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Lassafeveris azoonotic disease identified by the World Health Organization
(WHO) as having pandemic potential. This study estimates the health-
economic burden of Lassa fever throughout West Africa and projects
impacts of a series of vaccination campaigns. We also model the emergence
of ‘Lassa-X'—a hypothetical pandemic Lassa virus variant—and project impacts

of achieving 100 Days Mission vaccination targets. Our model predicted

2.7 million (95% uncertainty interval: 2.1-3.4 million) Lassa virus infections
annually, resulting over 10 years in 2.0 million (793,800-3.9 million)
disability-adjusted life years (DALYs). The most effective vaccination
strategy was a population-wide preventive campaign primarily targeting
WHO-classified ‘endemic’ districts. Under conservative vaccine efficacy
assumptions, this campaign averted $20.1 million ($8.2-$39.0 million) in
lost DALY value and $128.2 million ($67.2-$231.9 million) in societal costs
(2021 international dollars ($)). Reactive vaccination in response to local
outbreaks averted just one-tenth the health-economic burden of preventive
campaigns. In the event of Lassa-X emerging, spreading throughout West
Africaand causing approximately 1.2 million DALYs within 2 years, 100 Days
Mission vaccination averted 22% of DALYs given a vaccine 70% effective
against disease and 74% of DALYs given a vaccine 70% effective against
bothinfection and disease. These findings suggest how vaccination could
alleviate Lassa fever’sburden and assist in pandemic preparedness.

Lassafeverisaviral hemorrhagic disease endemic to West Africa, where
infections are commonbut widely undetected. Lassa fever is caused by
Lassamammarenavirus (LASV), and several lines of evidence, including
detailed genomic analyses, suggest that the vast majority of human
LASV infections are caused by zoonotic transmission from the Natal
multimammate mouse (Mastomys natalensis)"’. The virus can also
spread through human-to-human contact, although this has predomi-
nantly been observed in healthcare settings with inadequate infection
prevention and control practices’.

Most LASV infections are thought to be asymptomatic or cause
only mild febrile illness*, but Lassa fever nonetheless has a large
negative impact on population healthand economies. Among patients
presenting to hospital, the case-fatality ratio is estimated to be
approximately 15%, and long-term sequelae, such as bilateral sensori-
neural hearing loss, are common in survivors of Lassa fever>*. Mone-
tary costs per hospitalization are estimated to be high and are often
paid (partly) out of pocket by patients’. For example, a study from
Nigeria found that the average patient’s out-of-pocket expenditure
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Table 1| Policy summary

Background

Lassa fever is a widely underreported emerging zoonotic disease caused by LASV, a priority pathogen identified by the WHO as having

pandemic potential. At least four Lassa vaccine candidates are currently undergoing assessment in clinical trials. Here, we used a bottom-up
mathematical modeling approach to provide the first estimates of Lassa fever’s health-economic burden across the 15 countries of
continental West Africa and to project impacts of large-scale Lassa vaccination campaigns on population health and economies. We also
modeled the emergence of ‘Lassa-X’, a hypothetical Lassa-related virus with increased transmissibility and virulence, and projected impacts
of reactive vaccination in line with the goals of the 100 Days Mission.

Main findings and
limitations

Over a 10-year horizon, our model estimated approximately 237,000 hospitalizations, 39,000 deaths and 2.0 million DALYs due to Lassa
fever, totaling $506 million in direct healthcare costs, $1.1 billion in productivity losses and $288 million in monetized DALY value, or $15.3

billion in lost VSL. Large-scale preventive vaccination campaigns were more efficient than reactive outbreak response vaccination, requiring
more doses but achieving greater health-economic benefit per dose. The most expansive campaign consisted mostly of preventive
vaccination in WHO-classified endemic districts, requiring 112 million doses over 10years and averting 20,000-29,000 hospitalizations
(range of means across vaccine effectiveness assumptions), 3,300-4,800 deaths and 164,000-240,000 DALYs. In turn, this campaign
averted $42-$61 million in healthcare costs, $86-$126 million in productivity losses and $20-$30 million in monetized DALY value, or

$1.3-$1.9 billion in lost VSL.

Prospective, population-based studies of Lassa fever epidemiology are limited, particularly outside of known Lassa fever hotspots. Our
model-based analysis is, thus, sensitive to potential biases in available data inputs and does not explicitly estimate burden in high-risk
groups, such as healthcare workers and pregnant women. This impedes evaluation of risk-targeted vaccination campaigns.

In the hypothetical event of Lassa-X emerging, our modeling suggests that its rapid spread throughout West Africa could result in 25,000
deaths and 1.2 million DALYs within approximately 2years. For a vaccine 70% effective against both infection and disease, mass reactive
vaccination beginning 100d from the disease’s discovery averted 11% of DALYs at a vaccination rate of 2.5% of the population annually
(10 million doses per year), 55% of DALYs at 20% (81 million) and 74% of DALYs at 40% (161 million).

Policy implications

In endemic regions of West Africa, the estimated DALY burden of Lassa fever is similar to estimates for other infectious diseases, such as

rabies, lymphatic filariasis and intestinal nematode infections. Population-wide preventive vaccination campaigns in endemic regions

could substantially reduce the health and economic burden of disease. Our model suggests the potential for substantial added benefit to
expanding vaccination beyond WHO-classified endemic districts. However, prospective cohort studies are needed to better define groups at
high risk of infection and severe disease, in turn informing potential risk-targeted immunization strategies, which may be more cost-effective
than the population-wide campaigns considered in our analysis.

Investment in Lassa vaccine development and infrastructure could also improve preparedness for the rapid development of new vaccines for
potential future Lassa-related viruses. In the event of a hypothetical pandemic variant of Lassa virus emerging, achieving 100 Days Mission
vaccination goals was projected to yield critical health and economic benefits, including the aversion of up to three-quarters of associated
DALYs. Vaccine effectiveness against infection in addition to disease would be essential to slow spread and mitigate such an emergent

pathogen’s large-scale health and economic toll.

Monetary costs are reported in 2021 international dollars ($).

on Lassa fever treatment was approximately 480% of the monthly
minimum wage in 2011 (ref. 8).

No licensed vaccines against Lassa fever are currently available,
although several candidates are under development. A recent phase
1randomized trial of a measles-vectored Lassa vaccine showed an
acceptable safety and tolerability profile, a substantial increase in
LASV-specific non-neutralizing IgG concentrations and a moderate
T cell response’, in line with the response observed in non-human
primates'’. Several other vaccines are currently at early stages of
development, with five phase 1 trials and one phase 2 trial registered
by October 2022 (ref. 11).

Lassa fever is listed by the World Health Organization (WHO) as
one of the diseases posing the greatest risk to public health due to its
epidemic potential and the absence of effective countermeasures'.
In response to such concerns, in 2022, the Group of Seven forum,
the Group of Twenty forum and various international governments
endorsed the 100 Days Mission, a pandemic response roadmap aim-
ing at the delivery of vaccines within 100 d of the emergence of novel
pathogens with pandemic potential®.

In anticipation of one or more Lassa vaccine candidates being
licensed in the near future, in the present study, we estimate the cur-
rent health-economicburden of Lassa fever in West Africaand project
the potentialimpacts of different reactive and preventive vaccination
campaigns. We also project potential impacts of vaccination in line
with the100 Days Missionin response to the emergence of ‘Lassa-X’, a
hypothetical future variant of LASV with pandemic potential. Table 1
summarizes our main findings and their implications for public policy.

Results

Model overview

We developed an epidemiological model projecting human Lassa fever
burdenoveralO-year time horizonacross the 15 countries of continental
West Africa (Benin, Burkina Faso, Cote d’lvoire, The Gambia, Ghana,
Guinea, Guinea-Bissau, Liberia, Mali, Mauritania, Niger, Nigeria, Senegal,

SierraLeone and Togo) and their 183 level1subnational administrative
units. These units have different namesin different countries (for exam-
ple, regionsin Guinea, countiesin Liberiaand departmentsin Benin) but
hereinare collectively referred to as ‘districts’. Due to large gapsin Lassa
fever surveillance and limited case reporting throughout much of its
endemicrange’®, we favored abottom-up modeling approach, synthesiz-
ing best available ecological, epidemiological, clinical and economic
datato project the cumulative health and economicburden of disease.

