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Abstract

Dengue virus, with all four serotypes in cocirculation, has created significant epidemiological
and economic burdens in Singapore. Despite integrated vector control programs, the magnitude
and frequency of dengue outbreaks has increased over the last few decades, which highlights the
limits of existing strategies. In this context, vaccination has emerged as a promising approach to
enhance population immunity and complement ongoing efforts. Qdenga (TAK-003), a
commercially available dengue vaccine, has been recommended by the the World Health
Organization Strategic Advisory Group of Experts (WHO-SAGE) for use in high-transmission
settings. Although classified as a low transmission setting, Singapore faces a recurring public
health burden from dengue, with high costs associated with both healthcare and sustained vector
control. The age distribution of dengue in Singapore differs from high transmission settings, with
more cases in young adults and hospitalizations concentrated among older individuals. These
factors, combined with the complex efficacy profile of Qdenga, varying by baseline serostatus,
infecting serotype, make it challenging to directly apply global vaccination recommendations to
Singapore. Therefore, the population-level impact of introducing dengue vaccination remains
uncertain, underscoring the need for context-specific evaluation.

To estimate the potential public health impact of introducing routine dengue vaccination in
Singapore, we develop an age-stratified, multi-serotype, compartmental transmission model
informed by age-specific dengue seroprevalence and routine surveillance data. Our model
predicts that vaccination can avert up to on average 9%, 12%, 7%, and 5% cases in DENV-1-4
dominant serotype scenarios respectively, over a 10-year routine vaccination program with 80%
vaccine coverage. Moreover, dengue hospitalizations can be reduced by 12%—15% across all

dominant serotype scenarios. Our results suggest that, in Singapore, targeting older age groups
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will be more beneficial than the 6—16-year window recommended by the WHO-SAGE for high-
transmission settings. Vaccinating individuals aged 17-30 years achieves the greatest reduction
in cases, whereas targeting those aged 51-70 years leads to the highest reduction in
hospitalizations.

Our model-based analysis provides useful insights to support policymakers and public health
authorities in designing evidence-based, dengue vaccination strategies in Singapore. The findings
also underscore the importance of tailoring dengue vaccination programs to local

epidemiological conditions for effective disease control.

Keywords: Dengue; Vaccination; Policy; Qdenga; Singapore; Transmission modelling

Authors summary

Singapore is experiencing more frequent dengue outbreaks, which impose a substantial burden
through treatment costs and sustained vector control programs. Vaccination is a key public health
measure that can help ease this burden by complementing existing control efforts. In clinical
trials, Qdenga (TAK-003) demonstrated consistent protections against DENV-1 and DENV-2
among vaccine recipients irrespective of their baseline serostatus, but uncertainty remains for
DENV-3 and DENV-4. Although WHO-SAGE recommended its use among children aged 616
years in high dengue transmission setting, uncertainty arises when extrapolating these
recommendations to low transmission settings like Singapore. Moreover, unlike high
transmission settings, Singapore currently shows a different age pattern of dengue burden, with
higher incidence in young adults and more severe outcomes among older individuals, highlighting
the need to contextualize these global recommendations using country-specific data and modelling

approaches.
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To address this, we developed a detailed modelling framework that integrates local
epidemiological characteristics and operational aspects of vaccine implementation and evaluated
the potential impact of introducing a routine vaccination program in Singapore. We show that, with
80% coverage, vaccination can avert up to 12% of reported cases and 15% of hospitalizations over
a 10-year period, with impact varying mainly by circulating serotype and target age group. Our
findings suggest that in low-transmission settings like Singapore, vaccinating adults will achieve
a greater public health impact than targeting children, as currently recommended for high-
transmission settings by WHO-SAGE. These findings provide timely evidence to support national
policy discussions on dengue vaccination in Singapore and other low-transmission settings, where

adult disease burden is substantial.

Introduction

Dengue fever, a mosquito-borne viral infection caused by the dengue virus, poses a significant
global health burden. Recent studies estimated more than 60 million symptomatic dengue
infections occurs annually, with over half the global population at risk, predominantly in tropical
and subtropical regions (1,2). Globally, the burden of dengue has increased exponentially over the
past few decades due to urbanization, globalization, and climate change, which enhances mosquito
breeding conditions. The epidemiology of dengue is complex, driven by four virus serotypes
(DENV-1-4), each contributing to varying degrees of disease severity and immunity. The primary
infection caused by any of the four serotypes typically causes no or mild disease and provides
long-term homologous protection and temporary heterologous protection to the infected

individuals (3). On the other hand, secondary dengue infection is thought to be responsible for
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90 increased risk of severe disease due to antibody-dependent enhancement (ADE) (4). The
91  subsequent third and fourth dengue infections are rarely observed to have severe outcomes (5).
92  The dengue transmission intensity in Singapore is quite low compared to other Southeast Asian
93  countries, mainly due to its successful integrated vector control and robust disease surveillance
94  programs (6-9). Despite such control efforts, Singapore has experienced frequent and larger
95  outbreaks in recent decades. Although the exact drivers behind these outbreaks remain uncertain,
96 they may be attributed to factors such as low-population immunity due to successful control. In
97  addition to the public health burden, dengue imposes significant economic burden due to
98  exceptionally high treatment expenses and productivity losses from work absenteeism in
99  Singapore (9,10). The ongoing transmission highlights the limitation of existing vector control
100 programs and therefore dengue vaccine emerges as a promising tool that could complement the
101  ongoing dengue control, efforts, including Wolbachia, by boosting population immunity in
102  Singapore.
103  The development of dengue vaccines has been an active area of research, with two vaccines: CYD-
104 TDV (Dengvaxia) and TAK-003 (Qdenga) are commercially available. Another vaccine candidate,
105  TV-003, has completed Phase I1I clinical trials but has not yet been recommended for use (11), and
106  anew trial has recently been initiated in Asia. The first licensed vaccine, Dengvaxia, developed by
107  Sanofi Pasteur, was approved in several dengue-endemic countries, including Singapore.
108  However, due to its safety and efficacy being limited to individuals with prior dengue exposure,
109  pre-vaccination screening was required. These constraints, along with safety concerns, led to low
110  vaccine uptake, and Sanofi has announced plans to discontinue its production. On the other hand,
111 the next commercially available vaccine Qdenga, developed by Takeda, has been recommended

112 by WHO-SAGE for use among individuals aged 6—16 years in high dengue transmission settings,
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113 following a two-dose schedule administered three months apart, without the need for pre-
114  vaccination screening (12,13) . Qdenga has been licensed in several dengue-endemic countries,
115  including Brazil, Indonesia, and Thailand, but has not yet been licensed for use in Singapore.

