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Summary

To ascertain the economic feasibility of a pediatric tetravalent dengue vaccine, we
developed and calibrated a cost-effectiveness model of vaccinating children at 15 months in SE
Asia using a societal perspective. We assumed that full immunization would require two doses
at prices of $0.50 and $10 each in the public and private sectors, respectively. The gross cost per
1000 population (of all ages) of the vaccination program would be US $154. Due to projected
savings in dengue treatment, the net cost per capita would be only $17 (89% below the gross
cost). The cost per disability adjusted life year (DALY) saved by a pediatric vaccine would be
$50, making the potential vaccine highly cost-effective. Eventually, vaccination may be able to
replace environmental control as a strategy for dengue prevention and be cost saving.

1. Introduction

Recent reports on dengue, a mosquito-borne disease which threatens half the world's
population[1], have highlighted economic and financial issues as critical questions affecting
completion of research, development and use of dengue vaccine. Epidemiological publications
and surveillance reports have documented the sobering increase in cases and deaths from
dengue[1] and its spread to new areas, such as the Middle East and the US states of Texas[2],[3]
and Hawaii[3], thereby greatly increasing the importance of effective control programs.
Furthermore, continued progress on vaccine development has increased the likelihood that an
effective vaccine against dengue is technically possible[4]. Yet, as dengue is a tropical disease
that threatens few industrialized countries, the vaccine may remain an orphan[5]. We suggest
here, however, that the potential sales of a dengue vaccine would be sufficiently large in South
East Asia to support reasonable development and production costs and yet make the vaccine
available at an affordable price.

Periodically, economic analyses are conducted to guide public support for vaccine
development in both industrialized[6] and developing[7],[8] countries, including a previous cost-
effectiveness study of dengue[9]. Inadequate economic analysis may have delayed the adoption
of Hepatitis B vaccine (HBV) in developing countries by a decade.

Assuming a pediatric dengue vaccine proves safe and effective, here we examine whether
it would be economically viable. We focus specifically on the region of Southeast (SE) Asia,
where the disease has its highest incidence, primarily strikes children[10], and has been the site
of major epidemics in the past 20 years. Focusing specifically on SE Asia, this paper (1)
estimates the health benefits of offering dengue vaccination to annual child cohorts in that
region, (2) determines the annual cost of that strategy; and (3) projects potential revenues to
vaccine producers from sale of a pediatric dengue vaccine[11]. Our analysis is designed to
inform the many stakeholders in vaccine development. They include the recently formed
Pediatric Dengue Vaccine Initiative (www.pdvi.org), national governments, donors, research
institutes, vaccine producers, and financing intermediaries such as the Vaccine Fund, which
supports the activities of the Global Alliance for Vaccines and Immunization (GAVI)[12]. The



stakeholders interact because investment decisions by donors and producers on vaccine
development depend, in part, on the potential utilization and revenue from a vaccine if it is
developed.

2. Methods

We conducted this economic analysis using standard approaches to cost-effectiveness
analysis[13],[14] to derive the cost per Disability Adjusted Life Year (DALY) saved[15]. Each
DALY saved represents one year of healthy life gained due to postponement of mortality and/or
reduction in rate or severity of morbidity. The ten countries in SE Asia (Brunei, Cambodia,
Indonesia, Laos, Malaysia, Myanmar, Philippines, Singapore, Thailand, and Vietnam) had a
combined population in 1999 of 529 million persons[16]. From 1997 through 2001, these
countries officially reported to the World Health Organization (WHO) 1.2 million cases of
dengue fever (DF) or dengue hemorrhagic fever (DHF), a life-threatening form of the disease,
while the actual burden is projected to be far higher[17]. Our target population, the cohort of
11.6 million children in SE Asia who reached the age of 15 months sometime in 2001, was based
on births in 1999[18],[19].

Our time horizon for the analysis was the lifetime for the cohort, which was set to have a
life expectancy equal to that in SE Asia (66 years). The estimated lifetime number of infections
per person for SE Asia is 3.3[2]. Consequently, the expected average annual dengue infection
rate 1s 5% overall (calculated as 3.3 lifetime infections per person divided by 66 years of life
expectancy per person). Based on the concentration of infections in children, we estimated
annual infection rates of 12.5% in children under 15 and 2.8% in adults. Although costs and
health benefits will occur in the future, we expressed them in rates per 1000 persons in the 1999
population of SE Asia. We adopted a societal perspective for evaluating costs and benefits and
used official exchange rates to convert foreign currencies to US dollars. We compared
vaccination of the cohort against the current situation, i.e., no dengue vaccination exists and
vector control programs attain moderate coverage and effectiveness throughout SE Asia. These
vector control programs entail varying levels of public education, inspection of potential
breeding sites, elimination or appropriate management of larval habitats, and insecticidal
measures against larvae and adults.

