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Abstract

Vaccination reduces transmission of pathogens directly, by preventing individual infections, and 

indirectly, by reducing the probability of contact between infected individuals and susceptible 

ones. The potential combined impact of future dengue vaccines can be estimated using 

mathematical models of transmission. However, there is considerable uncertainty in the structure 

of models that accurately represent dengue transmission dynamics. Here, we review models that 

could be used to assess the impact of future dengue immunization programmes. We also review 

approaches that have been used to validate and parameterize models. A key parameter of all 

approaches is the basic reproduction number, R0, which can be used to determine the critical 

vaccination fraction to eliminate transmission. We review several methods that have been used to 

estimate this quantity. Finally, we discuss the characteristics of dengue vaccines that must be 

estimated to accurately assess their potential impact on dengue virus transmission.
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1. Introduction

The goal of vaccination programmes is to protect entire populations against disease, not just 

individual vaccine recipients. The effectiveness of future dengue vaccines as public health 

tools will depend on the sum of the direct protection of vaccine recipients and the indirect 

protection afforded populations by reducing the number of individuals in a population that 

can transmit a pathogen and thus providing some protection even to unvaccinated 

individuals. If the level of immunity at the population scale is high enough, efficient 
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transmission is no longer possible. To assess the potential impact of a vaccine, estimation of 

this threshold level of immunity, the critical vaccination fraction, is essential.

The critical vaccination threshold can be estimated using theoretical models of transmission 

and empirical data on transmission dynamics. It is closely related to the basic reproduction 

number (R0), the expected number of new cases caused by a single infectious individual in a 

completely susceptible population. R0 is an important indicator of transmissibility: if 

exceeding one, cases increase and an epidemic may occur and, if less than one, each case 

will not replace itself and the pathogen will eventually go extinct. R0 refers explicitly to this 

rate of transmission in a completely susceptible population. As infections occur, immunity 

accrues and transmission is reduced by a factor of 1-p where p is the proportion of 

population with acquired immunity. For vaccination programmes to be effective on the 

population scale, the goal is vaccinate a sufficient proportion of the population, the critical 

vaccination threshold (pc), to drive the reproductive rate to less than one:

[1]

This expression succinctly relates the infectiousness of a pathogen to the public health target 

of vaccination and can be used to guide immunization strategies. Theoretical predictions 

based on this relationship have been validated with empirical estimates for a number of 

vaccine-preventable diseases [1, 2].

Estimation of the basic reproduction number requires two elements: a transmission model 

that can be used to relate observations of transmission dynamics to the theoretical quantity 

R0 and empirical data to parameterize the components of the model. In the case of dengue, 

R0 estimation is complicated by the interaction of the 4 distinct serotypes of dengue virus. 

Infection by a particular serotype leads to decades of immunity to that serotype (though 

counter-examples have been observed). Infection with a particular serotype also leads to 

temporary cross-protection against infection by the others [3]. When cross-protective 

immunity wanes, the same formerly protective antibodies can lead to either reduced rates of 

infection with other serotypes or to enhanced infection with the potential for more severe 

disease and greater transmissibility[4-7]. Either of these antibody mechanisms can have 

important impacts on transmission dynamics as they potentially impact susceptibility or 

transmissibility of dengue in those with pre-existing immunity. However, other mechanisms 

have been offered to explain the observation that those with pre-existing immunity 

experienced increased rates of severe disease upon subsequent infection, including the 

immunopathogenesis through interaction with cellular immune responses, cross-reactive T 

cells and other immune cascades [8, 9]. Any dengue virus transmission model or estimate of 

the basic reproductive number must consider the impact of immune-mediated interactions 

between the dengue serotypes. Below we present a review of dengue virus transmission 

models that have incorporated immune interactions and discuss the importance of model 

design for the estimation of R0 and vaccine effectiveness. Finally, we outline the critical 

characteristics of vaccines that must be known to predict their impact on transmission 

dynamics.
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2. Dengue transmission models

The basic form of most published dengue virus transmission models is the compartmental 

model, a stalwart of infectious disease modeling. In these models, people are characterized 

by their infection state as either susceptible, infectious, or having some type of immunity. 

