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Alternative regulatory pathways for vaccine licensure without traditional
Phase lll efficacy trials are of increasing priority for epidemic pathogens.
Using IXCHIQ, a chikungunya virus vaccine licensed through an accelerated
pathway, we demonstrate that prior understanding of disease risk from
infection can inform risk-benefit assessments for new vaccines. The mass
deployment of IXCHIQ during an outbreak in La Réunion was suspended
inthose aged over 65 years following three deaths in vaccine recipients,
although two appear unlikely to have been vaccine-linked. For individuals
aged 18-64 years, we find the vaccine benefits outweigh risks across
epidemiological settings. Inthose aged over 65 years, we estimate a net
benefitinlarge outbreaks, including the La Réunion outbreak, and endemic
settings over ten years. Thereis insufficient evidence of anet benefitin
smaller outbreaks or in travellers. We also identify the level of vaccine-
associated severe adverse events that would nevertheless still resultina

net benefit for a set of endemic and epidemic pathogens. Our generalizable
approach can help guide trial recruitment, inform vaccine implementation,
and provide a foundation for weighing potential benefits against vaccine-

associated risks.

Most vaccines are licensed based on the results of Phase Ill randomized
placebo-controlled trials (RCTs), which assess vaccine safety and
efficacy in reducing infection, morbidity and mortality. Planning
such trials generally requires a predictable and detectable level of
disease incidence. Alternative licensure pathways may therefore
be needed for candidate vaccines against epidemic pathogens. For
such pathogens, outbreaks can be sporadic, short-lived and associ-
ated with broader public health emergencies—circumstances that

each pose challenges for trial planning and implementation’. The US
Food & Drug Administration (FDA) and European Medicines Agency
(EMA) therefore allow the use ofimmune correlates as atrial endpoint,
where animmune marker is significantly associated with protection
fromaclinical endpoint®. These Phase Il RCTs typically require fewer
participants to determine immunogenicity than would be needed
to detect clinical efficacy, as they instead measure the proportion
of trial participants who mount a pre-specified immune response.
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Although such trials are still designed to detect safety outcomes,
including serious adverse events (SAEs), their smaller size limits the
power to detect rare SAEs (<1in1,000). Additionally, they may not
capture safety signalsin underrepresented subpopulations. The evi-
dence generated may therefore be insufficient for robust quantitative
assessments of benefits and risks.

The recent licensure and rollout of the chikungunya vaccine
IXCHIQillustrates these challenges. IXCHIQis asingle-dose live attenu-
ated vaccine developed by Valneva for preventing chikungunya dis-
ease’. Chikungunyavirus (CHIKV) is amajor public health threat across
global tropical and subtropical regions, causing disease manifesta-
tions ranging from acute febrile disease to encephalitis, long-term
disabling arthralgia or arthritis, and death*°, Age and comorbidities
are risk factors for severe and fatal CHIKV infections*’. There are an
estimated 34 million CHIKV infections and over 3,000 deaths each
year, but CHIKV outbreaks are unpredictable, explosive and often
short-lived, making Phase Il efficacy RCTs difficult or even impos-
sible to implement®’. Instead, the FDA and EMA licensed IXCHIQ in
2023/2024 based on a correlate of protection identified through
passive transfer studies in non-human primates and confirmed in
human seroepidemiological cohort studies®. In the Phase Ill safety
and immunogenicity RCT (VLA1553-301), 263 of 266 vaccine recipients
(98.9%) in the immunogenicity subset developed neutralizing anti-
bodies within 28 days, with responses sustained through three years
of follow-up®*7°. Among 3,082 IXCHIQ recipients followed for safety
outcomes, two vaccine-associated SAEs were reported in individuals
aged 58 and 66 years. Thetrial reported no age-related differencesin
immunogenicity or safety, although only 11% of individuals were aged
65+ (n=463). The trial had a 94% probability of detecting at least one
rare vaccine-associated SAE among the 3,000 vaccinated participants,
butit was not powered to detect such events specifically in the higher-
risk 65+ age group.

The first mass vaccination with IXCHIQ began in April 2025 in
response to a CHIKV outbreak in La Réunion that started in August
2024, with 54,500 cases and 40 confirmed deaths as of September
2025". Mathematical modelling supporting the outbreak response
estimated an attack rate (the proportion of an at-risk population that
isinfected) of 18-32% (S. Cauchemez, personal communication). As
partof epidemic control efforts, elderly individuals with comorbidities
were initially prioritized for vaccination. An estimated 5,600 doses
were administered to those aged 65+ years before the EMA suspended
IXCHIQvaccinationin this age group dueto three deathsin vaccinated
male individuals aged 77, 84 and 88 years, all of whom had multiple
chronic comorbid conditions' (Valneva, personal communication).
Only one deathis likely to be associated with the IXCHIQ vaccine;
however, the limited representation of individuals aged 65+ years in
the Phaselll trial meant that there was insufficient evidence to confirm
that the benefits of vaccination outweigh risks in this age group. In
July 2025, the EMA’s safety committee lifted the age restrictions but
recommended evaluation of IXCHIQ risks and benefits before use.
Conversely, in August 2025, the FDA permanently suspended IXCHIQ’s
licence, citing serious safety concerns and uncertainty in the clinical
efficacy of IXCHIQ in the absence of Phase Il efficacy trials.

