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Abstract

We use a stochastic simulation model to explore the effect of reactive intervention strategies
during the 2002 dengue outbreak in the small population of Easter Island, Chile. We quantified the
effect of interventions on the transmission dynamics and epidemic size as a function of the
simulated control intensity levels and the timing of initiation of control interventions. Because no
dengue outbreaks had been reported prior to 2002 in Easter Island, the 2002 epidemic provided a
unique opportunity to estimate the basic reproduction number 2y during the initial epidemic
phase, prior to the start of control interventions. We estimated % at 27.2 (95%Cl: 14.8, 49.3). We
found that the final epidemic size is highly sensitive to the timing of start of interventions.
However, even when the control interventions start several weeks after the epidemic onset,
reactive intervention efforts can have a significant impact on the final epidemic size. Our results
indicate that the rapid implementation of control interventions can have a significant effect in
reducing the epidemic size of dengue epidemics.
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1. Introduction

Dengue is a mosquito-borne viral infectious disease that causes significant epidemic
outbreaks, particularly in tropical and subtropical areas. The World Health Organization
estimates 50 million new cases of dengue per year globally [39]. The spectrum of dengue
disease includes asymptomatic [37] infection, clinically non-specific flu-like symptoms,
dengue fever (DF), dengue hemorrhagic fever (DHF), and dengue shock syndrome (DSS).
Dengue hemorrhagic fever and dengue shock syndrome are the most severe forms of dengue
infection. Seasonal variations in temperature and rainfall have been associated with levels of
dengue infection, where the number of dengue cases increases with higher rainfall and
temperature [22, 33, 7]. The local risk of dengue infection has been shown to be affected by
geographic factors and human movement patterns [24, 35, 4].

Aedes aegypti is the main vector transmitter of the dengue virus. The ability of Aedes
aegypti mosquitoes to become viable transmitters of dengue is tightly connected to local
weather conditions. Specifically, temperature has been shown to affect the development,
maturation and survival of Aedes aegypti as well as the biting frequency and extrinsic
incubation period which is defined as the time period from exposure of the vector to the time
the vector becomes infectious [15].

The spatial distribution of the dengue virus in the Americas has increased since 1970 when
the efforts to eradicate the main vector, Aedes aegypti, declined particularly in Central
America and the Amazon region. After the mosquito eradication efforts decreased, dengue
incidence resurged and the four dengue serotypes started to circulate. Cases of dengue
hemorrhagic fever also increased probably due to multiple re-infections with different
dengue serotypes [15]. In the Americas, Chile is one the few countries that had not reported
dengue outbreaks prior to the 2002 outbreak in Easter Island.

The basic reproduction number () is defined as the number of infected people generated
by a single infectious person in an entirely susceptible population [2, 8, 36, 3]. Typically, if
o > 1 an epidemic occurs while if %5 < 1 no outbreak is likely. For mosquito-borne
diseases, like dengue, the infection is transmited through an intermediate vector, the infected
mosquitoes. Estimates of the reproduction number for dengue have varied widely [22, 26,
27, 10, 17]) which suggests highly heterogeneous levels of population immunity, vector
density coupled with weather conditions, and differences in the intensity of dengue control
efforts. These control interventions target vector breeding sites, adult mosquitoes, and
reducing the contact rate, between adult mosquitoes and hosts [5]. We note that the
estimation of the actual basic reproduction number 2 in endemic dengue areas is
complicated by the lack of data on the immunological history of the population shaped by
prior exposure to different dengue serotypes.

In Chile, the presence of the Aedes aegypti mosquito has been reported in the northern areas
where climatic conditions favor the vector population growth. However, Aeges aegypti
mosquitoes had not been detected from entomological surveillance data from 1945 to early
2000 after a mosquito eradication campaign. The presence of the vector was confirmed in
Easter Island, Chile by the end of 2000, when the mosquito was estimated to be in
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approximately 70% of the households [1]. As a result, an epidemiological surveillance
system to keep track of febrile cases was implemented by the Department of Epidemiology
of the Ministry of Health of Chile in October 2000 to help identify autochthonous dengue
fever transmission in the Island. A vector control program helped reduce the vector
infestation index in households to 5% [1].

