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Abstract

Background Dengue disease poses a great economic bur-
den in Malaysia.

Methods This study evaluated the cost effectiveness and
impact of dengue vaccination in Malaysia from both pro-
vider and societal perspectives using a dynamic transmis-
sion mathematical model. The model incorporated
sensitivity analyses, Malaysia-specific data, evidence from
recent phase III studies and pooled efficacy and long-term
safety data to refine the estimates from previous published
studies. Unit costs were valued in $US, year 2013 values.
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Results Six vaccination programmes employing a three-
dose schedule were identified as the most likely pro-
grammes to be implemented. In all programmes, vaccina-
tion produced positive benefits expressed as reductions in
dengue cases, dengue-related deaths, life-years lost, dis-
ability-adjusted life-years and dengue treatment costs.
Instead of incremental cost-effectiveness ratios (ICERS),
we evaluated the cost effectiveness of the programmes by
calculating the threshold prices for a highly cost-effective
strategy [ICER <1 x gross domestic product (GDP) per
capita] and a cost-effective strategy (ICER between 1 and
3 x GDP per capita). We found that vaccination may be
cost effective up to a price of $US32.39 for programme 6
(highly cost effective up to $US14.15) and up to a price of
$US100.59 for programme 1 (highly cost effective up to
$US47.96) from the provider perspective. The cost-effec-
tiveness analysis is sensitive to under-reporting, vaccine
protection duration and model time horizon.

Conclusion Routine vaccination for a population aged
13 years with a catch-up cohort aged 14-30 years in tar-
geted hotspot areas appears to be the best-value strategy
among those investigated. Dengue vaccination is a poten-
tially good investment if the purchaser can negotiate a
price at or below the cost-effective threshold price.
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Key Points for Decision Makers

Dengue vaccination in Malaysia reduces the dengue-
related health and economic burden by 54-68% for
different vaccination strategies.

In a targeted hotspot strategy that routinely
vaccinates children aged 13 years with a catch-up
cohort aged 14-30 years, a dengue vaccination
programme would be highly cost effective from the
provider perspective at a price below $US47.96 per
dose (95% confidence interval 33.90-65.21)

Our study provides important information on the
value of dengue vaccination and fair vaccine prices
to aid policy makers evaluate the possibility of
incorporating a dengue vaccine into the national
immunization programme

1 Introduction

Dengue is the most common mosquito-borne disease
affecting human populations. The World Health Organi-
zation (WHO) reported a 30-fold increase in annual dengue
cases in the last 50 years, with a mortality rate of 2.5%
among severe dengue cases. Approximately 3.9 billion
people globally are at risk, with 390 million infections
occurring annually and 68% of cases occurring in Asia [1].
Malaysia has been experiencing a surge of dengue cases in
recent years, more than doubling from 43,346 cases in
2013 to 111,285 cases in 2015 [2]. In addition, studies have
also shown that dengue cases in Malaysia have been under-
reported [3, 4].

Dengue presents an enormous economic burden to
Malaysia, costing approximately 359 million Malaysian
ringgits (RM) annually [3]. Currently, the only method
available to control transmission is through vector control
interventions as there are no specific treatments or licensed
vaccines in Malaysia to protect against the disease. Fur-
thermore, vector control has been shown to be only par-
tially effective in reducing disease burden [5]. Six dengue
vaccines are currently undergoing various stages of clinical
development and are projected to be available in Malaysia
by 2017-2020. In view of this rapid development, a
country-specific economic evaluation of the dengue vac-
cine is urgently needed [6]. Information about the value of
incorporating a dengue vaccination programme in current
dengue control strategies are required to inform policy
makers for future vaccine roll out and resource allocation.

We conducted a literature review in PubMed/MEDLINE
and Web of Science databases (January 2000-September
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2016) to identify and summarize the current state-of-the-art
of the cost effectiveness of dengue vaccines. Five studies
evaluating the cost effectiveness of dengue vaccine in the
Philippines, Brazil, Thailand, Singapore and Southeast
Asia were retrieved and reviewed [7-11]. All the studies
found that vaccination reduced the overall dengue-related
health and economic burden and was cost effective at a
price between $US0.50-270 per dose. However, despite
the existing literature, the cost effectiveness of the cur-
rently available vaccine has yet to be evaluated in
Malaysia. Furthermore, all the models evaluated the vac-
cine’s cost effectiveness based on hypothetical vaccine
efficacy without empirical evidence.