Figure 1a shows the starting point for models of dengue and for much of the work done in 

infectious disease modeling, the Susceptible-Infectious-Recovered (SIR) model. One 

challenge in crafting a model of pathogen transmission is to define the relevant states of 

infection that characterize the population. Figure 1b-e presents four structures that have been 

used to model dengue virus transmission. Each box represents a type of individual defined 

by their infection status. The models themselves are systems of equations that describe the 

rates at which people transition between these states. The transitions represent events such 

as infection, progression to illness, recovery, birth, or death. There are many different ways 

to classify different states and different transition rates. The models identified by this review 

(Table 1) start from a similar basic structure, but vary significantly in the way they extend it, 

particularly relative to their incorporation of the vector population, permanent cross-

protection or enhancement of infection, and transient cross-protection.

2.1 Vector population

The rate of infection of susceptibles (the force of infection, often denoted as λ) is regulated 

by the number of infectious individuals and the transmission coefficient (β), the rate at 

which infectious contacts are made between humans through contact with vectors. Most 

commonly, models combine the underlying process of vector contact, the dynamics of 

infection in the vector and subsequent transmission to other humans into one aggregate rate, 

representing the mean vector-mediated rate at which humans infect other humans. Other 

models (as in Figure 1e) treat the vector biting process more explicitly, including, for 

example, separate contact rates for transmission from humans to vectors and vice versa.

Vector population dynamics and behavior are important determinants of transmission. Both 

behavior and abundance are spatially and temporally heterogeneous and are essential to the 

transmission dynamics of dengue viruses. Seasonal fluctuations in disease, for example, are 

likely attributable to the influence of seasonal weather changes on the vector population. In 

models, this component is often omitted, sometimes incorporated as simple sine curves 

[10-13] and, rarely, modeled explicitly [14]. The importance of these differences and other 

assumptions about the vector partly depends on the objective of the model. Models in the 

literature differ in opinion about what level of detail in the representation of the vector 

population is necessary to model the transmission dynamics of dengue viruses and to 

potentially assess the impact of vaccines [10, 11, 15]. Many outcomes may be modeled 

reasonably without explicitly accounting for vector population dynamics, but for others, 

such as those incorporating vector control efforts, it is a critical component.

2.2 Long-term immunity

The presence of related serotypes complicates models of dengue virus transmission 

substantially. Exposure to a single serotype is generally assumed to stimulate lifelong 

immunity to that serotype [16]. Though there have been observations of counterexamples, 
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most evidence suggests immunity lasts decades [17]. The effect of immunity to one serotype 

on infections of the other serotypes is less clear. The null hypothesis is that there is no 

influence at all, but there is substantial evidence that more severe disease, Dengue 

Hemorrhagic Fever (DHF) in particular, is associated with previous heterologous infection 

[9]. This interaction potentially affects long-term dynamics of incidence as the population 

level immunity to all serotypes influences the incidence of each serotype. As such, many 

models have been developed to explore the potential role of enhancement on dengue 

dynamics. This is accomplished by increasing the number of compartments to include 

unique compartments for each serotype and distinguish primary and secondary infections, 

allowing different parameterization for the unique transmission characteristics 

corresponding to each infection. Though there is less empirical evidence to support it, 

similar models have been used to investigate the potential role of long-term cross protection 

[12]. The role of short-term immunity is addressed in Section 2.3.

Enhancement of secondary infections may be associated with enhancement of disease, 

susceptibility, or infectiousness, each with its own impact on dynamics. Immunity acquired 

from prior infection may lead to more severe disease in secondary infections. Alone, 

enhancement of disease would have little effect on dynamics, but would influence the 

relationship between models and observed data, as severe cases are more likely to be 

detected by surveillance systems. Enhancement of susceptibility is the hypothesis that cross-

reactive antibodies resulting from previous exposure increase the likelihood of infection 

when an individual is exposed to a second serotype. A specific mechanism has not been 

articulated for this hypothesis to our knowledge, however it is conceivable that immune 

enhancement reduces the infectious dose for those with pre-existing infections via increased 

uptake of antibody-virus complexes compared to free virus. Secondary infections may also 

result in higher viremia resulting in enhanced infectiousness of the human to the vector [18].

