Health Care Manag Sci (2015) 18:205-217
DOI 10.1007/s10729-013-9263-x

Impact of combined vector-control and vaccination
strategies on transmission dynamics of dengue fever:

a model-based analysis

Gerhart Knerer - Christine S. M. Currie -
Sally C. Brailsford

Received: 30 June 2013 / Accepted: 8 December 2013 /Published online: 27 December 2013

© Springer Science+Business Media New York 2013

Abstract Dengue fever is a vector-borne disease prevalent in
tropical and subtropical regions. It is an important public
health problem with a considerable and often under-valued
disease burden in terms of frequency, cost and quality-of-life.
Recent literature reviews have documented the development
of mathematical models of dengue fever both to identify
important characteristics for future model development as
well as to assess the impact of dengue control interventions.
Such reviews highlight the importance of short-term cross-
protection; antibody-dependent enhancement; and seasonality
(in terms of both favourable and unfavourable conditions for
mosquitoes). The compartmental model extends work by
Bartley (2002) and combines the following factors: seasonal-
ity, age-structure, consecutive infection by all four serotypes,
cross-protection and immune enhancement, as well as com-
bined vector-host transmission. The model is used to represent
dengue transmission dynamics using parameters appropriate
for Thailand and to assess the potential impact of combined
vector-control and vaccination strategies including routine
and catch-up vaccination strategies on disease dynamics.
When seasonality and temporary cross-protection between
serotypes are included, the model is able to approximate the
observed incidence of dengue fever in Thailand. We find
vaccination to be the most effective single intervention, albeit
with imperfect efficacy (30.2 %) and limited duration of
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protection. However, in combination, control interventions
and vaccination exhibit a marked impact on dengue fever
transmission. This study shows that an imperfect vaccine
can be a useful weapon in reducing disease spread within
the community, although it will be most effective when pro-
moted as one of several strategies for combating dengue fever
transmission.
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1 Introduction

Dengue fever is associated with severe urban epidemics and
has become a major public health problem, with considerable
economic, political, and social impacts. The WHO currently
ranks dengue fever as the most important mosquito-borne
viral disease in the world [1]. Dengue fever occurs in more
than 100 countries in the tropical and subtropical regions of
Asia-Pacific, the Americas, the Middle East, and Africa with
an estimated 3 billion people at-risk [1]. Persons living in
areas where dengue fever is endemic can often be infected
with three and quite often four dengue serotypes in their
lifetime [2]. The reason for this is that whilst the circulation
of multiple serotypes was geographically relatively restricted
in 1970 for example, it is now apparent that most regions (e.g.
Central and South America, central Africa etc.) are prone to
the circulation of multiple dengue serotypes [3].

Dengue is a mosquito-borne disease, caused by serologi-
cally related but antigenically distinct viruses grouped into
four serotypes (DENV-1 to DENV-4). Recovery from infec-
tion confers permanent immunity to that serotype, but only
short-term cross-immunity to other serotypes [4—6]. All sero-
types can cause severe and fatal disease with clinical cases
being classified into two groups: dengue fever (DF) and
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dengue hemorrhagic fever (DHF). Symptoms produced by
dengue infection last approximately 3 to 10 days, with an
average duration of 6 days following the onset of symptoms
[7]. The illness persists for several days after the viraemic
period (i.e. virus circulating in the blood) has ended [7]. The
symptoms of dengue hemorrhagic fever are more severe than
dengue fever symptoms and can lead to death. Dengue hem-
orrhagic fever may in turn subsequently develop into an acute
form of the disease known as dengue shock syndrome (DSS).
Risk factors for the incidence of the more serious forms of the
disease (Dengue hemorrhagic fever or Dengue shock syn-
drome) tend to be associated with people who have had past
infections with one or more dengue serotypes [8—10]. The
theory behind this relates to immune or antibody-dependent
enhancement (ADE), i.e. an immune response to one serotype
which enhances (rather than negates) future infections and can
increase the likelihood of severe disease [8—10].

Dengue embraces a wide clinical spectrum from asymp-
tomatic infections to severe manifestations resulting in large
numbers of both unreported and asymptomatic infections. It is
estimated that approximately 50—100 million individuals are
infected every year [7] with 500,000 cases of dengue hemor-
rhagic fever and 22,000 deaths [11]. Recent work suggests
that the number of ‘true infections’ is considerably greater
than the dengue burden estimate of WHO by at least a factor
of three [12]. Using advanced mapping techniques, the au-
thors estimate that there are approximately 390 million dengue
infections per year with a credible interval of 284—528 million.
Furthermore, it is estimated that approximately 96 million of
these infections (credible interval 67—136 million) are evident
(i.e. any level of disease severity) [12]. The reasons for the
growth in dengue fever and dengue hemorrhagic fever as a
leading public health challenge tend to be multi-factorial. This
includes relatively ineffectual mosquito control, rapid popula-
tion growth and increase in overseas air travel, an increase in
non-biodegradable packaging as well as deteriorations in pub-
lic health infrastructure [3, 13].

The incidence of dengue fever is shown to exhibit a clear
dependence on seasonal variation [14—17]. As can generally
be observed, the number of cases is correlated with seasonal
patterns with the peak of cases in June and July when envi-
ronmental conditions are more conducive to mosquito devel-
opment, i.e. humidity and precipitation are much higher com-
pared with periods of low temperature [14—16].