116  Clinical trial data from dengue endemic regions of Latin America and Asia have shown that the
117  efficacy of Qdenga varies significantly with respect to baseline serostatus of the vaccinated
118  population and infecting dengue serotypes (14—18). The long-term efficacy data (approximately
119 57 months after the first dose of vaccine) showed a higher level of protection against virologically
120  confirmed dengue (VCD) with DENV-1 and 2, among both seropositive and seronegative
121 individuals. The vaccine provided better protection to seropositive individuals, although the
122  protection was incomplete, and no significant protection was observed in seronegative individuals
123  against VCD caused by DENV-3 and DENV-4. The vaccine is well protective of seropositive
124  individuals against hospitalization due to DENV-1, 2, and 3. While it protected seronegative
125  individuals from getting hospitalized due to DENV-1, it failed to protect them from DENV-3. It is
126  not possible to estimate the efficacy against hospitalization due to DENV-4 in both seropositive
127  and seronegative individuals, and due to DENV-2 in seronegative individuals, as there were
128 insufficient hospitalization events for these groups in the clinical trials (18).

129 It is important to note that all clinical trials of Qdenga have been conducted in high dengue
130 transmission settings, and current WHO-SAGE recommendations are tailored to such contexts. In
131  contrast, Singapore has a unique dengue epidemiology characterized by relatively low
132  transmission intensity, and the co-circulation of all four serotypes with periodic shifts in
133 dominance. Given these distinct features and the variability and uncertainty in vaccine efficacy
134  across serotypes and prior exposure, it remains unclear what the overall population-level impact

135  of vaccination would be in Singapore. Furthermore, it is uncertain whether the current WHO-
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136  SAGE recommendations, particularly regarding the target age group, would be appropriate in this
137  low-transmission setting.

138 In this study, we develop an age-stratified, multi-serotype compartmental transmission model to
139 evaluate the potential impact of dengue vaccination strategies in Singapore. The model
140  incorporates local transmission dynamics, population immunity, and serotype- and serostatus-
141  specific efficacy data for Qdenga, based on clinical trial findings. With our modelling framework,
142  we project the population level impact in terms of cases and hospitalization averted due to the
143  introduction of a 10-year routine vaccination program in Singapore across different dominant
144  serotype scenarios and assesses the effectiveness of various age-targeting strategies.

145

146 Methods

147 Transmission model

148  We developed a deterministic, four-serotype, age-stratified compartmental transmission model
149  that includes both the human and adult mosquito population explicitly (see Eq. S1-S6 and Table
150  S1). Humans are assumed to be born susceptible and can get primary infection from one of the
151  four dengue serotypes: DENV-1-4. Upon recovery from primary infection, they acquire

152  permanent protection against homologous infection and transient cross-protection against

153  heterologous infection. Once the cross-protection stage is over, individuals become susceptible
154  to secondary infection by all the serotypes other than their primary infection causing serotype.
155  Based on the rarity of third and fourth infections (5), we make the assumption that individuals
156  acquire complete protection from dengue infection after secondary infection (19,20). To account
157  for ADE, we model secondary infections as being more likely to result in symptomatic cases and

158  hospitalizations compared to primary infections. We assume that the fraction of dengue
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159 infections to be reported as cases (i.e., reporting rate) and the fraction of cases required

160  hospitalization (i.e., hospitalization rate) depend on both age and individual’s pre-exposure

161  history (i.e., whether it is a primary or secondary infection). We estimated the reporting rate from
162  the age-stratified annual dengue incidence of cases per 100000 population in Singapore. The

163  hospitalization rates were calculated from the data published in a previous study (21).

164  We also consider the mosquito population explicitly in the model and it is assumed to be
165  constant over time. Mosquitoes become infected upon feeding on humans infected by a specific
166  serotype and subsequently infect susceptible humans. Due to their short life span they remain

167 infected for the rest of their life.

168  To model vaccine rollout program, we consider that the vaccination is introduced among all the
169 individuals except those who are currently infected, within a targeted age group with a given
170  vaccine coverage. Disease progression among vaccinated individuals will follow the similar
171  transitions as in unvaccinated individuals, but with modified rate of symptomatic disease and
172 hospitalization based on the available vaccine efficacy data of Qdenga. Since vaccine efficacy
173  estimates from vaccine trials showed variability mainly with respect to infecting serotypes and
174  baseline serostatus of vaccinated individuals (see Fig S1), we stratify efficacy by these two

175  factors. Although the vaccine trials were conducted in individuals aged 416 years, we assume
176  similar efficacy for older age groups, based on findings from an immunobridging study

177  demonstrating comparable immunogenicity in adults (22).

178

179  Model parametrization
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180  We consider only Singaporean citizen and permanent resident (PR) in our modelling study as the
181  age-stratified sero-survey and surveillance data are reported only for these groups. We divide the
182  human population into 91 age groups: 0 to 89 years with 1 year age bracket and 90 years &

183  above. The historical data for age distribution among population, birth and death rate in

184  Singapore are taken from Singapore Department of Statistics (23) and the projection of

185  demographic trends are taken from World Population Prospects (WPP)(24).

186  We used a sero-catalytic model on the age-specific seroprevalence data from the sero-survey
187  conducted in 2013 in Singapore (25) to estimate the dengue pre-exposure history, i.e., proportion
188  of individuals who had exactly one infection, at least one infection, and two or more infections in
189  each age group (see Fig S2). We further stratified the exposure history according to serotype

190 based on serotype distribution of historical reported dengue cases data (26) as well as serology
191  data (27). We considered Singapore population experienced the highest exposure against DENV-
192 2, followed by DENV-1, 3, and 4. These estimates have been translated as initial conditions of
193  the dengue transmission model. The mean annual force of infection estimated using the catalytic
194  model was 0.01, which aligns with the previous study (25). We set the serotype specific infected
195  mosquito to human transmission parameters (8., i = 1,2, ...,4) in such a way that the model

196  generates the above-mentioned mean annual force of infection (see Table S2 for parameter

197  values).