Our model consists of six main components (see model schematic
in Extended Data Fig. 1). First, a previously published geospatial risk
map was used to predict the risk of zoonotic LASV transmission from
M. natalensisto humans (‘spillover’) at the level of 0.05° x 0.05° spatial
pixels throughout West Africa™. Second, modeled spillover risk esti-
mates were used as inputs in a generalized linear model (GLM) to
predict human LASV seroprevalence. Third, modeled human LASV
seroprevalence estimates were used asinputsin aserocatalytic model
including country-level population projections to predict spillover
infection incidence. Fourth, spillover infections were aggregated at
the district level, and a stochastic branching process model was used
tosimulate onward human-to-human LASV transmission. Fifth, acom-
putational algorithm was applied retrospectively to spillover infec-
tions and ensuing transmission chains to simulate a range of reactive
and preventive vaccination campaigns and to project the number of
infections averted by vaccination. (Separate model components used
tosimulate Lassa-X transmission and vaccination are described below.)
Sixth, modeled estimates of LASV infection, and of infections averted
due to vaccination or occurring in vaccinated individuals, were used
asinputsinaprobabilistic decision-analytic model used to project the
health burden of Lassa fever and associated economic costs and the
health and economic burdenaverted due to vaccination over 10 years.

Lassafever burden
Our model predicts a heterogeneous distribution of zoonotic
LASV infection throughout West Africa (Fig. 1). In the absence of
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Fig.1|Maps of West Africa showing reported Lassa fever endemicity and annual incidence of zoonotic LASV infection per 100,000 population as
estimated LASV spillover incidence. Top, map showing the classification of estimated by our model at the level of 5-km grid cells. Bottom, the median total
Lassa fever endemicity for different countries and ‘districts’, as defined by the annual number of zoonotic LASV infections as estimated by our model at the
US CDC and the WHO (Supplementary Appendix C.2). Middle, the median level of 5-km grid cells.
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vaccination, the mean annual number of LASVinfections throughout the
region was estimated at 2.7 million (95% uncertainty interval (UI):
2.1-3.4 million) or 27.2 million (20.9-34.0 million) over the full 10-year
simulation period (Extended Data Table 1). Just over half of all infec-
tions occurred in Nigeria (mean, 52.9%), and the vast majority (mean,
93.7%) resulted from zoonotic spillover as opposed to human-to-human
transmission, due to LASV’s low estimated basic reproduction number
(Ry). Atthedistrict level, annual LASV infectionincidence was highestin
Margibi, Liberia (1,198 (943-1,475) infections per 100,000 population),
followed by Denguélé, Cote d’Ivoire (1,032 (880-1,200) per 100,000
population) and Nasarawa, Nigeria (978 (803-1,162) per 100,000
population). Over 10 years, LASV infection throughout West Africa
led to anestimated 5.4 million (2.7-9.9 million) mild/moderate sympto-
matic cases, 237,000 (148,600-345,600) hospitalizations and 39,300
(12,900-83,300) deaths, resulting in 2.0 million (793,800-3.9 million)
disability-adjusted life years (DALYs). See Supplementary Appendix E
for more detailed estimates of Lassa fever burden.

Over 10 years, Lassa fever treatment was projected to incur
$338.9 million ($206.6-$506.3 million) in government-reimbursed
treatment costs and $166.9 million ($116.0-$289.3 million) in
out-of-pocket medical costs, resulting in catastrophic expenditures for
232,300 (145,600-338,700) individuals and pushing 167,000 (104,700~
243,600) individuals below the international poverty line (Supplemen-
tary Tables E.3 and E.4). Missed work due to illness totaled $1.1billion
($380.5 million-$2.2 billion) in productivity losses, primarily due to
mortality in actively employed adults. Productivity losses outranked
treatment costs in driving an estimated $1.6 billion ($805.1 million-
$2.8 billion) in total cumulative societal costs. Hospitalization costs,
not outpatient costs, were the main driver of treatment costs, but
mild to moderate disease in the community resulted in greater pro-
ductivity losses than severe disease in hospital (Supplementary
Fig. E.2). Lassa fever DALYs were valued at $287.7 million ($115.4-
$562.9 million) using country-specific cost-effectiveness thresh-
olds. Finally, an alternative measure of Lassa fever’s economic
burden, the value of statistical life (VSL) lost due to Lassa fever
mortality, was projected at $15.3 billion ($5.0-$32.4 billion). Uncer-
tainty in health-economic outcomes was primarily driven by uncer-
tainty inrisks of hospitalization and death (Supplementary Fig. D.2)

Simulating Lassa vaccination campaigns

Vaccination is introduced into the population via a series of six sce-
narios designedtoreflect realisticassumptions about vaccine stockpile,
administration and efficacy (Extended Data Table 2). Inall six scenarios,
weincludereactive vaccination, inwhich Lassa fever outbreaks trigger
the local deployment of a limited vaccine stockpile in affected dis-
tricts. In scenarios 2-6, we also include preventive vaccination in the
form of mass, population-wide campaigns rolled out over 3 years and
focusing primarily on regions classified as Lassa fever ‘endemic’. The
15 countries included in our model are categorized as high endemic,
mediumendemicorlow endemicaccordingto classifications published
by the US Centers for Disease Control and Prevention (CDC), and dis-
tricts within high-endemic countries are further classified as endemic
or non-endemic according to classifications published by the WHO
(Fig. 1and Supplementary Appendix C.2). Two main mechanisms of
vaccine efficacy are considered: protection against infection prevents
individuals from acquiring LASV infection from either M. natalensis
or other humans, and protection against disease prevents vaccinated
individuals who become infected from progressing to disease, thus
averting outpatient consultation, hospitalization, chronic sequelae and
death. In our simulations, we projectimpacts of a vaccine thatis 70% or
90% effective only against disease or 70% or 90% effective against both
infection and disease. We do not consider other potential mechanis-
ticimpacts of vaccination, such as reduced infectiousness or altered
behavior among vaccinated individuals, as such factors are less relevant
given low estimated rates of human-to-human LASV transmission.

Health-economic impacts of vaccination against Lassa fever
The considered vaccination scenarios varied considerably in their
projected impacts, with scenario 4 leading to the greatest reductions
inLassa fever burden over 10 years (Extended DataFig. 2 and Table 2).
Inthisscenario, in addition to reactive vaccination triggered in districts
experiencinglocal outbreaks, preventive vaccination was administered
to 80% of the populationin WHO-classified endemic districts as well as
to5%ofthe populationinall other districts throughout West Africa. For
avaccine70% effective against disease with noimpact oninfection, over
10 yearsthis strategy averted amean 456,000 (226,400-822,700) mild/
moderate symptomatic cases, 19,900 (12,700-28,800) hospitalizations,
3,300 (1,100-7,000) deaths and 164,100 (66,700-317,700) DALYs. Over
this period, this strategy further prevented 19,800 (12,600-28,500) and
14,200 (9,000-20,500) individuals, respectively, from experiencing
catastrophic orimpoverishing out-of-pocket healthcare expenditures
and averted $128.2 million ($67.2-$231.9 million) in societal costs, or
$1.3 billion ($436.8 million-$2.8 billion) in VSL lost.

Other vaccination scenarios used fewer doses of vaccine and, in
turn, averted less of Lassa fever’s health-economic burden. Scenario 3,
whichlimited preventive vaccination to high-endemic countries, was
the scenario resulting in the second greatest health-economic ben-
efits, including the aversion of 141,400 (57,600-273,200) DALYs and
$112.8 million ($59.2-$203.8 million) in societal costs. Scenarios 2, 5
and 6 varied considerably in terms of which individuals were vacci-
nated but ultimately resulted in similar cumulative health-economic
benefits across the region, because the overall number of doses
delivered under each scenario was essentially the same. By contrast,
scenario 1 included only reactive and not preventive vaccination,
averting just 13,700 (5,500-26,800) DALYs and $10.3 million
($5.3-$18.8 million) in societal costs, thus having approximately
one-tenth the overall health-economic benefits of scenario 4.

A vaccine effective against infection in addition to disease was
found to have moderately increased impact. Inscenario 4, forinstance,
$20.1 million ($8.2-$39.0 million) in DALY value was averted by a
vaccine 70% effective only against disease, whereas $27.1 million
($11.0-$52.5 million) was averted when also 70% effective against
infection (Table 2). By comparison, a vaccine 90% effective only against
disease averted $25.8 million ($10.5-$50.1 million) in DALY value
(Supplementary Table E.9), having similar impact to a vaccine 70%
effective against both infection and disease. In the best-case scenario
of a vaccine 90% effective against both infection and disease, sce-
nario 4 averted up to 3.1 million (2.4-3.7 million) infections, 240,100
(97,500-464,900) DALYs valued at $29.5 million ($12.0-$57.2 million)
and $1.9 billion ($638.5 million-$4.1billion) in VSL lost.