The incidence of cardiovascular complications and blood clots
from COVID-19 vaccines has motivated previous analytical exercises
to quantify risk-benefit trade-offs">*. However, these studies focused
exclusively on COVID-19 vaccines and did not assess the strength of the
evidence for vaccine benefits. In this Article we present a generalizable
pathogen- and vaccine-agnostic framework for evaluating vaccine
risk-benefit profiles that account for age-related variation in disease
severity and vaccine-associated SAEs, as well as uncertainty in SAE
risk estimates when alternative licensure pathways are used. We then
apply this model to IXCHIQ, as well as a set of endemic (SARS-CoV-2)
and other epidemic (measles, Ebola) pathogens to help guide future
vaccine implementation.

Results

Quantifying the risks and benefit of vaccines

We consider four factors when comparing a vaccine’s risks and benefits:
the risk of infection (defined as the attack rate), the risk of a clinical
outcome (morbidity or mortality) given infection, vaccine efficacy
against clinical outcomes, and risk of vaccine-associated SAEs, includ-
ing death. We define avaccine-associated SAE as any untoward medical
occurrence that results in death, is life-threatening, requires or pro-
longs hospitalization, or results in persistent or substantial disability
or incapacity following immunization'. Specific population strata
may experience differing adverse outcome risks fromeither infection
or vaccination, for example, by age, sex, pregnancy status and pres-
ence of comorbidities, meaning that risk-benefit assessments differ
across subgroups. Forexample, if the risk of severe outcomes following
infectionis U-shaped by age (Extended DataFig.1a), asis common for
many pathogens, but the risk of SAEs is age-independent, vaccine ben-
efits will be greatest ininfants and the elderly (Extended Data Fig. 1b).
If, by contrast, the risk of SAEs also increases with age, greater benefits
may shift to younger age groups (Extended Data Fig. 1c). Vaccine net
benefit also scales with attack rate and vaccine efficacy (Extended
DataFig.1d,e).

Here we present a generalized framework that quantifies severe
outcomes averted by vaccination (Fig. 1), the maximum acceptable
risk of vaccine-associated SAEs (Fig. 2) and the probability that vac-
cine benefits outweigh risks (Extended Data Fig. 2), across varying
levels of infection severity, attack rates and vaccine efficacy. We char-
acterize the attack rate through four epidemiological scenarios—a
small outbreak (5% attack rate), alarge outbreak (30% attack rate), an
endemicsetting (average annual infection of 2.4% over ten years®) and
atraveller (ten days exposure risk during a large outbreak). We do not
consider indirect vaccination impacts such as the acquisition of herd
immunity or changesin transmission dynamics, as our aimis to assess
an individual’s risk-benefit profile, rather than considering popula-
tion benefits. Considerations of indirect effects also require dynamic
models and strong assumptions about the infection-blocking nature
of the vaccine, vaccine uptake, pre-existing immunity from natural
infection, and population mixing patterns, which may differ across
settings, limiting their generalizability.

For each epidemiological scenario, we estimate the number of
severe outcomes averted by a vaccine with 50% or 95% efficacy. The
boundary between net benefit and net harm (dashed line) highlights
the trade-off between the risks of adverse outcomes from infection
versus vaccination (Fig. 1). As the risk of severe outcomes following
infection increases (y axis), net benefits persist (orange areas), even
forvaccines associated with greater SAE risk (xaxis). We also assess the
strength of evidence for vaccine benefit by estimating the probability
that benefits outweigh risks (Extended Data Fig. 2). To incorporate
uncertainty ininfection and vaccine risk estimates, we use a Bayesian
approach that models both as random variables. The probability of
vaccine benefit increases nonlinearly as the risk of severe outcomes
given infection increases (Extended Data Fig. 2). Additionally, even
when no SAEs are observed among 1,000 vaccinated individuals, the
probability of net benefit may still be <0.95 when the infection attack
rate or risk of severe outcomes given infection is low. Increasing the
number vaccinated to 10,000 with no observed SAEs increases the
probability of vaccine benefit.

Using the same framework, we next identify upper bounds of
acceptable vaccinerisk that still support a conclusion of net benefit for
any disease, based onits attack rate and the probability of severe out-
comesgiveninfection (Fig.2 and Extended Data Table1). Forinstance,
if the severe outcome under consideration is hospitalization, we cal-
culate the maximum tolerable probability of vaccine-associated hos-
pitalization while still concluding overall vaccine benefit. For a highly
lethal pathogen like the Ebola virus (60% infection fatality rate, IFR), a
95% efficacious vaccine provides net benefit with vaccine-associated
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Fig.1|Impact of changes in the risk of vaccine SAEs or severe outcomes
following infection on the number of cases averted across different
epidemiological scenarios (rows), assuming 50% or 95% vaccine efficacy
(columns). Positive and negative cases averted (per 10,000 in each age

group) are coloured in orange and pink, respectively. The dashed diagonal
lineindicates the threshold of zero net benefit. The risks associated with
chikungunya infection and vaccination for each age group (per 10,000) are
denoted by the shapes.

mortality risks as high as 4%. Equally, for avirus with a very high attack
rate like measles in the pre-vaccination era, a vaccine-associated hos-
pitalizationrisk of up to17% would still be acceptable. Our framework
also highlights how acceptable vaccine-associated risk can vary across
age groups and over time (Fig. 2). For example, widespread measles
vaccination greatly reduced the attack rate, lowering the acceptable
vaccine risk threshold. Conversely, although the Omicron variant of
SARS-CoV-2in 2022 was associated with a lower probability of hospi-
talization compared to earlier variants, the higher attack rate meant
that, regardless of age, the acceptable level of vaccine-associated risk
remained similar to that earlier in the pandemic (Fig. 2).

