
Breaking the symmetry: Immune enhancement increases
persistence of dengue viruses in the presence of asymmetric
transmission rates

Luis Mier-y-Teran-Romeroa,b,*, Ira B. Schwartzb, and Derek A.T. Cummingsa

aJohns Hopkins Bloomberg School of Public Health, 615 North Wolfe Street, Baltimore, Maryland
21205, USA
bNonlinear Systems Dynamics Section, Plasma Physics Division, U.S. Naval Research
Laboratory, Code 6792, Washington, DC 20375, USA

Abstract
The dengue viruses exist as four antigenically distinct serotypes. These four serotypes co-circulate
and interact with each other through multiple immune-mediated mechanisms. Though the majority
of previous efforts to understand the transmission dynamics of dengue have assumed identical
characteristics for these four serotypes, empirical data suggests that they differ from one another in
important ways. Here, we examine dynamics and persistence in models that do not assume
symmetry between the dengue viruses. We find that for serotype transmission rates that are only
slightly asymmetric, increased transmissibility of secondary infections through immune
enhancement increases the persistence of all dengue viruses in opposition to findings in symmetric
models. We identify an optimal magnitude of immune enhancement that maximizes the
probability of persistence of all four serotypes. In contrast to other pathogen systems where
heterogeneity between serotypes in transmissibility facilitates competitive exclusion
(Bremmermann and Thieme, 1989), here we find that in the presence of Antibody Dependent
Enhancement (ADE) heterogeneity can increase the persistence of multiple serotypes of dengue.
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1. Introduction
The dengue viruses cause the highest rates of morbidity of any mosquito-borne virus,
infecting an estimated 50–100 million individuals each year (World Health Organization,
2009). These viruses interact with each other in various ways through multiple types of
immunity induced in human hosts. They exist as four antigenically distinct serotypes. The
term serotype is used to describe viruses that induce an overlapping immune response to
each other. Infection with any dengue virus provides long-term protection against infection
with another virus of the same serotype, but only short-lasting immunity to the other
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serotypes (Sabin, 1952; Burke et al., 1988). As a consequence, secondary infections after
cross-immunity has waned are frequent; tertiary and quaternary infections, although
possible, are very rare (Gibbons et al., 2007).

In addition, there is evidence that secondary infections are enhanced via immune
interactions (Sabin, 1952; Burke et al., 1988). Immune enhancement of infection has been
the subject of intense interest in dynamic transmission models (Ferguson et al.,
1999a;Cummings et al., 2005; Schwartz et al., 2005; Wearing and Rohani, 2006; Adams et
al., 2006; Nagao and Koelle, 2008; Recker et al., 2009;Wikramaratna et al., 2010, Lourenco
and Recker, 2010). Theoretical models have implemented the impact of immune
enhancement in multiple ways: assuming that primary recovereds have a higher
susceptibility, that secondary infections are either more infectious or more severe, or some
combination of these factors. Much of this work has suggested that the dynamics resulting
from incorporating enhancement are inconsistent with observed patterns of incidence, with
oscillation amplitudes in incidence that are much too large and periods that are much too
long (Cummings et al., 2005; Adams et al., 2006; Wearing and Rohani, 2006; Nagao and
Koelle, 2008). In almost all cases, all of these models have assumed perfect symmetry
between the dengue serotypes in transmissibility, immune enhancement and other
characteristics affecting their transmission. Here, we demonstrate that the results of
symmetric models are very different from asymmetric models, and thus the work that has
been done so far is a limited case of the full dynamics of the dengue system. Critically,
inclusion of small amounts of heterogeneity that simply break unrealistic assumptions of
perfect symmetry leads to a reversal of earlier findings that immune enhancement leads to
increased extinction of dengue strains (Cummings et al., 2005).