Geographic variation in vaccine impact depended primarily
on which districts were classified as endemic and, hence, targeted
for vaccination (Extended Data Fig. 2). Overall impacts of vaccina-
tion were greatest in Nigeria, but impacts per 100,000 population
were greatest in other endemic countries (Guinea, Liberia and Sierra
Leone), because Nigeriahad alarger number of individuals but asmaller
share of its total population living in districts classified as endemic.
In turn, approximately 16% of the total population of Nigeria and 33%
of the combined population of Guinea, Liberia and Sierra Leone were
vaccinated by 10 years under scenarios 3 and 4 (Fig. 2). Givena vaccine
70% effective only against disease, these scenarios averted 10.5%
of DALYs in Nigeria, 20.3% of DALYs in Liberia, 23.6% of DALYs in
Guineaand 28.1% of DALYsin SierraLeone. For avaccine 90% effective
againstinfection and disease, these scenarios averted 15.3% of DALYs
in Nigeria, 29.4% of DALYs in Liberia, 34.1% of DALYs in Guinea and
40.7% of DALYs in Sierra Leone.

Threshold vaccine costs

Projected economic benefits of Lassa vaccination were used to calcu-
late the threshold vaccine cost (TVC). This can be interpreted as the
maximum cost per dose at which vaccination has a benefit-to-cost
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Table 2 | Projected 10-year impacts of Lassa vaccination

Outcome averted Scenario 1: outbreak Scenario 2: endemic Scenario 3: endemic Scenario 4: endemic Scenario 5: endemic  Scenario 6: endemic

duetovaccination response only districts (80%) districts (80%) + districts (80%) + districts (55%) + districts (32.5%) +
non-endemic non-endemic non-endemic non-endemic
districts of districts of all districts of high- districts of all
high-endemic countries (5%) endemic countries countries (5%)
countries (5%) (5%)

Vaccine 70% effective only against disease

LASV infections (n) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0)

Hospitalizations (n)

1.6K (1.0K-2.4K)

141K (9.0K-20.3K)

17.3K (111K-25.0K)

19.9K (12.7K-28.8K)

13.4K (8.6K-19.4K)

12.5K (7.9K-18.1K)

Deaths (n)

272.0 (89.0-576.8)

2.3K(771.7-4.9K)

2.9K (947.3-6.0K)

3.3K (1.1K-7.0K)

2.2K(734.0-4.7K)

21K (680.7-4.4K)

DALYs (n)

13.7K (5.5K-26.8K)

15.4K (471K-222.2K)

141.4K (57.6K-273.2K)

164.1K (66.7K-317.7K)

109.6K (44.6K-211.9K)

103.8K (41.9K-201.4K)

Impoverishing
expenditures (n)

1.2K (725.0-1.7K)

10.1K (6.5K-14.5K)

12.4K (7.9K-17.8K)

14.2K (9.0K-20.5K)

9.6K (6.1K-13.8K)

8.9K (5.6K-12.9K)

Societal costs (2021 $)

10.3M (5.3M-18.8M)

90.3M (47.6M-162.5M)

112.8M (59.2M-203.8 M)

128.2M (67.2M-231.9M)

87.9M (46.0M-158.9M)

80.8M (421M-146.6 M)

Monetized DALYs
(2021$)

1.9M (763.1K-3.7M)

12.9M (5.3M-24.9M)

15.8M (6.4M-30.4M)

20.1M (8.2M-39.0M)

12.3M (5.0M-23.8M)

13.6M (5.5M-26.4M)

VSL (2021$)

105.7M (34.6 M-224.1M)

948.9M (313.2M-2.0B)

1.2B (396.6M-2.5B)

1.3B (436.8M-2.8B)

939.7M (309.4M-2.0B)

826.3M (2711M-1.7B)

Vaccine 70% effective against infection and disease

LASV infections (n)

200.2K (153.5K-250.0K)

17M (1.3M-2.0M)

2IM (1.6M-2.5M)

2.4M (1.9M-2.9M)

1.6M (1.3M-2.0M)

1.5M (1.2M-1.9M)

Hospitalizations (n)

2.2K (1.4K-3.3K)

18.8K (12.0K-27.1K)

23.2K (14.8K-33.5K)

26.8K (17.0K-38.6K)

18.1K (11.6K-26.2K)

17.0K (10.8K-24.6K)

Deaths (n)

370.6 (121.3-785.9)

31K (1.0K-6.6K)

3.9K(1.3K-8.1K)

4.4K (1.5K-9.4K)

3.0K (990.8-6.3K)

2.8K (924.5-6.0K)

DALYs (n)

18.7K (7.5K-36.5K)

154.2K (63.0K-296.8K)

189.6K (77.3K-366.3K)

220.5K (89.6K-427.0K)

148.0K (60.2K-286.1K)

140.9K (56.9K-273.6K)

Impoverishing

1.6K (987.8-2.3K)

13.5K (8.6K-19.4K)

16.6K (10.6K-23.9K)

191K (12.1K-27.6K)

12.9K (8.2K-18.6K)

expenditures (n)

121K (7.6K-17.5K)

Societal costs (2021$)  14.0M (7.3M-25.6 M) 120.6M (63.7M-2171M)

151.4M (79.4M-273.5M)

172.3M (90.3M-311.7M)  118.6M (621M-214.6 M) 109.7M (571M-199.2M)

Monetized DALYs
(2021 %)

2.6M (1.0M-51M) 17.3M (71M-33.3M)

211M (8.6 M-40.8 M)

271M (11.0M-52.5M) 16.6M (6.8 M-32.2M) 18.4M (7.4M-35.9M)

VSL (2021 $) 1441M (47.2M-305.4M) 1.3B (418.5M-2.7B)

1.6B (532.1M-3.4B)

1.8B (586.7M-3.8B) 1.3B (417.8M-2.7B) 11B (368.1M-2.4B)

The mean (95% Ul) health and economic burden of Lassa fever averted due to vaccination over 10years from the initiation of vaccine rollout for the six vaccination scenarios described in
Extended Data Table 2. Columns represent vaccination scenarios, and rows represent outcomes averted. The table compares a vaccine 70% effective only against disease (top) with a vaccine
70% effective against both infection and disease (bottom). Societal costs combine outpatient treatment costs, hospital treatment costs and productivity losses. Costs are reported in 2021
international dollars ($), and future monetary costs are discounted at 3% per year. B, billion; K, thousand; M, million.

ratio abovel, in the specific context of our modeled vaccination cam-
paigns and corresponding dosage assumptions (that is, a single-dose
primary series followed by a single-dose booster after 5 years, with 10%
dose wastage). TVCs were similar across all five preventive campaigns
(scenarios 2-6) but lower for reactive vaccination (scenario 1) (Supple-
mentary Table E.12). Estimated TVCs ranged from $0.51($0.30-$0.80)
t0 $21.15($7.28-$43.97) depending on the economic perspective con-
sidered, the vaccination campaign evaluated and the vaccine’s efficacy
againstinfection and disease. TVCs were lowest from the perspective
considering only healthcare costs and monetized DALYs (range of
means, $0.51-$0.91) but more than doubled given a perspective con-
sideringall societal costs (healthcare costs and productivity losses) in
addition to monetized DALYs ($1.18-$2.20) and increased by more than
20-fold when considering healthcare costs and VSL ($10.54-$21.15).

Modeling ‘Lassa-X’

Inaddition to our analysis of Lassa fever, we modeled the emergence of
‘Lassa-X’,a hypothetical future variant of LASV with pandemic potential
due to both elevated clinical severity and increased propensity for
human-to-humantransmission. Inthis analysis, Lassa-X was assumed to
emergeinhumans after asingle spillover event, where the probability of
emergenceineachdistrictisdirectly proportional to the estimated share
ofallzoonotic LASVinfections occurringin each district. We assumed
that prior LASVimmunity, whether natural or vaccine derived, offers
no protection against Lassa-X. We conceptualized Lassa-X as having
Ebola-like transmission characteristics and, under baseline assump-
tions, a10-fold increase in hospitalization risk relative to Lassa fever.
Lassa-X transmission parameters were quantified using Ebola case

datafrom the 2013/2016 West Africa epidemic, resulting in simulated
Lassa-X outbreaks lasting for approximately 2 years before subsiding.
Arange of reactive 100 Days Mission vaccination scenarios were then
evaluated, considering different delays to vaccine initiation, rates of
vaccine uptake and degrees of efficacy against infection and disease.
Finally, as for Lassa fever, we used a probabilistic decision-analytic
modelto project the healthand economicburden of Lassa-X and burden
averted as aresult of vaccination.