The earliest mathematical models of dengue virus transmission assumed enhancement of 

disease, but did not test the validity of that assumption [14, 19]. Later models, however, 

showed that enhancement of infectiousness can lead to persistence of more than one 

serotype and create complex inter-annual cyclic behavior of dengue incidence as has been 

observed in endemic areas [20]. Indeed, if there is any interaction between serotypes, some 

sort of enhancement is necessary for coexistence to occur: protection from secondary 

infections leads to competitive exclusion while enhancement leads to coexistence. This has 

been demonstrated several times in dengue virus transmission models for both enhancement 

of susceptibility [12, 21] and infectiousness [12, 15, 20]. Asynchronous multi-year cycling 

of serotypes is a common feature of endemic dengue dynamics and can be generated under 

certain types of enhancement [12, 15, 20]. Several authors have suggested that the large 

oscillations observed in simulations incorporating enhancement of susceptibility or 

infectiousness are inconsistent with observed data [10-12] due to the magnitude of 

oscillations in incidence observed in these models. The inclusion of enhancement of both 

susceptibility and transmissibility in a single model has been said to reduce the magnitude of 

oscillations and the strength of enhancement needed to induce oscillations [22].

Another study, of note for its direct use of empirical data to estimate parameters, used 

mathematical models to estimate the force of infection in an age-stratified cohort of Thai 
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children [23]. Multiple assumptions were made in different model structures, but the best 

fitting modeling included enhancement of susceptibility.

Third or fourth infections add further complexity. The observation that tertiary and 

quaternary clinically apparent infections are rare [17] and neutralizing antibody titers to all 

four serotypes tend to be high following two infections has lead many modelers to assume 

that individuals are immune to all serotypes following infection with two serotypes [15, 20, 

24, 25]. However, several authors have explored the inclusion of tertiary and quaternary 

infections in both simulations and analysis of data to estimate reproductive numbers [10, 

26]. Simulations have shown that qualitative behavior of models that include tertiary and 

quaternary infections are similar to those that do not. A more important effect of their 

occurrence is that they may lead to biased reproductive number estimates.

2.3 Short-term immunity

Empirical data suggest that people infected by dengue viruses are protected from infection 

by another serotype for 2—9 months post-infection [4]. However, these studies included a 

limited number of individuals and used only viruses from two serotypes. The earliest dengue 

virus transmission model allowed for this temporary cross-protection by assuming that an 

individual could only be infected once per transmission season [19]. Others have 

incorporated cross-protection more explicitly in the models by adding a compartment of 

temporary, post-infection, cross-protection (such as in Figure 1c) [11, 14, 27, 28]. Some of 

these models used the combination of this transient cross-protection and subsequent 

enhancement of infectiousness or susceptibility to demonstrate multi-strain transmission 

patterns consistent with observed data [11, 27].

More recently, Nagao and Koelle [10] considered models that looked at other forms of 

cross-immunity. They hypothesized that short-term cross protection may protect an 

individual from disease but not infection; for a short period after primary infection, they may 

acquire immunity to heterologous serotypes without disease. The hypothesis is predicated on 

experimental data from primates showing that cross-protected individuals can seroconvert 

on exposure to heterologous virus. They use their model to replicate changing patterns in the 

average age of infection in Thailand, but recent work shows that those changes can be 

accounted for by demographic change alone [29]. The hypothesis of short-term clinical 

cross-protection has yet to be tested in a setting where its effects could be more directly 

assessed.