This study aims to evaluate the cost effectiveness and
impact of dengue vaccination in Malaysia by examining
different vaccination programmes using a previously pub-
lished dynamic transmission mathematical model [12].
This study incorporated a series of sensitivity analyses
using new clinical evidence from two recent large-scale
phase III studies [13, 14], pooled vaccine efficacy data and
long-term safety data [15, 16] to refine the vaccine efficacy
and safety estimates from previously published studies. In
addition, the Strategic Advisory Group of Experts (SAGE)
on immunization from the WHO recently used the model to
develop their report with recommendations for the CYD-
TDV vaccine, which was recently licensed in 13 countries
[17, 18]. We believe that the information provided by this
paper could supplement the conclusions reported by the
WHO-SAGE and benefit not only Malaysia but other
countries with the same public health issue.

2 Methods
2.1 Study Design and Model Description

Our study employed a previously described dynamic
transmission mathematical model [see the Electronic
Supplementary Material (ESM) 1] [12] to evaluate the
potential impact and cost effectiveness of dengue vacci-
nation programmes in Malaysia compared with no vacci-
nation. This is an age-structured, host—vector and serotype-
specific deterministic compartmental model that aims to
reproduce the dynamics of dengue transmission and can be
used to identify the optimum vaccination age and compare
the benefits of various vaccination strategies based on
routine and/or mass catch-up vaccination strategies. The
model also includes seasonality and accounts for the
transmission dynamics of the four dengue serotypes in
human and mosquito populations. The susceptible—in-
fected—recovered (SIR) model considered ten different
states for the host population. Two types of immunological
interactions between serotypes can be considered with this
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model, as follows: temporary or permanent cross-protec-
tion, cross-enhancement, or their combination. In the
absence of vaccination, individuals become infected after a
bite from an infected mosquito. Each infection is serotype
specific and provides lifelong serotype-specific immunity.
The level of infection of human hosts after being bitten by
a vector can vary between severe, mild and asymptomatic
and depends on the viral load and intrinsic characteristics
of the host. The seasonal variation in mosquito density was
accounted for by varying the monthly growth rate of the
vector population around an annual average.

2.2 Model Calibration to Malaysia-Specific
Epidemiological Data

The model parameters were defined and calibrated with
data specific for Malaysia (age-specific annual incidence,
case fatality rate and demographic data) and empirical
evidence (age-specific seroprevalence and disease impact).
The calibration procedure employed two main steps and
was verified using the least squares minimization method.
The quality of the calibrated model was further validated
by comparing the observed and simulated data and through
a series of focus group discussions. The calibrated model
was assessed by a dengue expert panel in Malaysia and
found to be suitable to develop a satisfactory representation
of the disease process. More details on validation of the
model and data inputs are contained in the ESM 2.

2.3 Vaccination Programme Evaluations
and Parameter Estimations

To increase the relevance of our studies to local policy
makers, we conducted a series of focus group discussions
with key stakeholders, including key Ministry of Health
(MOH) personnel to identify and prioritise the most likely
dengue vaccination programmes to be implemented in
Malaysia. Two focus group discussions with team mem-
bers from the Disease Control Division of the MOH
Malaysia headed by the director of the division and two
face-to-face personal interviews with the head of the vac-
cine prevention of disease department were conducted to
elicit the model inputs for the simulation of the vaccination
programmes. The programme characteristics discussed
were the target age group for routine and catch-up vacci-
nation, target geographical area, vaccination coverage rate,
vaccination compliance rate and possible vaccine wastage.
The expert panel validated the data in a published study
[19] that found the highest proportion of dengue disease
cases occurred in people aged 10-29 years. Therefore,
three age groups were identified as the target age groups for
the programmes: 13-30, 9-30 and 9-17 years. Six vacci-
nation programmes were identified as the most likely

strategies to be implemented in Malaysia. The character-
istics and parameters of these programmes are summarised
in Table 1. Three programmes examined the impact of
vaccination in targeted hotspots (THS) of six districts in
Malaysia with the highest epidemiology burden and pri-
ority, and the other three examined the nationwide (NW)
vaccination setting. As compliance, cost and coverage
differed between settings, vaccination programmes were
further subdivided into school-based (vaccinees aged
9-17 years) and community-based (vaccinees aged
18-30 years). Coverage and compliance for school-based
programmes were estimated at 95 and 90%, respectively, in
accordance with Malaysia childhood vaccine coverage
statistics [20]. However, the expert panel estimated that
coverage and compliance for community-based pro-
grammes would be only 50%. Vaccine wastage was esti-
mated at 20% [21].

Vaccine characteristics and efficacy obtained from
pooled data analysis [16] of the trials CYD14 and CYD15
were used to populate the model. Consequently, our eval-
uation considered the same tetravalent vaccine investigated
in these trials. The vaccine was administered in a three-
dose regimen (baseline and 6 and 12 months). To remain
conservative, the durations of vaccine protection were
assumed to be 2.5, 5 and 10 years after vaccination com-
pletion with dose 1, 2 and 3, respectively.

