivax elimination will not be achieved in the majority of transmission settings by improving
case management among clinical cases alone.

Our analysis provides support for continuing the development of paediatric formulations
and higher dose formulations of tafenoquine. A paediatric formulation that reduces the mini-
mum age for tafenoquine treatment from 16 years to 2 years is estimated to cause larger reduc-
tions in transmission, with the median effect size increasing from 38% to 45%. A higher dose
formulation that could be safely administered to provide higher efficacy would have even
greater impact, with an effect size on transmission of 51%. Combining safe paediatric and
high-dose formulations would further increase the effect size to 60%. This large potential pub-
lic health impact indicates that further trials on tafenoquine formulations should be priori-
tised, in both Brazil and the rest of the P. vivax endemic world.

The age distribution of cases and their eligibility for tafenoquine will have a substantial
impact on tafenoquine rollout. In Brazil, children under 16 years account for 34% of P. vivax
cases, and varying levels of peri-domestic and occupational exposure create heterogeneous
age-sex structure of cases. In populations where a high proportion of cases are in adults (>16
years of age), tafenoquine is likely to be more effective.

The impact of introducing tafenoquine into case management practices of P. vivax will vary
based on the transmission intensity. Notably, the effect size is largest in low-transmission set-
tings (incidence < 25 per 1,000), with simulations achieving elimination in some instances.
However, due to the low prevalence of P. vivax, there is greater uncertainty in these estimates
due to the stochastic nature of the model, and caution should be taken when interpreting these
results. These settings may also be subject to sustained transmission due to importations,
which were not accounted for in the model. One limitation of modelling these scenarios at the
municipality level is that underlying heterogeneities in transmission may be masked. Several
municipalities cover a large spatial area that can encompass sparse hotspots that may vary
greatly in terms of transmission between urban, rural, and worksite contexts [30-32]. For
instance, in the municipality of Manaus, the overall municipal-level incidence per 1,000 is
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estimated at 6 cases, while in the peri-urban area, it is estimated at 114 cases. Therefore, care
should be taken when extrapolating these results to intra-municipal communities.

In populations with high levels of transmission, we expect that a large number of asymp-
tomatic infections will contribute to onwards transmission. Asymptomatic infections prevent
treatment-seeking behaviour of those who may potentially benefit from tafenoquine. At higher
transmission intensities, the effect size of tafenoquine introduction is estimated to be signifi-
cantly less; however, even a small relative effect size may result in large numbers of averted
cases over time. High-transmission pockets will require additional intervention strategies to
tafenoquine to reach pre-elimination status. Vector control, reactive case management, and
identification of asymptomatic individuals with serological tools should be considered along-
side improved case management.

Primaquine coverage and adherence are major determinants of the size of the effect that
tafenoquine will have on transmission. Brazil, unlike other P. vivax endemic regions, provides
high coverage of primaquine to clinical cases, and the handful of studies providing estimates of
adherence to the 7-day regimen in South America show generally high levels of adherence.
This may not be the case in other endemic regions where national guidelines require G6PD
testing before providing primaquine or recommend a 14-day regimen, which can result in
very little coverage and potentially very low adherence.

Even in Brazil, where primaquine coverage is high, estimating primaquine adherence is
challenging, and adherence can also have a high degree of variability across different commu-
nities [24,25,33]. The model assumption of the pre-existing primaquine adherence rate signifi-
cantly affected the estimated impact of tafenoquine rollout. In populations with low pre-
existing levels of primaquine adherence, the incremental benefit of introducing tafenoquine is
likely to be greater. Groups that have been anecdotally reported to have low primaquine adher-
ence include indigenous populations and males working in forestry and mining. Conversely,
in populations with high primaquine adherence (for example, if specific activities are imple-
mented to enhance primaquine adherence), the incremental benefit of introducing tafeno-
quine is likely to be less. While in Brazil high primaquine coverage with varying adherence
could have large impacts on tafenoquine rollout, we also expect such high levels of variability
in settings with very low primaquine coverage. Countries considering the potential benefit of
adopting tafenoquine are recommended to assess primaquine coverage and adherence across
different communities, as few data are available [10].