198  For the hospitalization rate, we used data published in (21), which reported the proportion of
199  dengue cases hospitalized in different age groups during 2003 to 2017 in Singapore. During 2003
200 to 2006 the hospitalization rates were reported to be exceptionally high due to less strict

201  admission criteria of dengue patients in Singapore. We therefore consider the data reported

202  during 2007 to 2017 and calculated average age-specific hospitalization rate (see Table S5). We
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203  further assume that the rate at which secondary cases are hospitalized (¢5) is four times higher

204  than that of primary cases (28,29) (¢1), i.e., &5 = 4éta=1,2,...,7.

205  We use vaccine efficacy estimates from the trial (18). Where they were not estimable due to
206 insufficient hospitalization events among vaccine groups for DENV-4 in both seropositive and
207  seronegative individuals, and for DENV-2 in seronegative individuals, we assume that efficacy

208  estimates against hospitalization are same as those against VCD for that group (see Table S3).

209 Model fitting

210  We fit the model to the data on age-stratified annual incidence of dengue cases per 100,000

211 population (Singaporean citizen and PR) during 2014 to 2020, collected from the reports on

212  communicable disease surveillance published by Ministry of Health (MOH), Singapore (30). The
213  data were reported for the following eight age groups: 0—4, 5-14, 15-24, 25-34, 35-44, 45-54,
214 55-64, and 65+ years. We used a Bayesian framework implanted using “odin.dust” and

215  “mecstate” libraries (31) in R for model fitting and estimated eight age-specific fractions of

216  secondary infections reported to as cases (p5 for a = 1,2, ...,8). We assume that these reporting
217  rates of secondary infections are two times higher than the reporting rates of primary infections
218 (pf fora =1,2,..,8)ie., p5 =2pf fora =1,2,...,8 (28). We used Poisson likelihood and
219  chose uniform priors (U[0,1]) for all the estimated parameters. The model fitting is presented in
220  Fig S3. The estimated parameters values are presented in Table S4 and the trace plot of the

221  MCMC chain is presented in Fig S4.

222  Scenarios
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223  We consider four different scenarios based on the dominant dengue serotypes during vaccine
224 rollout. These scenarios are created by importing small number of serotype-specific infections
225  over time so that the cumulative number of infections due to this specific serotype during the
226  vaccine rollout results in highest contribution compared to the remaining serotypes (see Fig S5,
227  for the underlying serotype distribution in each of the scenarios). In each of the scenarios, we
228  target seven different targeted age-groups for vaccination: 6-16 (WHO-SAGE recommended age
229  group for vaccination with Qdenga in high dengue endemic regions), 17-30, 31-40, 41-50, 51—
230 60, 61-70, and 71-80 years. We also consider three levels of vaccine coverage: low (20%),

231  medium (50%), and high (80%), for these age groups.

232  To assess the differential benefits of vaccination based on baseline serostatus, we also estimated
233  the impact separately among seropositive and seronegative individuals under each serotype-

234  dominant scenario and targeted age group.

235  Although WHO does not currently recommend pre-vaccination screening for Qdenga, we
236  consider a screening scenario in which vaccination is preceded by a serological test with 90%
237  sensitivity and specificity. We then compare the population- and individual-level impact of this

238  strategy against the standard Qdenga vaccination program without pre-screening.

239  Since clinical trial data for Qdenga does not provide conclusive evidence on its efficacy against
240  dengue virus infection, we assumed no protection against infection in the main analysis. To

241  explore an alternative scenario, we also evaluated the vaccination impact assuming Qdenga
242  provides protection against infection similar to that of Dengvaxia. We used efficacy estimates
243  reported for Dengvaxia, with 9:3% (95% CI: —35-9-38-8) for seronegative individuals and

244 48-1% (95% CI: 35-2-58-5) for seropositive individuals, against any serotype (32).
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245  Evaluation of vaccine impact

246  We quantify the population-level impact of vaccination as the percentage reduction in annual
247  dengue cases and hospitalizations across the entire population over a 10-year vaccination
248  program. For subgroup-specific analyses, such as those among seropositive individuals,

249  seronegative individuals, among vaccinated individuals and specific age groups, we used the

250 same metric, calculated within each respective cohort.

251  To evaluate the impact of vaccine, for each model run we randomly draw 100 samples from the
252  posterior distribution of the estimated age-specific reporting rates and vaccine efficacy (VE)
253  estimates from skew normal distribution (with shape parameter 1) using the point estimates and
254  confidence intervals reported in the clinical trials (18), and calculate the mean and 95% range of
255  simulations, of the relevant quantities. All the remaining parameters, including the serotype

256  specific disease transmission rates, are kept fixed as presented in Table S2.

257  Sensitivity analysis

258  We performed sensitivity analyses by relaxing the baseline assumption (Assumption 1) that

259  reporting rates and hospitalization rates depend both on age and pre-exposure history.

260  Specifically, we considered two alternative assumptions: (i) both reporting rates and

261  hospitalization rates are age-specific but independent of pre-exposure history (Assumption 2)
262  and (ii) reporting rates remain dependent on pre-exposure history as in the baseline model, while

263  hospitalization rates are independent of pre-exposure history (Assumption 3).

264  Additionally, we explore an alternative vaccination scenario targeting broader age cohorts, which

265  may be more practical to implement and allows vaccination of a larger number of individuals.
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266  For this analysis, we consider the targeted age groups as 6—16, 17-30, 31-60, 30+, 40+, 50+, and

267 60+ years.

268

269  Results

270  Population-level impact of vaccination on reported dengue cases and hospitalization

271  In DENV-1-4 dominant scenarios, we find that an 80%-coverage routine Qdenga program can

272 avert up to 9% (95% range: 8%—11%), 12% (95% range: 11%—12%), 7% (95% range: 5%—-9%),
273  and 5% (95% range: —0.5%—10%) of reported dengue cases respectively (Fig 1(a)—(d)). Because
274  we assume no vaccine efficacy against infection (and hence no indirect effects), the impact both

275  on cases and hospitalizations scales linearly with coverage (Fig 1).