The 2002 dengue epidemic in the small population of Easter Island is an exceptional
opportunity to analyze the transmissibility of dengue (%) in a fully susceptible population,
as no other dengue outbreaks had been previously reported in this region [1]. The reactive
control interventions started about 30 days following the epidemic onset and provides data
to validate epidemic modeling for exploring the effect of reactive control interventions
during a dengue outbreak. For this purpose we used a stochastic dengue transmission model
that incorporates vector and host interactions to study this epidemic. We quantified the basic
reproduction number %, during the initial epidemic phase, and assessed the effect of
different levels of control intervention intensities on the epidemic dynamics and the
distribution of final outbreak sizes.

2. Materials and methods

2.1. Demographic, epidemic, weather, and travel data

Easter Island is located in the South Pacific about 3800 km from the Chilean continental
coast with an annual average temperature of 21.1°C. In 2002, it had a population of about
3820 people living in the urban area, Hanga Roa. The great majority of the Island population
belongs to the ethnic Rapa Nui. Their main occupations are fishing and tourism. A total of
13, 251 people traveled to the Island in January 2002. Of those, approximately 45% of
visitors came from Brazil, 9% from Argentina and 5% from Oceania and other Islands of the
South Pacific [1].

On March 13th, 2002, the first autochthonous dengue case was diagnosed on Easter Island
by Elisa IgM antibody testing and subsequently confirmed by the Instituto de Salud Publica
de Chile (ISP) through serological testing. DEN-1 was identified as the serotype responsible
for this 2002 epidemic [31]. The index case corresponded to a 21-year old female patient
that presented with high fever (39°C), myalgias, arthralgias, headache, and rash for seven
days. Of note, only a few sporadic dengue importations were detected in Continental Chile
in 2000 and 2001 that resulted from travel to dengue affected areas in the Americas before
the 2002 outbreak in Easter Island. Hence, the 2002 dengue outbreak was the first major
outbreak in Insular Chile.

Following the confirmation of dengue in Easter Island, an emergency control team of the
Chilean Ministry of Health traveled to Easter Island to start control interventions on March
16th, 2002 with the following goals: (i) analyze the status of the outbreak, (ii) optimize
diagnosis of clinical cases including the identification of serotypes and basic demographic
data, (iii) enhance vector control interventions, and (iv) optimize the management of dengue
cases. Standard vector control efforts included educational campaigns, reduction of breeding
sites and insecticide spraying during 6 weeks to eliminate adult mosquitoes in areas of high

Math Biosci Eng. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chowell et al.

Page 4

mosquito infestation. About 5% of sampled houses were found infested with Aedes Aegypti

[1].

The acute dengue cases were detected though an active surveillance system. A dataset
comprising dengue notifications was reconstructed retrospectively by reviewing medical
records of individuals admitted to the emergency department of the Hanga Roa Hospital,
including the two previous months to the detection of the index case. According to the
World Health Organization case definition [40], a suspected dengue case was any person
presenting high fever with a maximum duration of 7 days with two or more of the following
clinical symptoms: headache, retro-orbital pain, myalgias, arthralgias, rash, hemorrhagic
manifestations (epistaxis, conjunctivitis, and positive torniquete test) and leucopenia. A
fraction of suspected dengue cases were confirmed by laboratory testing through Elisa
antibody IgM tests or PCR (polymerase chain reaction). For cases with clinical evolution of
at least 6 days from symptoms onset, laboratory testing was conducted via IgM antibody
tests while cases with up to 3 days of clinical evolution were tested by PCR.

A total of 550 dengue cases were reported to the Chilean Ministry of Health from January
1st 2002 to June 31st, 2002, of which 160 (29.1%) cases were laboratory-confirmed by the
Instituto Nacional de Salud Publica de Chile (ISP). For each dengue case, we obtained the
date of symptoms onset, age, and whether the case was confirmed by laboratory means. We
also obtained estimates of population size of Easter Island for 2002 from the Instituto
Nacional de Estadisticas (INE) [19].

Different epidemiological aspects of dengue transmission via the mosquito A. aegypti are
known to depend on the weather conditions [21, 23, 28, 34]. Notably, the extrinsic
incubation period has been shown to depend on ambient temperature [28, 12] whereby the
extrinsic incubation period decreases as ambient temperature increases. To account for this
temperature dependence on vector behavior, we obtained time series of daily meteorological
station mean, minimum and maximum temperature from the Direccion Meteoroldgica de
Chile [9]. The mean temperature during the initial epidemic phase was used to estimate the
extrinsic incubation period using the thermodynamic relationship given in Focks et al. [12].