The most common vector responsible for epidemic dengue
is the infected female of the Aedes aegypti mosquito [18].
These predominantly daytime-biting insects live in the vicin-
ity of human habitats and usually lay eggs and produce larvae
in artificial containers. In the absence of a vaccine with proven
efficacy against all four serotypes or of any drugs for its
treatment [19, 20], the control of dengue is currently limited
to decreasing Aedes aegypti population densities or
preventing their contact with human hosts [21]. Major vector
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control strategies include environmental management and
source reduction (i.e. locating and removing mosquito breed-
ing sites, improved sanitation etc.), use of larvicides (i.e.
targeting the larvae forms of mosquitoes by spreading chem-
ical larvicide in breeding sites) and insecticide spray targeting
adult mosquitoes (adulticide) [20]. Additional prevention
methods include the biological control of vectors and the use
of repellents that reduce the contact between infected humans
and susceptible mosquitoes in the form of sprays for personal
protection, impregnated clothing and curtains, screens on
windows and mosquito nets [20].

Mathematical models of dengue fever have been developed
to gain insights into disease transmission [5, 22-29], predict
outbreaks as well as simulate the impact of interventions for
disease control [17, 30—41]. Historically, studies tend to be
divided into those that consider mechanical and chemical
interventions on the one hand [30, 31, 33-37, 39, 41], and
those that consider vaccination on the other [32, 38, 40]. On
the whole, few have begun to consider the combined effects of
a range of different interventions including vaccination [42].
A summary of the approaches used in dengue fever modelling
from 1964 to 2006 is presented by Nishiura (2006) [43]. The
majority of studies cited use differential equation compart-
mental models in their analyses with a small number of studies
reporting some form of statistical model. A critical appraisal
of dengue fever models was also conducted by Johansson
(2011) [44], who noted the importance of short-term cross-
protection as well as the fact that force of infection may be
significantly underestimated given the absence of cross-
protection in many dengue fever models [44]. Analogously,
Andraud (2012) [45] carried out a review seeking to identify
important characteristics for future model development. The
authors advocated the use of combined vector-host transmis-
sion models as being the most relevant for health policy in
terms of providing projections of combined vaccination and
vector control interventions.

The broad aim of this study is to assess the effectiveness of
historical forms of vector control in relation to other forms of
disease management including a partially effective vaccine. A
dynamic compartmental transmission model is developed
simulating the impact of different control strategies, in order
to reflect the consequences of these interventions on the
epidemiology of dengue in Thailand and determine the opti-
mal combination of approaches to disease control based on the
subsequent reduction in incidence. The main contributions of
this paper to the dengue modelling literature are the inclusion
of the impact of combined vector-control and vaccination
strategies on the transmission of dengue fever, age-structure
of the model population, seasonality, consecutive infection
with all four serotypes as well as considerations of cross-
protection and immune-enhancement. In the next section,
the model is described, followed by a presentation of results,
a brief discussion and ending with conclusions and next steps.
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2 Methods
2.1 Mathematical model

The model extends work by Bartley (2002) [24] and includes
the following elements: consecutive infections with all four
serotypes, age-structure of the population, seasonality, cross-
protection and immune enhancement and the impact of com-
bined vector-control and vaccination strategies on the trans-
mission of dengue fever.

Bartley (2002) [24] developed a multi-serotype determin-
istic compartmental model (SEIR: SEI) incorporating vector-
host transmission, seasonality and secondary infection. The
influence of seasonality worked through vector parameters
including recruitment, mortality, biting rates and duration of
extrinsic incubation period (EIP) which were estimated from
entomological studies in Bangkok. Antibody-dependent en-
hancement was explored in the model by the inclusion of a
scaling factor in which ADE may lead to increased infectious-
ness of the individual (by a factor of @he) infected for a
second time. Sensitivity analyses indicated that duration of
infectiousness in the host, vector latent period as well as biting
and vector mortality rates were key model parameters.
Although the model did not calibrate well with observed data
(based on goodness-of-fit tests), the authors concluded that
strong correlations provided enough evidence for the neces-
sary inclusion of the main determinants of seasonality.
Subsequent work carried out by Wearing and Rohani (2006)
[5] and building on the work of Bartley (2002) [24], reinforced
the importance of seasonality as well as temporary cross-
immunity to explain intra-annual and inter-epidemic dynam-
ics observed in dengue endemic areas.

The epidemiological literature and previous modelling
studies are used to inform parameter values in the model
comparing the effects of different interventions. In this regard,
we draw heavily on inputs from published models of dengue
fever developed by Bartley (2002) and Burrattini (2008) [24,
30] where the model calibrates well with actual data from
Singapore. It is assumed that Singapore is not qualitatively
different from Thailand in terms of the manifestation of den-
gue fever. The sensitivity of the results to changes in param-
eter values and assumptions are subsequently examined in
scenario and sensitivity analyses.

2.2 Dengue surveillance data

Data from National Epidemiological Surveillance in Thailand
[46] indicate that there were approximately 90,000 reported
cases of dengue fever/dengue hemorrhagic fever in Thailand in
2008 including 51,355, 1626 and 36,645 dengue hemorrhagic
fever, dengue shock syndrome and dengue fever infections
respectively. There were also 102 deaths reported in 2008 with
the great majority (70 %) due to dengue shock syndrome with

the remainder attributable to dengue hemorrhagic fever. The
highest number of cases were in the 10—14 years age group
(n=24,480) closely followed by the 15-24 years age group
(n=23,966).