276  The targeted age group for vaccination plays a key role in determining the population-level

277  impact on dengue cases, with the optimal age group differing across serotype-dominant scenarios
278  (see Fig 1(a)—(d)). In the scenarios, where DENV-1 and DENV-2 are dominant, targeting those
279  who are in the age group 17-30 years for vaccination, may result in maximum population-level
280 impact in terms of incidence of cases averted. However, in DENV-3 and 4 dominant scenarios,

281  the mean estimates indicate a higher impact when older age groups are targeted for vaccination.
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283  Fig 1: Population impact of vaccination on dengue cases and hospitalizations. Percentage of
284  reported dengue cases averted by targeted age groups under (a) DENV-1, (b) DENV-2, (¢)

285 DENV-3, and (d) DENV-4 dominant scenarios, and percentage of hospitalizations due to dengue
286 averted by targeted age groups under (¢) DENV-1, (f) DENV-2, (g) DENV-3, and (h) DENV-4
287  dominant scenarios, for three different vaccine coverage levels, over a 10-year routine

288  vaccination program with Qdenga. Solid dots represent the mean model projections, and error

289  bars indicate the corresponding 95% range of simulations.

290

291  Vaccination may avert on average 12%—15% of hospitalizations at 80% coverage across all

292  dominant serotype scenarios (Fig 1 (e)—(h)). Like cases averted, the impact of vaccination on

293  hospitalization depends on targeted age-groups but the optimal age group remains consistent

294  throughout all four scenarios, estimating that targeting older age groups (i.e. 51-60 years and 61—
295 70 years) for vaccination can avert maximum dengue hospitalizations (Fig 1 (e)—(h)). By

296  contrast, following the WHO-SAGE recommended strategy of vaccinating children aged 616
297  years at 80% coverage would avert around 6% of reported cases and 5% of hospitalizations

298  across all four serotype-dominant scenarios (Fig 1).

299

300 To assess the robustness of our findings, we evaluated the impact of relaxing the baseline

301  assumptions regarding the dependence of reporting rates and hospitalization rates on pre-

302  exposure history. While the overall qualitative patterns of vaccine impact across serotype-

303  dominant scenarios and age groups remained consistent, the predicted vaccine impacts under
304 DENV-3 and 4 dominant scenarios were generally lower and accompanied by greater uncertainty

305  when the exposure dependence of reporting and/or hospitalization rates was relaxed (i.e.,
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306  Assumption 2 and Assumption 3) compared to the baseline assumption (Assumption 1) (see Fig

307 Sé6and Fig S7).

308  We examined the impact of vaccination both within targeted age groups and in adjacent age
309  groups that individuals aged into over time. Under DENV-1 and DENV-2 dominant scenarios,
310 the impact on both cases and hospitalizations remained stable across targeted age groups.

311 However, under DENV-3 and DENV-4 dominant scenarios, the impact increased monotonically
312  with older targeted age groups. Across all four serotype-dominant scenarios, we observed an
313  overall increasing trend in impact as older age groups were vaccinated, although this increase

314  was not strictly monotonic (see Fig S8 and S9).

315  When broader age groups were considered, targeting individuals aged 30 years and above, the
316  age group with the highest number of cumulative vaccinees over a 10-year routine program (see
317  Fig S12), consistently yielded the maximum reductions in both dengue cases and hospitalizations

318  across all four serotype-dominant scenarios (see Fig S10 and S11).

319  Impact of vaccination according to baseline serostatus

320  We further estimate the impact of vaccine among seropositive and seronegative individual

321  separately. In DENV-1 and DENV-2 dominant scenarios, both seronegative and seropositive

322  populations experience a positive impact both in terms of cases and hospitalization reduction
323 (Fig2 (a), (b), (e), and (f)). In DENV-3 and DENV-4 dominant scenarios, the vaccination impact
324  among seropositive individuals remains consistently positive. However, among seronegative
325 individuals, the mean impact can be relatively low (as in the DENV-3 scenario for cases) or even
326  negative (as in the DENV-4 for cases and DENV-3 and 4 scenarios for hospitalization), with

327  greater uncertainty (Fig 2 (c), (d), (g), and (h)).
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329  Fig 2: Impact of vaccination on dengue cases and hospitalizations stratified by baseline

330 serostatus. Percentage of reported dengue cases averted by targeted age groups under (a) DENV-
331 1, (b) DENV-2, (¢) DENV-3, and (d) DENV-4 dominant scenarios, and percentage of

332  hospitalizations due to dengue averted by targeted age groups under (¢) DENV-1, (f) DENV-2,
333 (g) DENV-3, and (h) DENV-4 dominant scenarios, for the whole population, seropositive

334  individuals only, and seronegative individuals only, assuming 80% vaccine coverage, over a 10-
335  year routine vaccination program with Qdenga. Bars represent mean model estimates, and error

336  bars indicate the corresponding 95% range of simulations.

337 Impact of pre-screening

338  Routine vaccination program with a pre-screening strategy reduces the overall population impact
339 across all serotype-dominant scenarios (Fig 3(a)—(d) and Fig 4(a)—(d)). However, we find that
340 among vaccinated individuals pre-screening does not improve the impact under DENV-1 and 2
341  dominant scenarios (Fig 3(e)—(f) and Fig 4(e)—(f)) but provides an additional benefit under

342 DENV-3 and 4 dominant scenarios (Fig 3(g)—(h) and Fig 4(g)—(h)).
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344  Fig 3: Impact of vaccination with and without pre-screening on dengue cases. Percentage of
345  reported dengue cases averted by targeted age groups over a 10-year routine vaccination program
346  with 80% coverage, among the whole population (i.e., population impact ) under (a) DENV-1,
347  (b) DENV-2, (¢) DENV-3, and (d) DENV-4 dominant scenarios and among vaccinated

348 individuals only (i.e., individual impact) under (¢) DENV-1, (f) DENV-2, (g) DENV-3, and (h)
349 DENV-4 dominant scenarios , with diagnostic pre-screening versus no screening. Bars represent

350 mean model estimates, and error bars indicate the corresponding 95% range of simulations.
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352  Fig 4: Impact of vaccination with and without pre-screening on dengue hospitalizations.
353  Percentage of reported dengue hospitalizations averted by targeted age groups over a 10-year
354  routine vaccination program with 80% coverage, among the whole population (i.e., population
355  impact) under (a) DENV-1, (b) DENV-2, (c) DENV-3, and (d) DENV-4 dominant scenarios and
356 among vaccinated individuals only (i.e., individual impact) under (¢) DENV-1, (f) DENV-2, (g)
357 DENV-3, and (h) DENV-4 dominant scenarios , with diagnostic pre-screening versus no

358  screening. Bars represent mean model estimates, and error bars indicate the corresponding 95%

359  range of simulations.

