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ARTICLE INFO ABSTRACT

Keywords: Continued efforts to reduce the burden of COVID-19 require the consideration of additional booster doses and
COVID-19 emerging oral antivirals. This study explored the individual- and population-level impacts of booster dose and
SARS-CoV-2

oral antivirals in Indonesia, Fiji, Papua New Guinea, and Timor-Leste. Our mathematical model included age
structure, vaccine coverage, prevalence of comorbidities, and immunity from prior infection fit to incidence data
from our study settings. We explored a range of eligibility criteria and found that boosters had the largest impact
per dose when prioritised to high-risk adults and adults who had not previously received a booster. Antivirals
were most effective in settings with low vaccine-derived immunity. In general, fewer antivirals than booster
doses were required to prevent a hospitalisation or death. Only in settings with very high vaccine uptake was the
impact per dose of providing booster doses to high-risk adults comparable to providing oral antivirals to high-risk
adults. Together, booster doses and oral antivirals could prevent 80%, 64%, 49%, and 65% of deaths, and 38%,
37%, 16%, and 34% of hospitalisations in Fiji, Indonesia, Papua New Guinea, and Timor-Leste respectively.
Therefore, our findings support the continued provision of COVID-19 booster doses to high-risk adults in 2023,
and advocate for increased access to oral antivirals, especially in settings with low vaccine coverage such as
Papua New Guinea. Future work should consider the threshold at which self-financing of COVID-19 oral anti-
virals would be viable for middle-income countries in South-East Asia and the Pacific.
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Introduction antivirals provide the potential for early treatment and severe disease
prevention in low-resource settings when supported by rapid antigen

Increases in COVID-19 vaccine supplies have allowed most adults tests.

willing to be vaccinated in middle-income settings to complete their
primary schedule. As of the 1st of January 2023, 139 and 213 doses per
100 individuals had been delivered in lower- and upper-middle income
settings respectively [1]. Two options have emerged for mitigating se-
vere outcomes associated with COVID-19 as we transition to endemicity:
yearly booster doses, and antiviral treatments.

Oral antivirals present an emerging opportunity for reducing severe
COVID-19 outcomes in low-resource settings. The World Health Orga-
nization (WHO) included a strong recommendation for the provision of
oral antivirals to high-risk adults for the first time in April 2022, and
expanded this strong recommendation to additional groups in January
2023 [2,3]. Previously available antivirals, such as remdesivir and
sotrovimab, required intravenous delivery, however newer oral
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In this study, we use mathematical modelling to estimate the impact
of oral COVID-19 antivirals and yearly COVID-19 booster doses on the
burden of severe COVID-19 disease in Fiji, Indonesia, Timor-Leste, and
Papua New Guinea during 2023. We have chosen these middle-income
settings as case studies with varying vaccine coverage, vaccine hesi-
tancy, prevalence of comorbidities, and age structure. We aim to un-
derstand how these setting characteristics influence the dose- and
population-level impact of booster doses or antiviral programs in
2023. Our results are intended to inform strategies for distributing and
advocating for COVID-19 booster doses or oral antivirals (supported by
rapid antigen tests) to achieve a meaningful reduction of COVID-19
associated deaths and hospitalisations in middle-income settings.
Considering the individual- and population-level impact of different
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eligibility strategies will be essential as we transition from pandemic to
endemic approaches to managing COVID-19 and integrate COVID-19
management strategies with regular healthcare priorities.

Methods
Overview

We adapted a transmission model from our previous paper modelling
COVID-19 vaccine prioritisation strategies in Sierra Leone (in preprint
[4]) to four new settings: Fiji, Indonesia, Timor-Leste, and Papua New
Guinea (Table 1). For this paper, we expanded the deterministic trans-
mission model to include a stochastic component to model the effect of
oral antivirals, with eligibility based on age and comorbidities.