IXCHIQ vaccine as a case study

Due to the suspension of vaccination for individuals aged 65+ years
during the CHIKV outbreakin LaRéunion, we next applied our model-
ling framework to the IXCHIQ vaccine as a detailed case study. During
the Phase lllimmunogenicity trial, two non-fatal vaccine-linked SAEs
were reported, one in the 18-64-year age group (n = 2,736 vaccinated
individuals) and one in the 65+ age group (n=346)". As of 15 August
2025, ~51,400 IXCHIQ doses had been administered globally, including
~18,000 doses in individuals aged 65+ years (Extended Data Fig. 3a)
(Valneva, personal communication). Among vaccinated individuals,
29 non-fatal SAEs (seven aged 18-64 years and 22 aged 65+ years) and
three fatal SAEs (all aged 65+ years) were reported. Only one fatality
was linked to vaccination (encephalitis with vaccine strain CHIKV-
positive blood and cerebrospinal fluid), with most of the non-fatal
SAEs also consistent with chikungunya-like illness (Extended Data
Fig. 3b). We therefore include the 29 non-fatal and one fatal SAE in
the main analysis, with a sensitivity analysis on the number of fatal
SAEs. This corresponds to 2.1 (95% confidence interval (Cl): 0.9-4.4)
and 11.9 (95% CI: 7.5-18.1) non-fatal SAEs per 10,000 individuals aged

18-64 and 65+ years, respectively. The estimated death rates are 0.0
(95% Cl: 0.0-1.1) and 0.5 (95% CI: 0.0-3.0) per 10,000 in the same two
age groups (Extended Data Fig. 3¢), indicating that the probability
of SAEs and death following IXCHIQ vaccination increases with age.
Similarly, the risk of disease and death from CHIKV infection increases
with age*°. A study in Paraguay estimated an IFR more than 20-fold
higherinindividuals aged 65+ years compared with those aged 18-64,
with corresponding estimates 0f1,300.9 (95% CI:1,283.5-1,318.3) and
631.4 (95% Cl: 627.3-635.5) medically attended cases per 10,000 in
these groups, respectively (Extended Data Fig. 3¢)*.

Using our risk-benefit framework, we model the expected num-
ber of clinical chikungunya cases, deaths and disability-adjusted life
years (DALYs), by age group and epidemiological scenario, both with
and without vaccination (Fig. 3). We consider only directimpacts and
assume 100% coverage of IXCHIQ with 95% efficacy against clinical
outcomes, and that vaccine SAEs are equivalent to medically attended
chikungunya. We account for uncertainty in the risk of severe out-
comesassociated with bothinfection and vaccination. Inall epidemio-
logical scenarios, we find that vaccinatingindividuals aged 18-64 years
reduces the number of medically attended chikungunya cases/SAEs,
deaths and DALYs (Fig. 3). Conversely, for those aged 65+ years, net
benefit or risk depends on the epidemiological scenario. There is a
clear benefit in endemic settings and large outbreaks, with up to 359
(95% CI: 352-366) cases, three (95% Cl: 2-4) deaths and 47 (95% CI:
35-55) DALYs averted per 10,000 vaccinated. Vaccinating individuals
aged 65+ yearsis also beneficial when comparing chikungunya cases
and non-fatal SAEs in small outbreaks and among travellers (Fig. 3d).
However, in these settings, vaccination may also increase the risk of
death, and the lower bound of DALYs averted crosses zero, indicating
that excess DALYs are possible (Fig. 3e,f). Overall, an attack rate >5%
confers net mortality benefits regardless of age group (Extended Data
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Fig. 2| Risk thresholds for concluding vaccine benefits across diseases.
Maximum acceptable probability of severe outcome following vaccination
(colour scale) to ensure that vaccine benefits outweigh the risks, as a function of
the attack rate (x axis) and the probability of severe outcome following infection
(yaxis). Data points represent disease-age group combinations: CHIKV (purple),
COVID-19in 2020 (dark pink) and 2022 (light pink), EV (green), MeV in the
current era (light blue) and pre-vaccination era (dark blue). Symbols indicate age

groups: open squares (25-44 years), open triangles (18-64 years), filled triangles
(65+ years) and filled squares (75+ years). Estimates are shown assuming 50% or
95% vaccine efficacy (VE) against severe outcomes. Severe outcomes following
infection are medically attended disease (CHIKV), hospitalization (COVID-19,
MeV) or death (EV). See Extended Data Table 1 for a full overview of parameters.
EV, ebolavirus; MeV, measles virus; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.

Fig.4).Astheattack ratein LaRéunionis estimated to be 18-32%, our
analysis suggests that vaccination remains beneficial in reducing
disease and mortality in both age groups in this setting.

Next, we evaluate the strength of the evidence that the benefits of
IXCHIQ outweighits potential risks. Considering non-fatal SAEs first,
we calculate the probability that the number of medically attended
chikungunya cases averted by vaccination is greater than vaccine-
associated SAEs, using both the data available at the end of the Phase
lIlimmunogenicity trial and all the data available today (that is, post-
licensure surveillance including SAEsidentified during mass vaccina-
tioninLa Réunion; Fig.4). Assuming 95% vaccine efficacy, we find that
at the end of the trial, there was a >0.95 probability that the vaccine’s
benefit outweighed the risk of SAEs in all epidemiological scenarios
for the 18-64-year age group and in the large outbreak and endemic
settings for the 65+ age group. Using all the data available today, all age
groups and epidemiological scenarios show that the vaccine benefit
outweighs the risk of non-fatal SAEs (Fig. 4).