Projected burden of Lassa-X
Under our modeling assumptions, the emergence of Lassa-X led to
explosive outbreaks throughout West Africa (Fig. 3), spreading to
88.3% (63.9%-94.0%) of the 183 districts included in our model (Sup-
plementaryFig.F.1).Intotal, there were 1.7 million (230,100-4.2 million)
Lassa-Xinfections, and Nigeriaaccounted for by far the greatest share
ofinfections, followed by Niger and Ghana (Supplementary Tables G.1
and G.2). The projected burden of Lassa-X infection was associated
withahigh degree of uncertainty, driven predominantly by the highly
stochastic nature of simulated outbreaks (Supplementary Fig. G.2).
In our baseline analysis, Lassa-X resulted in 149,700 (19,700-
374,400) hospitalizations and 24,800 (2,400-76,000) deaths, caus-
ing 1.2 million (132,500-3.7 million) DALYs valued at $191.1 million
($18.4-$575.2 million). Out-of-pocket treatment costs were estimated
at $118.5 million ($12.2-$317.3 million), resulting in catastrophic
healthcare expenditures for 147,400 (18,500-372,500) individuals
and pushing 103,100 (13,600-254,300) individuals below the poverty
line. Lassa-X also resulted in $737.2 million ($56.4 million-$2.4 billion)
in productivity losses to the greater economy and $10.1 billion

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-03232-y

a
Guinea, Liberia and Sierra Leone 1.8 --- 243 16.2
Nigeria 1.8 12.2 16.1 16.1 12.8 9.9
Low- and medium-endemic countries - 1.8 1.8 1.8 6.3 18 6.3
T T T T T T
1 2 3 4 5 6
Vaccination scenario
Total population ]
vaccinated (%)
10 20 30

90% infection/90% disease -| 1.0

70% infection/70% disease | 0.9 301 326 326 23.6 15.4

0% infection/90% disease + | 0.9 291 31.4 314 226 14.6

0% infection/70% disease - | 0.7 226 24.4 24.4 176 N4

§ 90% infection/90% disease + 1.0 n7 15.3 15.3 12.0 9.0
% 70% infection/70% disease - [ 0.9 10.8 14.0 14.0 1.0 8.2
g 0% infection/90% disease - | 0.9 10.4 13.4 13.4 10.5 7.8
g 0% infection/70% disease - =07 81 10.5 105 8.1 61
90% infection/90% disease | 1.0 1.0 10 5.0 10 5.0
70% infection/70% disease - | 0.9 0.9 0.9 4.6 0.9 46

0% infection/90% disease - | 0.9 0.9 0.9 43 0.9 4.3
0% infection/70% disease | 0.7 07 0.7 3.4 0.7 3.4

1 2 3 4 5 6
Vaccination scenario

Mean cumulative I

DALYs averted (%)
10 20 30

Fig. 2| Vaccination coverage and corresponding reductions in Lassa

fever burden vary greatly across countries. a, Share of the total population
vaccinated by 10 years in each vaccination scenario (x axis) and aggregated
across three geographic levels (y axis). b, Share of cumulative DALYs due to Lassa
fever averted over 10 years by vaccination. Impacts vary greatly depending on
the vaccination scenario (x axis), the assumed vaccine efficacy (y axis) and the
geographiclocation (panels).

($625.9 million-$34.1billion) in VSL lost. In alternative scenarios where
Lassa-X infection was just as likely or one-tenth as likely to resultin
hospitalization as LASV infection, estimates of the health-economic
burden were approximately one and two orders of magnitude lower,
respectively (Supplementary Table G.4).

Vaccination to slow the spread of Lassa-X

Impacts of vaccination on the health-economic burden of
Lassa-X depend on the delay until vaccination initiation, the rate of
vaccine uptakeinthe population and the efficacy of vaccination against
infection and/or disease (Table 3). In the most ambitious vaccination
scenario considered, vaccine administration began 100 d after initial
detection of the first hospitalized case of Lassa-X at a rate equivalent
to 40% of the population per year across all countries in West Africa.
Assuming a vaccine 70% effective only against disease, this vaccina-
tion scenario averted 276,600 (38,000-755,900) DALYs. However,
in contrast to LASV vaccination, vaccine impact was more than three-
fold greater when effective against infection as well as disease. For a
vaccine 70% effective against both, this most ambitious vaccination
scenario averted 1.2 million (201,300-2.7 million) infections and
916,400 (108,000-2.6 million) DALYs, representing approximately
74% of the DALY burden imposed by Lassa-X. Vaccinating at half the
rate (20% of the population per year) averted approximately 55%

of the DALYs imposed by Lassa-X, whereas vaccinating at a low rate
(2.5% of the population per year) averted just 11% of DALYs (Supple-
mentary Tables G.5-G.8). Benefits of delivering vaccines at a higher
rate outweighed benefits of initiating vaccination earlier (100 d versus
160 d from outbreak detection), which, in turn, outweighed benefits
of a vaccine with greater efficacy against infection and disease
(90% versus 70%).

Discussion

This is, to our knowledge, the first burden of disease study for
Lassa fever and the first to project impacts of Lassa vaccination
campaigns on population health and economies”. We estimated that
2.1-3.4 million human LASV infections occur annually throughout West
Africa, resulting in 15,000-35,000 hospitalizations and 1,300-8,300
deaths. These figures are consistent with recent modeling work esti-
mating 900,000-4.4 million human LASV infections per year'* and
anannual 5,000 deaths reported elsewhere®'. We further estimated
that Lassa fever causes 2.0 million DALYs, $1.6 billion in societal costs
and $15.3 billionin lost VSL over 10 years. Our modeling suggests that
administering Lassa vaccines preventively to districts of Nigeria,
Guinea, Liberia and Sierra Leone that are currently classified as
‘endemic’ by the WHO would avert a substantial share of the burden
of disease in those areas. In our most expansive rollout scenario, in
which vaccine reaches approximately 80% of individuals in endemic
districts and 5% of individuals elsewhere over a 3-year period, a vac-
cine 70% effective against diseaseis projected to avert 164,000 DALYs,
$128 million in societal costs and $1.3 billion in VSL lost over 10 years.
This corresponds to a10.5% reduction in Lassa fever DALYs in Nigeria
givenvaccinationamong16.1% of the population and a 24.4% reduction
in DALYs across Guinea, Liberia and Sierra Leone given vaccination
among 33.3% of the population. However, for the same rollout scenario,
avaccine 90% effective against both infection and disease could avert
240,000 DALYs, $188 millionin societal costs and $1.9 billionin VSL lost,
correspondingtoal5.3% reductionin Lassafever DALYsin Nigeriaand
a35.3% reduction across Guinea, Liberia and Sierra Leone.

Impacts of the Lassa vaccination campaignsincludedin our analy-
sis were modest in countries other than Nigeria, Guinea, Liberia and
SierraLeone. Thisis due primarily to these simulated campaigns reflect-
ingaconstrained global vaccine stockpile (<20 million doses annually)
and, hence, limited allocation to districts not currently classified as
endemic by the WHO. Although our most optimistic vaccination sce-
nariowas projected to prevent as many as 1.9 million (62%) infectionsin
endemic-classified districts (Supplementary Fig. E.4), these areas cover
just shy of 10% of the approximately 400 million individuals living in
West Africa. However, our model predicts high Lassa fever incidence
and disease burden in several ‘non-endemic’ areas. This is consistent
with seroprevalence data highlighting extensive underreporting of
LASVinfectionacross theregion, particularly in Ghana, Céte d’Ivoire,
Burkina Faso, Mali, Togo and Benin'"""°, Underreporting of Lassa
feverislikely due to acombination of limited surveillance resourcesin
affected countries, the mild and non-specific symptom presentation
of most cases, seasonal fluctuationsin infection incidence coincident
with other febrileillnesses (malariain particular) and stigmaassociated
withinfection, making robust estimation of Lassa fever burdenagreat
challenge™. Conversely, low case numbers in some areas estimated to
be suitable for transmission® may reflect truly limited burden, driven,
inpart, by significant spatiotemporal heterogeneity in LASV infection
prevalence and the low dispersal rate of M. natalensis*.