Figure 1 portrays the current rates of disease progression without vaccination, based on
available literature[10],[17],[20]. Based on these rates, we estimate that on average in SE Asia,
26 million infections occur in an average year, of which 6.3 million are clinically apparent.
From them, 381,000 persons (mostly children) develop the serious and life-threatening
complication, dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS), while 3,047
die annually. Drawing on experience from Thailand[20], we used age 8 as the average age of
hospitalization and death from dengue, leading to a loss of 34 DALY per dengue death [21].
We assumed an average duration of 5.5 days for DF (non-DHF) and 9 days for DHF and a
quality of life during these episodes on a scale where 0 is equivalent to death and 1 to perfect
health of 0.19 for DF (non-DHF) and 0.15 for DHF. The quality of life values were based on
losses per day (compared to perfect health) of 0.81 and 0.85, respectively[17].



We estimated treatment costs (ambulatory visits, hospitalization, medications, travel
expenses, and parents’ time seeking treatment) from a detailed study in Thailand[20] and studies
of hospital costs across several countries[22]. We adjusted for differences in wage rates and
prices among countries in the region and over time by scaling treatment and control costs in
proportion to Gross National Income (GNI) per capita[19] with a population-weighted average
per capita GNI for SE Asia for 2001 of US $1083, giving a cost per case of $139 for DHF, $4.29
for DF (non-DHF), and $12.39 overall (DF or DHF).

Figure 1 also serves as the basis for our model of vaccination, where each oval represents
a model state and each arrow the most likely percentage of subjects progressing to the next state
over the course of his dengue infection. Sensitivity analyses below will consider alternative
assumptions. As all subjects face the same proportions and there are no differences by gender,
our model is deterministic. Under our model, vaccination would affect only the 5% annual rate
from “population” to “infection”. In consultation with dengue experts at a major international
meeting[23] and based on experience with other vaccines, we assumed that vaccination would be
95% efficacious in providing lifetime protection against each of the four dengue virus serotypes,
reducing the recipient’s annual risk of infection to 0.25%. Vaccination would have negligible
side effects.

We assumed that children would be vaccinated with two doses. We projected a mixed
distribution system (both public and private) and two-tiered prices from experience with HBV.
For children vaccinated in public sector, the first dose would coincide with the visit for measles
vaccination, generally given at the average age of 9 to 12 months[3]. The second, requiring a
separate visit, would occur around 18 months, the age just prior to the period of risk. For
children vaccinated in the private sector, we assumed that neither dose would coincide with an
existing vaccination and each thus dose would require a separate visit. Based on the current
vaccination coverage for DPT3 in SE Asia, we assumed that 85% coverage would be achieved at
full implementation, and additional doses would be procured to compensate for an estimated
20% wastage rate[24].

We projected that the public sector would serve 90% of recipients and will procure the
vaccine at $0.50 per dose. This is twice the price that the Vaccine Fund pays for HBV, and a
fifth more than PAHO pays for the median recommended vaccine in the Expanded Program on
Immunization[25]. The projected coverage assumes that the Vaccine Fund or other international
institutions would help purchase doses of a dengue vaccine, once approved, in the poorest
countries as they do currently for existing vaccines. For the remaining 10% of recipients
(primarily middle and upper class children), we assumed that the vaccine would be delivered
through the private sector at a procurement price of $10 per dose. These public and private
prices cover the supplier’s cost of production, amortized development, and profit.
Immunological, epidemiological, economic, and effectiveness studies by the Pediatric Dengue
Vaccine Initiative supported by grants from the Bill and Melinda Gates Foundation and other
donors [26-28] are expected reduce risk and associated development cost to the suppliers.
Syringes would cost $0.05 each. Costs per contact of labor, overhead, vaccine distribution, and
storage for administering the vaccine would be $3.50 in the public sector based on other
vaccination programs[8] and were assumed to be twice as much ($7) in the private sector. The



model “discounted” health benefits (expressed as DALY's) and costs saved from vaccination at
an annual real (net of inflation) rate of 3% per year.

To estimate revenue to vaccine producers, we made conservative assumptions. First, 8
years of further development are required with no revenues; then 5 years of partial revenue occur
as coverage increases linearly up to 85%; finally 8 years of full revenues are realized; no further
revenues are obtained, as the product becomes obsolete. We used a commercial cost of capital of
15% per year (12% net of inflation) and performed all calculations in Microsoft Excel XP®.