360

361 Impact with efficacy against infection

362  Irrespective of serotype-dominant scenarios, the mean impact on both cases and hospitalizations
363 s always higher in the presence of efficacy of vaccine against infection compared to its absence
364  (Fig 5(a)—(h)). Across serotype-dominant scenarios, with this additional efficacy against

365 infection, vaccination can avert up to 47% (95% range: 18%—-60%) of cases and 52% (95%

366  range: 23%—64%) hospitalizations. In the DENV-1 and DENV-2 dominant scenarios, including
367 efficacy against infection shifts the age group yielding the greatest population-level case

368  reduction to an older group than in the scenario without efficacy against infection.
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370  Fig 5: Impact of vaccination on dengue cases and hospitalizations, with and without

371 efficacy against infection. Percentage of reported dengue cases averted by targeted age groups
372  under (a) DENV-1, (b) DENV-2, (¢) DENV-3, and (d) DENV-4 dominant scenarios, and

373  percentage of hospitalizations due to dengue averted by targeted age groups under (e) DENV-1,
374  (f) DENV-2, (g) DENV-3, and (h) DENV-4 dominant scenarios, assuming the vaccine has

375 efficacy against infection with any serotype similar to that of Dengvaxia, over a 10-year routine
376  vaccination program with 80% vaccine coverage. Bars represent mean model estimates, and

377  error bars indicate the corresponding 95% range of simulations.

378

379 Discussion

380 Based on an age-stratified, multi-serotype transmission modelling framework, our analysis

381  suggests that routine dengue vaccination with Qdenga (TAK-003) in Singapore could avert up to
382  12% of dengue cases and 15% of hospitalizations over a 10-year period at 80% coverage, across
383  dominant serotype scenarios. The impact of vaccination varies by targeted age groups, with the
384  greatest reduction achieved by vaccinating individuals aged 17-30 years for cases and 51-70

385  years for hospitalizations.

386  To explore the potential impact of vaccination under differing epidemiological conditions, we
387  constructed four serotype-dominant scenarios, each characterized by the dominance of a specific
388  dengue serotype. As these scenarios were created under different assumptions about the

389 introduction and combination of serotypes, the projected vaccine impacts are not intended to be
390 directly compared across scenarios, but rather to illustrate how performance of vaccination may
391  vary depending on the prevailing serotype. Based on these scenarios, our model, consistent with

392  clinical trial observations, indicated that the public health benefit of Qdenga would be most
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393  pronounced in scenarios dominated by DENV-1 and DENV-2, the serotypes against which the
394  vaccine had demonstrated higher efficacy. In these scenarios, routine vaccination programs with
395  higher vaccine coverage (i.e., 80%) can lead to substantial reductions in dengue-related

396  morbidity, including up to 12% of reported cases and 15% of hospitalizations in Singapore. In
397  contrast, the projected impact is lower and more uncertain in DENV-3 and DENV-4 dominant

398  scenarios.

399  The vaccine impact estimates were evaluated based on the assumption, supported by

400 epidemiological evidence that secondary infections are more likely to be symptomatic and lead
401  to hospitalization compared to primary infections. This assumption, which has also been adopted
402  in prior modelling studies (28,29), is epidemiologically plausible given the increased severity
403 typically associated with secondary infections. Our sensitivity analysis indicated that while the
404  overall qualitative patterns of vaccine impact are robust, relaxing the exposure dependence of
405 reporting and hospitalization rates leads to lower projected impact particularly in DENV-3 and
406  DENV-4 dominant scenarios. This may be attributed to the fact that, under the alternative

407  assumptions, seropositive and seronegative individuals are equally likely to be reported or

408  hospitalized. Given the relatively low population immunity against dengue in Singapore, a larger
409  proportion of reported cases or hospitalizations under these assumptions are likely to be

410  seronegative vaccinees, for whom the vaccine did not demonstrate protective efficacy,

411 particularly against DENV-3 and DENV-4. However, availability of more granular

412  epidemiological data in future, particularly with classification based on infection history, would

413  help to improve parameterization and reduce uncertainty in model-based projection.

414  Our results underscore the importance of tailoring vaccination strategies to local epidemiological

415  conditions. In Singapore, routine vaccination targeting the WHO-SAGE recommended 6—16-
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416  year age group had limited impact compared to strategies focusing on older age groups. In

417  Singapore, the age distribution of dengue infection has shifted toward older population due to
418 low transmission intensity. Recent surveillance data indicate that dengue cases are increasingly
419  concentrated among individuals aged 15-35 years, while hospitalizations are more common
420  among those older than 45 years. Consequently, our model predicted that prioritizing older age
421  groups, which aligns with the current burden of dengue infection, would result in greater overall

422  vaccine impact.

423  We also considered an alternative strategy of targeting broader age groups for vaccination, which
424  may be more practical to implement. In Singapore’s low-transmission setting, this approach

425  would still include individuals with only a single prior infection, who are likely to benefit from
426  vaccination. This contrasts with high-transmission settings, where individuals beyond the

427  recommended 6-16-year age group are more likely to have experienced multiple infections and
428  thus derive limited additional benefit. This strategy also allows for the inclusion of both younger
429  adults at higher risk of dengue cases and older adults at higher risk of hospitalization, aligning

430  with the current distribution of disease risk in Singapore.