We considered the costs from both the public provider
and the societal perspectives. Treatment costs for a dengue
case were obtained from relevant published reports and
papers [3, 22, 23]. The total cost of dengue disease with the
vaccination program is the sum of cost of dengue treatment
and cost of vaccination. The total cost of dengue disease
without the vaccination program only included dengue
treatment costs. Costs estimated from the provider per-
spective exclude patient or family sector costs (indirect
costs), and costs estimated from the societal perspective
include all sector costs. The dengue treatment costs per
hospitalised case were $US672.51 and $US933.78 and per
ambulatory case were $US326.51 and $US456.13 from the
provider and societal perspectives, respectively (Table 1)
[3, 22, 23]. The indirect cost calculations included pro-
ductivity losses of both the patient and relatives, and the
corresponding days of school and work days based on the
age distribution of cases. The indirect ambulatory and
hospitalized costs of a dengue case were $US193.28 and
$US219.79, respectively. To better represent immunization
practices in Malaysia, we assumed the dengue vaccination
would be fully subsidized by the government. The direct
vaccination programme cost per dose from the societal
perspective would therefore be the same as that from the
provider perspective, i.e. $US3.58. The indirect costs
arising from vaccine administration would only include the
productivity losses and the corresponding days of school
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and work days based on age distribution. The weighted
average indirect vaccine administration cost per dose was
calculated as $US2.38. The calculated overall vaccine
administration costs per dose were therefore $US3.58 and
$US5.96 from the provider and societal perspectives,
respectively (Table 1). More details on dengue treatment
and vaccine administration costs are included in the ESM 2.

All unit costs in this study were valued in $US and
inflated to 2013 values using a gross domestic product
(GDP) deflator [24].

2.4 Outcome Measures: Disease Burden, Economic
Burden and Vaccine Cost Effectiveness

Both the disease burden and the economic burden averted
by vaccination were calculated by the absolute difference
between vaccination and no vaccination simulations over a
10-year period (2016-2025). The outcome measures were
the number of ambulatory and hospitalised dengue cases
prevented, dengue-related deaths avoided, life-years lost
(LYL) averted, disability-adjusted life-years (DALYSs)
averted, ambulatory dengue treatment costs reduced and
hospitalised dengue treatment costs reduced. The economic
burden was evaluated from both public provider and
societal perspectives. Productivity losses were included in
the calculation when examined from the societal perspec-
tive. All future costs and outcomes in this study were
discounted at 3% [25].

We evaluated the cost effectiveness of the vaccination
using a value-based pricing method. We presented the
results as the vaccine cost-effective threshold price instead
of incremental cost-effectiveness ratio (ICER). The ICER
was fixed at the threshold value according to the criterion
recommended by the WHO, where an intervention was
classified as cost effective when the ICER was between 1
and 3 x GDP per capita ($US10,456.89-31,370.67 per
DALY averted in Malaysia) and highly cost effective when
the ICER was <1 x GDP per capita (<$US10,456.89 per
DALY averted in Malaysia) [24, 26]. The vaccine thresh-
old price was solved as follows:

(LR — Ls) X Tcg + (CR — Cs) + (CVR — CVS)
Vs — Vr

Pihreshold =

where Cs is the discounted disease cost under the vacci-
nation simulation over 10 years, Cg is the discounted dis-
ease cost under the no vaccination simulation over
10 years, CVy is the discounted vaccine administration cost
under the vaccination simulation over 10 years, CVy is the
discounted vaccine administration cost under the no vac-
cination simulation over 10 years, V; is the discounted
number of vaccinations required under the vaccination
simulation over 10 years, Vg is the discounted number of
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vaccinations required under the no vaccination simulation
over 10 years, Lg is the lost DALYs or LYLs under the
vaccination simulation over 10 years, Ly is the lost DALY
or LYLs under the no vaccination simulation over 10 years
and Tcg is the cost-effectiveness threshold.

2.5 Sensitivity to Parameter Uncertainty

In addition to assessing various vaccination programmes,
we performed a probabilistic sensitivity analysis (PSA) and
a deterministic sensitivity analysis (DSA) to evaluate the
robustness of the results to parameter uncertainty and to
investigate their relative contribution to the model’s
results. The results of the PSA were obtained through 1000
Monte Carlo simulations. Parameter values for these sim-
ulations were drawn from the joint distribution of param-
eters included in the PSA (see Table 1). Vaccination
impact was measured using the same set of parameters with
and without vaccination for each simulation. We used 95%
confidence intervals (CIs) to present PSA results based on
the distribution of each outcome obtained with the simu-
lations performed. The parameters identified and the
probability distributions for PSA and one-way DSA are
defined in Table 1. The use of triangular distribution for
some parameters in the PSA reflects the currently available
data or knowledge of the distribution, where only the mode
and support values are known or ascertained by experts.
We also performed substantial DSA and scenario analysis

to highlight the role of specific parameters to complement
the PSA.