There is ample biological and epidemiological evidence that the serotypes (and genotypes
within serotypes) differ in important aspects of their natural history and transmissibility.
Researchers have found significant differences in infection kinetics between dengue
serotypes (Tricou et al., 2011). Heterogeneity has also been found in the duration of fever
between dengue viruses (Nishiura and Halstead, 2007). Evidence exists that the severity of
disease varies by serotype (Vaughn et al., 2000; Watts et al., 1999;Balmaseda et al., 2006;
Fried et al., 2010) and by differences in vector efficiency (Armstrong and Rico-Hesse, 2003;
Pepin et al., 2008). Serological evidence also shows large differences between serotype-
specific seroprevalence (Sangkawibha et al., 1984;Graham et al., 1999). Serological data has
been used to estimate forces of infection and basic reproductive numbers for each serotype
(Ferguson et al., 1999b). These estimates show substantial differences between serotypes. In
each of these settings, only particular genotypes were circulating and potentially accessed,
so it is difficult to draw clear distinctions about the characteristics of serotypes in aggregate.
However, the evidence suggests that serotypes (and genotypes within serotypes) can not be
assumed to be identical in many epidemiologically important characteristics.

In theoretical models of dengue transmission, assumptions of symmetry across the dengue
serotypes are the norm. The majority of known papers that have been published on dengue
transmission have assumed symmetry between the dengue serotypes in all modeled
characteristics. In rare cases where heterogeneity is included, it has been included for
mortality (Wearing and Rohani, 2006), or the transmissibility of only single serotypes or
genotypes, assuming all others to be some base value (Cummings et al., 2005, Lourenco and
Recker, 2010). In one other case, competition and exclusion due to differences in
transmissibility were specifically examined. However this work analyzed steady state
behavior and only included two serotypes (Feng and Velasco-Hernandez, 1997). Another
study focused on investigating the relationship between immunological distance and cross
enhancement with two co-circulating serotypes. The authors of this work considered slight
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differences in the transmission rates or the disease-induced mortality rates but did not carry
out a systematic study of such serotype asymmetries (Adams and Boots, 2006).

Heterogeneity between dengue serotypes has important implications for transmission
dynamics, competition between dengue viruses (Holmes and Twiddy, 2003; Zhang et al.,
2005) and vaccines (Billings et al., 2008). Here, we assess the impact of transmission rate
asymmetries (and by extension the basic reproductive number from host to host) in
conjunction with the value of the antibody-dependent enhancement factor.

2. Background
2.1. Mathematical model

To investigate extinction, we use a stochastic, discrete individual modeling approach that we
simulate using realizations approximating a probabilistic master equation (Gillespie, 1977).
The compartmental structure of the model is based on the standard Susceptible, Exposed,
Infected and Recovered (SEIR) epidemiological model. The equations governing the mean
field dynamics are given by

(1a)

(1b)

(1c)

(1d)

(1e)

(1f)

(1g)

where the serotype index i and all the sums above run from one to four. We use S for the
number of susceptible individuals to the four dengue serotypes in the population; Ei, Ii and
Ri represent the number of people exposed, infected and recovered from a primary infection
of serotype i, respectively. The quantities Eij, Iij and Rij represent the number of people
exposed, infected and recovered from a secondary infection of serotype j after having a
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primary infection of serotype i, respectively. Since we assume that a primary infection with
serotype i confers lifelong immunity to that serotype, in the classes Eij and Iij we restrict the
model by taking i≠j. Finally, R** represents the number of people that have recovered from
all secondary dengue infections and are considered to be immune to any further infections.
The birth and death rates are chosen to be the same and equal to μ, making the total
population N constant in time. There is no increase in the death rate due to infection since
the case fatality rate is low (Shepard et al., 2014).

In the past, some mathematical models of dengue epidemics have explicitly included vector
dynamics (Wearing and Rohani, 2006). However, we do not account for the mosquitoes
explicitly in our model. Assuming that the mosquito population is effectively at steady state,
the effect of vectors on dynamics can be absorbed into the four transmission rates βi
(Wearing and Rohani, 2006). The latent and recovery periods 1/γ and 1/σ, respectively, are
assumed to be the same across all serotypes. We do not account for periods of cross-
protection after the first infection as other authors have done (Adams et al., 2006; Wearing
and Rohani, 2006;Nagao and Koelle, 2008). We consider that secondary infections
contribute more strongly to the force of infection compared to primary infections due to the
phenomenon of Antibody Dependent Enhancement (ADE). This effect is captured in the
four ADE φi≥1 parameters in the equations and quantify the increased transmissibility of
serotype i from its secondary infecteds, regardless of their primary-infecting serotype. The
model accounts for secondary heterogenous infections; however, tertiary and quaternary
infections are not considered since the epidemiological data shows them to be quite rare
(Gibbons et al., 2007). In all our numerical simulations, the values of μ, γ and σ are equal to
the values given in Table A1.