Next, considering deaths, we find that at the end of the Phase Il
trial, there was insufficient evidence that the vaccine benefits out-
weigh the risks across all scenarios considered (Fig. 4). Despite the
detection of one vaccine-associated death during mass vaccination,
the additional doses administered increase the probability of vaccine

benefit against death for all scenarios. Consequently, there is now a
>0.95 probability that the vaccine reduces deaths in the 65+ year age
group in large outbreaks and endemic settings. The lower evidence
for net mortality benefitinthe 18-64 year age group reflects the low
IFR (Extended Data Fig. 3). We estimate that demonstrating net mor-
tality benefitin this age group during alarge outbreak would require
observing no deaths in >100,000 vaccinated individuals (Extended
Data Fig. 5). This highlights that, for some pathogens or subpopula-
tions, clinical trials may never generate sufficient evidence to con-
clusively show that benefits outweighrisks, despite the absolute risk
remaining very low. Comparatively, for the Ebola virus, even atalow
attackrate (5%), no deaths in 67 vaccinated individuals are sufficient
to conclude that the mortality benefits outweigh the risks (Extended
Data Fig. 5). For SARS-CoV-2 in previously unexposed individuals,
observing no deaths in 3,400 vaccinated individuals would provide
similar comfort.

We conducted several sensitivity analyses on the assumptions
made during the main analysis. First, we assumed 95% IXCHIQ effi-
cacy, although this was not measured directly during the clinical
trial. Assuming 50% efficacy, there is still >0.95 probability of ben-
efit in all age groups and epidemiological scenarios comparing
SAEs to medically attended chikungunya (Extended Data Fig. 6a).
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uncertainty intervals derived from n=100,000 binomial samples. See Methods
for full details of assumptions.

Overall, ensuring net benefit against medically attended chikungunya,
regardless of age or epidemiological context, requires an efficacy
of >24% (Extended Data Fig. 6b). Net mortality benefitin those aged
65+ years requires efficacies of >16%, >22% and >88% in large out-
breaks, endemic settings and small outbreaks, respectively. In con-
trast, even a perfect vaccine does not provide net mortality benefit
for travellers. Second, there is not strict comparability between
vaccine SAEs and medically attended chikungunya cases. If 50% of
medically attended CHIKYV infections are equivalent in health bur-
den to SAEs (consistent with chronic sequelae in half of medically
attended cases”), the vaccine still provides a net benefit across all
age groups and epidemiological scenarios (Extended Data Fig. 7).
Alternatively, if fewer SAEs are ultimately linked to vaccination, the
absolute net benefit would be greater than estimated here. Finally,
if all three deaths observed in the 65+ year age group were linked
to vaccination, we would only estimate net reductions in DALYs in
large outbreaks and endemic settings, and with lower probabilities
of benefit (0.89 and 0.67, respectively; Extended Data Figs. 8 and 9).

Discussion

We have presented a generalizable pathogen- and vaccine-agnostic
framework to critically assess the risk-benefit trade-offs of vaccines
licensed through alternative pathways, where risks are incompletely
characterized due to the absence of large Phase Il safety and efficacy
RCTsorunderrepresentation of high-risk populations. This framework
allows us to characterize both the absolute risk-benefits (cases averted)
aswell asthe strength of the evidence (probability of benefit). We show
that both the underlying infection risk and subgroup risk of severe
outcomes are key to identifying settings where vaccine benefits reli-
ably outweigh the risks. We identify thresholds of vaccine-associated
SAEs that still resultin a net benefit for multiple endemic and epidemic
pathogens, showing how acceptable risk thresholds for measles and
SARS-CoV-2 vary over time with changing disease dynamics. These
findings highlight how vaccine policy can be guided by both pathogen
characteristics and evolving epidemiological context. For CHIKV, we
show that the benefits of IXCHIQ outweigh SAE risks across all age
groups and epidemiological scenarios when compared to medically
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attended or chronic chikungunya, consistent with the aim of CHIKV
vaccines to reduce long-term morbidity, especially arthralgia.

Conversely, the evidence for IXCHIQ’s benefit against mortality
depends on age and epidemiological context. We estimate that the
vaccine reduces the risk of deaths in the 18-64 year age group in all
epidemiological scenarios. However, the low IFR in this population
means there is currently insufficient evidence to conclude that the
mortality reduction outweighs the risks. It is only after observing no
deaths in over 100,000 vaccinated individuals that we can conclude
benefit against mortality. Inthis context of very low absolute risk in the
18-64 year age group, the clear net benefit of the vaccine in prevent-
ing severe disease and DALYs should guide decision-making. In older
individuals, where the absolute risk of mortality from both vaccine
andinfectionis higher, our findings suggest that, despite one vaccine-
linked death, IXCHIQ remains beneficial inlarge outbreaks and endemic
settings. Giventhe high attack rate estimated inthe recent LaRéunion
outbreak, vaccination remained beneficial in those aged 65+ years. If
allthree deaths among vaccinerecipients were vaccine-related, we still
estimate anetreductionin DALYs from vaccinationin large outbreaks
and endemicsettings, although the evidence for benefit is weaker. Criti-
cally, we did not account for comorbidities, which are strongly linked
to the incidence of SAEs and were part of the vaccination campaign
strategy developed by the authorities in La Réunion. Also, there have
been more SAEsin males thaninfemales. With detailed disease and SAE
data by comorbidity and sex, risk-benefit estimates could be refined
to more specific subpopulations.