3 Results
3.1 Model Calibration

The calibration process yielded a model that was able to
reproduce the observed incidence [27] and multiannual
cycle of dengue in Malaysia (Fig. 1). The simulated den-
gue incidence was characterized by an annual variation in
dengue incidence without a clear cyclical pattern. There
was a period of stable and low incidence that spiked in
2014. The process allowed us to exclude several scenarios
that rendered the model incompatible with the observed
data, including a short-lived cross-protection Malaysia-
specific expansion factor and average evolution of symp-
tomaticity with age (for primary, secondary and post-sec-
ondary infections). The model inherited previous features
that reflected the dynamics of dengue transmission,
including temporary cross-protection and cross-enhance-
ment. The model also corrected for possible under-report-
ing from the passive routine surveillance system using an
expansion factor that was derived from the control group in
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Fig. 1 Observed (green) and projected (blue) numbers of dengue cases in Selangor (2004-2014)

the phase III active surveillance. In the absence of infor-
mation for adults, the same expansion factors were applied
across all ages. These features allow satisfactory charac-
terization of dengue dynamics and a conclusion on the
impact of vaccination similar to that in a previous model
[28].

3.2 Vaccination Impact on Disease and Economic
Burden

These results showed that vaccination reduced both disease
and economic burden in each of the programmes (Table 2).
Programmes 2 (THS R9C30) and 5 (NW R9C30) demon-
strated the highest overall impact for each of the geo-
graphical groups. However, compared with programmes 1
(THS R13C30) and 4 (NW R13C30), these programmes
(where the routine vaccination age was lowered to 9 years
with additional catch-up populations) provided only a
small additional reduction in overall impact, including total
dengue cases (4.5%), dengue-related deaths (4.9%), LYL
(4.6%), DALY (4.8%) and treatment costs (4.9%). Pro-
grammes 3 and 6 demonstrated the lowest impact across
the groups. All health and economic impacts observed with
the NW programmes were 2.5 times higher than observed
with the THS programmes. Of the DALYs saved with
programme 1, a total of 18.5% were from hospitalized
cases, 23.16% from ambulatory cases and 58.34% from
dengue-related deaths.

As costs associated with dengue-related deaths were not
captured in this study, the total dengue treatment cost was
limited to direct and indirect medical costs only. From the

provider perspective, it was found that almost two-thirds
(62.50%) of the cost savings with programme 1 could be
attributed to the reduction in ambulatory disease cost and
the remaining could be attributed to the reduction in hos-
pitalized disease cost. From the societal perspective, more
than half of the cost savings (56.35%) with programme 1
was attributed to the savings in productivity costs, 42.09%
of the cost savings were attributed to the reduction in
ambulatory disease costs, and the remaining to the reduc-
tion in hospitalized disease costs.

3.3 Cost-Effective Threshold Price and One-Way
Deterministic Sensitivity Analysis

Table 3 shows the cost-effective and highly cost-effective
threshold prices from both public provider and societal
perspectives. Programme 1 recorded the highest cost-ef-
fective threshold prices, at $US100.59 (95% CI
72.14-136.74) and $US127.37 (95% CI 89.78-175.56)
from the provider and societal perspectives, respectively.

The acceptability curves for the cost-effective and
highly cost-effective vaccine threshold prices are shown in
Fig. 2a—d. The curve demonstrates the cumulative proba-
bility of the programmes being cost effective or highly cost
effective (y axis) as a function of vaccine threshold prices
defined (x axis). From the provider perspective, for 90 and
50% probabilities of the vaccine being highly cost effec-
tive, the threshold prices for programme 1 (THS R13C30)
were $US39 and $US48, respectively, and the threshold
prices for programme 4 (NW R13C30) were $US14 and
$USI18, respectively.