The availability of G6PD activity testing to protect against haemolytic events in G6PDd
individuals will serve as the first major gateway to introduction of tafenoquine. G6PDd
prevalence and the performance of the G6PD diagnostic tests will be critical to determining
eligibility for 8-aminoquinolines. With G6PD testing, a higher proportion of cases will
become ineligible for radical cure for 2 reasons. First, G6PD testing will protect G6PDd
individuals from 8-aminoquinoline-induced haemolysis with perfect sensitivity using the
SD Biosensor G6PD test [34]. Second, the test may misclassify individuals with intermediate
G6PD activity to deficient status, thus reducing the number of individuals prescribed pri-
maquine and compromising impact on transmission. More importantly, we predict that
expanding access to tafenoquine treatment with G6PD testing will lead to an increase in the
number of G6PD tests administered and courses of drugs prescribed in the short term. As
effective implementation will reduce population-level P. vivax transmission in the long
term, it will also lead to an overall reduction in the number of individuals requiring P. vivax
treatment and G6PD tests. One safety concern that may arise is that 20% of these individu-
als with intermediate G6PD activity may also be misclassified into the normal activity
group, resulting in severe haemolytic events due to tafenoquine [35]. Further studies on the
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potential effect of G6PD diagnostics and 8-aminoquinoline on patient safety and associated
health costs should be pursued.

Estimating effective radical cure relies on assumptions of 8-aminoquinoline efficacy. Our
baseline tafenoquine rollout scenario assumed equal efficacy between primaquine and tafeno-
quine with chloroquine based on evidence demonstrated by the phase III clinical trial [11,20].
This may vary for other contexts due to the dosing schedule and duration of prophylaxis of the
blood-stage drug prescribed, intrinsic characteristics of local parasite species, and the preva-
lence of low CYP2D6 metabolism in the population. Along with expanding tafenoquine
administration to all age groups, improving 8-aminoquinoline efficacy would accelerate the
path to lower P. vivax transmission levels. The main concern of identifying a higher efficacy
tafenoquine dose is patient safety. Since G6PD testing will become standard, stricter cutoffs
may be considered for those receiving such a dose. In addition, switching from a lower prima-
quine dosing regimen among those with intermediate G6PD activity to a higher regimen may
also improve 8-aminoquinoline efficacy while ensuring patient safety.

Our study had several limitations. First, the model did not account for importations, and
municipality-level incidence was calibrated to reported clinical cases, which may not accu-
rately reflect community-level transmission and the contribution of asymptomatic cases. Sec-
ond, while treatment efficacy behaves on a continuous scale, we treated drug efficacy and low
CYP2D6 metabolism as binary conditions and did not account for inter-individual heteroge-
neity [36]. Since the settings we modelled were calibrated to 2018 P. vivax incidence, we
assumed constant transmission up to 2021, when tafenoquine is introduced. Therefore, we did
not account for dynamic changes in incidence informed by historical trends. We also did not
account for the possibility of potential health system disruptions due to COVID-19. Drawing
from recently published work that has modelled the impact of COVID-19 on malaria trans-
mission in endemic settings in Africa [37], we would expect some level of disruption to malaria
case management and thus an increase in incidence. A thorough assessment of the impact of
COVID-19 on malaria transmission, accounting for variability in seasonal trends of P. vivax as
well as delayed introduction of the new treatment scheme, is required.

Despite the clear benefits of improving radical cure treatment and access, one should not
expect tafenoquine alone to lead to P. vivax elimination. Even in Brazil, where case manage-
ment practices with primaquine have had significant impact on prevalence and tafenoquine
will be introduced within the next few years, elimination objectives for 2030 will not be met
with improved case management alone. Variability across transmission settings requires tai-
lored intervention strategies adapted to the local context to achieve maximum impact. In
order for P. vivax endemic countries to reach 2030 elimination goals, additional commitments
to scale up treatment coverage, vector control, and diagnostics in parallel with improved radi-
cal cure will help localities reach pre-elimination and elimination status.
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