431  The safety and efficacy of Qdenga in older age groups remain largely unknown, as clinical data
432  are limited beyond individuals aged 4-16 years. Our projections on vaccine impact assumed that
433  vaccine efficacy in older age groups is comparable to that observed in 4-16 years old

434  individuals, based on an immunobridging study (22) indicating similar immunogenicity.

435 However, the WHO recommended the use of Qdenga up to the age of 60 years (12), which

436  supports the relevance of evaluating broader age-based vaccination strategies. For policy

437  decisions, especially in settings considering expanded age-based vaccination strategies, this

438  highlights the importance of post-licensure surveillance or targeted effectiveness studies to
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439  validate these assumptions. While our model-based analysis explored the potential benefits of
440  broader age-targeted vaccination, these findings should be interpreted with the understanding

441  that estimates may need to be updated as further evidence becomes available.

442  Our baseline serostatus stratified impact analysis reinforces the potential benefits of vaccination
443  among seropositive individuals, who consistently show reductions in both cases and

444  hospitalizations across all serotype-dominant scenarios. However, the risk-benefit balance is less
445  favorable for seronegative individuals in DENV-3 and DENV-4 dominant scenarios, where the
446  vaccination may offer limited or even negative impact. This aligns with our finding that the

447  optimal age group for vaccination shifts toward older populations under DENV-3 and DENV-4
448  scenarios—Ilikely reflecting both the lower efficacy among seronegative individuals for these

449  serotypes and the higher baseline seroprevalence in older age groups in Singapore.

450  We explored the potential benefit of pre-screening as a strategy to reduce the proportion of

451  seronegative individuals in the vaccinated cohort, aiming to enhance the overall impact. Our
452  model predicted that implementing such strategy could reduce the population impact on both
453  cases and hospitalizations, possibly due to Singapore’s relatively low proportion of seropositive
454  individuals means that fewer people would qualify for vaccination under a screen-and-vaccinate
455  approach. This also aligns with the results reported in a recent modelling study (33), which found
456  that pre-vaccination screening significantly reduced the population-level impact across

457  transmission settings, most notably in low-transmission setting. Our findings also suggest that
458  pre-screening does not provide additional benefits in averting cases and hospitalizations among
459  vaccinated individuals in DENV-1 and DENV-2 dominant scenarios, as vaccine showed similar
460 level of protection among both seropositive and seronegative individuals. In contrast, for DENV-

461 3 and DENV-4 dominant scenarios, pre-screening was found to offer an additional benefit in
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462  reducing both cases and hospitalizations among vaccinated. This is because there is a significant
463  difference in vaccine efficacy estimates between seropositive and seronegative individuals, with
464  negative efficacy and wider uncertainty observed in the seronegative group. Given this

465  uncertainty, the WHO has planned a post-authorization effectiveness study in Southeast Asia to
466  further assess the impact of Qdenga on severe dengue and hospitalizations due to DENV-3 and
467 DENV-4 (WHO, 2023). We will revisit our estimates of vaccine impact once the results from this

468  study become available.

469  While our main impact analysis assumes no vaccine-induced protection against infection, we
470  explored a scenario where Qdenga provides protection akin to Dengvaxia against infection due
471  to any serotype. As expected, the inclusion of such efficacy leads to higher impact estimates
472  across all scenarios, suggesting that even modest protection against infection could yield

473  meaningful indirect benefits through reduced transmission. However, given the lack of

474  conclusive evidence for Qdenga’s effect on infection risk, these results should be interpreted

475  cautiously.

476  Although our study uses a comprehensive modeling framework that explicitly accounts for age
477  structure, serotype-specific transmission, and baseline serostatus, along with corresponding
478  variations in vaccine efficacy to estimate the vaccine impact more accurately, it has several
479  limitations. We assumed that vaccine efficacy remains constant over time, based on the

480 cumulative protection observed 54 months after the second dose. While this implicitly

481  incorporates some degree of waning, further decline in protection may occur beyond this time
482  frame. In practice, if vaccine-induced immunity decreases substantially, booster doses would
483  likely be introduced to sustain protection. The potential role of booster doses in maintaining

484  long-term vaccine efficacy is currently being evaluated in ongoing studies, and their


https://doi.org/10.1101/2025.10.01.25337064
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.10.01.25337064; this version posted October 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

485 implementation could help sustain the protection over time. The impact estimates presented here
486  reflect the potential benefit under a maintained efficacy scenario. However, the associated

487  uncertainty in longer-term projections should be considered when interpreting the results.

488  This study focuses solely on evaluating the impact of vaccination, it does account for routine
489  dengue control interventions in Singapore implicitly as we use estimates of the force of infection
490 in Singapore during which routine vector control was in place. We do not include any future

491  impact of the Wolbachia mosquito release program. However, since our model explicitly

492  incorporated the mosquito population, it provides a flexible framework and will be extended in

493  future work to evaluate the combined impact of vaccination and mosquito control programs.

494  Our study quantified the public health benefits of vaccination in terms of averted cases and

495  hospitalizations. In future work we will perform a cost-effectiveness analysis which will provide
496  a more complete picture of the impact by incorporating health economic metrics such as

497  disability-adjusted life years (DALYSs) or quality-adjusted life years (QALY's). Unlike the

498  previous study by (10) that investigated cost effectiveness of future vaccination in Singapore
499  with a static model, our dynamic transmission model-based framework can serve as a robust
500 foundation for such an evaluation. Moreover, our framework is easily adaptable to other dengue-
501 endemic regions and can be applied to assess the impact of upcoming dengue vaccines, such as

502 Butantan-DV.

503  Our analysis considered only the resident population of Singapore (citizens and permanent

504  residents), excluding foreign workers who make up nearly one-third of the total population.

505 Routine dengue surveillance is limited in this group, particularly among those employed in high-
506 risk settings such as construction sites, marine yards, and processing sectors, which often present

507  favorable breeding conditions for mosquitoes. Given their elevated infection risk and limited
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508 surveillance data, we are currently extending our modelling framework to include this population

509 and evaluate vaccination strategies tailored to this group

510 In conclusion, our analysis suggests that targeting adult age groups for routine dengue

511  vaccination with Qdenga in Singapore may yield greater public health impact, consistent with the
512  current age distribution of dengue cases and hospitalizations. Our modelling work highlights the
513 need for careful evaluation of the local epidemiological and demographic context and provides
514  key insights into the roles of serotype distribution, baseline serostatus, age-specific targeting, and

515 the vaccine’s complex efficacy profile in designing effective dengue vaccination strategies.
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results can be found at https://github.com/ID-Modelling-Lab/singapore dengue vaccination.