A\ Adis



A. A. Shafie et al.

582

jodsioy pajedie) SE L ‘Opimuoneu MA IS0 Jeak-oJ1] 77 ‘Tedk-oj1] paisnlpe-Ajiqesip {7vVa
SN$ Ul ([eAIUI AOUIPYUOD 9,G6) UBIpaw se pajuasald are ereq

(E€9TH'8Y0°1
—00£°06588t)
609°T6S'STL

(S9LT68¥LY

—T6L'E€6L°TTT)
SH9°168°9C¢

(€0L°SS—0S8'¥T)
80T°LE

(T66°Tr—88L L)
€8Y°LT

(6€8°1=S¥L) LIT°T

(ISL°€09-CET°0vET)
62E 768

(800°867—678°LET)
9¥L'€0T

(PLSPHO T-TEC EOY)
989°169

(12S'891°19¢° 1-8€1°LT9°SS9)
055921956

(10S¥8T°079-8C€°€L0O90E)
19788 01

(#S91L-S1€°CE)
€ELSY

(8L8VS—9tT'€T)
S10°9¢

(L8ET-L66) SSS°1

(T6LEVL T-695°808)
TS9'E61°1

(I18+° 18€—110°81)
000°1LT

(9€T¥SET—€66'819)

06676

(PT8'9PL'€ST 1-€9T°SS8'+79)
9TT'S16°'L06

(¥79°686°L9S —0SL199°€67)
62S¥8T°0CY

(881°99—€L0°1€)
7879

(88T 16-1TH'C0)
6Tr e

(0£T'T-096) €87°1
(£€8965°1-0€8°€8L)
910°TYI°l

($20°SSE—T69°6L1)
6£€°8ST

(L86°6£T T—€0E+09)
T6L°€88

(92E9E1°OP—1L6°L88°LOT)
SIS9EH H0€E

(E1T°€T1°T0T-998°TT8V6)
S88°CIT'6E1

(169°€T-1LS°01)
T8LST

(LLT'81-S9S°L)
$89°1 1

(Z8L-91€) 96v

(9€5°0L5—6T0°LST)
8EL08E

(S69°9T1-509°8S)
12998

(088‘vrP—1€€°L61)
98576C

(€20°198°9LS—T€H°L08'9LT)
916995 v0v

(ST6°TST€9T—TSL9TH 6T1)
S0S°6L0°L81

(99€°0€-€9°€D)
109°0T

(SETET-SH8°6)
9¢€TS1

(010°1-12H) 959

(191°6EL-LIT 1¥€)
6£7°S0S

(ILET9T-9¥0°8L)
S9S YT

(€SL¥LS—058°C92)
€L9°16€

(96€°0LS 1€S—T08°668°€9T)
6T1°8€S V8¢

(T€1°9SE THT—€0S TLO'FTT)
898°CCI‘8LI
(860°8T—CrI°€l)
$69°61

(OLL1T=TSH'6)
S9S P 1

(S¥6-90%) 879

(8¥T°LL9~016°0EE)
LIT¥8Y

(68€°0S1-8€8°SL)
LIT601

(€£€6°9TS—€SHSST)
TTO'SLE

[e191008
—1500
JuuIIRAI)
an3uap [e10)

ur uononpay
1op1aoxd
—J1500
liliii=)il
an3uap [0}

ur uononpay
ATvd

ur uononpay

TAT

ur uononpay
syjeap
parerar
-on3uap

ur uononpay
SosBD
an3uap [e10)

ur uononpay
sosed
anguop
pasiendsoy

ur uononpay
sosed
an3uap
K101B[NqUUE

ur uononpay

L1D6d MN
19 swweISolg

0€06d MN
:¢ swweISorg

0€D¢Td MN
' owweISorg

L1D6Y¥ SHL
:¢ swweISord

0€06d SHL
17 wweI3old

0€D¢1d SHL
11 swwel3old

uopIng OIWOUOID

pue oseasip uo joeduwil UOHEUIIOEA T IqeL,

A\ Adis



Cost Effectiveness of Dengue Vaccination in Malaysia

583

Table 3 Cost-effective threshold price per dose of dengue vaccine

Provider perspective

Societal perspective

Cost effective®

Highly cost effective®

Cost effective®

Highly cost effective”

Programme 1: THS R13C30
Programme 2: THS R9C30
Programme 3: THS R9C17
Programme 4: NW R13C30
Programme 5: NW R9C30
Programme 6: NW R9C17

100.59 (72.14-136.74)
91.55 (65.34-127.04)
80.70 (56.64-113.62)
40.76 (28.74-56.35)
36.99 (25.92-51.76)
32.39 (22.09-46.33)

47.96 (33.90-65.21)
43.52 (31.01-59.73)
37.93 (26.39-53.83)
18.14 (12.49-25.68)
16.43 (11.11-23.35)
14.15 (9.16-21.07)

123.37 (89.78-175.56)
116.41 (81.70-161.46)
102.26 (70.79-145.52)
50.94 (34.76-71.21)
46.27 (31.54-65.41)
40.26 (26.90-58.69)

75.02 (51.97-103.93)
68.02 (46.82-95.82)
59.59 (40.38-86.85)
28.60 (18.88-40.57)
25.52 (16.64-37.39)
22.01 (13.74-33.21)