Our findings show that using the existing understanding of the
age-specificrisks from CHIKVinfection, it would have been possible to
concludeatthe end of the Phase Ill trial (~3,000 vaccinated individuals)
that vaccine benefits against clinical disease outweighed SAE risks in
the 18-64 year age group across all epidemiological scenarios, and in
older age groups under higher attack rates. Accounting for age and
other factors associated with the risk of severe infection outcomes
during participant recruitmentin vaccine trials canimprove the ability
to generate an evidence base of a vaccine’s risks and benefits. In the
case of IXCHIQ, this would have involved recruiting more partici-
pants aged 65+ years, who comprised only 11% of trial participants,
despite being the population at greatest risk of severe CHIKV disease.
Specifically, assuming a rare SAE (1/1,000) and 95% efficacy, enroling
4,000 individuals aged 18-64 years and 1,000 aged 65+ years in the
vaccine arm would have demonstrated net benefit across all epide-
miological scenarios and age groups, when compared to medically
attended chikungunya.

The attack rate is a critical component in assessing a vaccine’s
net benefit. In a new outbreak, this means decision-making must be

supported by epidemic forecasting, anticipating the likely size of
the epidemic’®. Typically, a public health response assumes a high
attack rate to support aggressive vaccination; however, this may
cause vaccine-associated harm if transmission is unexpectedly low.
Conversely, a cautious approach to risk-benefit assessments, assum-
ing asmall outbreak, may underuse an effective vaccine if the outbreak
escalates. Estimating pre-existingimmunity through serosurveys and
evaluating the likely impact of other control measures (for example,
vector control for CHIKV) is therefore essential. As CHIKV outbreaks
become more frequent and vaccine-induced antibodies are broadly
neutralizing and expected to persist for years, vaccinated individuals
are likely to remain protected in future outbreaks®",

True efficacy estimates are unavailable for vaccines licensed
through accelerated pathways without RCTs with clinical endpoints.
Additionally, efficacy may be lower in older age groups or those
with comorbidities. Our model can be used to identify the minimum
vaccine efficacy necessary for the benefits of a vaccine to outweigh its
risks inspecific subgroups. Inthe case of IXCHIQ, we demonstrate that
25% vaccine efficacy would lead to a net benefit for medically attended
chikungunya across all scenarios. However, even with 100% vaccine
efficacy, travellers aged 65+ years do not show a net mortality benefit.
Thisisinline with the FDA’s decision to suspend IXCHIQ’s licence, based
on a risk-benefit analysis for travellers. Conversely, our finding that
IXCHIQis beneficial regardless of age in endemic settings over tenyears
andlarge outbreaksis also consistent with the EMAs’ recommendation
to useIXCHIQwhentherisk ofinfection is high. Risk-benefit analysesin
endemic settings, looking at shorter-termimpacts, may find less benefit.
These differencesinrecommendations highlight theimportance of clear
communication of post-marketing safety data, as well as transparent
risk-benefit analyses and the epidemiological context they relate to,
to maintain public trust and support evidence-based decision-making.

Theunderlying probability of CHIKV death has only recently been
quantified usingacombination of deathregistry dataand aseropreva-
lence study following a major outbreak in Paraguay*. Assuming an
attack rate of 25% for the current outbreak in La Réunion, consistent
with mathematical modelling estimates supporting the outbreak
response, we estimate ~225,000 infectionsin a population of 900,000.
Based onthe 40 deaths currently reported, this corresponds toanIFR
of 18 deaths per 100,000 infections"—consistent with the -13 deaths
per100,000 estimated in Paraguay*. Planned seroprevalence studiesin
LaRéunionwill help quantify the trueinfectionburdenin the territory,
supporting a comparison of IFRs in different populations, which we
have showniis vital for quantifying vaccine risks and benefits.

Our approachrelies on necessary simplifications and assumptions.
We did not account for indirect vaccine effects. Aninfection-blocking
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vaccine could confer herd immunity, benefiting unvaccinated indivi-
duals, including those ineligible, such as pregnant orimmunocompro-
mised people. Our estimates relied on IFRs from a single population
and outbreak, and we assumed that medically attended CHIKV disease
was approximately equivalentin disease burden to non-fatal vaccine-
associated SAEs. Both vaccine-associated SAEs and medically attended
CHIKV cases probably encompass substantial variability in symptom
severity and healthcare-seeking behaviour. Nonetheless, varying the
probability of severe disease from vaccination or infection consistently
showed substantial vaccine benefit across age groupsin high-transmis-
sion settings. We assume that the morbidity and mortality associated
with vaccination are equivalent to those resulting from infection.
However, vaccine-related risks are often perceived as less acceptable,
and such perceptions caninfluence behaviour as strongly as empirical
evidence®. Addressing vaccine hesitancy requires clear communica-
tion of vaccine benefits, alongside transparent acknowledgement of
uncertainties and arecognition of contexts or subpopulations in which
individual risks may outweigh potential benefits. We did not consider
severe CHIKV infection outcomes such as encephalitis, apoorly under-
stood disease manifestation, especially in younger age groups®**.
Protection from encephalitis, arthralgia and other chronic sequelae
willbe afurther benefit from the vaccine not considered here, including
economic impacts. Finally, we assume that a traveller is exposed to a
highincidence outbreak for ten days; however, anindividual’s risk will
depend strongly on their activities and use of protective measures.