2.3 Magnitude of potential under-reporting of dengue fever
infections

Wichmann (2011) [47] states that total and inpatient dengue
cases in Thailand may have been under-reported by as much
as 8.7 and 2.6 times respectively in the period 2003-2007.
Moreover, they estimate that greater than 340,000 (median)
symptomatic dengue infections occurred annually in these
years in children less than 15 years of age, the extent of which
is not assessed or reflected in national surveillance figures.
Their assessment was based on the numbers of nationally
reported inpatient dengue cases as well as average multiplica-
tion factors which were generated by comparing Thai provin-
cial reporting data with data from prospective cohort studies in
the same province [47].

Any potential under-identification of dengue infections is
further corroborated by Undurraga (2013) [48]. The authors
estimate average annual dengue fever episodes and under-
reporting rates for 12 countries in Southeast Asia (2001—
2010) stratified by hospital and ambulatory treatment. Their
results suggest average reporting rates of 13.2 % of total
symptomatic dengue episodes in the region, implying an
expansion factor of 7.6 for converting reported cases into
estimated actual cases.

The issue of under-reporting of dengue cases, akin to
missing data, has implications for the development of mathe-
matical models seeking to estimate the burden of disease. Our
model seeks to calculate the ‘true’ epidemiological burden of
dengue fever in Thailand by incorporating an adjustment for
estimated under-reporting. Model estimates are therefore cal-
ibrated with figures reported by National Epidemiological
Surveillance in Thailand in 2008 [46] multiplied by an expan-
sion factor of 7.6 [48]. We use the more recent and lower
estimate of Undurraga (2013) [48] to adjust for under-
reporting to be conservative in our calculations although both
the estimates of Wichamann (2011) and Undurraga (2013)
[47, 48] are relatively comparable and consistent with each
other.

2.4 Dynamic transmission model

We develop a compartmental transmission model based on
SEIR-type of models (Susceptible, Exposed, Infected, and
Removed). The epidemiological dynamic transmission model
represents the host population as residing in compartments
(e.g., susceptibility or disease states) and moving between
compartments over time. The movement of the population
between compartments is stated mathematically and the
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system is described by a set of differential equations that
represent the flow in and out of each compartment with
respect to time. Solving the differential equations allows pre-
diction of the distribution of the population across compart-
ments at given time points, changes over time (e.g., incidence
of disease), as well as identification of the equilibrium state.
Each flow rate between compartments is dependent upon the
value of the input parameters of the transition equations.
Parameter values along with data sources are listed in
Appendix. Rates are estimated as the inverse of the average
time spent in the compartment. Initial conditions were derived
by running the model to equilibrium steady-state without any
control interventions. The transmission model is used to esti-
mate epidemiological outcomes including the incidence of
dengue fever.

Model compartments comprise those for both human and
vector populations. The human population (N},) is divided into
susceptible to dengue infection, Sy,; exposed but not yet infec-
tious (i.e. incubating the virus), E;; infected and infectious
humans, Ip; temporary cross-protection, Cp,; temporary cross-
enhancement (Cg) and immune (R) compartments. Temporary
cross-protection to recurrent infections (Cp) lasts for approx-
imately 6 months in the base case whilst cross-enhancement
(Cg) (i.e. enhancement of viral infectiousness caused by anti-
bodies that do not neutralise [8—10]) lasts for approximately
3 months. The final recovery state R imparts permanent im-
munity to that serotype, but only temporary immunity to other
serotypes.

The model assumes that the four dengue serotypes have
comparable infectiousness and prevalence as a simple proxy
for complex dengue virus circulation dynamics. This is con-
sistent with other modelling studies in this field [5, 22-24, 31,
37]. For example, hosts can experience a primary infection
with one serotype followed by the possibility of subsequent
infections with other serotypes. Accordingly, exposed, infec-
tious and immune states are further stratified by the number of
infections suffered (i.e. primary, secondary, tertiary etc.) in the
form Eh, Eh2, Eh3 and Eh4.

In contrast, it is assumed that mosquitoes will be infected
by one serotype only and that they will remain infectious until
death. The life cycle of the mosquito is represented in the
model by two developmental phases. The aquatic phase com-
prising egg, larva and pupa stages is denoted by A,. The adult
stage is divided into three compartments: number of suscep-
tible mosquitoes, S, ; number of exposed but not yet infectious
mosquitoes (i.e. incubating the virus), E, and infected and
infectious mosquitoes, I,. The total mosquito population is N,
(i.e. Ny=S,+E,*1,).