Itis important to put Lassa fever’s projected health-economic
burden and impacts of vaccination in context, in particular given lim-
ited economicresources available forinvestmentin infectious disease
prevention in West Africa and, hence, opportunity costs to invest-
ing in Lassa vaccination in lieu of other interventions. In Nigeria in
2021, we estimated an annual 48 (95% Ul: 19-93) Lassa fever DALYs per
100,000 population. This compares to previous estimates for various
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Fig.3|Projected burden of Lassa-X infection and impacts of vaccination.
a-c, Maps of West Africa showing, for each district: the population size (a),

the probability of Lassa-X spillover (b) and the mean cumulative number of
Lassa-X infections over the entire outbreak (approximately 2 years) (c).d,e, The
second row depicts the median cumulative incidence of Lassa-X infection over
the entire outbreak (d) and the median cumulative incidence over the entire
outbreak per 100,000 populationin the absence of vaccination (e). Interquartile
ranges are indicated by error bars (n =10,000). f, The total number of Lassa-X
infections over time in six selected countries in one randomly selected outbreak
simulation in which theinitial Lassa-X spillover event occurred in Niger (the red

dot highlights the initial detection of the epidemic at time 0). Lines show how
avaccine with 70% efficacy against infection and disease influences infection
dynamics, where line color represents the delay to vaccine rollout, and line
dashing represents the rate of vaccination (the proportion of the population
vaccinated over al-year period). g, The mean cumulative number of deaths
averted due to vaccination over the entire outbreak and across all countries,
depending on vaccine efficacy (panels), the rate of vaccination (x axis) and the
delay to vaccine rollout (colors). Interquartile ranges are indicated by error bars
(n=10,000). yr, year.

emerging, neglected and vaccine-preventable diseases, including tra-
choma (22 DALYs per 100,000 population in Nigeria in 2019), yellow
fever (25), rabies (34), lymphatic filariasis (54), intestinal nematode

infections (63), diphtheria (80) and typhoid fever (93)*. We further
predicted mean TVCs up to $2.20 per dose for preventive campaigns
when considering societal costs and monetized DALYs. A global costing
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Table 3 | Projected impacts of 100 Days Mission vaccination campaigns in response to Lassa-X

Outcome averted due

Vaccination scenario

to vaccination . .
2.5% of population vaccinated per year

20% of population vaccinated per year

40% of population vaccinated per year

160-d delay to 100-d delay to

160-d delay to

100-d delay to 160-d delay to 100-d delay to

first dose first dose first dose first dose first dose first dose
Vaccine 70% effective only against disease
Lassa-X infections (n) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0)

Hospitalizations (n) 17K (294.0-3.9K) 21K (361.5-4.7K)

13.6K (2.4K-31.2K)

16.6K (2.9K-37.3K) 271K (4.7K-62.3K) 33.3K (5.8K-74.8K)

Deaths (n) 281.2 (35.6-811.0) 344.5 (43.9-984.0)

2.2K (284.6-6.5K)

2.8K(350.9-7.9K) 4.5K (569.2-13.0K) 5.5K (704.9-15.7K)

DALYs (n) 141K (1.9K-39.2K) 17.3K (2.4K-47.2K)

112.9K (15.4K-313.3K)

138.1K (18.9K-377.6K) 225.9K (30.9K-626.2K) 276.6K (38.0K-755.9K)

Impoverishing 1.2K (206.2-2.7K)

expenditures (n)

1.4K (255.7-3.2K)

9.3K (1.6K-21.3K)

1.4K (2.0K-25.3K) 18.7K (3.3K-42.7K) 22.9K (41K-50.5K)

Societal costs (2021 $) 1.9M (1.8 M-31.9M) 14.6M (2.2M-38.8M)

95.0M (14.3M-255.1M)

116.8M (177M-310.5M)  190.0M (28.6M-510.0M)  233.7M (35.5M-620.8 M)

Monetized DALYs (2021$)  2.2M (325.8K-6.6M) 2.7M (398.8K-7.9M)

17.9M (2.6 M-52.8M)

21.8M (3.2M-63.2M) 35.8M (5.3M-105.8 M) 43.6M (6.4M-126.5M)

VSL (2021 $) 109.8M (11.3M-346.3M)  135.7M (13.8 M-420.9M)

878.2M (90.6M-2.8B)

11B (110.3M-3.4B) 1.8B (181.6M-5.5B) 2.2B(221.7M-6.7B)

Vaccine 70% effective against infection and disease

Lassa-X infections (n) 141.4K (27.5K-323.4K) 183.8K (37.3K-399.2K)

7376K (146.5K-17M)

916.0K (189.7K-2.0M) 1.0M (200.5K-2.3M) 1.2M (201.3K-2.7M)

Hospitalizations (n) 12.8K (2.4K-31.3K) 16.6K (3.1K-38.8K)

66.1K (11.6K-152.2K)

81.8K (14.4K-184.8K) 93.0K (15.4K-214.5K) 110.5K (16.8 K-252.3K)

Deaths (n) 21K (288.7-6.3K) 2.7K(380.1-7.9K)

11.0K (1.4K-31.4K)

13.6K (1.6K-38.6K) 15.4K (1.8K-44.6K) 18.3K (2.0K-53.1K)

DALYs (n) 106.7K (15.6K-304.9K) 138.0K (20.6K-383.0K)

550.4K (74.1K-1.5M)

679.1K (90.0K-1.9M) 773.2K (97.8K-2.1M) 916.4K (108.0K-2.6 M)

Impoverishing 8.8K (1.7K-21.9K)

expenditures (n)

11.4K (2.2K-26.9K)

45.5K (8.1K-105.0K)

56.2K (10.0K-126.9K) 63.8K (10.5K-147.3K) 75.9K (11.6K-173.4K)

Societal costs (2021 $) 88.8M (14.4M-2445M)  115.8M (19.1M-310.0M)

464.4M (69.3M-1.3B)

576.9M (80.4M-1.6B) 656.0M (85.6 M-1.8B) 782.9M (91.4M-2.2B)

Monetized DALYs (2021$)  17.0M (2.6 M-51.6 M) 21.9M (3.5M-64.4M)

88.1M (12.2M-267.6 M)

107.9M (13.9M-321.8M)  123.2M (14.9M-374.0M) 144.5M (16.1M-429.3 M)

VSL (2021$) 809.8M (95.2M-2.6B) 11B (126.4M-3.3B)

4.3B(423.4M-13.8B)

5.4B (482.0M-16.9B) 6.1B (518.6M-19.7B) 7.3B (557.3M-23.5B)

The health-economic burden of Lassa-X averted due to vaccination, comparing a vaccine 70% effective only against disease (top) with a vaccine 70% effective against both infection and
disease (bottom). Columns represent the vaccination scenarios considered, and rows represent the outcomes averted. All figures represent means (95% Uls) across all simulations for
the baseline scenario, assuming a 10-fold greater risk of hospitalization relative to Lassa virus infection. Societal costs combine outpatient treatment costs, hospital treatment costs and
productivity losses. Costs are reported in 2021 international dollars ($), and future monetary costs are discounted at 3% per year. B, billion; K, thousand; M, million.

analysis across 18 common vaccines estimated a per-dose cost of $2.63
inlow-income countries from 2011t0 2020, including supply chainand
service delivery costs*, suggesting that it may be feasible to achieve
amaximum price per dose in line with our TVC estimates. However,
real-world costs for any potential forthcoming vaccines are not yet
known, and it isimportant to consider that vaccines currently under-
going clinical trials have distinct dosage regimens' and that our TVC
estimates are specific to our model assumptions: asingle-dose primary
series with abooster dose after 5 years and 10% dose wastage. All else
being equal, undiscounted TVC estimates for preventive campaigns
would be roughly doubled or reduced by one-third, respectively, for
avaccine not requiring a booster dose or one requiring a two-dose
primary series.