Data are presented as median (95% confidence interval) in $US

GDP gross domestic product, NW nationwide, THS targeted hotspot

* Cost-effective threshold = 1-3 x Malaysia GDP per capita ($US10,456.89-31,370.67)
" Highly cost-effective threshold = <1 x Malaysia GDP per capita ($US10,456.89)

The vaccine threshold prices were most sensitive to the
ambulatory under-reporting factor (Fig. 3a—f). Increasing
the ambulatory under-reporting factor to 10.38 increased
the highly cost-effective threshold price to $US82 per dose
in programme 1 (from the provider perspective), a 79%
increase compared with the base-case scenario. One-way
DSA also showed that vaccine protection duration, hospi-
talised under-reporting factor and model time horizon
exerted a similar impact on the threshold price (Fig. 3a—f).
Nevertheless, vaccine administration costs and coverage
rates for catch-up cohorts have a negligible impact on the
threshold price for all programmes.

4 Discussion

Our study assessed the potential health impact, economic
impact and cost effectiveness of adding a vaccination
programme into the current dengue prevention manage-
ment in Malaysia with a model that was calibrated with
Malaysia-specific epidemiological data. This model suc-
cessfully reproduced dengue epidemiology in the country
and allowed us to simulate the impact of vaccination. The
model compared well qualitatively with other models from
the WHO Dengue modelling consortium [18]. Model
structures and outputs were also found to be generally
acceptable by local stakeholders. The stakeholders pro-
vided input on the model appropriateness as well as useful
insights on the implementation strategies and uncertainties.
These processes, actively engaging with multiple stake-
holders, increased the model use and credibility at the
country level. We designed the vaccine programmes with
advice from key MOH personnel and adjusted different
coverage and compliance rates for different age groups,
geographical locations, routine and catch-up ages and
vaccine wastage to accurately reflect the vaccination

scenario in Malaysia. This is in line with the recommen-
dation by The Dengue Vaccine Initiative (DVI) expert
panels to fill the information gaps related to development
and introduction of dengue vaccines [6].

Vaccine benefit is a function of protection conferred to
both vaccinated and unvaccinated populations [29]. When
a large percentage of the community is vaccinated, the
spread of disease is limited. In the context of dengue virus
transmission, the indirect effect of vaccine-derived immu-
nity is guided by the reduced transmissibility between host
and vector. In this study, vaccination was found to reduce
dengue cases over a 10-year period by almost 50%, similar
to the findings of Rodriguez-Barraquer et al. [28]. The
biggest reduction occurs within 5 years of vaccination.
Differences are due to the effects of the catch-up cohort,
which confers rapid but limited protection. Programmes
with larger catch-up cohorts exhibited a 56% reduction in
dengue cases, 67-68% reduction in dengue-related deaths
and 68% reduction in LYL. These results are aligned with
the WHO global strategy’s goal of reducing dengue mor-
tality by 50% and morbidity by 25% by 2020 (with 2010
levels as the baseline) [30]. These reductions would
translate into treatment savings ranging from $US132 to
441 million from the provider perspective over 10 years.
This reduction is significant and comparable to human
papillomavirus vaccination in Malaysia, where the
quadrivalent vaccine was estimated to reduce cervical
intraepithelial neoplasia (CIN) cases by 16% and cervical
cancer cases by 81% [31].

Our results illustrate that programme 1, which routinely
vaccinates those aged 13 years and a catch-up cohort aged
14-30 years in THS areas appears to be the most cost-
effective programme. With a price of $US72-136 per dose,
dengue vaccine is likely to be cost effective from the
provider’s perspective. It is likely to be highly cost effec-
tive at a price of around $US34-65 per dose. Its cost-
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Fig. 2 Cost-effectiveness acceptability curves for a the highly cost-effective vaccine price and b the cost-effective vaccine price from the
provider perspective and for ¢ the highly cost-effective vaccine price and d the cost-effective vaccine price from the societal perspective

effective threshold price per vaccine dose from the societal
perspective ($US123.37) was comparable to those in sev-
eral other countries, e.g. Singapore ($US95) [9], Thailand
($US200) [8] and Brazil ($US534) [10]. While cost data
are country specific and cannot be easily compared, it is
worth noting that the vaccine administration cost per dose
in our study ($US5.96) was similar to that found in Sin-
gapore ($US7.00) [9]. To account for the opportunity cost,
we conducted a threshold analysis on the break-even vac-
cine price (where net cost equals net benefit). The break-
even price for programme 1 was found to be $US21.53
(95% CI 14.81-29.66) per dose from the provider per-
spective, which is 50% lower than its highly cost-effective

A\ Adis

threshold price. This analysis indicated that a price per
dose near the break-even threshold would render the vac-
cination programme cost saving under any circumstances.
However, it should be noted that the break-even/cost-
neutral price, where net cost equals net benefit, is not the
main objective in this study and is a criterion of lower
value as it does not value health gains.