The force of infection A [, 4;is equal to b3, (I,/Ny,) where
b is the average number of bites per mosquito per day, (3, is
the age-specific transmission probability, and I, as well as N,
are defined as above (i.e. number of infected and infectious
mosquitoes and the total human population respectively). The
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probability of acquiring the dengue virus is likewise differen-
tiated by infection which is fixed at 1.0, 0.75, 0.50, and 0.25
for each respective dengue infection. Accordingly, primary,
secondary, tertiary and quaternary infections occur at rates of
A1, Az, A3 and A4 respectively where A, for example, is equal to
bR, (0.751,/Ny) and Az is equal to b3y, (0.501,/Ny,). These rates
are less than A [bf3;, (I,/N)] because fewer mosquitoes are
assumed to be infected and infectious (I,) with the serotype to
which humans with temporary cross-protection remain sus-
ceptible [37]. Similarly, the force of infection or per-capita
incidence rate amongst mosquitoes is b3, (In; +1+ 1z +lat
((Tne2@ne) +(Ine3 @ne) + (Ihea @ne))/Ny) where b is as above; 3, is
the probability of transmission from human to vector and
(Iny o Hpz Hpg H((he2 @ne) T (Ihez @ne) T (Inea®ne)/Np) is the
proportion of infectious individuals where Ny, is the total
human population. The disease dependent death rate o is
similarly stratified by infection, in that secondary infections
have the potential to be more severe [8—10, 49]. The flow
diagram of the infection process is presented in Fig. 1.
Additional model assumptions relate to the following:

* The population is homogeneous, which means that every
individual in a compartment is homogenously mixed with
the other individuals;

*  Mosquito bites are homogeneously distributed amongst
all human hosts; this means that each mosquito bite has an
equal probability of being taken from any particular
human host.

» The total size of the mosquito population is allowed to
vary over time.

» There is no natural protection, i.e. humans and mosquitoes
are assumed to be born susceptible and losses of immunity
are not considered, nor are maternally derived antibodies.

* The mosquito has no resistant phase due to its relatively
short life expectancy.

2.5 Age stratification

The model population includes the entire population for the
country (i.e. Thailand) where the model is applied and reflects
current demographic characteristics such as age, based on
recent census data and population projections from national
statistics for 2008. For simplicity, the model assumes that
population size is constant. Hence, births are equal to deaths
and possible migration of infected individuals into the human
population is not considered. Individuals survive until 70 years
of age (life expectancy) and then die (known as Type I
survivorship) [50].

The model is age-stratified with the total population divid-
ed into six age cohorts: 0—11 months; 14 years; 5-9 years;
10-14 years; 15-24 years and 25 years and over. At each time
lag, individuals age and therefore move to the next age class.
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Fig. 1 Flow diagram of the
infection process. Due to space

constraints, the following
expression (I + Iy + Iz +

Ih4 + ((Ihe2(phe) + (IhE:S(phe) +
(Thea®ne))) is signified by I*.
Underlying background mortality
() 1s applied to all
compartments but not shown on
the figure. Only dengue-induced
mortality (uD) is displayed
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We assumed uniform aging over time. Thus, each differential
equation includes the addition of a 1/L (where L denotes the
width of the age class) proportion of individuals from the
previous age class, and the withdrawal of the same proportion
of individuals in the age class considered.

2.6 Seasonality

Seasonality terms adapted from Coutinho (2005, 2006) [51,
52] and Burrattini (2008) [30] are incorporated into the aquatic
maturation rate and transition rate to adult mosquitoes using
the following expression:

ST—(c—d(sin(2nft + 0)))0(c—d(sin(2nft + 0)))

The assumption is that the vector population fluctuates
seasonally with rainfall and other climactic factors affecting
the availability of breeding sites and therefore recruitment into
the vector population. This is a sinusoidal function with a
period of 365 days and where 7t is equal to 3.1416. The
parameters ¢ and d are climactic factors adjusting winters
and summers. Accordingly, the length and severity of winters
can be simulated with the variation in ¢ and d; if ¢<d, the
winter is relatively severe and of a longer duration.
Conversely, if c>d the winter is comparatively mild and short.
The Heaviside 0-function [6(c—d(sin(2nft+0)))] prevents
the expression from becoming negative; it is equal to zero
when the argument is negative (i.e. <0) and one when the
argument is >0. The parameter f(365 ") represents the

frequency with which high and low transmission seasons vary
and equates to one reproductive cycle per year. The phase
parameter o is used to synchronise the adult mosquito popu-
lation at a minimum when the aquatic maturation/progression
rate is similarly at a minimum [30, 51, 52].

2.7 Control Interventions

Building on previous scholarship in this area [17, 30, 31, 33,
34,37, 39, 49], we assess the following control interventions
individually and in combination:

i.  No control

ii.  Larvicides

iil. Adulticides

iv. Environmental management embracing source reduction,
i.e. elimination of breeding sites and ‘clean-up’ cam-
paigns, improvements in sanitation as well as health edu-
cational measures using the Government of Singapore’s
2005 “10-Minute Mozzie Wipe-out” initiative as one such
example

v.  Vaccination

We simulate the impact of chemical adulticide and larvicide
interventions on the incidence of disease by increasing mortal-
ity rates for both adult mosquito and aquatic life forms. Using
the square pulse function in Berkeley Madonna [53], adulticide
and larvicide are administered in condensed intermittent bursts
(analogous to a ‘clean-up’ campaign of 1 day per week for
5 weeks) at the beginning of the dengue season. This is done for
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1 year only as well as each year for 5 years at the same time
each year, i.e. at the beginning of the dengue season.
Conversely, the aquatic carrying capacity (K) is decreased to
simulate environmental management and associated activities
as defined above. Reflecting the on-going nature of this pack-
age of interventions, the aquatic carrying capacity is reduced by
40 %, 50 %, 60 % and 70 % for the duration of the dengue
season, approximately day 100—170 in the calendar year equat-
ing to higher temperatures and rainfall. This is done for 1 year
only and the effects are evaluated over 5 and 10 years.