Accelerated pathways are an increasingly important avenue
for licensing vaccines where it is not feasible or practical to conduct
randomized placebo-controlled Phase Ill safety and efficacy trials.
In addition, it is faster, cost-effective and logistically/operationally
preferable to do an immunogenicity study when possible, including
for many non-epidemic pathogens, such as pneumococcal vaccines™.
There must exist high confidence in vaccines approved through these
mechanisms. We have shown that even when the safety of a vaccine is
not fully characterized duringlicensure, we canidentify upper bounds
of acceptable vaccine risk, quantify the strength of the evidence that
the benefits of a candidate vaccine outweigh the risks, and identify
specific epidemiological scenarios and subpopulations that benefit
from vaccination.

Methods

Our analysis employs a risk-benefit framework to evaluate vaccine
safety by comparing the expected harm prevented through vaccination
against the potential harm caused by vaccine-associated SAEs. We first
establish a simple model that calculates the number of severe out-
comes expected in vaccinated versus unvaccinated populations under
different epidemic scenarios, accounting for vaccine efficacy and
baseline disease risk. Fromthis, we derive a safety threshold—the maxi-
mum acceptable vaccine risk that still provides net benefit. We then
implement this framework probabilistically using Bayesian inference
toincorporate uncertainty in both disease and vaccinerisk estimates,
allowingusto calculate the probability that vaccination provides anet
benefit for different risk groups and outcomes.

Quantifying the risks and benefits of vaccines

Tounderstand therisks and benefits of avaccine, we first estimate the
risk of severe outcomes for vaccinated and unvaccinated individuals,
given the underlyingrisk of infection, the risk of severe outcomes fol-
lowing infection, vaccine efficacy and the risk of vaccine-associated
SAEs. We assume that the probability of severe outcomes following
infection and vaccine-associated SAEs vary by risk group (for example,
age). We characterize the underlying risk of infection through four
scenarios: a small outbreak (5% attack rate), a large outbreak (30%
attack rate), endemic transmission over ten years (2.4% annual infec-
tion risk®) and short-term exposure (ten days) of a traveller during a
large outbreak.

The number of severe outcomes (S) by vaccination status (v = vac-
cination, nv = no vaccination) by risk group a is calculated as

Sany =g XA X N )

Say =@ x4 x A1 =v)+6,)xN 2)

whereiisthe epidemiological scenarioindex, A;is the attack rate for sce-
narioi, a,is the age-specific probability of severe outcome given infec-
tion, &, is the age-specific probability of vaccine-linked SAEs, v is the
vaccine efficacy against severe outcome, and Nis the population size.

The number of severe outcomes averted by vaccinationis therefore

Severe outcomes averted, = S, ny — Sa.v 3)

Vaccine safety threshold

We evaluate avaccine’s safety by comparing the observed risk of SAEs
after vaccination to the expected background risk of severe outcomes
giveninfection without vaccination. Using the same notation as above,
to conclude vaccine benefit, werequire that the total risk with vaccina-
tion does not exceed the risk without vaccination:

A XA =V)+ 6, < ag X A; 4)

Rearranging, we obtain the maximum acceptable vaccine risk
probability &,,,,:

Omax < Ag X A; XV (5)

For vaccination to provide net benefit, we require 6, < 8,

Probabilistic framework that benefits outweigh risks
Toaccountfor uncertainty in the infection and vaccine risk estimates,
we adopt a Bayesian approach that treats both infection and vaccine
risks as random variables. Specifically, we calculate the probability
that the vaccine benefit threshold (6,,,., = a, x A; x v) exceedstheactual
vaccine risk (6,).

Foreach adverse outcome (vaccine or infection) we use conjugate
Bayesianinference. We assume non-informative uniform priors for the
risks of severe outcomes given infection and vaccination:

a, ~ Beta(l, 1) (6)

6, ~ Beta(1, 1) (7

We assume that the number of adverse outcomes x in n total
exposures (doses or infection) follows a binomial distribution:

Pexlp) = 2p - p)'™ (8)

where p =a,whenxcorrespondsto adverse outcomes giveninfection,
and p = §,whenx corresponds to vaccine-linked SAEs.

The posterior distribution of adverse infection or vaccine-linked
outcomes therefore follow a beta distribution:

P(plx, n) ~Beta(x+1,n—x+1) 9)

Drawing 100,000 samples from the posterior distributions of
both a, (adverse infection outcomes) and §, (vaccine-linked SAEs),
we calculate the probability of vaccine benefit as the proportion of
samples where §, < 6,,,.. This represents the probability that vaccina-
tion provides net benefit given the observed data.

Power to detect at least one death from vaccination

Finally, we extended the safety threshold &,,,,, = @, X A; X vto determine
the minimum sample size required to conclude that the benefits of
avaccine in preventing death outweigh the risks, when no vaccine-
associated deaths have been observed. Specifically, we calculate the
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sample size required to detect at least one vaccine-associated death
with 80% power, assuming a one-sided exact binomial test and that the
true vaccineriskis equal to the safety threshold 6,,,,,:

Power(n, 8payx) =1 — P(x = 0|1, Smay) (10)

where x ~ Binomial(n, 8pay)-

Application to the IXCHIQ vaccine

Next, we apply the framework described above to evaluate the IXCHIQ
vaccine, analysing two distinct severe outcomes: medically attended
CHIKYV cases and death. For each outcome, we estimate separate risk
parameters for infection and vaccination by age group (18-64 and
65+ years).