Transmission model

In short, COVID-19 transmission was modelled using a deterministic
Susceptible-Exposed-Infected-Recovered (SEIR) model stratified by age
(0-4, 5-9,10-17, 18-29, 30-44, 45-59, 60-69, 70 + years), vaccination
status, and prevalence of comorbidities. We reconstructed the vaccina-
tion history of each setting by dose and type, and estimated vaccine
effectiveness by considering both homogenous and heterogenous com-
binations of primary and booster doses (Supplementary Material
S1.1-2). Details of the fit of the transmission model to daily reported
cases to estimate infection-derived immunity are provided in the Sup-
plementary Material S1.3-5. We identified the age-specific distribution
of individuals with comorbidities using age- and nation-specific esti-
mates by Clark et al. of populations at high risk of severe outcomes
(visualised Supplementary Material S1.6) [7]. We assumed that adults
with comorbidities had 1.95 times (95% CI 0.99-3.82) higher risk of
developing severe outcomes compared to adults without comorbidities
[9].
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pregnant women [3]. Previously the WHO had not recommended the
prescription of oral antivirals to pregnant women due to a lack of clinical
data surrounding their safety [10]. Pregnant women had been excluded
from large trials of oral antivirals including MOVe-OUT for molnupiravir
(‘Lagevrio’), and EPIC-SR and HR for nirmatrelvir-ritonavir (‘Paxlovid’)
[11,12]. There is strong support for the consideration of use of antivirals
in low- and middle-income countries where there are no other treatment
options for pregnant women at high risk of severe disease [13].

Antiviral effectiveness

We modelled the direct benefits of antivirals in reducing hospital-
isation and death. We used real-world estimates for the effectiveness of
oral antivirals from retrospective cohort studies (Table 2). These esti-
mates were lower than previous estimates from stage 2/3 clinical trials,
possibly due to longer delays from symptom onset to testing and sub-
sequent access of antivirals, lower adherence to antiviral timing, and
lower completion of the antiviral schedule in real-world studies
compared to clinical trials.

We present our main results in this paper using effectiveness esti-
mates for nirmatrelvir-ritonavir. We provide additional results for the
use of molnupiravir in the Supplementary Materials as per the WHO’s
recommendation on the use of the best oral antiviral dependent on
availability [3]. Nirmatrelvir-ritonavir has numerous contraindications
and interactions with drugs for the management of chronic conditions
[14]. However, many of these chronic disease management medications
for which nirmatrelvir-ritonavir is contraindicated (e.g. statins) can be
temporarily paused, decreased or substituted to allow antiviral use
without consequences for long-term disease management [15]. Addi-
tionally, and unfortunately, the reality is also that long-term access to
essential medicines for the management of chronic conditions is limited
in low- and middle-income countries due to low availability and

Table 2
Target population for antivirals Antiviral parameters with point estimates, distributions, and sources.
. . Parameter Point estimate Distribution Source
We assumed that antiviral treatments would be given to symptom-
. . . . . . i ir-ri i 0 p
atic adults at high risk of severe disease, as per current WHO Guidelines Nirmatrelvir-ritonavir 88% Beta (9.7,1.3)  [20]
. . effectiveness against death
for delivery of COVID-19 antivirals [3]. The WHO recommends the use Nirmatrelvir-ritonavir 68% Beta (3.8,1.8) [20]
of antivirals for individuals who are at the highest risk of hospitalisation effectiveness against
including those of older age, who are immunosuppressed and/or have a hospitalisation
chronic illness such as diabetes [3]. In line with this recommendation, N‘r;‘flatr}ﬂ"‘r"‘t"naf"r 57% Bleta I [21]
we identified ‘high-risk adults’ as all individuals aged over 60 or aged Ziszztsl:eness against severe (15.6,11.8)
18-59 with a comorbidity associated with an increased risk of severe Molnupiravir effectiveness 24% Beta [22]
outcomes from COVID-19. against death (6.2,19.7)
Our results include additional analysis for the delivery of antivirals to Molnupiravir effectiveness Not statistically NA [22]
unvaccinated adults, pregnant women, and for the broader provision of against hospitalisation significant
iviral 1 ic adults. Th HO ideli list the lack of Molnupiravir effectiveness 30% Beta (4.1,9.5) [23]
antivirals to a fymPtomatlc adu ts e W. guidelines list t elack o against severe disease
COVID-19 vaccination as an additional risk factor to consider when Likelihood of testing positive 53.7% 27.1%-72.6%  [19]
dispensing oral antivirals [3]. In January 2023, the WHO updated their within the treatment window
therapeutic guidelines to permit the provision of COVID-19 antivirals to
Table 1
Comparison of key characteristics between study settings, visualised in Supplementary Material S1.6.
World Bank GDP per Population Fertility rate Population Population at high Primary Primary schedule
classification capita [6] in women 15 over 60 (%) risk of severe schedule coverage in adults
[5] (USD 2021) to 49 (%) [6] [6] COVID-19 (%) [7] coverage (%) at aged over 60 (%) at
[5] 01/01/2023 [8] 01,/01/2023 [8]
Fiji Upper middle 5,086 929,769 7.4 9.7 7.1 68.9 96.8
income
Indonesia Upper middle 4,292 275,501,336 6.3 10.9 4.7 62.6 50.4
income
Papua New Lower middle 2,916 10,142,625 9.7 5.5 4.7 3.1 2.5
Guinea income
Timor- Lower middle 1,458 1,341,298 9.6 7.3 3.3 58.9 71.9
Leste income
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unaffordability [16,17]. A systematic review of the Asia Pacific found
that the median availability of any medicine for chronic disease man-
agement was 35.5% in the public sector and 56.7% in the private sector
[18].