We obtained data on the monthly number of international passengers arriving to Easter
Island in 2002 from Junta de Aerondutica Civil. We used 2008 data as a control for the
potential impact of incoming travelers on the dengue epidemic.

2.1.1. Estimating & from the intrinsic growth rate—We estimated the basic
reproduction number prior to the initiation of mitigative interventions and when the effects
of susceptible depletion are negligible. The approach that we employ here assumes that the
initial disease incidence is exponential and tracks the actual incidence curve of dengue [10].
That is, it is assumed that the reporting rate does not change significantly during the initial
epidemic growth phase and that the underlying mechanisms transmitting the disease do not
change during the early epidemic.
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The estimate for % depends on the initial growth rate of the epidemic (r), the incubation
(%) and infectious period of the host (31,), and the extrinsic incubation period (z) and the
mortality rate of the vector (u,).

Ho= (HL) <HL> e
Yh Ho

In the above formula, the host and vector incubation periods are assumed to be fixed while
the host infectious period and the mosquito life expectancy (1/u,) are assumed to be
exponentially distributed. We estimated the initial exponential growth rate r through a
generalized Poisson linear model. The assumed initial exponential phase of the epidemic
corresponds to the “free course” state of the epidemic in the absence of control
interventions, behavioral changes, and other saturation effects.

2.2. Dengue transmission model

Dengue transmission models are typically based on the simplifying assumption that the key
epidemiological parameters are fixed (zero variance) or follow an exponential distribution
[2, 10, 32, 25, 26, 27, 24, 10]. Hence, we use the more elaborate dengue transmission model
[5] that incorporates more realistic distributions of key epidemiological quantities in dengue
transmission. According to this approach, the intrinsic and extrinsic incubation periods and
host infectious period are modeled using stage-progression compartmental modeling or the
well-known linear chain trick (e.g., [20, 18, 38]). That is, the incubation and infectious
periods are modeled as the progression in ey, incubation substates in humans (Ep,, Ep,, ...,
Eheh), e, incubation substates in mosquitoes (E,,, E,y, ..., Eveb) and iy, infectious substates
in humans (Iy, Iy, - Ihih)' Under this formulation, the resulting incubation and infectious
periods follow a gamma distribution with integer parameters ey, e, and in, respectively.
When the rates of progression between substates are given by ek, ek, for the incubation
periods and iy for the infectious period in humans, the resulting gamma distribution has
means 1/k,, 1/k, and 1/, for the incubation and infectious periods, respectively, and the

corresponding variances are given by 1/ (6h’€121) and 1/ (eukg) and 1/ (iwﬁ), respectively.

Furthermore, susceptible and recovered hosts are denoted by Sy, and Ry, respectively, and
susceptible mosquitoes are denoted by S,, The total numbers of susceptible humans and
adult susceptible mosquitoes are given by Ny and N, respectively. The disease-induced
mortality rate on humans is assumed negligible while the birth and natural death rates of
mosquitoes are assumed to have a common value |, to model a constant mosquito
population size. A susceptible human may be infected with dengue from the bite of an
infectious mosquito during probing and feeding. The rate of susceptible host infection is
L,(t)
Av (1) :mcﬂhvm where m is the number of female mosquitoes per person, C is the
mean rate of mosquito bites per mosquito, /4, is a constant transmission probability per bite
1,(t)
from an infectious mosquito, and m is the probability that a mosquito bite is made by an
infectious mosquito. Susceptible mosquitoes become infected from an infectious human
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In (1)

during probing and feeding at the rate An(t)= Cﬁvh Ny () where S, i a constant
transmission probability per bite from an infectious human to a susceptible mosquito, and
In(t) . . - .
N, ()18 the probability that a random mosquito bite is made to an infectious human at time
t.