The balance between vaccination coverage, vaccine effica-
cy, and the waning of vaccine-induced protection determine
the relative impact of vaccination on the epidemiology of
dengue fever. In the model, infants aged 0—11 months are
not vaccinated; rather vaccination takes place at 1 year of
age with 70 % coverage. There is also catch-up vaccination
for those more than 1 year and less than 5 years of age with
30 % coverage. Given the uncertainty associated with the
uptake of an imperfect vaccine, we have adopted conservation
assumptions related to coverage and explored alternatives in
scenario analyses. Efficacy is assumed to be 30.2 % [19].
Vaccine-acquired protection is assumed to wane over time to
take into consideration imperfect vaccine-induced immunity.
For the purposes of the current model under consideration, it is
assumed that vaccination consists of one dose only.

3 Results

3.1 Comparison of predicted with observed rates of infection
adjusting for under-reporting

Without vector control, the model predicts approximately
675,000 dengue infections per year at steady state in
Thailand, all age groups combined. This compares to the
number of reported dengue fever/dengue hemorrhagic fever
infections in Thailand in 2008 [46] adjusted for under-
reporting [48], all age groups combined (n=681,158).
Figure 2 presents the results of the baseline epidemiological
model without any control interventions compared to ob-
served dengue infections using the best fitting combination
of parameter values. It can be seen that model output com-
pares well with observed data with the exception of the
25 years and over age group which underestimates the data
slightly. Given that the main burden of disease is located in the
younger age groups, primarily in the teenage and young adult
age groups, this is not considered to be a major source of bias.
The best fit was obtained for a model with cross-protection
only and without the inclusion of cross-enhancement.
Although various levels of cross-enhancement ranging from
a 2-fold to 5-fold increase in infectiousness were tested and
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compared, none provided a better fit than the base model with
cross-protection only.

3.2 Evaluation of single interventions

To evaluate the impact of the different control strategies, we
compared the base case steady state without interventions, as
shown in Fig. 2, to the average annual number of cases during
the years that follow the introduction of controls. Vaccination
being a continuous intervention, its effects are accumulated
over the years that follow introduction. Conversely, environ-
mental management, larvicide or adulticide are one-off or
relatively short-term interventions, therefore their effects are
evident much sooner.

Beginning first with vaccination, Table 1 presents the base-
line estimates by age at infection and the impact of vaccination
over 5, 10 and 20 year periods. Base case characteristics
comprise the following: vaccination of 1 year olds with 70 %
coverage, catch-up vaccination for those more than 1 year and
less than 5 years of age with 30 % coverage, efficacy of 30.2 %
and vaccine waning over 10 years. Some vaccines may take
longer than others, potentially years, to realise the full benefit of
the vaccine and one may observe this outcome to some extent
in the simulated results. For example, in the first 5 years after
vaccination, the impact of vaccination across age groups is
relatively marginal and amounts to a 9-16 % decrease in
incidence of dengue infections. The most pronounced effect is
in the 14 years age group reflecting the fact that catch-up
vaccination took place in this age-group initially. In contrast,
the reduction in incidence 10 years post-vaccination jumps to
approximately 3542 %. In the same way, reductions in inci-
dence 20 years post-vaccination range from between 58 and
63 % across age groups illustrating that the full benefits of
vaccination are often derived in the longer term.

We also carried out sensitivity and scenario analyses to
explore different model assumptions. For example, we exam-
ined different waning periods including 5 and 20 years, dif-
ferent coverage levels, using both 50 % and 90 %; an alterna-
tive estimate of efficacy using the upper limit of the 95 %
confidence interval (56.6 %) from the recently published
dengue vaccine trial [19] and finally, different assump-
tions around the level of coverage attached to catch-up
vaccination; 50 % and 70 %. Assumptions were tested
univariately, i.e. one value at a time rather than being exam-
ined multivariately.

Table 2 presents the results of these scenario analyses.
Once again, one may observe that the short-term impacts of
vaccination, in the realm of 5 years post-vaccination, are
relatively marginal, with the exception being when efficacy
is increased to 56.6 %. One then observes marked gains in the
reduction of disease. A similar pattern as above is witnessed in
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Fig. 2 Comparison of predicted with observed rates of infection adjusting for under-reporting

the 10 year and 20 year post-vaccination scenarios. Namely,
the full benefits of vaccination become much more evident in
the long term particularly when the estimate of efficacy is
meaningfully increased.

Table 3 presents the results of analyses examining the im-
pact of chemical and environmental management strategies on
the incidence of dengue. Depending on the time horizons of the
treatment intervention, results are reported either in the years
when the control strategy is active or the 5 years following the
end of the intervention or a combination of both. For example,
when larvicide and adulticide are administered 1 day per week
for 5 weeks at the start of the dengue season, we report results in
the active year and the subsequent 4 years. When larvicide and
adulticide treatments are administered at the start of the dengue

season | day per week for 5 weeks for 5 consecutive years, we
report the reductions in incidence during these years of active
treatment but also the reductions in incidence in the 5 years
following the end of treatment. Results indicate that in the most
conservative circumstances, i.e. insecticide spraying for 1 day
per week for 5 weeks for 1 year only and a reduction in egg-
carrying capacity of 40 %, adulticide and environmental man-
agement are the most effective interventions. In contrast, larvi-
cide, again in the most conservative circumstances, performs
relatively poorly when compared to the latter. As the duration
of each intervention increases, every year for 5 years in the case
of adulticide or an increase in effectiveness in the case of
environment management, a corresponding reduction in the
disease burden is observed.