2.2. Summary results of the symmetric model
Previous work has demonstrated that deterministic serotypesymmetric models of dengue
epidemics can display very complex temporal dynamics and various bifurcations
(Cummings et al., 2005; Schwartz et al., 2005, Bianco et al., 2009). With symmetric base
transmission rates equal to βi = 500, Eq. (1) converge to a serotype symmetric stationary
state for all ADE factor values between φ = 1.0 and approximately 1.85. At that value, the
model of Eqs. (1) undergoes a Hopf bifurcation. For values of ADE just above this
threshold, the system displays periodic oscillations in the long time limit. A second
bifurcation at φ≃1.93 renders the periodic oscillatory dynamics unstable and the system
begins to display chaotic dynamics. At even higher values of the ADE factor, there are
narrow windows where the chaotic motion ceases and stable periodic oscillations ensue (see
Fig. S1 in the electronic supplementary material). Bianco et al. (2009) found that the
inclusion of weak cross-immunity between serotypes reduced the parameter range for which
chaotic dynamics are observed.Recker et al. (2009) also found that including both enhanced
transmissibility and susceptibility in those with immunity to just one serotype reduced the
parameter space for which chaotic dynamics are observed.

2.3. Asymmetry studies
We considered asymmetry in the base transmission rates βi and the ADE factors φi, for i = 1,
2, 3, 4. We kept all other parameters the same across serotypes, including the incubation
period as well as the rates of recovery and mortality. The values of all other parameters are
given in Table A1.

For our investigation of asymmetric transmission rates, we first assigned 400 different sets
of normally distributed transmission rates for each of the four serotypes as

. Here,  is a Gaussian random variable with a mean of zero and
variance equal to one. For each set of transmission rates, we generated a realization of 100
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years of the master equation that gives rise to Eqs. (1) at 150 different values of the
symmetric (i.e., identical for all possible secondary infections) ADE factor φ, uniformly
distributed on the interval 1.0≤φ≤3.0. We used the τ–leap stochastic simulation algorithm
(SSA) (Gillespie, 1977, Cao et al.) for our simulations. At each value of φ, the initial
conditions for the stochastic runs are extracted from simulations of the deterministic system
(1) long enough so that transients have decayed. We determined whether serotype
extinctions occur over a timespan of 100 years, at the 150 different values of the parameter
φ, in a population of 10 million people.

We investigated the case of asymmetric ADE factors in an analogous fashion, assigning
normally distributed ADE factors  and took all the transmission rates
equal across serotypes and varied them over the interval 300≤β ≤700 (or 3≤ R0 ≤5, obtained
from the approximate expression R0i = (βi/(μ + σ))γ= (μ + γ), i = 1, 2,…4, see Anderson and
May (1992)).

3. Results
3.1. Stochastic serotype extinctions

Fig. 1 shows the probability of observing 0–4 serotypes going extinct in a span of 100 years,
at different values of φ, for the 400 sets of transmission rates βi. We show the probabilities
of observing each type of extinction for low CV (<0.07), medium CV (<0.1) and all 400 sets
of β’s in Fig. 1a-c, respectively. Interestingly, Fig. 1a-c shows that the probability of
observing zero extinctions is non-monotonic as a function of φ and that an ADE factor
φ≈1.5–1.6 appears to be optimal for the persistence of all four serotypes, i.e., no serotype
goes extinct in the 100 year interval. Comparing Fig. 1a-c shows that all-around persistence
is higher for the runs with lower CV (β). It is quite remarkable that the probability of any
particular type of extinction is a continuous function of φ and that there exist intervals in φ
where a given type of extinction is relatively dominant. In the supplement, we include a
color coded map with the full information on how many serotypes went extinct at each value
of φ, for each of the 400 runs (Fig. S2). In that figure, the 400 sets are ordered by coefficient
of variation of the four transmission rates CV(βi).