The WHO recommendation for the use of oral antivirals acknowl-
edges that rapid antigen testing (RAT) will need to be expanded to
support oral antiviral deployment in low- and middle-income countries
[3]. We assumed that all symptomatic adults have access to testing to
estimate the possible population-level impact of oral antivirals. We used
Menkir et al.’s estimate of the likelihood of testing positive to a RAT test
within the treatment window of 5 days after symptom onset [19]. We
assumed uniform effectiveness within this 5-day window based on
nirmatrelvir-ritonavir clinical trial data assessing 88.9% relative risk
reduction of patients commencing treatment within 3 days, compared to
87.8% within 5 days [12]. We assumed all individuals who received
antivirals completed the full course of antivirals.

Stochastic impact of antivirals

We separated the incidence of symptomatic disease from the trans-
mission model into ‘individuals’ with distinct ages, vaccination status,
prior immunity from infection, and dates of symptom onset. Then, we
sampled the likelihood of these individuals testing positive within the
treatment window. We estimated the outcomes averted by antivirals by
considering the age and immunity profile of the cohort receiving anti-
virals. The likelihood of this cohort developing severe outcomes with
and without antivirals was determined by sampling from distributions
fitted to the 95% confidence intervals of infection-derived immunity,
vaccine effectiveness, and antiviral effectiveness in each simulation, see
available code for more detail.

Configuration of simulations

We assumed that only individuals who had previously completed
their primary schedule would be willing to be vaccinated with a booster
dose. We also modelled booster ‘catch-up’ campaigns which targeted
adults who had previously received a primary schedule but not a booster
dose. To allow comparison between settings, we modelled booster pro-
grams as starting on the 1st of March 2023 with a constant speed of
rollout — delivering doses to 0.163% of the population per day - the
average rollout speed across Oceania in 2022 [1]. All antiviral programs
presented in the main results are modelled as starting on the 1st of
January 2023. We quantified the uncertainty in our projections by
conducting 100 runs of the stochastic oral antiviral model for each
antiviral strategy and visualising the median and interquartile range in
our results. We considered outcomes in 2023 only.

Results

These results provide projections for the individual- and population-
level impact of different eligibility strategies for booster doses (Fig. 1)
and oral antiviral programs (Fig. 2) in 2023. A booster dose program
paired with oral antivirals to high-risk adults could reduce 49-80% of
deaths and 16-38% of hospitalisations in our study settings during 2023.
Vaccine acceptance dictated which intervention had the largest
population-level impact in a setting. Booster doses had a larger
population-level impact in Fiji and Timor-Leste due to high vaccine
acceptance (97% and 72% respectively) in adults aged over 60, whereas
oral antivirals had a higher population-level impact in Indonesia and
Papua New Guinea due to lower (50%) and limited (1%) vaccine
acceptance in adults aged over 60.

Impact of booster doses

Booster doses had the largest individual-level impact when priori-
tised to high-risk adults or to adults who had not previously received a
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booster (Fig. 1). At a population-level, providing booster doses to high-
risk adults could prevent 20%, 8%, and 10% of COVID-19 related hos-
pitalisations, and 56%, 16%, and 32% of COVID-19 associated deaths in
Fiji, Indonesia, and Timor-Leste. By comparison, <1% of deaths or
hospitalisations could be averted by booster doses in Papua New Guinea
due to low vaccine acceptance. The individual-level impact of booster
doses was 2-3 times higher when provided to individuals who had not
previously received a booster dose (catch-up campaigns), compared to
providing all adults with booster doses in Fiji, Indonesia, and Timor-
Leste. Booster programs which only reached the same subset of in-
dividuals previously willing to receive booster doses did not have a large
impact (Fig. S2.2).

Booster programs which expanded eligibility to all adults without
prioritising high-risk adults would have a lower population-level impact
on deaths than booster programs vaccinating high-risk adults (Fig. 1).
This result in Fiji was due to delays in the vaccination of high-risk adults
when eligibility was expanded to all adults due to restricted rollout
capacity. Additional results in the Supplementary Materials demonstrate
that a multi-staged rollout — vaccinating high-risk adults first and then
expanding eligibility to all adults — would be more effective in all set-
tings, increasing the population-level reduction of hospitalisations from
16% to 22%, and deaths from 27% to 52% in Fiji (Fig. S2.1).