Thereal-world cost-effectiveness of any forthcoming Lassa vaccine
will depend not only onits dosage, price and clinical efficacy, estimates
ofwhicharenotyetavailable, but also on the alternative interventions
available. Novel small-molecule antiviralsand monoclonal antibodies
areinvarious stages of development®?® and may represent promising
alternatives for prevention of severe Lassa fever. Our results further
highlight how the choice of perspective can lead to divergent conclu-
sions regarding vaccine cost-effectiveness?. For instance, TVCs were
roughly one order of magnitude greater when considering VSLinstead
of societal costs and monetized DALYs, up to $21.15 from $2.20 per
dose. This disparity is consistent with acomparative analysis of health
risk valuation, highlighting greatest TVC estimation when using VSL?®.
Although our estimates of vaccine-averted DALYs, societal costs and
lost VSL may complement one another to inform priority setting and
decision-making®, caution is needed when comparing and potentially
combining distinct economic metrics (and, hence, perspectives). In
particular, the value inherent to VSL may encapsulate both economic

productivity and health-related quality of life, so VSL must be consid-
ered independently of productivity losses and monetized life-years.
Ultimately, defining the full value of vaccination in endemic areas will
require ongoing engagement and priority setting across stakeholders®
and may benefit from considering broader macroeconomic impacts of
vaccinationnotincludedin our analysis®. However, evenifaparticular
vaccineisidentified as a priority by local stakeholders and is predicted
to be cost-effective using context-specific willingness-to-pay thresh-
oldsand an appropriate perspective, investment will be possible only
if vaccination is affordable—that is, if sufficient economic resources
are available to cover vaccine program costs.

One major potential benefit to present investment in Lassa vac-
cinationisincreased readiness torapidly develop and deploy vaccines
against future LASV variants with pandemic potential. The coronavirus
disease 2019 (COVID-19) pandemic demonstrated that prior research
on coronaviruses and genetic vaccine technologies gave researchers an
important head start on COVID-19 vaccine developmentinearly 2020
(ref. 32). In this context, we projected impacts of ambitious vaccina-
tion campaigns in response to the emergence of a hypothetical novel
LASV variant with pandemic potential. Although it is impossible to
predict whether ‘Lassa-X’ will evolve and exactly which characteristicsiit
would have, this modeling represents a plausible scenario for its emer-
gence and spread, totaling, on average, 1.7 million infections, 150,000
hospitalizations and 25,000 deaths over roughly 2 years, resulting
in 1.2 million DALYs, $1.1 billion in societal costs and $10.1 billion in
VSL lost. We estimate that a vaccine 70% effective against infection
and disease, with delivery starting 100 d from the first detected
case, could avert roughly one-tenth of Lassa-X’s health-economic
burden assuming delivery of approximately 10 million doses per year,
orup to three-quarters of its burden given 160 million doses per year.
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Such ambitious vaccination scenarios are in keeping with the stated
goals of the 100 Days Mission®, representing an expansive global effort
torapidly respond to emerging pandemicthreats. In contrast to LASV,
vaccination against Lassa-X was more than three-fold more impactful
whenblockinginfectioninaddition to disease, due toindirect vaccine
protection successfully slowing its explosive outbreak dynamics.

This work has several limitations. First, our projections of Lassa
fever burden build upon recent estimates of spillover risk and viral
transmissibility but do not account for the potential evolution of these
parameters over time, for instance, due to projected impacts of climate
change®. Second, our model appears to overestimate the magnitude
of seasonalfluctuationsinincidence, potentially biasing not the total
number of infections but, rather, how they are distributed through
time. Although peaksin Lassafever risk during the dry season are well
observed, including five-fold greater risk estimated in Nigeria®, alarge
outbreakinLiberiaduring the rainy seasonin2019/2020 highlights that
LASV nonetheless circulates year-round*. Third, in assuming no LASV
seroreversion among previously infected people, our model potentially
underestimates the number of infections occurring annually. However,
fitting the infection-hospitalization ratio to hospital case data from
Nigeria limits the sensitivity of model outcomes to this assumption.
Fourth, our evaluation of the economic consequences of Lassa-X is
conservative, as we donotaccount for the exportation of cases outside
of West Africa nor potential externalities of such a large epidemic,
including negative impacts on tourism and trade, and the oversatura-
tionand potential collapse of healthcare services. Fifth, because poor
Lassafever knowledge hasbeenreported amongboth healthcare work-
ersand the general populationinseveral endemic areas®?, increased
awareness resulting from vaccination campaigns could have positive
externalities not considered in our analysis, including the adoption of
infection preventionbehaviors and timelier care-seeking. Conversely,
poor Lassa fever knowledge could limit vaccine uptake, posing chal-
lenges to reaching the vaccine coverage targets considered here.

Finally, for both LASV and Lassa-X, we do not stratify risks of infec-
tion, hospitalization or death by sex or age, and infections in each
country are assumed to be representative of the general population
in terms of age, sex, employment and income. Seroepidemiological
datafrom SierraLeone show no clear association between antibodies
to LASV and age, sex or occupation®, and studies from hospitalized
patients in Sierra Leone and Nigeria show conflicting relationships
between age and mortality>***. Prospective epidemiological cohort
studies, such as the ongoing Enable program, will help to better char-
acterize Lassafever epidemiology—including the spectrum of iliness,
extent of seroreversion and risk factors for infection and disease—in
turninforming future modeling, vaccine trial design and intervention
investment*’. In particular, better quantification of risk in groups
thought to be at high risk of infection (for example, healthcare work-
ers) and severe disease (for example, pregnant women) will help to
inform targeted vaccination strategies, which are likely to be more
cost-effective than the population-wide campaigns considered in our
analysis. Nevertheless, a recent stakeholder survey highlights that
the preferred vaccination strategy among Lassa fever experts in West
Africais consistent with the vaccine scenarios considered here—that
is, mass, proactive campaigns immunizing a wide range of people in
high-risk areas—with corresponding demand forecasts reaching up
to100 million doses*..

Conclusion

Our analysis suggests that vaccination campaigns targeting known
Lassa fever hotspots will help to alleviate the large health-economic
burden caused by this disease. However, expanding vaccination beyond
WHO-classified ‘endemic’ districts will be necessary to prevent thelarge
burden of disease estimated to occur in neighboring areas not currently
classified as endemic. Improved surveillance is greatly needed to bet-
ter characterize the epidemiology of Lassa fever across West Africa,

helping toinform the design of vaccination campaigns that maximize
population health by better targeting those at greatest risk of infec-
tion and severe outcomes. In the hypothetical event of a novel, highly
pathogenic pandemic variantemerging and devastating the region, our
modeling also suggests that the ambitious vaccination targets of the
100 Days Mission could have critical impact, helping to prevent up to
three-quarters of associated health-economic burden. The probability
of'suchavariantevolving is exceedingly difficult to predict, but invest-
mentinLassavaccination now could nonetheless have great additional
health-economicvalueif facilitating amore rapid vaccine responsein
the event of a pandemic Lassa-related virus emerging.
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Methods

Inclusion and ethics

Thismodeling study did notinvolve the collection or use of any primary
individual-level patient data; thus, ethics approval was not necessary.
Thisstudyincluded local researchers throughout the research process,
including stakeholder meetings, expert feedback and manuscript
revision from Lassa fever researchers in regions where Lassa fever is
endemic. These researchers are included as co-authors.

Zoonotic LASV transmission
The incidence of LASV spillover was estimated by extending a previ-
ously published geospatial risk model by Basinski et al."* (details in
Supplementary Appendix A). In brief, this model synthesizes envi-
ronmental features, M. natalensis occurrence data and LASV sero-
prevalence data from both rodents and humans to predict rates of
zoonotic LASV infection across West Africa. Environmental features
were obtained as classification rasters from the Moderate Resolution
Imaging Spectroradiometer dataset, including 11 landcover features
and seasonally adjusted measures of temperature, rainfall and vege-
tation. Occurrence data include historical captures of M. natalensis
confirmed with genetic methods or skull morphology across 167 loca-
tionsin13 countries from1977t02017. Rodent seropositivity datacover
13 studies testing M. natalensis for LASV across six countries from
1972 to 2014, and human seropositivity data cover 94 community-
based serosurveys across five countries from 1970 to 2015.
Consistent with Basinski et al."*, we used a GLM to predict
human seroprevalence from modeled estimates of spillover risk at
the level of 0.05° x 0.05° spatial pixels. To estimate incidence rates, a
Susceptible-Infected-Recovered model was used to model transitions
amongsusceptible (seronegative), infected (seropositive) and recov-
ered (seropositive) states. To account for change in human population
size over time, this model was augmented with data on per-capita
humanbirthand deathrates for each country for eachyear from1960
to 2019. Using a forward Euler model with 4-week timesteps, we esti-
mated the number of new infections ineach timestep that reproduced
modeled seroprevalence estimates in 2015 and stepped this forward
to estimate infectionsin 2019, dividing by the 2019 populationsize to
give the 2019 incidence ratein each pixel*?. Uncertainty in human LASV
seroprevalence from the GLM was propagated forward to generate
uncertainty in spillover incidence. Final non-aggregated estimates
of spillover incidence from our model (at the pixel level) are shown
in Fig. 1, and aggregated estimates at the district level are shown in
Supplementary Fig. B.1. Estimates of spillover incidence in endemic
districts are shownin Supplementary Figs. B.2 and B.3.