Due to lack of evidence, our model did not include potential indirect benefits of vaccination,
such as those from increased tourism, reduction of psychological fear by the public, and positive
externalities to unvaccinated subjects from lowered dengue transmission due to fewer
susceptibles in the population.

We performed sensitivity analyses of key variables and assumptions. First, we varied the
public sector procurement price per dose over the range of $0.25 (the current price of HBV under
the Vaccine Fund) to $1.50 (the price at which HBV started to be used in the public sector in
developing countries)[11]. Second, we considered combination vaccines against dengue and
other diseases, as recently occurred for HBV and Hemophilus influenza B (Hib) vaccines. Third,
we varied the rate of clinical disease above and below our best estimate based on alternative
values of Gubler and Meltzer’s[17] “multiplier” that projects actual cases from reported cases.
For children under age 15, the age group experiencing the most dengue cases in our model, their
“Method A” relying particularly on data from Thailand, estimated that the most likely value of
the multiplier was 19, with a 95 percent confidence interval of 2 to 43[29-31]. Fourth, we
considered a vaccine that provided only 10 years of protection. Fifth, we also examined a “least
cost-effective scenario” with the lowest infection rate, a low vaccine efficacy (85%), the highest
public sector vaccine price ($1.50), and only 85% of children served through the public sector.
Sixth, we examined the actual mortality rates and life expectancy in SE Asia to translate deaths
averted into DALY s, rather than the optimum mortality rates and life expectancy (model life
table West level 26 , based on Japan) that are standard in DALY calculations worldwide[21].
Seventh, we examined the lowest coverage rate reported from SE Asia (70%, based on measles
vaccination rates in Indonesia, Laos, and the Philippines)[32]. We assumed, however, that costs
per contact would not vary with lower coverage levels.

3. Results

The baseline disease burden of dengue in SE Asia for the cohort is 0.42 DALY's per 1000
population, of which 52% is due to premature mortality and 48% to acute morbidity. The
baseline cost of treatment is $99 per 1000 population per year. Although DHF constitutes only
6% of clinical cases, it represents 68% of the disease burden and 67% of the treatment costs.

Under our most likely assumptions, vaccination reduces both the mortality and morbidity
burdens of disease by 82%, saving 0.34 DALY per 1000 population per year. The incremental
cost of vaccinating one child against dengue would be $4.85 in the public sector, $39.10 in the
private sector, and $8.28 overall. Since each child would receive two doses, the cost per dose
would be $4.14. The gross cost per 1000 population of the vaccination program would be $154.



This cost is relatively low because children must be vaccinated during just one year of their life,
but that cost is allocated over the entire population. The net cost per 1000 population, $17, is
89% below the gross cost because of the savings in health care costs from fewer dengue cases.
In aggregate, when fully implemented in SE Asia, dengue vaccination would cost $81.7 million
per year, save $72.7 million in treatment, and have a net cost of $9.0 million. It would save
182,000 DALY per year.

The dengue vaccination program would cost $50 per DALY saved. This cost-
effectiveness ratio is the cost to buy a year of good health. The lower that ratio, the more
favorable the health intervention. The calculated ratio also means that each $1 million invested
in dengue vaccination would save 20,000 DALYs.

At full implementation, the vaccine sales for SE Asia for each annual cohort of infants
would be 25 million doses and revenues would be $36 million per year, of which the private
sector represents 10% of the doses and 69% of the revenues. The present value of revenues until
the vaccine’s obsolescence would be $66 million at the 15% nominal (or 12% real) commercial
discount rate, but would rise to $228 million at the 6% nominal (3% real) discount rate used in
public sector analyses[15].

4. Discussion

4.1 Burden of disease. The health burden of dengue estimated in this study (0.42
DALYs per 1000 population) is comparable to that of meningitis (0.39 DALY's per 1000
population) in the WHO region (Western Pacific) that includes most (7 out of 10) of the
countries examined. It is twice the burden of hepatitis B (0.24 DALY's per 1000 population) and
one third the burden of HIV-AIDS (1.16 DALY's per 1000 population), one of the major
worldwide health threats[33]. In terms of economic burden, the cost per case of DF or DHF
($12.39) exceeds the comparably calculated cost per case of treating malaria of $9.14 to $9.22,
based on costs from Burkina Faso[34] and Rwanda[35], respectively.

4.2 Cost-effectiveness. Cost-effectiveness interpretations should first relate to other
health interventions as a whole. The cost-effectiveness ratio for a dengue vaccine in SE Asia
($50 per DALY saved) is comparable to the most favorable public health programs for children,
which each cost less than $100 per DALY saved (i.e., control of respiratory infections, perinatal
conditions, diarrheal disease, pertussis, polio, measles, tetanus, malaria, malnutrition, and
vitamin A deficiency). It is 20 times more favorable than the treatment of leukemia[15].