2.4 Model parameterization

Aside from structural components, there are also many parameters that must be estimated to 

build realistic dengue virus transmission models. All of the potential immune and 

enhancement effects described above must be characterized numerically in terms of their 

contribution to the force of infection. Key components, such as the infectiousness of 

individuals with asymptomatic infections, remain unresolved. More empirical data is needed 

to estimate the dynamics of the natural history of infection in vectors and humans to add to 

existing estimates [30]. Assumptions such as a constant rate of progression from the 
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incubation stage to the infectious stage are often not valid and can lead to erroneous 

predictions [11].

2.5 Confronting current models with data

Current modeling efforts have relied heavily on long-term surveillance data to compare the 

performance of competing modeling frameworks. Model simulations are compared to this 

empirical data using metrics such as the frequency and amplitude of serotype-specific 

oscillations or the correlation and phase difference between each serotype. The small 

number of time series used for this purpose makes it easier to compare models in principal, 

but may reduce generalizability. There are also problems with resolving differences between 

models as competing models may explain the data equally well. Furthermore, these time 

series lack fine-scale human data that can better capture the complex effects of immunity 

discussed above.

2.6 Overall considerations

While the underlying mechanisms of serotype interaction remain unclear, the observed co-

existence and complex asynchronous cycling appear to be evidence of some type of 

interaction. Though the effects of enhanced susceptibility and infectiousness are not 

identical, they produce similar outcomes as described in the various dengue virus 

transmission models. The observation that significant enhancement of transmission 

associated with secondary infections leads to very large oscillations in incidence seems to 

indicate that only subtle degrees of enhancement are consistent with observed data. 

Meanwhile, transient cross-protection, either clinical or completely protective may be 

critical to fitting observed data.

In the context of vaccine development, consideration of multiple serotypes is critical. 

Enhancement of susceptibility, infectiousness, and disease are all relevant to vaccine 

development as each may lead to greater disease when partial immunity is present in the 

population. A further complication of these interactions is that they confound the 

determination of R0 (Section 3) and thus the critical vaccination fraction, pc (Section 4).

3. R0 estimation

Multiple methods can be used to estimate R0, the basis for estimates of the critical 

vaccination fraction. Table 2 present estimates of the basic reproduction number of dengue 

found in the published literature. These estimates vary widely. Differences may be 

attributable to geographic or temporal variation in transmission or differences in the 

methods used for estimation. Estimates of R0 for dengue have been calculated using four 

types of data: 1) the rates of constituent processes in an individual transmission cycle, 2) the 

initial growth rates of single epidemics, 3) the final size of single outbreaks measured by 

either serology or clinically diagnosed cases, and 4) the age-specific rates of prevalence 

from either serological or case data. For each type of data, a theoretical model is fit using an 

empirical measure of epidemic growth. Below, we review the estimates appearing in the 

literature, the methods used to create them, and their potential limitations.
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3.1 Constituent processes

A single transmission event is the result of numerous biological processes. One approach to 

estimating transmission rates is to break the overall process into constituent processes that 

can be empirically measured. For example, dengue transmission may be described as the 

product of the number of mosquitoes infected per infectious person and the number of 

people infected per infectious mosquito,

where m is the number of female mosquitoes per person, a is their biting rate, βHV and βHV 

are the probabilities of human-to-vector and vector-to-human transmission given an 

infectious bite, tIH and tIV are the durations of infectiousness in humans and vectors, and tLV 

is the average vector lifespan. Empirical estimates of each parameter allow direct calculation 

of R0 [31]. Unfortunately, many of these parameters are difficult to estimate, some are 

highly variable in both time and space, and the model formulation itself carries implicit 

assumptions.

3.2 Initial epidemic growth rate

During the early phase of an epidemic in a susceptible population, infections accumulate 

exponentially as a function of the force of infection, λ, which is directly related to R0. Thus, 

empirical data on epidemic growth can be used to estimate R0 [32-36]. These models 

principally differ in their treatment of the incubation and infectious periods, both critical 

factors to linking epidemic growth rates to R0 [11, 37].