Ethical approval

No human subjects were involved in this work and therefore ethical approval was not required.

Conflict of interests

All authors declare no competing interests.

References

1. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global
distribution and burden of dengue. Nature. 2013 Apr;496(7446):504—7.

2. Stanaway JD, Shepard DS, Undurraga EA, Halasa YA, Coffeng LE, Brady OJ, et al. The
global burden of dengue: an analysis from the Global Burden of Disease Study 2013. Lancet
Infect Dis. 2016 Jun;16(6):712-23.

3. Guzman MG, Gubler DJ, Izquierdo A, Martinez E, Halstead SB. Dengue infection. Nat Rev
Dis Primer. 2016 Aug 18;2(1):1-25.

4. Katzelnick LC, Gresh L, Halloran ME, Mercado JC, Kuan G, Gordon A, et al. Antibody-
dependent enhancement of severe dengue disease in humans. Science. 2017 Nov
17;358(6365):929-32.

5. Endy TP, Srikiatkhachorn A, Jarman RG, Mammen MP, Vaughn DW, Kalanarooj S, et al.
Analysis of Repeat Hospital Admissions for Dengue to Estimate the Frequency of Third or
Fourth Dengue Infections Resulting in Admissions and Dengue Hemorrhagic Fever, and
Serotype Sequences. Am J Trop Med Hyg. 2007 Nov 1;77(5):910-3.

6. Ho SH, Lim JT, Ong J, Hapuarachchi HC, Sim S, Ng LC. Singapore’s 5 decades of dengue
prevention and control—Implications for global dengue control. Gubler DJ, editor. PLoS
Negl Trop Dis. 2023 Jun 22;17(6):e0011400.

7. Sim S, Ng LC, Lindsay SW, Wilson AL. A greener vision for vector control: The example of
the Singapore dengue control programme. Kittayapong P, editor. PLoS Negl Trop Dis. 2020
Aug 27;14(8):e0008428.

8. Soh S, Ho SH, Seah A, Ong J, Dickens BS, Tan KW, et al. Economic impact of dengue in
Singapore from 2010 to 2020 and the cost-effectiveness of Wolbachia interventions. Acharya
Y, editor. PLOS Glob Public Health. 2021 Oct 13;1(10):e0000024.


https://github.com/ID-Modelling-Lab/singapore_dengue_vaccination
https://doi.org/10.1101/2025.10.01.25337064
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.10.01.25337064; this version posted October 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

559 9. Ting R, Dickens BL, Hanley R, Cook AR, Ismail E. The epidemiologic and economic burden

560 of dengue in Singapore: A systematic review. Parker DM, editor. PLoS Negl Trop Dis. 2024
561 Jun 10;18(6):¢0012240.

562  10. Carrasco LR, Lee LK, Lee VJ, Ooi EE, Shepard DS, Thein TL, et al. Economic Impact of
563 Dengue Illness and the Cost-Effectiveness of Future Vaccination Programs in Singapore.
564 Halstead SB, editor. PLoS Negl Trop Dis. 2011 Dec 20;5(12):e1426.

565 11. Nogueira ML, Cintra MAT, Moreira JA, Patifio EG, Braga PE, Tenoério JCV, et al. Efficacy
566 and safety of Butantan-DV in participants aged 2—59 years through an extended follow-up:
567 results from a double-blind, randomised, placebo-controlled, phase 3, multicentre trial in
568 Brazil. Lancet Infect Dis. 2024 Nov;24(11):1234-44.

569 12. WHO. WHO position paper on dengue vaccines, May 2024 [Internet]. 2024 [cited 2025 Apr
570 14]. Available from: https://www.who.int/publications/i/item/who-wer-9918-203-224

571  13. WHO. Meeting of the Strategic Advisory Group of Experts on Immunization, September
572 2023: Conclusions and Recommendations [Internet]. 2023 [cited 2025 Apr 14]. Available
573 from: https://www.who.int/publications/i/item/WER-9847-599-620

574  14. Biswal S, Borja-Tabora C, Martinez Vargas L, Velasquez H, Theresa Alera M, Sierra V, et al.
575 Efficacy of a tetravalent dengue vaccine in healthy children aged 4-16 years: a randomised,
576 placebo-controlled, phase 3 trial. The Lancet. 2020 May;395(10234):1423-33.

577  15. Biswal S, Reynales H, Saez-Llorens X, Lopez P, Borja-Tabora C, Kosalaraksa P, et al.

578 Efficacy of a Tetravalent Dengue Vaccine in Healthy Children and Adolescents. N Engl J
579 Med. 2019 Nov 21;381(21):2009-19.

580 16. Lopez-Medina E, Biswal S, Saez-Llorens X, Borja-Tabora C, Bravo L, Sirivichayakul C, et
581 al. Efficacy of a Dengue Vaccine Candidate (TAK-003) in Healthy Children and Adolescents
582 2 Years after Vaccination. J Infect Dis. 2022 May 4;225(9):1521-32.

583 17. Rivera L, Biswal S, Séez-Llorens X, Reynales H, Lopez-Medina E, Borja-Tabora C, et al.
584 Three-year Efficacy and Safety of Takeda’s Dengue Vaccine Candidate (TAK-003). Clin
585 Infect Dis. 2022 Aug 24;75(1):107-17.

586  18. Tricou 'V, Yu D, Reynales H, Biswal S, Saez-Llorens X, Sirivichayakul C, et al. Long-term
587 efficacy and safety of a tetravalent dengue vaccine (TAK-003): 4-5-year results from a phase
588 3, randomised, double-blind, placebo-controlled trial. Lancet Glob Health. 2024

589 Feb;12(2):e257-70.

590 19. Cummings DAT, Schwartz IB, Billings L, Shaw LB, Burke DS. Dynamic effects of

591 antibody-dependent enhancement on the fitness of viruses. Proc Natl Acad Sci. 2005 Oct
592 18;102(42):15259—64.