Next, a dengue vaccine should be judged against other approaches to prevention,
particularly environmental control. By contrast to the cost per DALY of $50 for vaccination, the
published cost-effectiveness ratio for an environmental management approach to dengue
prevention and control ($3,139 per DALY), derived from the Singapore experience, was far less
favorable[9]. While a pediatric dengue vaccine would be expected to confer virtual lifelong
immunity, environmental management, must be delivered repeatedly each year to the entire
population as part of an integrated vector control strategy, with associated high recurrent costs.
With few exceptions, sustained control or prevention of dengue virus transmission by vector



control has not been achieved in recent decades, mainly due to operational constraints including
weaknesses of program delivery, continuity and coverage, and over-reliance on insecticidal
control methods, especially those targeting adult mosquitoes. Control programs have generally
failed to engage communities in sustainable behavior change that prevents the creation of, or
controls larval habitats.

We estimate that after many cohorts have been vaccinated, vaccinations would be at least
as effective as current vector control programs, and could supplant them for purposes of
preventing dengue transmission. To estimate the potential savings, we assembled the most
recent available data on dengue vector control. As dengue is primarily an urban disease, more
urbanized countries had higher spending. Annual cost per 1000 population was $15 in Indonesia
(1998), $81 and $188 in Thailand (1994[20] and 1998, respectively), $240 in Malaysia (2002),
and $2400 in Singapore (2000) (unpublished data, World Health Organization for Indonesia and
Thailand; Ministry of Health, Malaysia; Ministry of the Environment, Singapore). For 1997,
among 14 Latin American countries, corresponding spending on control ranged from $20 to
$3560 with a median $260[36]. For 17 Caribbean islands in 1990, the corresponding
expenditure ranged from $140 to $8,490 with a median of $1,340[37]. As control costs were
predominantly for personnel, we used the same methodology applied for vaccination costs to
compute the average expenditure on environmental control for SE Asia. In 2001 prices, this
unweighted average was $66 per 1000 population. Thus, if vaccination allowed at least a one
third reduction in spending on environmental control, it would be cost saving.

4.3 Vaccination costs. One of the most critical questions in pharmaco-economics
concerns the price of the product. That price must satisfy the opposing needs of the consumers
and the producers of a product. It must be high enough to satisfy the needs of the producer. That
is, it must cover at least the amortized development and production costs plus a return
competitive with other alternatives. On the other hand, it must be low enough that the public
sector could purchase the vaccine on a large scale. This analysis for SE Asia suggested that our
base case price per dose ($0.50 in public sector and $10 in private sector) could meet these two
objectives. The proposed public price exceeds the cost per dose of older vaccines in the
Expanded Programme on Immunization, but is below the price of the most recently introduced
(e.g. HBV and Hib), suggesting it is a plausible average over the vaccine’s anticipated lifetime.
The hypothesized private price is comparable to existing private sector prices in SE Asia (e.g.
$9.51 per dose for Hib and $13.59 for the Japanese encephalitis in Malaysia manufactured by
Biken, J. Cardosa, private communication, June 2003). Both industry and government
representatives at a major dengue conference understood the rationale for two-tiered prices of
these magnitudes[23]. Under a national program, governments would purchase vaccines from
producer via tender, with negligible commissions and fees.

The full cost per dose (weighted average of the public and private sectors, including labor
and overhead) of $4.14 lies within the range ($0.50 to $6.00) of reported cost per dose in a
systematic review of studies of expanding vaccination coverage[38]. Combination vaccines
would have only negligible cost on the overall cost of vaccination based on the experience of the
PAHO revolving fund in procuring a pentavalent vaccine (DPT, HBV, Hib), where the cost of
the combined vaccine was slightly more than the sum of the components[19].



4.4 Limitations and results of sensitivity analyses. The greatest limitations in our model
are uncertainties in its parameters. Multivalent vaccines have not yet reached the level of
development to know their efficacy, duration and type of protection, and side effects.
Incomplete reporting leads to uncertainty about the current burden of dengue. Our sensitivity
analysis showed that even with less favorable vaccine performance and disease incidence,
vaccination remained cost-effective. If the vaccine provided only 10 years of protection and no
booster dose were available or administered, the vaccine’s impact would be 62% less, net costs
would be 6 times as high than the values with lifetime protection (because less treatment cost is
averted) and the cost-effectiveness ratio would be $788 per DALY. Even under the least cost-
effective scenario, the cost-effectiveness ratio of $960 per DALY is still less than the per capita
GNI of Southeast Asia.