The system of differential equations that describes the transmission dynamics of dengue
described above is given by the nonlinear system of differential equations:

Sh(t) =— )\, () Sy (t)

Em (1) =X (t) Sk (t) — knenEn, (t)

By (t) =knenLh,_,(t) — knenEp;(t),2 < j < ey
)
)

~+

Ih] ( :khehEheh (t) - ’)/hihlln (t)

In,(8) =ymindn,_, (8) = windn; (1) ,2 < j < iy
C(t) =KnenEp,, (t) @
Ry(t)  =yninly,;, (t)

.Sv(t) =po Ny — Ay () Sy (1) — poSy (t)

By (8) = (8) Su(t) — (kyeutpn) Buy (1)

B, (t) :kUeUEvjfl(t) — (kpey+p) E,, (t),2<j<e,
I, (t) :kveuEve/U (t) = poly (t)

where C(t) keeps track of the cumulative number of symptomatic dengue cases.

The basic reproduction number for this model (2) is given by the formula [5]:

2 k ey
%0: mC ﬂvhﬁhv( €yRy ) . @

HoYh €y kv +,Uv

The effect of the shape of the incubation period distributions on the shape of the epidemic
growth phase is illustrated in Figure 1. Overall the time from epidemic onset to peak
increases with decreasing variance in the distribution of epidemiological parameters. When
e, = e = i = 1 the extrinsic incubation period, the intrinsic incubation period, and the
infectious period are exponentially distributed (largest variance) while e, = ey =iy = o0
model fixed distributions (zero variance) of these epidemiological parameters [5].

In small populations, such as on Easter Island, the random (stochastic) effects can be more
than in large populations. To quantify the uncertainty created by the stochastic events in a
small population, we generated multiple stochastic epidemic realizations of dengue
transmission and control. We explored the outbreak size distribution for our model (2) as a
function of the timing and intensity of reactive control interventions using a stochastic
poisson simulation approach [14].

To compare the impact of different control intervention scenarios, we focused on
quantifying the effect of reducing the vector population and reducing the transmission rate
between hosts and vectors. We modeled reductions in vector density by reducing the steady
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state of the vector population N, and vector density parameter m. We assume that vector
density is immediately diminished by a reduction factor x following the start of vector
control interventions.

There are few reliable estimates for the mean ratio of female mosquitoes per host (m)
required to fully define the parameters in the model equations. We fixed m = 3 and
performed a sensitivity analysis on parameter m. The mean mosquito mortality rate (y,), the
mean extrinsic and intrinsic incubation periods (1/k,, and 1/k, respectively), and the mean
host infectious period (1/y,) were taken from published literature and are given in Table 1.
The extrinsic incubation period was estimated using the local mean temperature during the
initial epidemic growth phase based on the thermodynamic relation from Focks et al. [12] to
fix the temperature dependence on the mosquito.

The variability in the incubation and infectiousness in the mosquitoes and humans is
accounted for by adding additional compartments to the time-progression for the infection.
The number of stages can be estimated based on the approximate mean and variance of the

distributions of the intrinsic (1/k, = 5.5 days, o7, =0.75 days?) and extrinsic (1/k,, = 12.1
days, a,%h:2.412 days?) (for the entire state) incubation periods and the infectious period in

humans (1/44, = 5.0 days, aﬁhzl days?). Our estimates, again based on the approximate
mean and variance of these distributions, are ex=1/ (k?ﬁ I%h> ~ 54 subcompartments for the
intrinsic incubation period and ev=1/ (kfff/zu) ~ 29 for the extrinsic incubation period. We

also estimate in=1/ (7503,,) ~ 25 subcompartments are needed to model a realistic
variance of the infectious period in humans.

The extrinsic incubation period was adjusted according to local mean temperature during the
initial epidemic phase according to the thermodynamic relation from Focks et al. [12] as in
previous studies [5, 6]to fix the temperature dependence on the mosquito incubation time
[12]. The mosquito mortality rate was assumed to be independent of ambient temperature as
in other studies [30, 5, 6]. Parameter definitions and baseline values are summarized in
Table 1.

Because of the population of Easter Island had not been affected by dengue prior to 2002
[1], we model a completely susceptible population before the start of the dengue epidemic.
Dengue epidemics were initialized with 5 dengue symptomatic cases. The initial extrinsic
incubation period is directly a function of mean temperature in Easter Island during the early
epidemic phase according to the thermodynamic relation given in Focks et al. [12].