These results stand in stark contrast to the symmetric case. Fig. 2 classifies the probability of
each type of extinction observed at different values of φ for symmetric transmission rates.
The probability of observing zero extinctions is a monotonically decreasing function of φ
(Fig. 2b). In the symmetric case, unlike the asymmetric one, greater enhancement provides
no persistence benefit. It is particularly striking that the probabilities of observing zero
through four serotypes going extinct are relatively continuous functions for φ≤2, but not so
for larger values. When comparing Figs. 1 and 2, asymmetric transmission rates seem to
introduce a hierarchy among the serotypes that ‘organizes’ the types of extinctions observed.
As for the asymmetric case, the supplement contains a color coded map with the full
information on how many serotypes went extinct at each value of φ, for all 100 runs (Fig.
S3).

3.2. The relationship between extinctions and chaotic dynamics: average expansion
exponents

The extinctions of three or four serotypes that are common at high values of φ are caused by
the chaotic dynamics with large swings that occur at such values of the ADE factor. Since
one cannot quantify the strength of chaotic dynamics in the stochastic version of our model,
we carried out extensive deterministic simulations of Eqs. (1) to identify how the occurrence
and strength of the chaotic dynamics at high values of φ are correlated with serotype
extinctions.
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Using the same sets of 400 transmission rates as in the stochastic study above, we simulated
the system numerically at 100 different values of the symmetric ADE factor φ, uniformly
spaced over the interval 1.7 ≤φ≤3.0. The lower bound of 1.7 is chosen to be slightly below
the onset of chaotic dynamics, for all of our 400 sets of transmission rates. The initial
condition at the first value of φ = 1.7 is the same for all 400 sets and is close to the endemic
state of the symmetric case when all transmission rates are equal. At succeeding values of φ,
we use the final state of the system at the previous value of φ as our new initial condition.
Once transients have decayed, we consider that serotype i goes extinct if the sum of all
classes currently infected with serotype i go below the threshold value of 10−7, in view of
the population of 10 million considered here. We also quantified how prevalent and intense
the chaotic dynamics of the system are, by calculating an Average Expansion Exponent
(AEE); a positive AEE strongly suggests chaotic dynamics. We track extinctions and AEEs
at each of the 100 values of φ between 1.7 and 3.0 and for the 400 different sets of
transmission rates. See the electronic supplementary material Text S2 for more details on
how we calculate the AEEs.

We show the fraction of runs that display serotype-specific extinctions as a function of the
ADE factor for β0 = 500 (Fig. 3a). The probability of observing infecteds below threshold
increases quickly for ADE factors greater than 2.2, approximately. These low minima are
the consequence of large amplitude swings arising from the chaotic nature of the dynamics
that is prevalent at these values of the ADE factor. This is evident from the strong
correlation between the likelihood of serotype extinctions and the magnitude of the AEE
(Fig. 3b). The onset of chaotic dynamics is slightly shifted to higher ADE values in the case
of asymmetric transmission rates (note the interval 1.9≤φ≤2.3 in Fig. 3b). This is reflected in
the difference in the likelihood of extinctions when comparing asymmetric and symmetric
cases over the same range of ADE factors. Analogous results for the case β0 = 300 are
shown in Fig. S4b and S4d in the electronic supplementary material.

3.3. Comparison of model behavior to incidence data from Thailand
To judge the validity of our models and to investigate the impact of heterogeneity on the
comparison of simulated time series to observed time series of dengue incidence, we
compared our model output to data from Thailand. Serotype-specific incidence from
Bangkok, Thailand from 1973 to 2010 shows large-amplitude oscillations with the different
serotypes out of synchrony. The data show peaks in Fourier spectra at 1 year and 5–10 years
(Fig. S5 in the electronic supplementary material). We compare this with Fourier spectra of
our model at different parameterizations and with the inclusion of a seasonal driver (Figs. S6
and S7 in the electronic supplementary material). Our simulations show significant Fourier
power at annual periods as well as dominant components are between 4 and 8 years, roughly
consistent with data. Hence, the period of oscillation does not seem to be greatly dependent
on the degree of asymmetry of the transmission rates. Appendix A shows a complete
analysis of these data and simulations.