Sensitivity analyses showed that the two factors that most affected the cost-effectiveness
of a dengue vaccine were: (1) the price per dose of vaccine and (2) the incidence of DHF. The
base case values for this sensitivity analysis are bolded in Table 1. The low incidence of DHF
(36 per 100,000 population per year) corresponds to half of the base case values for each age
group, with an overall annual infection rate of 2.5%. The intermediate value (72) corresponds to
the central values described in Figure 1. The high incidence (108) corresponds to an infection
rate of 6% (16% for those under 15 years, and 3% for those 15 and above) and 30% of infections
being clinical cases. Higher rates of infection would be impossible over the long run, as they
would require reinfections with the same serotype. If the incidence of DHF were high enough
and the price were low enough, savings in treatment of DF and DHF would more than offset the
costs of vaccination. With the highest incidence of DHF, vaccination is actually cost saving
(CS) for all four prices shown and, in fact, for any price per dose up to $1.73. The highest
incidence and lowest price achieve the greatest savings. The cost-effectiveness ratio under least
favorable assumptions in Table 1 ($683 per DALY) and the cost-effectiveness ratios for poorer
vaccine performance ($788 and $960 per DALY) all fall in the same category as several other
public health programs in adults (e.g. control of diabetes and motor vehicle injuries)[15].
Moreover, these cost-effectiveness ratios are less than the region’s per capita GNI ($1083),
another benchmark for cost-effective interventions. When applying the life table for SE Asia,
3.4% fewer DALY's were gained, so the cost-effectiveness rose slightly to $51 per DALY saved.
The lower coverage of 70% does not affect the cost-effectiveness ratio because both vaccination
costs and offsets in treatment of dengue are reduced proportionately.

4.5 Extension to other regions and population groups. The cost-effectiveness of
vaccinations, like that of other preventive programs, is roughly proportional to the disease
burden. While dengue has been endemic in Southeast Asia for decades, it returned to the
Americas in 1980 and spread in Brazil, Venezuela, Mexico, and other countries. In the United
States, 102 cases of DF were reported from Hawaii in 2001, the first outbreak on that island in 56
years[3]. Undoubtedly, the Americas would also want to use a dengue vaccine when available,
as that region has higher per capita income than SE Asia and has operated highly successful
vaccination programs. Extending vaccination to other regions, older children and adults in SE
Asia (not included in annual cohorts in our model), travelers, and members of the military would
increase vaccine sales and revenues substantially.
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5. Conclusions

Several factors contributed to results favoring the development and subsequent use of a
dengue vaccine. First, at a projected price of $0.50 per dose in the public sector, the dengue
vaccine would be relatively inexpensive. This projection was based the recent success of large
public sector procurement through the Vaccine Fund in driving down the price of HBV to half of
this level. It also counted on donor involvement in effectiveness testing, large public sector
procurement, with concomitant low marketing overhead, to provide the producer with a means to
reduce unit costs of production and distribution, thereby increasing overall profitability. Second,
by assuming that dengue vaccination would be linked with the last dose of the Expanded
Program on Immunization, a high (85%) coverage rate seemed reasonable. Third, the study
focused on SE Asia, the region of the world with the highest incidence of DF and DHF.

The distributional implications of vaccination (disease avoidance and cost incidence) are
also favorable. Benefits are widespread. Without vaccination, each person would expect 0.8
clinical dengue cases over his lifetime; as vaccination reduces this incidence by 81%, almost
everyone receives at least a moderate benefit by avoiding an acute painful illness. Vaccinees
benefit most during childhood, since the incidence is highest during this period, but continue to
avoid some dengue infections and cases during adulthood. Costs are distributed roughly by
ability to pay. Vaccinating 90% of the population through the public sector at public expense,
the vaccine will be widely available to all, and especially convenient to the 10% of the
population voluntarily choosing the private sector. As a pediatric dengue vaccine would be
highly cost-effective and broadly beneficial once developed, continued development and
widespread use, once an effective product is made, deserve high priorities.
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Figure 1. Rates in Dengue Model



Table 1.
Sensitivity Analysis: Impact of DHF Rates and Public Sector
Cost of Vaccine on Cost-Effectiveness (US$/DALY Gained)

DHF per Public Sector Vaccine Price per Dose
100,000 Pop. $0.25 $ 0.50 $1.00 $1.50
36 $438 $499 $622 $683
72 $19 $50 $111 $141
108 CS CS CS CS

* CS denotes cost saving (i.e., vaccination costs less than the status quo).
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