Table 1 Baseline estimates by age at infection and the impact of vaccination over 5, 10 and 20 years

Estimates by age-group 0—-11 months 1-4 years 5-9 years 10-14 years 15-24 years >25 years
Steady state - 674, 715 6,653 44,115 126,546 187,853 181,782 127,766
5 years after intervention 6,057 37,225 113,338 170,812 165,662 116,300
10 years after intervention 4,301 25,699 79,216 121,216 118,158 82,612
20 years after intervention 2,739 16,159 50,032 77,547 76,204 52,745
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Table 2 Impact of vaccination on dengue burden

Scenario 5 years after Reduction from 10 years after Reduction from 20 years after Reduction from
intervention steady state intervention steady state intervention steady state
(674,715) (674,715) (674,715)

Vaccination 5 year waning 619,468 82 % 472,701 29.9 % 436,823 353 %
Vaccination 10 year waning 612,060 93 % 432,830 358 % 276,293 59.1 %
Vaccination 20 year waning 607,979 9.9 % 412,318 389 % 224,131 66.8 %
Vaccination 50 % coverage 627,150 7.0 % 473,753 29.8 % 369,506 452 %
Vaccination 90 % coverage 597,789 114 % 399,359 40.8 % 222,727 67.0 %
Catch-up 50 % coverage 600,130 11.1 % 409,344 393 % 254,759 62.2 %
Catch-up 70 % coverage 588,993 12.7 % 388,959 424 % 235,412 65.1 %
Efficacy - 56.6 % 564,021 16.4 % 340,155 49.6 % 173,492 7429 %

3.3 Evaluation of multiple interventions

When we examine the impact of combination interventions on
the incidence of dengue fever, results are reported for 5, 10 and
20 years post-intervention to ensure that the full benefits of
vaccination are captured. Table 4 presents the results of these
analyses. For adulticide, we assess the contribution of insecti-
cide spraying in the form of 1 day per week for 5 weeks over 5
consecutive years. For environmental management, a reduction
in egg-carrying capacity of 40 % is used. For vaccination, we
adopt the base case characteristics. When vaccination is used in
combination with environmental management, model projec-
tions suggest annual reductions in incidence of 45 %, 57 % and
62 % for 5, 10 and 20 years post-vaccination respectively.
Similarly, when vaccination is used in conjunction with
adulticide, model projections indicate annual reductions in
incidence of 53 %, 75 % and 81 % for 5, 10 and
20 years post-vaccination respectively. Finally, when
all three interventions are used in combination, model projec-
tions show annual reductions in the dengue disease

burden of 62 %, 81 % and 86 % for 5, 10 and 20 years
post-vaccination.

4 Discussion

This paper describes the results of using mathematical model-
ling to compare a range of dengue control strategies and their
impact on the epidemiology of dengue fever in Thailand. The
interventions under consideration include chemical (i.e. larvi-
cides, adulticides), environmental management and vaccina-
tion. The base age-structured epidemiological model (i.e.
without any control interventions) is shown to calibrate well
with reported dengue fever/dengue hemorrhagic fever cases in
Thailand in different age-groups from the year 2008 [43]
adjusted for under-reporting [45]. This suggests that the inputs
and initial values used to populate the mathematical model are
consistent with the decision problem.

As highlighted by Undurraga (2012) [48], estimating the
degree of under-reporting in dengue cases with sufficient

Table 3 Impact of chemical and environmental management interventions on dengue burden

Scenario 5 years after Reduction 10 years after Reduction
intervention from steady intervention from steady
state (674,715) state (674,715)

Adulticide - pulses of limited duration (1 day) every 5 weeks during 477,200 293 % 613,954 9.0 %
dengue season for 1 year

Adulticide - pulses of limited duration (1 day) every 5 weeks during 332,632 50.7 % 215,598 68.0 %
dengue season for 5 years

Larvicide - pulses of limited duration (1 day) every 5 weeks during 635,312 5.8 % 677,445 -04 %
dengue season for 1 year

Larvicide - pulses of limited duration (1 day) every 5 weeks during 561,490 16.8 % 573,592 15.0 %
dengue season for 5 years

Environmental management (40 % reduction in egg-carrying capacity 461,709 31.6 % 605,047 10.3 %

Environmental management (50 % reduction in egg-carrying capacity 410,894 39.1 % 569,923 15.5 %

Environmental management (60 % reduction in egg-carrying capacity 364,337 46.0 % 526,061 22.0 %

Environmental management (70 % reduction in egg-carrying capacity 322,647 522 % 470,709 302 %
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Table 4 Impact of combined interventions on dengue burden