Data

IXCHIQ vaccine benefits are defined as the prevention of medically
attended CHIKYV cases (that is, severe cases requiring hospitalization
or medical care) or deaths following infection. Estimates of the pro-
portion of infections leading to medically attended cases and deaths
were based on data from a large chikungunya outbreak in Paraguay
(2022-2023), where a post-outbreak seroprevalence study was con-
ducted (298 deaths, 142,412 medically attended cases and 2.3 million
infections)*. The limited prior circulation of chikungunya allowed for
amore accurate estimation of the IFR, as post-outbreak seropreva-
lence more closely reflected recentinfections rather than background
immunity. Medically attended cases were defined using national sur-
veillance data and included symptomatic individuals who sought
care and met the clinical case definition (sudden onset of fever and
arthralgia or disabling arthritis not explained by another condition)*.
In the 18-64 year age group, there were 65 deaths, 80,342 cases and
1,272,530 infections. Inthe 65+ year age group, there were 178 deaths,
18,747 cases and 144,113 infections.

IXCHIQ vaccine risk outcomes include SAEs (both non-fatal and
fatal). To compare vaccine risks and benefits, we assume that medi-
cally attended CHIKYV cases are equivalent to a non-fatal SAE, but vary
this in a sensitivity analysis. We calculated the proportion of vaccine-
associated SAEs stratified by age group (18-64 and 65+ years) from
dataonthe number of vaccine doses administered and the number of
vaccine-associated SAEs" (Valneva communication). Inthe 18-64 year
age group, there were seven non-fatal SAEs and zero fatal SAEs out of
32,949 vaccinated individuals. Inthe 65+ year age group, there were 22
non-fatal SAEs and one fatal SAE out of 18,445 vaccinated individuals.

Statistical analysis

We estimated the risks and benefits of the IXCHIQ vaccine by calculat-
ing the net number of severe outcomes averted using equation (3).
Toincorporate uncertainty in the observed data, we sampled 100,000
times from binomial distributions representing the number of
observed events (medically attended cases and deaths giveninfection,
and fatal and non-fatal SAEs) given the total exposures (infections or
vaccine doses). From these samples, we estimated the distribution of
outcomes averted for each age group and epidemic scenario.

We also evaluated the risks and benefits of IXCHIQ using DALYs,
which represent the total number of healthy years lost due to illness,
disability and premature death. DALYs are defined as the sum of years
of life lost (YLLs) and years lived with disability (YLDs). YLLs were cal-
culated using the average life expectancy of individualsin La Réunion
and the probability of death associated with infection or vaccination
described above. To calculate YLDs, we assumed that 50% of infec-
tions are symptomatic®. Among symptomatic infections, 13% (ages
18-64 years) and 26% (ages 65+ years) require medical attention*, while
the remaining 87% and 74%, respectively, are mild cases. We assumed
that 50% of medically attended chikungunya cases develop chronic
arthralgia®. Mild and medically attended acute cases were assumed

to last seven days, with disability weights of 0.006 and 0.133, respec-
tively®*. Chronic chikungunya was assumed to last six months with a
disability weight of 0.233 (refs. 25,26). As above, we assumed that SAEs
are equivalent to medically attended chikungunya, with a duration of
seven days and a disability weight of 0.133.

Additionally, we estimated the probability that vaccination pro-
vides net benefit for each outcome and age group separately. Using the
posterior sampling approach (equations (6)-(9)), we drew 100,000
samples from the Beta distributions of infection risks (a, for deaths and
cases) and vaccine risks (6, for SAEs), then calculated the proportion
ofsampleswhere §, < §,,,,, for each combination of outcome (deaths or
medically attended cases) and age group (18-64 or 65+ years).

We initially assumed a fixed vaccine efficacy of 95% for all age
groups®. We included sensitivity analyses where we assumed vaccine
efficacies ranging from 0 to 100%, attack rates of 0-50%, more or no
vaccine-associated deaths, and that SAEs are instead comparable to
chronic chikungunya cases”.

Allanalysis was conducted in R version 4.4.3 (28 February 2025).

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

Data availability
Alldataareavailableathttps://github.com/bncl9/vaccine_risk_benefits.
Data on IXCHIQ SAEs and doses administered are from personal com-
munications with Valneva.

Code availability
Codeisavailable at https://github.com/bncl9/vaccine_risk_benefits.
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different probabilities of severe outcomes following infection, probabilities of event.
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Extended Data Fig. 3 | Risk of disease and death associated with chikungunya
infection or IXCHIQ vaccination, stratified by age group. (a) Chikungunya
vaccine doses administered as of August 2025 by location. (b) Number of
reported vaccine-associated SAEs and deaths. (c) Mean (bars) and 95% exact

binomial confidence intervals (error bars) for the probability of medically
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horizontal line indicates the threshold of zero net benefit. Negative values samples. SAE: serious adverse event.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Impact of vaccine efficacy on IXCHIQ risks and benefits.