Furthermore, all of the estimates using epidemic growth rates assume that the empirical data 

describe transmission in the absence of immunity in the host population. However, most of 

the outbreaks studied for this purpose have been in endemic areas where there is likely 

significant immunity within the population due to previous transmission [32-36].

The models may be refined to estimate the force of infection in endemic contexts, but 

require assumptions about serotype interactions and estimation of the level of underlying 

immunity. Assessment of underlying immunity in this context is particularly difficult as 

diagnostics distinguishing past and present infecting serotypes based on antibody responses 

is notoriously difficult for dengue viruses.

3.3 Final outbreak size

R0 can also be estimated by fitting the total number of people infected in a single epidemic 

with theoretical predictions from transmission models where R0 is a parameter [38]. Similar 

to modeling the force of infection, however, this implicitly assumes a naïve population, 

again not the case for the populations studied in published work. The difficulties in refining 

this model are the same: the role of serotype interaction remains unclear and assessing 

population-level immunity is difficult.
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3.4 Age-specific prevalence

Another way to exploit early infections is via age-stratified seroprevalence studies with 

cohorts including ages surrounding the age of peak incidence. This allows specific 

determination of the serotypes of early exposures and estimation of the force of infection 

over previous years based on different exposure rates across age groups. In perhaps the most 

robust estimation of R0 to date, models with different structures, including strain-specific 

interaction (cross-protection or enhancement of susceptibility) and time-varying force of 

infection, were fitted using empirical data on age-specific exposure rates in a cohort of Thai 

children [23]. An advantage of using seroprevalence or seroconversion data is that it allows 

for a specific examination of the number of infections rather than purely symptomatic 

infections.

4. R0 estimates and the vaccination threshold

The studies discussed in Section 3 are summarized in Table 2 with accompanying R0 

estimates, ranging from a non-invasive 0.5 up to a highly virulent 103 secondary infections 

produced per initial infection. Part of this variation is likely due to geographic and temporal 

variation in the force of infection. The force of infection is dependent on vector and host 

population densities and vector capacity, all factors that vary naturally in space and time. 

For instance, as temperatures increase, the extrinsic incubation period of dengue decreases, 

increasing the force of infection and thus R0. In particular, outbreaks may start under 

marginal transmission conditions and explode as the conditions improve. Estimating R0 

from early epidemics may thus lead to consistent underestimation of overall transmission. 

Vector control may also be an important influence over time [10]. Transmission models 

used to create these estimates generally assume homogenous mixing of vectors and humans, 

but studies suggest that there is significant spatial and individual-level variation in biting 

rates [36, 39].

A further source of variation in the estimates results from assumptions regarding the 

immunological background of the population affected. Estimation based on initial epidemic 

growth and epidemic size has been accomplished under the assumption that there is no 

extant immunity in the human population. When immunity is present in the population and 

not accounted for, the force of infection and R0 may be underestimated because individuals 

with acquired immunity who are exposed to infectious vectors will not be infected. Previous 

exposure may also influence the dynamics via cross-protection or enhancement, another 

component that has yet to be addressed in these empirical models. The only empirical R0 

model considering any type of serotype interaction estimated R0 between 4.3 and 5.8 for 

each strain [23]. Estimation of R0 in the endemic context is of particular importance since 

this is where most dengue virus infections occur and where vaccination may have the 

greatest impact.

Figure 2 shows the relationship between R0 and the critical vaccination fraction, pc (Section 

1), when R0 is greater than one. The accuracy of R0 estimates is particularly important at 

relatively low levels. For example, a difference in R0 between 10 and 11 translates to a 1% 

change in the critical vaccination threshold, but the difference between R0 equals 2 versus 3 

is over 16%. The range of pc given the median estimates of all the studies is 9% to 91%, 
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with the age-stratified study making a conservative estimate of 82% [23]. As described 

above, however, all of these estimates must be carefully assessed. Finally, it should be noted 

that these critical vaccination fractions represent the fraction of the population that must 

receive protective immunity, thus the proportion of the population that must be vaccinated 

could be higher depending upon vaccine efficacy.