3. Results

All age groups were affected during the dengue epidemic (Figure 2) with the highest
incidence rates occurring among individuals aged 15-29 years (18.3%) and lowest incidence
rates reported among infants < 5 years (7.3%). The time series of total dengue cases and
laboratory-confirmed dengue cases are shown in Figure 3 (top), and the time series of daily
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minimum, mean, and maximum temperature and precipitation are shown in Figure 3
(bottom). The average attack rate for the entire population was 13.8%.

During the early phase of the epidemic the mean temperature (24.6°C) resulted in an
associated extrinsic incubation of 12.1 days. We estimated that only 31.5% of infected
mosquitoes survived the extrinsic incubation period and became infectious using the

evky év
survival approximation \ ¢ 7 == - =0.315,

Figure 4 displays the growth of the epidemic and the timing of control interventions. Our
estimate of the basic reproduction number, %y, at 27.2 (95%Cl: 14.8, 49.3) is based on the
early phase of the epidemic, before control interventions started. The significant uncertainty
in Ay is partially due to the small population size of the Island and the few weekly dengue
counts used to estimate the initial epidemic growth rate as shown in Figure 4. The high mean
estimate of % reflects the fact that no other dengue outbreaks had been reported in the
island and the absence of control interventions during the early epidemic phase.

A review of the literature indicates that estimates of the reproduction number for dengue
have varied widely. Our estimate of 7 for the 2002 epidemic in Easter Island falls within
the upper range of estimates of the reproduction number for dengue [22, 26, 27, 10, 17, 16,
6]). This may be due to the population being fully susceptible, since no dengue outbreaks
had been reported in Easter Island prior to the 2002 epidemic. Koopman et al. [22] estimated
the reproduction number using the relationship between the basic reproduction number and
the final epidemic size from a national serosurvey comprising 3408 households in 70
localities in Mexico from March to October, 1986. Their mean estimate of the reproduction
number is 1.3 (maximum of 2.4) significantly lower than the mean estimate reported here.
Ferguson et al. [11] report estimates for dengue ranging from 4 to 6 for DEN-2 from cross-
sectional serological data collected in Thailand using mathematical modeling and statistical
methods. The reproduction number for dengue has also been estimated in the state of Sdo
Paulo, Brazil [26, 27] and a number of Brazilian regions covering different tropical climates
[10]. Marques et al. [26] estimated reproduction numbers in the range [1.6, 2.5] in 12 cities
of the state of S&o Paulo, Brazil during a 1991 epidemic. During the 2000 epidemic in 12
cities of the state of Sdo Paulo, Brazil, Massad et al. [27] estimated reproduction numbers in
the range [3.6, 12.9]. More recently, Chowell et al. [6] reported estimates of the
reproduction number of dengue epidemics at the province level in Peru during 1994-2006 in
the range of 0.1 to 113 with an overall median reproduction number of 1.8. This study also
found higher heterogeneity in dengue attack rates in coastal areas followed by mountain
range areas and jungle areas. Favier et al. [10] estimated a reproduction number that ranged
widely from 2.0 to 103 for dengue epidemics occurring during the years 1996-2003 in 9
Brazilian regions. More recent studies have estimated the reproduction number at 2.2 for the
2005 dengue epidemic in Singapore [17] and 3.9-4.7 for the dengue epidemics of 2007 in
Taiwan [16]. Overall, high variability in estimates of the reproduction number may be due to
a combination of factors that include background susceptibility and cross-reactivity to
circulating dengue strain, population density, spatial heterogeneity in vector density,
differences in climatological conditions influencing the survival and transmission potential
of vectors, and differences in estimation methods.
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The stochastic transmission model simulations, with parameters given in Table 1 and % =
24, are illustrated in Figure 5. We found that small intensity interventions (< 30%) were
unable to affect the final epidemic size of the dengue outbreaks (Figure 5) as a result of the
late start of the interventions and high %2, values. Reductions of 50% in mosquito density
and the transmission rate between mosquitoes and hosts, respectively, following the start of
the control interventions on March 16th, 2002 yielded an average overall attack rate of
26.6%. Figure 6 shows the variability in dengue outbreak size distribution according to
intensity of reactive control interventions ranging from 30% to 60%. For smaller values of
Ry, epidemic control can be achieved with less effort (Figure 7).