Impact of oral antivirals

Providing oral antivirals to high-risk adults had a meaningful impact
on reducing deaths and hospitalisations in all settings and under all
vaccination scenarios (Fig. 1). Without booster doses in 2023, an oral
antiviral program for high-risk adults could prevent 44-54% of deaths
with nirmatrelvir-ritonavir or 10-15% of deaths with molnupiravir
across our study settings (Fig. S2.5). Antivirals were more effective in
settings with lower vaccine-derived immunity. Half as many antivirals
were needed to avert a hospitalisation or death in Papua New Guinea
compared to Fiji, Indonesia, or Timor-Leste without booster doses dur-
ing 2023. In settings with higher vaccine acceptance, the impact of oral
antivirals was reduced after the delivery of booster doses. This effect was
most noticeable in Fiji, our setting with the highest vaccine coverage,
where antivirals were 39% and 60% less effective at an individual level
at preventing hospitalisations and deaths after a booster program for
high-risk adults (Fig. 52.3).

Antivirals were most effective at preventing severe outcomes in high-
risk adults (older adults and adults with comorbidities), followed by
unvaccinated adults, before broadening delivery to all adults (Fig. 2).
Much of the maximum possible population-level impact of oral antivi-
rals could be achieved by providing oral antivirals to high-risk adults
only. For example, in Indonesia, only an additional 4% of deaths (54% to
58%) or 15% of hospitalisations (from 24% to 39%) could be averted by
expanding an antiviral program from high-risk adults to all adults (4.1
times more antivirals delivered) without booster doses. The impact of
delivering antivirals to unvaccinated adults was inversely related to
vaccine acceptance — the highest impact being in Papua New Guinea,
Indonesia, and then Timor-Leste. Providing oral antivirals to pregnant
women was more effective than their provision to adults the same age
(Fig. S2.2), but less effective than their use in older adults and adults
with comorbidities (Fig. 2).

Impact of booster doses and oral antivirals

In general, fewer antivirals were required than booster doses to
prevent a hospitalisation or death (Fig. 1). However, the impact of
providing a booster dose to high-risk adults was comparable to
providing oral antivirals to high-risk adults in Fiji and Indonesia. This
comparable effectiveness was attributable to high levels of vaccine
coverage providing a short-term reduction in transmission to older
adults in Fiji and Timor-Leste (Table S2.1).
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Fig. 1. Comparison between the individual- and population-level impact of booster doses and oral antivirals in 2023. The individual-level impact refers to
the number of booster vaccine doses or courses of oral antivirals required to prevent one hospitalisation or death; the population-level impact refers to the percentage
of hospitalisations or deaths averted by a specific strategy. The impact of interventions increases towards the right of each figure pane. These simulations assume that
only high-risk adults are eligible for oral antivirals. Five scenarios are provided for booster dose eligibility: no booster doses, high-risk adults eligible, high-risk adults
who previously have not received a booster eligible, all adults eligible, and all adults who have not received a booster dose eligible.
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Fig. 2. Comparison between the individual-level impact and population-level impact of different antiviral eligibility criteria in 2023. The individual-level
impact refers to the number of booster vaccine doses or courses of oral antivirals required to prevent one hospitalisation or death; the population-level impact refers
to the percentage of hospitalisations or deaths averted by a specific strategy. The impact of the oral antivirals increases towards the right of each figure pane.
Outcomes averted are restricted to 2023 and calculated by comparison to the same vaccination scenarios without antivirals. Results for an unvaccinated group are not
presented for Fiji due to close to 100% vaccine coverage reported in administrative data.

Discussion

Providing booster vaccine doses to high-risk adults remains impor-
tant as we transition from pandemic to endemic COVID-19. If COVID-19
programs are limited by rollout capacity, catch-up programs providing
booster doses to adults who have not yet received their booster dose will
have the largest impact. Booster programs had a higher population-level
impact than oral antivirals in Fiji and Timor-Leste, two settings with
high vaccine coverage. Providing booster doses to high-risk adults could
prevent 56% and 32% of deaths in 2023 in Fiji and Timor-Leste
respectively. Similar modelling conducted in Hong Kong, Japan, and
Vietnam demonstrated that increased primary vaccine coverage (in
early 2022) had a higher population-level impact than introducing oral
antivirals [24]. Continued public communication alongside booster dose
programs are essential to enable widespread uptake and ensure impact.
Our sensitivity analysis demonstrated how reaching the same subset of
the population who were previously willing to receive a booster dose
prevented <10% of deaths and hospitalisations, even in settings with
high vaccine coverage.