Scenario

5 years after Reduction

10 years after Reduction 20 years after Reduction

intervention from steady state intervention from steady intervention ~ from steady state
(674,715) state (674,715) (674,715)
Vaccination and environmental management 371,489 449 % 289,705 57.1 % 259,041 61.61 %
Vaccination and adulticide 319,973 52.6 % 168,484 75.0 % 131,869 80.46 %
Vaccination/environmental management/adulticide 253,987 62.4 % 130,826 80.6 % 97,288 85.58 %

accuracy is very challenging. The authors stress that generat-
ing more rigorous estimates is conditional on having greater
insights into the epidemiology of dengue fever. It is suggested
that greater accuracy could be achieved with long-term na-
tionally representative cohort studies albeit with considerably
more investment in both time and resources. In the absence of
the above, researchers must necessarily rely on regional/local
cohort studies, capture-recapture studies, Delphi panels and
similar such designs with the attendant uncertainty in esti-
mates that this entails [48]. In the context of the present study,
one may hypothesise that using a single standardised value
(7.6) to adjust for under-reporting across heterogeneous age-
groups exposes a potential weakness in EF calculations. For
example, the majority of study inputs underpinning EF calcu-
lations are based on children and young adults rather than
being taken from a range of age groups in that the majority of
cases occur in these age groups. Consequently, there is con-
siderable uncertainty surrounding the appropriate adjustment
for under-reporting in older age groups. If the 95 % confi-
dence intervals accompanying the point estimate of 7.6 (95 %
CI: 7-8.6) are used in the adjustment calculations, the discrep-
ancy between model estimates and observed data may be less
than 1,000 or as large as 30,000 cases. Hence, variability in
estimates is driven by the appropriate choice of EFs in older
age groups rather than model structure.

Seasonality in the form of a sinusoidal variation fitted to the
aquatic maturation rate was incorporated to provide a degree
of ecological and biological veracity. Similarly, temporary
cross-protection was included for the same reasons as well
as being consistent with recommended good practice in the
modelling of dengue fever [44, 45]. Finally, sensitivity and
scenario analyses were conducted to assess the impact on
model fit and results when additional parameters were added
or underlying assumptions changed. The results of our simu-
lations indicate that singular interventions can make useful
inroads into dengue fever transmission, particularly adulticide
in the short term and vaccination in the medium to long term.
These interventions subsequently come into their own when
used in combination with a 75-85 % reduction in the inci-
dence of dengue fever infections when vaccination is com-
bined with either environmental management or adulticide or
when all three interventions are combined.

Chemical and environmental management interventions
have formed the basis of efforts to control dengue fever over
the last 50 years in spite of acknowledged limitations in terms
of effectiveness, mode of delivery, cost, and duration of sus-
tainability [54, 55] but may still have an important role to play
in the short to medium term. Each form of control has their
merits as well as drawbacks [55, 56]. For example, ‘environ-
mental management’ and all that this encompasses, whether in
the form of government driven (top-down) campaigns or
community-based (bottom-up) initiatives are predicated to a
great extent on the level of local community compliance as
well as health educational and inter-agency collaborative en-
forcement of these schemes. Expert commentators point out
that effectiveness could be substantially improved if, for ex-
ample, efforts were redirected towards eliminating the most
‘productive’ breeding sites rather than all potential sites using
surveys to measure ‘pupal productivity’ and ‘key container’ or
‘key premise’ indices to facilitate identification [57—60].
Likewise with adulticides or larvicides, poor compliance as
well as a growing lack of acceptance for the widespread use of
chemicals is an important factor limiting the effectiveness of
these interventions. For example, residents in areas where
insecticide spraying is taking place may keep their doors and
windows shut hampering the effective dissemination of the
agent to access indoor populations of mosquitoes. This is
compounded by pragmatic considerations surrounding correct
dosing, functionality of sprayers as well as concerns around
sustainability and growing mosquito resistance to insecticides
[55]. Studies in Asia and the Americas have shown that
resistance is becoming an issue of escalating importance [61,
62]. Consequently, many commentators state that insecticide
fogging or spraying should only be used in clearly delineated
geographical areas and for a limited time only [20].

As highlighted previously, few mathematical modelling
studies have explored the combined effects of different inter-
ventions including vaccination and their impact on the epide-
miology of dengue transmission. A number of reasons neces-
sitate a wider consideration. Firstly, recently published effica-
cy results of a dengue vaccine were relatively low and differed
by serotype [19]. Secondly, even if the reported efficacy had
been very high, i.e. in the range 80-90 %, there is still a case
for some form of mixed strategy incorporating vaccination as
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well as environmental management and appropriate chemical
control. For example, the vaccine is still not 100 % effective
and there may be occurrences of primary and secondary
vaccine failure in the periods both pre- and post-vaccination.
Moreover, if we consider the analogous vector-borne disease
yellow fever, the vaccine is recognised as being safe and very
effective in preventing yellow fever in different age groups
with durable protection. Nonetheless, the number of yellow
fever cases continues to expand in spite of this. Estimates from
WHO indicate that there are approximately 200, 000 cases and
30, 000 deaths linked to yellow fever annually worldwide
[63]. Reasons put forward include increasing deforestation,
urbanisation, and climate change as well as waning popu-
lation immunity leading to greater mosquito/virus con-
tact [63]. Mosquito control is advocated using breeding
site destruction and larvicides as well as insecticide
spraying to kill adult mosquitoes during outbreaks
[63]. This would suggest that there is a still place for
other forms of vector control in addition to vaccination
for the control of yellow fever and by extension dengue fever
and mathematical modelling studies can aid in these policy
debates.