Human-to-human transmission

We developed a stochastic branching process model to simulate
infections arising from human-to-human transmission after spillover
infection (Supplementary Appendix C.1). To account for uncertainty
in estimated annual spillover incidence, 99 distinct transmission
simulations were run, with each one using as inputs a set of LASV
spillover estimates corresponding to a particular centile. Each set
contains 183 values (one for each district), and the same values are
used for each of the 10 years of simulation.

To account for seasonality observed in Lassa fever case reports,
annualincidence estimates are distributed across each epidemiologi-
cal year according to a beta distribution, as considered previously in
Lerchetal.””. An outbreak tree was generated for each spillover event
using anestimate of LASV’s basic reproduction number fromthe litera-
ture (R,=0.063)*, estimated from case data from a Lassa fever ward
in Kenema Government Hospital, Sierra Leone, from 2010 to 2012
(ref. 44).Infectionsineach outbreak tree are distributed stochastically
through time following estimates of LASV’sincubation and infectious
periods*, and final outbreak trees are combined to generate the daily
incidence of human-source infection in each district in the absence

of vaccination. See Supplementary Table C.1 for LASV infection and
transmission parameters.

Lassa vaccination campaigns

We included six vaccination scenarios in which limited doses of
vaccine are allocated across specific subpopulations of West Africa
(see Extended Data Table 2 and Supplementary Appendix C.2 for
more details). Vaccine doses are allocated preferentially to popu-
lations perceived to be at greatest risk of Lassa fever—that is, those
living in districts classified as Lassa fever endemic by the WHO®.
In some scenarios, a small number of additional doses are allo-
cated to non-endemic districts. In ‘constrained’ scenarios, the total
number of vaccine doses is constrained to reflect limited capacity to
produce, stockpile and deliver vaccine. For these scenarios, cholerais
used as a proxy disease for assumptions relating to vaccine stockpile
and target coverage based on recent campaigns in West Africa.

In our vaccination scenarios developed with these constraints
in mind, we considered both reactive vaccination (targeting specific
districts in response to local outbreaks) and preventive vaccination
(mass vaccinating across entire countries or districts regardless of
local transmission patterns). Vaccination was assumed to conferimmu-
nity for 5 years after a single-dose primary series, with a single-dose
booster administered 5 years after the initial dose. Vaccination was
applied in the model by ‘pruning’ zoonotic infections and ensuing
person-to-person transmission chains—that is, by retrospectively
removing infections directly and indirectly averted as a result of
vaccination (see Supplementary Appendix C.3 for more details).
We did not consider potential side effects of vaccination.

Health-economic burden of Lassa fever

Adecision-analytic model describing the clinical progression of Lassa
fever was developed to project the health and economic burden of
disease and impacts of vaccination (Supplementary Appendix D.1).
Inputsinto this model from our spillover risk map and branching pro-
cess transmission modelinclude, for eachyear, district and vaccination
scenario: the total number of LASV infections, the number of infections
averted due to vaccination and the number of infections occurringin
vaccinated individuals. The latter is included to account for vaccine
preventing progression from infection to disease (Supplementary
Appendix D.2). Probability distributions for model parameters were
estimated using datafromthe literature and are described in detail in
Supplementary Appendix D.3.In brief, probabilities of hospitalization
and death were estimated from reported hospital case datain Edo and
Ondo, Nigeria, from 2018 to 2021; durations of illness before and dur-
ing hospitalization were estimated from a prospective cohort study
inahospitalin Ondo from 2018 to 2020; and hospital treatment costs
were estimated from patients attending a specialist teaching hospital
in Edo from 2015 to 2016 (Supplementary Table D.1)>%%,

Model outcomes

Lassa fever health outcomes estimated by our model include mild/
moderate symptomatic cases, hospitalized cases, deaths, cases of
chronicsequelae (sensorineural hearing loss) after hospital discharge
and DALYs. Economic outcomesinclude direct healthcare costs paid out
of pocket or reimbursed by the government, instances of catastrophic
orimpoverishing out-of-pocket healthcare expenditures, productivity
losses, monetized DALYs and the VSL lost (a population-aggregate
measure of individuals’ willingness to pay for a reduction in the
probability of dying)*. We report societal costs as the sum of health-
care costs and productivity losses. All monetary costs are reported in
2021international dollars ($), and future monetary costs are discounted
at 3% per year. Impacts of vaccination are quantified from outputs
of the health-economic model as the difference in projected out-
comes across parameter-matched runs of the model with and without
vaccination.
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To calculate the TVC, we first summed relevant monetary costs for
each simulation according to the economic perspective considered:
healthcare costs and monetized DALYSs, societal costs and monetized
DALYs or healthcare costs and VSL. The TVC is then calculated as the
monetary costs averted due to vaccination divided by the number of
vaccine doses allocated, including booster doses and wasted doses,
and discounting future vaccine doses at 3% per year.

Lassa-X

In addition to our analysis of Lassa fever, we consider the emergence of
‘Lassa-X, a hypothetical future variant of LASV with pandemic poten-
tial due to both elevated clinical severity and increased propensity for
human-to-humantransmission. We assume that the clinical characteristics
of Lassa-X are identical to Lassa fever (including sequelae risk and hospi-
tal case-fatality ratio), except that Lassa-X is accompanied by a 10-fold
increaseinrisk of hospitalization relative to Lassafever. Then, to conceive
plausible scenarios of Lassa-X transmission informed by empirical data,
we assume that the inherent transmissibility of Lassa-X resembles that
of Ebolavirus during the 2013/2016 West Africa outbreak*”**. Ebola virus
transmission was chosenas asurrogate for Lassa-X transmissionbecause,
like LASV, Ebola virus is a single-stranded RNA virus known to cause out-
breaks in West Africa, results in frequent zoonotic spillover to humans
fromitsanimalreservoir, causes viral hemorrhagic fever and spreads from
humanto human primarily through contact with infectious bodily fluids.
Based on this conceptualization of Lassa-X, we use afive-step approachto
modelitsemergence and subsequent geospatial spread across West Africa
andtoestimate the health-economicimpacts of reactive ‘100 Days Mission’
vaccination campaigns (describedin detailin Supplementary AppendixF).

Simulation and statistical reporting

For each of 99 runs of the LASV transmission model and 100 runs of
the Lassa-X transmission model, health-economic outcomes were
calculated via100 Monte Carlo simulations, in which input parameters
for the health-economic model were drawn probabilistically from their
distributions (Supplementary Table D.1). In our base case, we assumed
that the vaccine is 70% effective only against disease. However, we also
included scenarios with vaccine that is 90% effective against disease,
70% effective against both infection and disease and 90% effective
against both infection and disease. Final health and economic out-
comes, as well as outcomes averted by vaccination, are reported as
means and 95% Uls across all simulations over the 10-year time horizon
of the model. In sensitivity analysis, we considered a 0% discounting
rate, a lower risk of developing chronic sequelae subsequent to hos-
pital discharge and either the same or lower hospitalization risk for
Lassa-X relative to LASV. We also conducted a univariate sensitivity
analysis to identify the parameters driving outcome uncertainty (see
Supplementary Appendix D.4 for more details). Estimates of Lassa fever
burden are reported in accordance with the Guidelines for Accurate
and Transparent Health Estimates Reporting (GATHER) statement.
A GATHER checklist is provided in Supplementary Appendix H.

Role of the funder

The Coalition for Epidemic Preparedness Innovations (CEPI) commis-
sioned this analysis,and CEPlinternal Lassa fever experts were involved
in study design by providing knowledge on input parameters and
fine-tuning realistic scenarios for vaccine rollout. An earlier version
of this work was provided as areport to CEPI.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The minimum dataset required to run our code and reproduce results
isavailable at https://doi.org/10.5281/zenod0.12751191 (ref. 49).