Our results demonstrate the meaningful impact of oral antivirals
provided alongside booster doses in 2023. Even with high vaccine
coverage, oral antiviral treatments for high-risk adults could prevent an
additional 24-52% of deaths and 12-19% of hospitalisations in Fiji,

47-54% of deaths and 21-24% of hospitalisations in Indonesia, and
30-44% of deaths and 9-12% of hospitalisations in Timor-Leste (range
dependent on booster coverage). This result aligns with the benefits of
oral antivirals alongside booster programs found in previous modelling
by Matrajt and colleagues in Kenya, Mexico, the United States, and
Belgium [25].

Oral antivirals demonstrate a large potential to reduce the burden of
COVID-19 in settings with low vaccine coverage. In Papua New Guinea,
we estimated that up to 49% of deaths and 15% of hospitalisations could
be prevented by oral antiviral programs for high-risk adults. This result
is particularly impressive given that high-risk adults represent less than
10% of the population in Papua New Guinea. In comparison, less than
1% of deaths or hospitalisations could be prevented by providing
booster doses to all adults previously vaccinated. The potential of oral
antivirals to have a large impact in settings with low vaccine coverage is
supported by previous modelling [25]. This result should be considered
when planning COVID-19 mitigation strategies in subnational regions
with low vaccine coverage. The usefulness of targetting unvaccinated
adults will depend on the acceptability of oral antivirals in this group.

Availability and affordability will determine the true impact of
booster doses and oral antivirals in middle-income nations. Our model
quantified the impact of booster doses and oral antivirals with sufficient
supply and capacity for delivery of these interventions in our study
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settings. Supply is determined by global production and the purchasing
power of nations. Current costs of oral antivirals, between $500-$700
USD per complete schedule in 2022, are unlikely to make them cost-
effective in middle-income countries [26]. Delivery depends on
healthcare capacity and public willingness to seek care. The burden of
testing on the individual or the healthcare system will dictate the
achievable coverage of oral antivirals. The WHO acknowledges and
recent modelling demonstrates that current levels of testing in low- and
middle-income countries are too low to support widespread rollout of
oral antivirals [3,27].

The full benefits or potential adverse effects of introducing an oral
COVID-19 antiviral in low-resource settings have not yet been quanti-
fied. Clinical trials suggested that patients receiving antivirals experi-
ence an accelerated rate of clearance and reduced viral load [12,28].
Reduced lengths of hospitalisation are likely to have additional benefits
related to freeing up health workforce capacity [29]. No significant se-
vere adverse reactions to nirmatrelvir-ritonavir or molnupiravir have
been detected in the clinical trials [11,12]. However, there are concerns
that nirmatrelvir-ritonavir may increase the risk of individuals with
uncontrolled or undiagnosed HIV developing resistance to protease in-
hibitors [30]. The hepatotoxicity of ritonavir requires the monitoring of
liver function every 3 to 6 months [31], although such long-term use of
COVID-19 antivirals is not recommended. Any future implementation of
COVID-19 antivirals at a population-level in a low-resource setting
should be accompanied by surveillance of adverse events.

Our paper has several notable limitations. First, our results do not
capture the full benefits of booster-derived immunity preventing severe
outcomes in future years because we focused on outcomes in 2023 only.
Our results also do not capture differences in the effectiveness of oral
antivirals between settings. Antiviral effectiveness will vary across our
study settings due to varying time to access rapid antigen testing and
oral antiviral dispensation, and differences in qualities of standard care
in our study settings. Further, our model’s fit to reported cases may be
over or underestimating infection-derived immunity in our study set-
tings. Varying transmission between the lowest and highest estimates for
2020-2022 did not qualitatively affect the findings of our model for
Papua New Guinea during 2023 (Supplementary Material S1.6). Finally,
our model does not consider the possibility of antiviral resistance. An-
tivirals in high-risk adults are unlikely to place sustained selection
pressure on the virus since previous models have shown limited effected
of antivirals on transmission [32].

Conclusions

Our results support the continued provision of booster doses to high-
risk adults in settings with high vaccine acceptance. Oral antivirals will
have a meaningful impact in all settings and the largest impact in set-
tings with low vaccine coverage. The current availability and afford-
ability of oral antivirals is likely to limit their use in middle-income
countries. Already, supplies of humanitarian funded oral antivirals are
not meeting demands from low- and middle-income countries [33].
Future work should consider cost-effectiveness and the threshold at
which self-financing of COVID-19 oral antivirals would be viable for
middle-income countries in South-East Asia and the Pacific.
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