We also explored the impact of the timing of start of interventions on dengue dynamics and
final epidemic size after fixing the intensity of control interventions at 80%. We then varied
the timing of start of interventions from 10 to 60 days after the epidemic onset and generated
stochastic dengue epidemics according to the epidemiology of dengue (Table 1, basic
reproduction number, Ry = 24), and the population size of Easter Island. The final epidemic
size was highly sensitive to the timing of start of interventions with mean attack rates
ranging from 1.5% (small outbreak) when interventions started 10 days after epidemic onset
to 98% when interventions started 60 days after epidemic onset (Figure 8).

4. Discussion

We used a stochastic differential equation model for dengue transmission to evaluate the
impact of reactive control strategies on the dynamics and final epidemic size of the 2002
dengue epidemic on Easter Island. Our model was calibrated using a high # = 24 regime
based on the actual epidemic incidence characteristic of dengue transmission in naive
populations, an extrinsic incubation period based on mean temperature associated with the
early epidemic phase, and a small population size characteristic of the epidemic. Our
findings indicate that reactive mitigations efforts depending on level of intensity can
significantly reduce the final epidemic size, even when control interventions are
implemented several weeks after the epidemic onset. We note that our conclusion is
conservative because our results are based on a large reproduction number as estimated for
this previously immunologically naive population.

Our transmission model is an extension of the classical dengue transmission models [2, 32,
25] as it accounts for more realistic variability of the distribution of model parameters
relating to the vector and host epidemiology [5]. In particular, the epidemic peak timing is
significantly delayed as the variance of epidemiological quantities is reduced by moving
from exponentially distributed incubation and infectious periods to essentially fixed
epidemiological parameters with variance close to 0 (Figure 1). We have also taken into
account the local variability of mean temperature during the early epidemic growth phase to
better model the dependence between temperature and the mosquito incubation period. One
limitation of our model is the assumption of homogenous mixing between hosts and vectors
in the population. Hence, a more realistic contact structure could be incorporated to account
for case clustering and spatial heterogeneity of vector density levels in the population when
appropriate data are available. An effort in this direction has modeled qualitative patterns of
dengue transmission in Easter Island and other localities in Brazil using household-level
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transmission units where hosts are allowed to visit other households with certain probability
[10].

We relied on dengue notification data that was partially reconstructed as the epidemic
evolved by reviewing medical records and through the implementation of an active
surveillance system. Hence, it is expected that a number of asymptomatic and mild cases of
dengue disease were not counted. Hence, the observed final epidemic size should be
considered an underestimate. We also remark that our estimates of <#y are robust to this
limitation as long as underreporting levels did not change significantly during the early
epidemic phase [10].

In summary, we have used a stochastic dengue transmission model to explore the effect of
reactive control interventions on the dynamics and final epidemic size of dengue epidemics
in a completely susceptible population. Our results suggest that reactive control
interventions could have a significant effect on the final attack rates of dengue even when
these start a few weeks after the epidemic onset. Furthermore, our estimate of % based on
epidemiological data of the 2002 dengue epidemic in Easter Island falls within the upper
range of estimates of the reproduction number previously reported for other localities
including endemic dengue areas. Because a significant fraction of this population now
enjoys protective immunity to DEN-1, there is a potential for dengue hemorrhagic fever
epidemics that could result from the introduction of novel dengue serotypes into the region
[15]. We note that a total of 80 dengue cases have been reported during 2006-2010
following the 2002 dengue epidemic in Easter Island. Out of the 80 dengue cases, 3 cases
have been due to serotype DEN-1 and 77 cases have been due to serotype DEN-4. This
suggests that vector control efforts coupled with local climatic conditions and higher
stochasticity associated with smaller populations play an important role on dengue
transmission risk in Easter Island. In particular, based on local temperature data we have
estimated that roughly 30% of mosquitoes were expected to survive the extrinsic incubation
period to become viable dengue transmitters compared to 62.4% estimated for Peruvian
localities at significantly higher temperatures [6]. Close monitoring of dengue viruses
through epidemiological and virological surveillance in the vector and the host should
facilitate the rapid identification of new dengue viruses and the rapid implementation of
mitigation efforts.
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Figure 1.