Code availability

The code underlying our modelis available at https://doi.org/10.5281/
zenodo.12751191 (ref. 49). Data were collected, compiled, analyzed and
simulated using R version 4.3.3. Simulations were dispatched using
HTCondor version10.0.4.
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Final results

Extended Data Fig. 1| Model schematic. See Methods for details and Supplementary figure D.1for aschematic of the decision-analytic model describing disease
progression. Pruning in step 5a refers to retrospectively removing infections averted due to vaccination from simulated transmission chains. LASV = Lassa virus.
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all countries (5%)
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non-endemic districts of
all countries (5%)
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Extended Data Fig. 2| Impacts of a Lassa vaccine effective against infection
and disease. (A) The mean cumulative number of LASV infections averted due
tovaccination across the 15 countries included in the model, comparing vaccine
efficacy againstinfection and disease of 70% (blue) versus 90% (red) across the
six considered vaccination scenarios (panels). 95% uncertainty intervals are
indicated by shading. (B) The mean cumulative number of infections averted
over ten years under each vaccination scenario in the four countries classified
as high-endemic (Guinea, Liberia, Nigeria and Sierra Leone). 95% uncertainty

intervals are indicated by error bars (n =9,900). (C) The mean cumulative
incidence of infections averted over ten years per 100,000 population under
each vaccination scenario in the same four countries. 95% uncertainty intervals
areindicated by error bars (n=9,900). (D) The mean daily number of infections
averted by a vaccine with 70% efficacy againstinfection and disease over the
first three years of vaccine rollout, in three distinct districts under four selected
vaccination scenarios. 95% uncertainty intervals are indicated by shading.
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Extended Data Table 1| Cumulative health burden of Lassa fever by country over 10years in the absence of vaccination

. Mild/moderate o
Infections /cases Hospitalisations Deaths Sequelae DALYs
. 825.1K (633.1K-  164.5K (81.0K- 63.2K (25.3K-
7.2K (4.5K-10.5K)  1.2K (390.0-2.5K)  3.7K (2.3K-5.4K
Benin 1.0M) 299.1K) ( ) ( ) ( ) 1234k
Burkina 1.5M (1.1M- 202.0K (143.0K-  12.8K (7.9K- 111.8K (44.6K-
2.1K (689.4-4.5K)  6.6K (4.0K-9.6K
Faso 1.8M) 532.7K) 18.7K) ( ) ( ) 196K)
Cote 1.8M (1.3M- 351.4K(171.7K-  15.3K (9.5K- 129.0K (51.3K-
2.5K (828.6-5.4K)  7.9K (4.8K-11.6K
d’Ivoire 2.2M) 641.5K) 22.6K) ( ) ( ) 2s4.0k)
1.9M (L.4M- 384.5K (187.8K-  16.8K (10.4K- 145.7K (57.9K-
2.8K(905.5-5.9K)  8.7K (5.3K-12.7K
e 2.4M) 702.1K) 24.7K) ( ) ( ) 287.0)
. 894.3K (724.5K-  178.3K (89.3K- 68.3K (28.1K-
7.8K (5.0k-11.1K)  1.3K (427.1-2.7K)  4.0K (2.5K-5.7K
Guinea 1.1M) 319.8K) ( ) ( ) ( ) 1310k
. 114.6K (83.8K-  22.9K (11.0K- 998.1 (609.7- 165.4 (53.5- 515.5 (307.2-
9K (3.5K-17.7K
bl 147.7K) 42.0K) 1.5K) 354.5) 764.5) 89K (3.5 )
Guinea- 87.9K (64.4K- 17.5K (8.5K- 765.9 (468.6- 127.0 (41.1- 395.6 (236.1-
) ( ( ( ( ( 6.5K (2.5K-12.9K)
Bissau 113.3K) 32.2K) 1.1K) 272.2) 586.2)
L 274.2K (207.6K-  54.7K (26.8K- 395.9 (129.1- 20.5K (8.2K-
2.4K (1.5K-3.5K 1.2K (749.9-1.8K
Lserr 346.1K) 99.8K) ( ) 8430 ( ) 403K)
. 1.6M (1.2M- 309.6K (152.0k-  13.5K (8.4K- 119.2K (47.7K-
Mal 2.2K (731.9-4.8€)  7.0K (4.3K-10.2K
all 1.9M) 563.2K) 19.8K) ( ) ( ) 233.6K)
 2344K(1713K-  46.7K (22.6K- 338.4(109.5- 18.5K (7.3K-
M 2.0K (1.2K-3.0K 1.1K (628.4-1.6K
auritania 55 6k) 86.0K) ( ) 7253 ( ) 36.8K)
, 1.8M (1.3M- 356.4K (173.4K-  15.6K (9.6K- 142.9K (56.5K-
2.6K (837.8-5.5K)  8.0K (4.8K-11.8K
Niger 2.3M) 653.4K) 23.0K) ( ) ( ) 816K
Niceria 144M (112M-  2.9M (L4M- 125.4K (79.0K-  20.8K (6.8K- 64.8K (39.8K- 1.0M (402.7K-
& 17.8M) 5.2M) 182.0K) 44.0K) 93.6K) 1.9M)
842.6K (616.6K-  168.0K (81.1K- 69.2K (27.2K-
7.3K (4.5K-10.9K)  1.2K (393.4-2.6K)  3.8K (2.3K-5.6K
Senegal 1.1M) 309.2K) ( ) ( ) ( ) 137.4x)
Sierra 1.7K (415.9K-  100.0K (50.4K- 724.3 (240.7- 7.7K (15.7K-
S01.7K (415.5 00.0K (50 4.4K (2.8K-6.2K) 3(240 23K (Lak-32K) S/ 7K(S
Leone 591.5K) 178.6K) 1.5K) 71.7K)
543.8K(412.1K-  108.4K (53.1K- 785.1 (256.0- 40.5K (16.1K-
4.7K (3.0K-6.9K 2.4K (1.5K-3.6K
Togo 684.5K) 197.7K) (3.0K-6.9K) 4 ) (1.5K-3.6K)  2g 4k
Total 272M (209M-  5.4M (2.7M- 237.0K (148.6K-  39.3K (12.9K- 122.4K (74.8K-  2.0M (793.8K-
34.0M) 9.9M) 345.6K) 83.3K) 177.7K) 3.9M)

All figures represent means (95% Uls) across 100 runs of the health-economic model for each of 99 runs of the infection model for the baseline scenario, assuming a probability of sequelae of

62% among patients discharged from hospital. K, thousand; M, million.
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Extended Data Table 2 | Lassa vaccination scenarios

Vaccination scenario

1 2 3 4 5 6

Reactive vaccination coverage

Any district where outbreak

. 0.2% 0.2% 0.2% 0.2% 0.2% 0.2%
response triggered

Preventive vaccination coverage

Endemic districts 0 80% 80% 80% 55% 32.5%

Non-endemic districts in high-

. . 0 0 5% 5% 5% 5%
endemic countries

Non-endemic districts in other

. 0 0 0 5% 0 5%
countries

Million vaccine doses allocated over first three years

Total 24 34.1 43.8 52.3 33.9 33.4

Million vaccine doses allocated over all ten years (includes booster doses)

Total 121 75.5 94.8 111.8 74.9 741

Scenario 1includes reactive vaccination only, which is triggered in response to local outbreaks, whereas the remaining scenarios 2-6 include preventive vaccination campaigns in addition

to reactive vaccination. Vaccination coverage refers to the percentage of the general population targeted for vaccination in specified districts. Preventive vaccination in scenarios 2-4 is
unconstrained—that is, the number of doses reflects desired vaccination coverage levels—whereas preventive vaccination is constrained in scenarios 5 and 6—that is, population coverage

is constrained by an upper limit of doses to reflect a limited global vaccine stockpile (Supplementary Table C.2). The small vaccine pool reserved for reactive vaccination (1 million doses
annually, shared across all districts proportionately to population size) is available immediately from year 1, whereas vaccination for preventive campaigns is rolled out to different countries
in different years, generally to high-endemic, medium-endemic and low-endemic countries in years 1, 2 and 3, respectively (Supplementary Table C.3). A map showing the classification of
endemicity across the countries and districts of West Africa is given in Fig. 1. For both reactive and preventive vaccination, booster doses are allocated 5years after the initial dose, and 90% of
available doses are assumed to be delivered (that is, all coverage targets were reduced by 10% wastage).
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