3.4. The effect of asymmetries on vaccination
A natural extension of our work is to consider the effect of heterogeneity in transmission on
the performance of dengue vaccines and the adverse effects that may arise after massive
vaccination is applied to human populations. A dengue vaccine candidate is now in
advanced stages of development (Guy et al., 2010, 2011). The preliminary results show that
vaccinees obtain immune protection against all serotypes, though recent results suggest
efficacy to only a subset (Hirschler and Regan, 2012; Guy et al., 2010, 2011). A
consequence of heterogeneity in transmissibility is that certain serotypes may be controlled
more easily than others by vaccination, though it is difficult to anticipate the effects.
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We considered the effect of vaccines in our stochastic framework. Since the full effects of
the upcoming vaccine on human subjects are not entirely known, we made a number of
assumptions regarding how the vaccine protects vaccinees. At birth, each individual is
vaccinated with a probability equal to vprob. The vaccinee becomes immune to serotype i
with probability equal to the ith vaccine efficacy veff, i; these probabilities are considered to
be independent for different serotypes. Vaccinated individuals immune to a single serotype i
are put in the Ri compartment, exactly as if they had suffered an infection from serotype i
and may become infected with a second serotype different to i. On the other hand, vaccinees
immune to two or more serotypes are put in the permanently recovered class R** and may
not suffer future infections.

Fig. 4 shows how the temporal averages of the primary and secondary incidences, as well as
the number of co-circulating serotypes at different times are affected by different vaccine
efficacies, for φ = 1.7, respectively. For the asymmetric runs (right column), 200 normally
distributed sets of transmission rates were generated as , for the four
serotypes; here β0 = 500 and σβ = 20. The 200 coefficients of variation of the four
transmission rates are distributed according to the histogram on top of panel (d) of the
figure. For this study, the vaccine efficacy is identical for all serotypes, veff, i = veff, and all
new births undergo vaccination, vprob = 1. At each value of the vaccine efficacy, the initial
condition is the endemic state in the absence of vaccine. With a vaccine efficacy that is
serotype-independent, a vaccinee becomes immune to 4veff serotypes, on average.

The results show that the primary and secondary incidences during 25 years of simulation,
averaged over five year intervals, are monotonically decreasing as the vaccine efficacy
increases. The qualitative shape of these graphs remains unchanged between the symmetric/
asymmetric cases. However, we note that the secondary incidence decreases much more
slowly than the primary one, especially at very low values of the vaccine efficacy. At such
low efficacies, many vaccinees become immune to a single serotype and later on become
secondary cases in the future. On average, vaccinees become immune to one serotype at veff
0.25; at this value, the averaged secondary incidence as a function of the efficacy begins to
drop faster. Vaccinees become immune to two serotypes, on average, when veff = 0.5; this
forces the extinction of all serotypes beyond this efficacy.

The results for serotype persistence differ between the symmetric and asymmetric cases
(Fig. 4c and f). At low vaccine efficacies, serotypes with symmetric transmission rates have
a notably greater probability of surviving for extended periods of time, when compared with
serotypes with asymmetric transmission rates, both at φ = 1.7. However, since the difference
in persistence between symmetric and asymmetric transmission rates under mass
vaccination occurs at very low values of the vaccine efficacy, the difference is unlikely to
play a role in realistic situations.

Fig. S9 in the electronic supplementary material shows similar time-averaged incidence
results for φ = 1.0. The differences in serotype persistence results between φ = 1.0 and 1.7
are discussed in the electronic supplementary material Text S3.

3.5. Asymmetry in the ADE factors
Our investigations show that asymmetry in the ADE factors has a very different impact on
the dynamics of the system compared to asymmetry in the transmission rates. We found no
clear trend between the standard deviation of the four ADE factors and the likelihood of
observing either serotype extinctions or chaotic dynamics over the whole interval
300≤β≤700. These results suggest that asymmetric ADE factors across serotypes have little
to no effect in suppressing the tendency of the system to behave chaotically and thus limit
extinction events. However, we found that the percent of time series that go extinct as a
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function of the base transmission rate decreases at the higher end of the interval 300≤β≤700
(Fig. S8 in the electronic supplementary material). A factor that plays a role in this effect is
that higher values of the base transmission rate common to the four serotypes produce a shift
in the endemic state and the whole dynamics to higher numbers in the infected class.