Lastly, our results demonstrated a higher health and
economic impact with programmes 2 and 5 but a higher
value in terms of cost effectiveness with programmes 1 and
4. This study also found that, from a provider perspective,
with additional vaccination for those aged 9-12 years
(change from programme 1 to 2), the increased vaccination
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Fig. 2 continued

costs were $US3.89 million over 10 years, and reducing
the catch-up population to age 18 years (change from
programme 2 to 3) would save $US4.3 million vaccination
costs over the 10-year period. This is consistent with epi-
demiologic theory, whereby mass prophylactic vaccination
could significantly reduce the potential for a major epi-
demic by reducing the incidence, whereas the targeting of
high-risk groups increases efficiency.

Several parameters and model assumptions had a
strong influence on the vaccine cost-effective threshold
price, particularly under-reporting factors and the dura-
tion of vaccine protection, the uncertainty on the latter

= NW R9C17

= THS R13C30 THSR9C17  ———THS R9C30

being a consequence of the relatively short period of
longitudinal follow-up available for a vaccine for which
the first licensure is dated 2015. The results of one-way
DSA in all programmes showed that a higher under-re-
porting factor and more sustained protection from the
vaccine led to more favourable cost-effectiveness results.
This is probably caused by the higher health and eco-
nomic burden curtailed by the vaccine. In programme 1,
the highly cost-effective threshold price of a dose of
dengue vaccine can go as low as $US30-35 assuming no
under-reporting in Malaysia. Nevertheless, the estima-
tions of the ambulatory and hospitalised under-reporting
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Fig. 3 One-way sensitivity
analysis on the highly cost-
effective vaccine price from the
provider perspective for

a programme 1 (THS R13C30),
b programme 2 (THS R9C30),
¢ programme 3 (THS R9C17),
d programme 4 (NW R13C30),
e programme 5 (NW R9C30),
f programme 6 (NW R9C17)

(a)
Underreporting factors - ambulatory (1/10.38) 30.63
34.53

82.33

Vaccine protection duration (5/30 years) 67.85

Model time horizon (5/30 years) 68.46
Underreporting factors - hospitalised (1/2.45)
Discount rate (0 %/5 %)

Vaccine wastage (10 %/30 %)

Total dengue treatment cost (80 %/120 %

)
Vaccine coverage rate for catch-up (20 %/80 %)
)

34.13
OUpper
mLower

Vaccine administration cost (80 %/120 %

25 35 45 55 65 75 85
Highly Cost-Effectiveness Threshold Price/dose, US$

(b)
Underreporting factors - ambulatory (1/10.38)27.14
Vaccine protection duration (5/30 years) 28.31

Underreporting factors - hospitalised (1/2.45) 30.25

Model time horizon (5/30 years)

)

)

)

] 73.72

58.7

61.32
Discount rate (0 %/5 %
Vaccine wastage (10 %/30 %
Total dengue treatment cost (80 %/120 %
Vaccine coverage rate for catch up (20 %/80...
Vaccine administration cost (80 %/120 %)

52.58 OUbper
35.36 PP

36.39 mLower

20 30 40 50 60 70 80
Highly Cost-Effectiveness Threshold Price/dose, US$

(c)

Underreporting factors - ambulatory (1/10.38)25.32
Vaccine protection duration (5/30 years) 29.81

Underreporting factors - hospitalised (1/2.45) 28.08
Model time horizon (5/30 years)
Discount rate (0 %/5 %)
Vaccine wastage (10 %/30 %)
)
)

] 68.76

51.36
48.87
53.79

49.95
OUpper

Total dengue treatment cost (80 %/120 % mLower

Vaccine administration cost (80 %/120 %
Vaccine coverage rate for catch up (90...
20 25 30 35 40 45 50 55 60 65 70
Highly Cost-Effectiveness Threshold Price/dose, US$

(d)
Underreporting factors - ambulatory (1/10.38)11.0
Vaccine protection duration (5/30 years)
Model time horizon (5/30 years)
Underreporting factors - hospitalised (1/2.45) 12.63
Discount rate (0 %/5 %)
Vaccine wastage (10 %/30 %) 14.98
Total dengue treatment cost (80 %/120 %) 15.47
Vaccine administration cost (80 %/120 %) 16.91 18.35
) 1712 17.82
10 15 20 25 30 35
Highly Cost-Effectiveness Threshold Price/dose, US$

]33.16

26.72
27.07
23.03

23.13 OUpper

mLower

Vaccine coverage rate for catch up (20 %/80 %

factor in our base case were conservative compared with a
neighbouring country with ambulatory and hospitalised
under-reporting ranging from 3.8 to 50 and from 1.4 to
3.4, respectively.