5. Considerations for Estimating the Impact of Vaccines

Very few models have explicitly considered the potential impact of a vaccine. Since no 

effective vaccine exists, models that have considered the potential impact have been purely 

speculative about the action of vaccines and have represented vaccination in simple, abstract 

ways, for example, allowing conversion between susceptible and protected compartments 

without passing through infectious stages. Billings et al. [40] considered a two serotype 

model based on transmission in Southeast Asia and the use of a single monotypic vaccine or 

two monotypic vaccines imparting complete immunity. They suggest that two monotypic 

vaccines given in succession with high coverage could eradicate dengue despite the effects 

of enhancement. Cummings [41] investigated the effects of different potential dengue 

vaccine formulations on subsequent transmission in the presence of enhanced infectiousness 

in secondary infections. He found that even with imperfect efficacy, tetravalent vaccines 

resulted in decreased transmission.

To expand the description of vaccine action, more data on vaccine characteristics is needed. 

We have focused much of our discussion on the basic reproductive number, an important 

determinant of the potential impact of population-level vaccination. However, more 

information is critical for projecting the impact of immunization programmes and for 

strategizing their implementation to maximize that impact. Below, we discuss some of the 

necessary considerations for the development of effective vaccination models.

5.1 Direct and indirect protective effects of vaccination

The use of models to estimate the impact of vaccines on community-wide transmission 

requires detailed information on the impact of vaccination on an individual's risk of 

acquiring and transmitting infection. Vaccines may act to block infection, disease, further 

transmission, or all of the above in a single individual. The extent to which a vaccine 

performs each of these goals impacts its overall efficacy in reducing community-wide 

transmission through both direct and indirect effects. Halloran, Struchiner, and Longini [42] 

introduced a useful nomenclature to discuss vaccine efficacy against transmission and the 

disease process. They discuss three endpoints: VES, vaccine efficacy targeting susceptibility 

(or blocking infection), VEP, vaccine efficacy against progression of disease, and VEI, 

vaccine efficacy against infectiousness. Each of these components may be assessed 

empirically by conducting disease surveillance in vaccinees and their potential vector-

mediated contacts, and comparing their infection rates to incidence in controls and their 

potential contacts. Each component may vary over time as a result of waning or boosting of 

immune responses. The link between the number of individuals immunized and the 

protection afforded to the individual can be estimated through these endpoints.
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5.2 Non-protective immunity induced by vaccination

A major concern in dengue vaccine development is that vaccination may not afford 

complete protection, leading to enhancement of infection and increased disease severity or 

increased transmission [43]. This is partly dependent on the type of protection afforded by 

the vaccine (as discussed above) but also requires better understanding of the role of 

enhancement in population dynamics. There is little current evidence, but one study suggests 

that the risk of vaccinees is not elevated up to 8 years after vaccination with live attenuated 

vaccines {Chanthavanich, 2006 #559}. The disease severity and dynamics of viremia in 

vaccinees that do experience infection will be critical for estimating the population-level 

effects of vaccination.

5.3 Age-specific risk of severe disease

Vaccination programmes are designed to reduce the force of infection, often targeting the 

most susceptible population, usually children. By reducing the force of infection and shifting 

the age structure of susceptibles, vaccination may result in a shift in infections to older 

individuals. It is thus important to consider variation in the severity of illness across 

different age groups, something that is not well understood. One study found that severe 

illness resulting from secondary infection with dengue viruses declines with age [44]. 

However, another study found that some DHF symptoms were more severe in adults than 

children [45, 46] and primary infections appear to increase in severity as age increases [47]. 

If the risk of severe illness is age dependent, changes in the age of infection resulting from 

mass vaccination will alter the spectrum of disease. Depending on these effects and 

implementation plans, catch-up campaigns may be necessary to reduce a potential increase 

in disease in older individuals. Further research is needed to characterize the risk of severe 

illness, hospitalization, and death for multiple serotypes and settings and for both primary 

and secondary infections.