Simulated deterministic dengue epidemics according to the epidemiology of dengue (Table
1, basic reproduction number, %y = 24), the population size of Easter Island, a baseline
average of 3 mosquitoes per person, and changing variance of the distribution of the
extrinsic incubation period, the intrinsic incubation period, and the infectious period in
humans. Overall the time from epidemic onset to peak increases with decreasing variance in
the distribution of epidemiological parameters. Nem = neh = nih = 1 corresponds to
exponentially distributed (largest variance) extrinsic incubation period, the intrinsic
incubation period, and the infectious period and the Nem = neh = nih = 100 model fixed
distributions (zero variance) of these epidemiological parameters. Notice that as the variance
decreases, the epidemic is delayed and the peak incidence decreases.
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Figure2.
Age-specific dengue attack rates in Easter Island Chile during the 2002 outbreak, 01 January

to June 31st, 2002. Note that the attack rate for young children is less than half of the attack
rate for residents between 15 — 29 years old.
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Estimated exponential growth phase during the first 5 weeks of the 2002 dengue outbreak in
Easter Island, Chile (solid line). Red circles are weekly dengue case counts during the entire
dengue outbreak. The date of start of interventions (dashed line) is shown as a reference.
The basic reproduction number was estimated at 27.2 (95% CI: 14.8, 49.3) based on the
disease incidence before the interventions started.
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Effect of reactive control interventions on dengue epidemics. Stochastic dengue epidemics
were simulated based on model 2 according to the epidemiology of dengue (Table 1, basic
reproduction number, 9Rg = 24), the population size of Easter Island, a baseline average of 3
mosquitoes per person, and reductions of 20% to 50% in mosquito density and the
transmission rate between mosquitoes and hosts, respectively, following the start of the
control interventions on March 16th, 2002. A total of 50 stochastic epidemic realizations are
shown in blue. The red solid curve corresponds to the average of stochastic realizations.
Note that the outbreak size is highly sensitive to even slight decreases in the percentage of
reductions in the mosquito populations.
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Figure®6.

Dengue outbreak size distribution according to intensity of reactive control interventions.
Final outbreak size histograms were obtained from stochastic epidemic simulations (model
2) according to the epidemiology of dengue (Table 1, basic reproduction number, %2y = 24),
the population size of Easter Island, a baseline average of 3 mosquitoes per person, and
reductions of 30% to 60% in mosquito density and the baseline transmission rate between
mosquitoes and hosts following the start of control interventions on March 16th, 2002.
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Figure7.
Effect of reactive control interventions on dengue epidemics. Stochastic dengue epidemics

were simulated based on model 2 according to the epidemiology of dengue (Table 1, basic
reproduction number, ZRg = 5), the population size of Easter Island, a baseline average of 3
mosquitoes per person, and reductions of 30% to 60% in mosquito density and the
transmission rate between mosquitoes and hosts, respectively, following the start of the
control interventions on March 16th, 2002. A total of 50 stochastic epidemic realizations are
shown in blue. The red solid curve corresponds to the average of stochastic realizations.
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Figure8.

Effect of timing of start of interventions on dengue epidemic outbreaks. Stochastic dengue
epidemics were generated according to the epidemiology of dengue (Table 1, basic
reproduction number, ZRg = 24), the population size of Easter Island, control interventions
with 80% intensity and varying the start of interventions from 10 to 60 days after epidemic
onset. Stochastic epidemic realizations are shown in blue. The red solid curve corresponds to
the mean of stochastic realizations.
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Table 1
Model parameter definitionsand their corresponding baseline values

Parameter  Definition Mean estimate Source
R Basic reproduction number 27.2 (95% CI: 14.8,49.3)  Estimated
1y, Mean adult mosquito lifespan (days) 10.5 (95% CI: 6,15) [29]
1/k, Mean extrinsic incubation period (days) 12.1 (95% ClI: 11.6, 12.7) [12]

m Ratio of mosquitos per host 3 (range:1-10) [5]
N, Mosquito population size mNy [5]
Ch Mean transmission rate from vectors 0.7 [5]
Chin Mean transmission rate from hosts 0.7 [5]
N Easter Island population size 3978 [19]
1/kn Mean host intrinsic incubation period (days) 5.5 (95% CI: 4,7) days [13]
1 Mean host infectious period (days) 5.0 (95% CI: 3,7) days [13]
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