Given this background, we conducted an assessment of the
relative impact of different dengue control interventions in-
corporating learning from previous studies. The premise being
that it is generally not viable to eliminate dengue fever in
Thailand using current technologies and their corresponding
effectiveness, rather the aim is to control the transmission of
dengue fever. The follow-up question then becomes one of
identifying the optimal mix of control interventions again
using the tools currently available to us today including an
imperfect vaccine.

This study is subject to a number of limitations. Firstly, a
number of potentially effective interventions are not included
in our evaluation. In a recent analysis, Amaku (2013) [39]
highlighted the effectiveness of strategies that reduce contact
between humans and vectors through the use of, for example,
insect repellents or insecticide-treated clothes. Other interven-
tions not considered relate to biological control including
predatory copepods and larvivorous (larvae-eating) fish as
well as genetically modified mosquitoes. Evidence from
Vietnam indicates that the copepod Mesocyclops is very ef-
fective at eradicating Aedes aegypti when introduced into
water receptacles where mosquitoes breed [64—66]. Potential
caveats relate to the practical necessity for continual replace-
ment of these organisms in containers as householders regu-
larly empty and clean the water containers. Moreover, addi-
tional concerns relate to cultural sensitivities and objections to
putting living things in household water receptacles. For ex-
ample, it is considered unacceptable in Thailand to wash and
bathe in water that contains living creatures including small
fish [67]. This may prevent the widespread adoption of these
interventions.
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An additional limitation relates to the absence of heteroge-
neity in the model with the exception of age. Spatial/
geographical heterogeneity is not considered; dengue fever
may vary widely across the country but be more homoge-
neous within cites but the model does not take this into
account. Heterogeneities in host-vector contact are also not
considered, for example, in hosts getting bitten or biting by
mosquitoes [68]. Woolhouse (1997) [69] identifies the 80/20
“rule” in which 80 % of all transmission is due to 20 % of all
individuals. The authors maintain that the rule is applicable to
a variety of disease systems. Similarly, de Benedictis (2003)
[70] used polymerase chain reaction to identify human DNA
from blood meals in Aedes aegypti collected in 22 homes and
found that only 3 people accounted for 56 % of the meals, thus
showing feeding is non-random, with a bias towards young
adults and males. The implications of heterogeneity imply that
as with ‘pupal’ surveys and ‘key container’ or ‘key premise’
indices, interventions that can be focused on key groups can
potentially be hugely effective. Conversely, strategies that fail
to reach their target groups will tend to be less successful than
perhaps anticipated in reducing population-level disease bur-
den [59, 69].

Whilst compartmental models have their strengths as evi-
denced by their relative popularity, they also have important
shortcomings related to the lack of spatial capabilities and their
fixed deterministic status [71]. In contrast to dynamic models,
individual-based or agent-based models take a ‘bottom-up’
rather than ‘top-down’ approach to specify how individuals
and even vectors interact with each other according to an
explicit set of rules [29, 40, 72]. Moreover, geographic and/or
spatially explicit capabilities are integral to these approaches.
With increased computing power, these new mathematical
methodologies offer great potential in capturing improved real-
ism although an accompanying caveat concerns data availabil-
ity as the new model formulations tend to be data hungry [71].

This project forms the first step in a body of work exam-
ining the impact of different dengue fever intervention strate-
gies on the epidemiology of dengue fever in Thailand.
Subsequent steps will in turn examine both the cost-
effectiveness of these multiple intervention strategies as well
as determine the optimal mix of strategies for the prevention
of dengue fever under constraints. Cost-effectiveness does not
directly address the problem that decision-makers are increas-
ingly constrained by a fixed-budget and may not be able to
fund new more expensive interventions, even if they have
been shown to represent good value for money. In this regard,
quantitative methods applied to the optimal allocation of fixed
resources in order to obtain maximum of benefits may be of
assistance [73].
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Appendix
Table 5 Parameter notation, value and source
Symbol Definition Value Data source
1, Human birth rate=death rate 1/70 years [74]
ID[1.0.4] Dengue-induced mortality in humans faq, 3, 4=0.00002; £1,[2;=0.0003 [49]
1y Vector mortality rate 12 days ™' [24]
g Aquatic mortality rate 10 days ™' [31]
T, Average extrinsic incubation rate 9 days [24]
Ty Average intrinsic incubation rate 7 days™! [24]
Human recovery rate 7 day§1 [31]
0, Transmission probability, host to vector 0.375 [30]
By Transmission probability, vector to host Age specific Modelled
b Biting rate of susceptible or infectious mosquitoes Variable [75]
o Oviposition rate 50 days ' [31]
K Aquatic (egg/larvae) carrying capacity 10°¢ [51,52]
w Waning rate at which temporarily protected individuals with 10 years Assumed
dengue vaccine become partly susceptible to dengue fever
ST Seasonality term See text [31,51,52]
c Climactic factor adjusting winters and summers 0.07 [31]
d Climactic factors adjusting winters and summers 0.06 [31]
o Phase /2 [31]
f Frequency of seasonal cycles 2.8x107 days ! [31]
g Proportion of infected eggs/larvae 0.50 [31]
pA Maturation rate from larvae to adult (per day) 0.80 Modelled
e ! Period of cross—protection 6 months [24]
wy ! Period of cross-enhancement 3 month [24]
Py Proportion of cross-protection 0-1 [24]
Phe Increase in infectiousness (cross-enhancement) 1-5 [24]
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