4. Discussion
We have studied the dynamic consequences of combining asymmetry in the transmission
rates and ADE factors greater than one for the four serotypes in a dengue fever model. Our
investigations demonstrate that when the transmission rates are slightly different, there
exists an optimal ADE factor value that maximizes the likelihood of serotype persistence. At
values of the ADE factor just higher than the optimal one, chaotic dynamics with
largeamplitude oscillations become prevalent. In contrast, asymmetries in the ADE factors
across serotypes do not seem to have the same persistence-enhancing property nor
sensitivity.

It is notable that asymmetry in this system in conjunction with an ADE factor higher than
one promotes coexistence of multiple serotypes, while in other systems, asymmetry leads to
the competitive displacement of those serotypes or strains with a reduced transmissibility
(Lipsitch et al., 2009). Dynamically, this may be due to ADE having an effect on
transmissibility that depends on the prevalence of heterotypic immunity. ADE increases the
transmissibility of pathogens when immunity to other serotypes is highly prevalent.
However, as a serotype begins to displace others, this transmissibility advantage declines,
and reduces the probability that one serotype will completely displace others. ADE may be
particularly advantageous to a virus, as it increases transmissibility only during times when
competition for susceptible individuals is high. In contrast, the increase in transmission
conferred by enhancement decreases when the prevalence of other serotypes is low,
reducing the probability that other serotypes will be driven to extinction.

In the past, high values of the ADE factor have been called into question in the modeling of
dengue because of the inconsistency between chaotic dynamics and field data. This is due to
the fact that when observing chaotic oscillations in the model, extinction events have a high
probability of occurring, even though the disease is prevalent in the data. Thus, there appears
to be a ‘barrier’ on the ADE factor scale, beyond which the persistence of multiple serotypes
becomes very unlikely. It is noteworthy that in the model with asymmetric transmission rate,
the ADE threshold value at which chaos sets in is higher, on average, when compared to the
symmetric model (φ≈1.8 for the symmetric model and φ≈2.3, on average, for the
asymmetric models; see Fig. 3).

We have not included several elements that have been previously included in dengue
transmission models: namely (i) dynamics of the vector; and (ii) periods of cross-protection
after the first infection. We note that the objective of this work is not to describe the
temporal dynamics of dengue epidemics with quantitative precision; rather, it is to
investigate the dynamical consequences of serotype asymmetry that has not been
systematically studied in the past. We note that inclusion of heterogeneity in transmissibility
does not add model complexity but instead generalizes an overly restrictive assumption of
perfect symmetry between dengue serotypes.

We emphasize that the breadth of behavior observed in models that include antibody
dependent enhancement, short-term cross protection and/or seasonality is large when
secondary (or tertiary or quaternary) infections are considered. Our results do not
conclusively support a role for antibody dependent enhancement in explaining observed
patterns. Rather, our results suggest that dismissal of ADE as a feature of dengue dynamics
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by previous modeling work (including our own) were premature in being based on a narrow
range of models. For instance, ADE could result in enhanced viremia and transmissibility in
only a small proportion of those infected for a second time by dengue. Models constructed
thus far have assumed a mean increase in transmissibility rather than some heterogeneity. As
always, more empirical observation at both the population and individual level would be
useful in choosing between these models. Additionally, more rigorous statistical inference
techniques may help to distinguish between these phenomena (Shrestha et al., 2011).

Since empirical data shows asymmetries in transmissibility of dengue serotypes, ADE is
evolutionarily advantageous in areas where all four serotypes co-circulate. Because ADE is
advantageous to all serotypes, we might expect to see increasing severity of secondary cases
over time and with the accumulation of high amounts of immunity, as has been seen in both
Asia and the America (Nisalak et al., 2003; OhAinle et al., 2011).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Comparison of spectral analysis of Thailand data
The spectral composition of the data in Fig. S5 in the electronic supplementary material was
obtained with the discrete Fourier transform (DFT). The growing mean value of cases in
Fig. S5a is mainly due to under-reporting in the early years. The large magnitude of the ≈19
year component in Fig. S5b is most likely an artifact of the DFT algorithm, arising from the
growing mean in the disease incidence in the data.