593  20. Recker M, Blyuss KB, Simmons CP, Hien TT, Wills B, Farrar J, et al. Immunological
594 serotype interactions and their effect on the epidemiological pattern of dengue. Proc R Soc B
595 Biol Sci. 2009 Jul 22;276(1667):2541-8.


https://doi.org/10.1101/2025.10.01.25337064
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.10.01.25337064; this version posted October 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

596 21. Ang LW, Thein TL, Ng Y, Boudville IC, Chia PY, Lee VIM, et al. A 15-year review of

597 dengue hospitalizations in Singapore: Reducing admissions without adverse consequences,
598 2003 to 2017. Althouse B, editor. PLoS Negl Trop Dis. 2019 May 15;13(5):¢0007389.

599  22. LeFevre I, Bravo L, Folschweiller N, Medina EL, Moreira ED, Nordio F, et al. Bridging the
600 immunogenicity of a tetravalent dengue vaccine (TAK-003) from children and adolescents to
601 adults. Npj Vaccines. 2023 May 25;8(1):75.

602  23. Singapore Department of Statistics. Singapore Population [Internet]. 2023 [cited 2024 Mar
603 4]. Available from: http://www.singstat.gov.sg/modules/infographics/population

604  24. United Nations. World Population Prospects [Internet]. 2023 [cited 2024 Mar 4]. Available
605 from: https://population.un.org/wpp/Graphs/DemographicProfiles/Line/702

606 25. Tan LK, Low SL, Sun H, Shi Y, Liu L, Lam S, et al. Force of Infection and True Infection
607 Rate of Dengue in Singapore: Implications for Dengue Control and Management. Am J

608 Epidemiol. 2019 Aug 1;188(8):1529-38.

609  26. Rajarethinam J, Ang LW, Ong J, Ycasas J, Hapuarachchi HC, Yap G, et al. Dengue in

610 Singapore from 2004 to 2016: Cyclical Epidemic Patterns Dominated by Serotypes 1 and 2.
611 Am J Trop Med Hyg. 2018 Jul 5;99(1):204-10.

612 27. Low SL, Lam S, Wong WY, Teo D, Ng LC, Tan LK. Dengue Seroprevalence of Healthy
613 Adults in Singapore: Serosurvey Among Blood Donors, 2009. Am Soc Trop Med Hyg. 2015
614 Jul 8;93(1):40-5.

615  28. Ferguson NM, Rodriguez-Barraquer I, Dorigatti I, Mier-y-Teran-Romero L, Laydon DJ,
616 Cummings DAT. Benefits and risks of the Sanofi-Pasteur dengue vaccine: Modeling optimal
617 deployment. Science. 2016 Sep 2;353(6303):1033-6.

618  29. Flasche S, Jit M, Rodriguez-Barraquer I, Coudeville L, Recker M, Koelle K, et al. The Long-
619 Term Safety, Public Health Impact, and Cost-Effectiveness of Routine Vaccination with a
620 Recombinant, Live-Attenuated Dengue Vaccine (Dengvaxia): A Model Comparison Study.
621 Von Seidlein L, editor. PLOS Med. 2016 Nov 29;13(11):e1002181.

622  30. Ministry of Health [Internet]. [cited 2025 Jan 20]. Resources and Statistics. Available from:
623 https://www.moh.gov.sg/others/resources-and-statistics/

624  31. FitzJohn RG, Knock ES, Whittles LK, Perez-Guzman PN, Bhatia S, Guntoro F, et al.

625 Reproducible parallel inference and simulation of stochastic state space models using odin,
626 dust, and mcstate. Wellcome Open Res. 2021 Jun 10;5:288.

627  32. Olivera-Botello G, Coudeville L, Fanouillere K, Guy B, Chambonneau L, Noriega F, et al.
628 Tetravalent Dengue Vaccine Reduces Symptomatic and Asymptomatic Dengue Virus

629 Infections in Healthy Children and Adolescents Aged 2—16 Years in Asia and Latin America.

630 J Infect Dis. 2016 Oct 1;214(7):994—-1000.


https://doi.org/10.1101/2025.10.01.25337064
http://creativecommons.org/licenses/by/4.0/

631
632
633

634
635
636

637
638
639
640

641
642
643

644
645
646

647
648
649

650

medRxiv preprint doi: https://doi.org/10.1101/2025.10.01.25337064; this version posted October 2, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

33.

34.

35.

36.

37.

38.

It is made available under a CC-BY 4.0 International license .

Cracknell Daniels B, Ferguson NM, Dorigatti I. Efficacy, public health impact and optimal
use of the Takeda dengue vaccine. Nat Med [Internet]. 2025 Jun 25 [cited 2025 Jun 27];
Available from: https://www.nature.com/articles/s41591-025-03771-y

Murgue B, Roche C, Chungue E, Deparis X. Prospective study of the duration and
magnitude of viraemia in children hospitalised during the 1996-1997 dengue-2 outbreak in
French Polynesia. ] Med Virol. 2000 Apr;60(4):432-8.

Anderson KB, Gibbons RV, Cummings DAT, Nisalak A, Green S, Libraty DH, et al. A
Shorter Time Interval Between First and Second Dengue Infections Is Associated With
Protection From Clinical Illness in a School-based Cohort in Thailand. J Infect Dis. 2014 Feb
1;209(3):360-8.

Whitmire RE, Burke DS, Nisalak A, Harrison BA, Watts DM. Effect of Temperature on the
Vector Efficiency of Aedes aegypti for Dengue 2 Virus. Am J Trop Med Hyg. 1987 Jan
1;36(1):143-52.

Salazar MI, Richardson JH, Sanchez-Vargas I, Olson KE, Beaty BJ. Dengue virus type 2:
replication and tropisms in orally infected Aedes aegypti mosquitoes. BMC Microbiol. 2007
Dec;7(1):9.

Sheppard PM, Macdonald WW, Tonn RJ, Grab B. The Dynamics of an Adult Population of
Aedes aegypti in Relation to Dengue Haemorrhagic Fever in Bangkok. J Anim Ecol. 1969
Oct;38(3):661.


https://doi.org/10.1101/2025.10.01.25337064
http://creativecommons.org/licenses/by/4.0/