(a) Probability that the IXCHIQ vaccine benefits outweigh the risks of vaccine
SAEs and vaccine deaths by age group and epidemiological scenario, assuming a
vaccine efficacy of 50%. Open diamonds show the evidence available at the end
ofthe trial and solid circles show all evidence currently available. Vertical dashed
line denotes 95% probability (n =100,000 posterior samples).

(b) Impact of changes in vaccine efficacy on cases averted by IXCHIQ vaccination.

Number of medically attended chikungunya cases / SAEs or deaths averted
per10,000 vaccinated in each age group (colors) by epidemiological scenario
(columns). The dashed horizontal line indicates the threshold of zero net benefit.
Negative values (shaded region) indicate net harm. Solid line represents mean
estimates and shaded region represent 95% uncertainty intervals derived from
n=100,000 binomial samples. Dashed vertical line indicates baseline efficacy of
95%. SAE: serious adverse event.
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Extended Data Table 1| Disease parameters for risk thresholds for concluding vaccine benefits

Severe outcome following Age Probability of severe outcome Attack
Disease infection group following infection rate
18-64 0.063¢ 30%
Chikungunya Medically attended disease |65+ 0.13¢ 30%
Ebola Death All 0.60= 7%=
25-44 0.008= 6%z
COVID-19 (2020) Hospitalisation 75+ 0.312 6%z
25-44 0.002x 40%=
COVID-19 (2022) Hospitalisation 75+ 0.052 40%z=
Measles (pre-
vaccination) Hospitalisation All 0.20= 90%
Measles (now) Hospitalisation All 0.20= 0.2%
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Population characteristics The population included adults aged 18+ vaccinated with IXCHIQ. Our analysis investigated differences in vaccine risks and
benefits stratified by age group (18-64 and 65+)

Recruitment No patients were recruited specifically for this study.

Ethics oversight No ethical oversight was required for this mathematical modelling study. All data were publicly available.
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Clinical trial registration  This was not a clinical trial.

Study protocol

Data collection

Outcomes

Plants

This was not a clinical trial and so had no study protocol.

Estimates of the proportion of chikungunya infections leading to medically attended cases and deaths are available from: https://
www.nature.com/articles/s41591-025-03684-wi#publish-with-us Data on IXCHIQ doses and SAEs are available from: https://
ansm.sante.fr/actualites/lansm-accompagne-la-campagne-vaccinale-contre-le-chikungunya-vaccin-ixchiqg; https://
www.thelancet.com/journals/lancet/article/PIIS0140-6736(23)00641-4/fulltext; and Valneva communications.

We defined vaccine benefits are defined as the prevention of medically attended CHIKV cases (i.e. severe cases requiring
hospitalisation or medical care) or deaths following infection. We defined vaccine risk outcomes as Serious Adverse Events (non-fatal
or fatal).

Seed stocks

Novel plant genotypes

Authentication

NA

NA

NA

>
Q
Y
(e
D
1®)
O
=
o
S
_
(D
1®)
o
=
5
(@]
wn
[
=
3
Q
<




	A framework for risk–benefit analysis of vaccines approved through accelerated pathways

	Results

	Quantifying the risks and benefit of vaccines

	IXCHIQ vaccine as a case study


	Discussion

	Methods

	Quantifying the risks and benefits of vaccines

	Vaccine safety threshold

	Probabilistic framework that benefits outweigh risks

	Power to detect at least one death from vaccination

	Application to the IXCHIQ vaccine

	Data

	Statistical analysis

	Reporting Summary


	Acknowledgements

	Fig. 1 Impact of changes in the risk of vaccine SAEs or severe outcomes following infection on the number of cases averted across different epidemiological scenarios (rows), assuming 50% or 95% vaccine efficacy (columns).
	Fig. 2 Risk thresholds for concluding vaccine benefits across diseases.
	Fig. 3 Risks and benefits of IXCHIQ vaccination assuming 95% vaccine efficacy.
	Fig. 4 Probability that the IXCHIQ vaccine benefits outweigh the risks of vaccine SAEs and deaths by age group and epidemiological scenario, assuming a vaccine efficacy of 95%.
	Extended Data Fig. 1 Factors affecting the risks and benefits of vaccination.
	Extended Data Fig. 2 Evidence that benefits from vaccination outweigh risks.
	Extended Data Fig. 3 Risk of disease and death associated with chikungunya infection or IXCHIQ vaccination, stratified by age group.
	Extended Data Fig. 4 Impact of changes in the attack rate on cases averted by IXCHIQ vaccination.
	Extended Data Fig. 5 Power to detect at least one death from vaccination.
	Extended Data Fig. 6 Impact of vaccine efficacy on IXCHIQ risks and benefits.
	Extended Data Fig. 7 Probability that the IXCHIQ vaccine benefits outweigh the risks of vaccine SAEs by age group and epidemiological scenario, assuming that 50% of medically attended CHIKV infections are equivalent in health burden to SAEs.
	Extended Data Fig. 8 Probability that the IXCHIQ vaccine benefits outweigh the risks of vaccine deaths by epidemiological scenario, using all the evidence currently available and assuming zero, one or three vaccine-linked deaths in the 65+ age group.
	Extended Data Fig. 9 DALYs averted per 10,000 individuals vaccinated with IXCHIQ by age group and epidemiological scenario, assuming three vaccine-linked deaths in the 65+ age group.
	Extended Data Table 1 Disease parameters for risk thresholds for concluding vaccine benefits.