For a better comparison with field data, we included seasonality in our model by changing
all base transmission rates according to βi→βi(1 + 0.05 cos (2πt)) and used the DFT to study
their spectral compositions. Fig. S6a in the electronic supplementary material shows a
contour plot of the squared magnitude of the different frequency components as a function
of the ADE factor, averaged over 400 runs and over the 4 serotypes; here β0 = 500. We
exclude the time series of serotypes that are competitively excluded over the whole range
1.7≤φ≤3. Panel (a) clearly shows the yearly component due to the seasonal drive throughout
the φ interval, as well as strong subharmonic responses with periods of 2 and 4 years in
certain ranges of φ. Beyond the averaged onset of oscillations (φ≈2.1), a wider range of
periods have significant contributions; the dominant components are between 4 and 8 years.
Fig. S6b shows a color-coded histogram of the single dominant frequency of the data in Fig.
S6a (ignoring the zero-frequency component). Panel (b) shows that the dominant component
is the yearly one up to φ≈2.1 and it becomes more dispersed for higher φ values; the range
between 4 and 6 year is particularly populated. We find no instances of dominant periods
beyond 10 years. The case with β0 = 300 shows similar behavior but has Fourier
components at slightly higher periods than before. Here the dominant periods extend up to
15 years (Fig. S7 in the electronic supplementary material).
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Our results are consistent with previous modeling studies that have found strong spectral
components for periods of oscillation of 1 year and for periods between approximately 3 and
10 years (Wearing and Rohani, 2006; Nagao and Koelle, 2008; Adams et al., 2006).

Table A1

Typical values/ranges of the model parameters

Parameter Typical value Reference

βi (transmission rate for serotype i) 400–600 yr−1 Ferguson et al. (1999b)

R0 (basic reproductive number) 4–6 –

μ (birth/death rate) 0.02 yr−1 Ferguson et al. (1999a)

γ (1/latent period) 70 yr−1 Nishiura and Halstead (2007)

σ (1/recovery period) 100 yr−1 Ferguson et al. (1999a)

φi (ADE factor for serotype i) 1.7–3.0 –

σβ (degree of asymmetry in transmission rates) 75 –

σφ (degree of asymmetry in ADE factors) 0.4 –
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HIGHLIGHTS

• The consequences of dengue serotype heterogeneity remains an important and
open question.

• The majority of models assume dengue serotypes with identical characteristics.

• Differences in the transmission of dengue serotypes are here considered
systematically.

• Serotype persistence is enhanced by asymmetries combined with immune
enhancement.

• Serotype asymmetries may complicate the control of dengue through
vaccination.
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Fig. 1.
Probability of observing a 0–4 serotypes going extinct in 400 stochastic simulations with
asymmetric transmission rates, spanning 100 years, as a function of the ADE factor φ. For
each run, the transmission rates are distributed as  with β0 = 500 and σβ
= 75. Panel (a): probability of observing extinctions of 0–4 serotypes for the 73 runs with
CV <0.07, over the said time period, as a function of φ. Panel (b): same as in (a), except that
we keep the 150 runs with CV (β)<0.1. Panel (c): same as in (a) and (b), except that the full
set of 400 runs is considered. Other parameter values are as in Table A1.
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Fig. 2.
Probability of observing 0–4 serotypes going extinct in 100 stochastic simulations with
symmetric transmission rates, spanning 100 years, as a function of the ADE factor φ. Here,
βi = 500 and other parameter values are as in Table A1.
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Fig. 3.
Plot of the ADE factor vs. proportion of runs that have minima of the infected classes below
a threshold of 10−7 (a). Plot of the AEE (see text) at each value of the ADE factor; the
errorbars indicate one standard deviation over the 400 runs (b). The black markers indicate
the strictly serotype-symmetric situation. The asymmetric transmission rates are exactly the
ones used in Fig. 1 while the symmetric ones are βi = 500, as in Fig. 2; other parameter
values are as in Table A1. The values of the birth/death rates, duration of the incubation
period and recovery rate are as in Table A1.
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Fig. 4.
Time average of the primary (a and d) and secondary (b and e) incidences over the time
periods indicated in each panel; and mean number of serotypes co-circulating after the time
period indicated (c and f), for different values of the serotype-independent vaccine efficacy.
The left column corresponds to symmetric transmission rates, while the column on the right
corresponds to asymmetric ones. The results in each column were obtained with 200
stochastic simulations at each value of the vaccine efficacy. The histogram above panel (d)
shows the distribution of the coefficient of variation of the four transmission rates over the
200 runs. Here, φ = 1.7. Table A1
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