5.4 Variation in vaccine efficacy

The efficacy of many vaccines depends on both administration (dosage and timing) and the 

vaccinee (age and immune status). Successful dengue vaccines are likely to require multiple 

doses to confer complete protective immunity. Information on the performance of vaccines 

under different dosing regimens is necessary to quantitatively compare vaccination 

strategies. Prior natural exposure to dengue or other flaviviruses in vaccinees will also be 

important, as they may have increased or decreased chances of acquiring immunity upon 

vaccination. They may also have different side-effects because of the effects of cross-

protection or enhancement.

6. Conclusions

The science of dengue virus transmission modeling is evolving. As the number of 

researchers in the field grows, we expect to see more innovative models and ways to test 

those models with empirical data. In just the past fifteen years, the field has tested several 

model elements and is beginning to reach consensus on several issues. There is growing 

consensus that short-term cross-protection is an important feature to include in the models 

and is helpful in matching temporal patterns of incidence. Because much of the current 
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literature does not consider the role of short-term cross-protection or the presence of prior 

immunity in the populations studied, the force of infection and the basic reproduction 

number may be significantly underestimated. There is also growing consensus among 

dengue modelers that increased morbidity and mortality associated with secondary 

infections does not, on its own, have a large impact on the dynamics of dengue virus 

transmission at the population scale. Secondary infections may, however, play an important 

role in determining long-term dynamics via enhancement of susceptibility or infectiousness. 

Numerous studies suggest that at least one of these types of enhancement is important to the 

coexistence of multiple serotypes and the complex long-term dynamics of dengue.

Each of the models presented here represent formal hypotheses about the mechanisms that 

impact dengue virus transmission at the population level. Because of the lack of data on 

many aspects of transmission, we cannot yet definitively choose between these hypotheses. 

Methods to estimate the parameters of dynamical systems such as the models described here 

are developing quickly [48, 49]. Dialogue between theoreticians and empirical researchers 

can help identify the data that best distinguish the multiple hypotheses. Studies to measure 

specific aspects of transmission including household studies, cluster targeted transmission 

studies and large scale longitudinal studies could greatly improve our knowledge of dengue 

transmission. Collaboration between empiricists and theoreticians is one way that these 

studies might be best designed and implemented.

Models that include a more explicit representation of the vector and host populations have 

been described in recent years including individual based or agent-based models that include 

representation of each human host as an individual in a spatially explicit way or even 

individual vectors [50, 51]. These models offer exciting extensions of existing frameworks. 

Detailed data will be important and a limiter of growth of these detailed models, but these 

models may give us insight into fine spatial-scale interventions.

Current estimates of the basic reproduction number and by extension the critical vaccination 

threshold are widely disparate. This may represent true variability in R0 or, alternatively, 

differences in the methodology and assumptions. Estimates from multiple geographic 

settings using standardized methods are necessary to estimate the efforts required to control 

dengue globally. Preferably, estimates would be based on serological data instead of case 

data to more closely measure the actual number of infections. Though robust methods for 

estimating the basic reproduction number exist, the dengue community must decide on the 

best methods, collect appropriate data, and estimate R0 for settings across the globe.
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Figure 1. 
Schematics of multiple dengue models. a. Basic Susceptible-Infectious-Recovered (SIR) 

model that forms the basis of most infectious disease modeling. b. An expansion of the SIR 

model to include primary infections, secondary infections, and individuals that have 

encountered only one serotype, the primary recovered individuals (1°R). The red arrow 

distinguishes the rate at which individuals with immunity to a single serotype acquire second 

infections from the rate at which people with no immunity acquire their first. c. Model 

including a short-term cross-immune class (1°CI). d. Model assuming that secondary 

infections have higher rates of mortality. e. Model explicitly including a vector population.
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Figure 2. 
The effect of R0 on the critical vaccination fraction. Median estimates for each published R0 

estimate are indicated.
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