A\ Adis

The greatest limitations in our study lie in the presence
of uncertainties in the parameters and model assumptions.
We did not conduct PSA on all parameters in the model as
many of the parameters are correlated and these
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Fig. 3 continued (e)
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Vaccine protection duration (5/30 years
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Vaccine wastage (10 %/30 %

Dengue treatment cost (80 %/120 %

Vaccine administration cost (80 %/120 %
Vaccine coverage rate for catch up (90 %/100 %

correlations need to be preserved to ensure sensible models
and reasonable fit to data, which is in line with the rec-
ommendation from the International Society for Pharma-
coeconomics and Outcomes Research (ISPOR)-Society for
Medical Decision Making (SMDM) Modelling Good
Research Practices task force [32]. However, we managed
the parameter uncertainties and model assumptions by
performing substantial DSA and scenario analysis to
highlight the role of specific parameters to complement the
PSA. Second, we did not evaluate the effect of waning in
immune response and booster vaccine because of the lim-
ited follow-up of the long-term efficacy data for which the
first licensure was dated December 2015. At the time of
writing, the available efficacy data only reported efficacy
of pooled data from the first 25 months of two large clinical
trials [14—16]. Third, the dengue treatment cost data in this
study were conservative as they were limited to direct and
indirect medical costs only. Other costs associated with
dengue-related deaths, long-term sequelae of dengue dis-
ease, vector prevention and control, surveillance, loss in
tourism and loss in foreign investment were not included
but are expected to increase the benefit (and value) of the
vaccine. However, this is in line with other available
dengue modelling studies [7-10]. Finally, because of the
absence of country-specific cost-effectiveness thresholds in
Malaysia, we reported the cost effectiveness with reference

9.62
10.09

] 29.45

22.83
23.99
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OUpper
mLower

14.77
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5 10 15 20 25 30 35
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to the thresholds set by WHO-CHOICE (Choosing Inter-
ventions that are cost-effective). Although the WHO-
CHOICE thresholds are widely cited and used to assess
public health measures or immunization programmes in
low and middle-income countries (LMICs) [33, 34] and
recommended by WHO in countries without locally
established thresholds [35], there is debate on its appro-
priateness as it does not reflect the budget affordability of
the programme being evaluated. In our study, we addressed
this issue by comparing the break-even price (i.e. no net
cost) with the WHO-CHOICE threshold price. In fact,
recent published studies exploring the willingness to pay
(WTP) per quality-adjusted life-year (QALY) in Malaysia
showed that the threshold (~ $US9000) is not very far from
the 1 x GDP threshold ($§US10,456) [36, 37].

To date, only a few published models [7-9] have eval-
uated the economic value of dengue vaccines. Three of
them were static models that did not consider the benefits
of herd immunity, which might have underestimated the
cost effectiveness of the vaccine. One model [10] evaluated
the cost effectiveness of the vaccine using an age-struc-
tured four-serotype dengue transmission and vaccination
model. However, none of the available models incorpo-
rated the Malaysia-specific demographic and epidemio-
logic data. In addition, new clinical evidence in long-term
vaccine efficacy and safety have emerged that warrant an
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improved evaluation of the economic value of a dengue
vaccine in Malaysia.

All vaccination programmes evaluated in our study
demonstrated positive health and economic impacts. It is
important to consider vaccination as a long-term invest-
ment, as its full benefit will only be observed years after its
introduction when the higher initial costs due to catch-up
vaccination are offset by the morbidity and mortality
averted.

5 Conclusions

Our study shows that routine vaccination in a population
aged 13 years with a catch-up cohort aged 14-30 years in
THS areas is the best-value strategy among the six strate-
gies investigated. Vaccination against dengue disease could
complement the existing surveillance and vector control in
curbing the economic and health burden of the disease. The
robustness of the results in our study suggests that dengue
vaccination is potentially a good investment if the pur-
chaser could negotiate a price below the determined cost-
effective threshold price for the programmes evaluated.

Data availability statements Several datasets were used
for this analysis: (1) Data collected during phase III effi-
cacy trials in ten countries were used to estimate the
parameters of the mathematical model related to dengue
transmission, interactions between serotypes and vaccine
efficacy. The entire dataset is not publicly available, but the
results of these trials have been presented in several pub-
lications. (2) Data from dengue surveillance in Malaysia
were used to adapt the model to the Malaysian situation.
These data are available from the corresponding author
upon request. (3) Data related to dengue costs in Malaysia
were obtained from other publications that present the
original datasets used for deriving these costs. (4) The
model has been developed to be run through a web-based
interface (DENMOD) accessible to registered users. The
access to this interface can be obtained upon request.
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