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a  b  s  t  r  a  c  t

As  South  and  Central  American  countries  prepare  for increased  birth  defects  from  Zika  virus  outbreaks
and  plan  for  mitigation  strategies  to  minimize  ongoing  and  future  outbreaks,  understanding  important
characteristics  of  Zika  outbreaks  and  how  they  vary  across  regions  is a  challenging  and  important  problem.
We  developed  a mathematical  model  for the  2015/2016  Zika  virus  outbreak  dynamics  in  Colombia,  El
Salvador,  and Suriname.  We  fit  the  model  to publicly  available  data  provided  by  the  Pan  American  Health
Organization,  using  Approximate  Bayesian  Computation  to estimate  parameter  distributions  and  provide
uncertainty  quantification.  The  model  indicated  that  a country-level  analysis  was  not  appropriate  for

Colombia.  We  then  estimated  the  basic  reproduction  number  to range  between  4 and 6  for  El Salvador
and  Suriname  with  a median  of 4.3  and 5.3,  respectively.  We  estimated  the  reporting  rate  to  be around
16%  in  El Salvador  and  18%  in  Suriname  with  estimated  total  outbreak  sizes  of 73,395  and  21,647  people,
respectively.  The  uncertainty  in parameter  estimates  highlights  a  need  for  research  and  data  collection
that  will  better  constrain  parameter  ranges.

©  2017  The  Authors.  Published  by Elsevier  B.V.  This is  an  open  access  article  under  the  CC  BY-NC-ND
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 beginning October of 2013 (Kucharski et al., 2016). How-
 most significant Zika outbreak began within Central
h America in 2015 (World Health Organization, 2016)
urrently ongoing. Thus far it has resulted in an esti-
1,914 cases, which includes both suspected and confirmed
hin Latin American and Non-Latin Caribbean countries

 August 1, 2017) (Pan American Health Organization,
is study focuses on the behavior of the recent epidemics
bia, El Salvador, and Suriname.
s transmitted to humans primarily through bites from
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 from Zika virus disease may  require anywhere from 3 to

fter becoming infectious, but once recovered humans are
to be immune from the virus for life (Dudley et al., 2016;

 Covello, 2017; World Health Organization, 2017a,b).
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ild symptoms that do not require medical attention. An
 80% of persons infected with Zika virus are asymptomatic

 et al., 2016; Duffy et al., 2009; Center for Disease Control,
 Thus, there is a high occurrence of under-reporting for
s. In fact, the number of infected individuals who  report
ptoms is estimated to be between 7% and 17% (Kucharski
6) of the total number infected by the virus.

an also be transmitted vertically, as a mother can pass the
er child during pregnancy, and this can lead to a vari-

velopmental issues for the child. Most notably, Zika is a
icrocephaly and other severe fetal brain defects (Center

e Control, 2016a,b). The potential for sexual transmission
irus has also been confirmed (Ortenzio et al., 2016). For

 the Center for Disease Control (CDC) has determined that
emain in semen longer than in other body fluids, including
uids, urine, and blood. It should be noted, however, that
se latter means of transmission exist, the number of new
fections produced in this way is relatively low compared
ito-borne infections (Cauchemez et al., 2016; Towers et al.,
o et al., 2016; Coelho et al., 2016), and therefore, in the
f simplicity and reducing the number of parameters to fit,
eglect them in formulating a model.
eral, mathematical modeling has been extensively used to
nd disease dynamics and the impact of mitigation strate-
hcote, 2000). A few recent papers have developed models
s on the behavior of the Zika epidemic. For example, Gao
6), proposed an SEIR/SEI model to understand the effects

ly transmitted Zika in Brazil, Colombia, and El Salvador.
, the authors did not distinguish between countries as they

 that the three nations of interest share common param-
es. Additionally, Towers et al. (2016) presented a model
rporates spatial heterogeneity in populations at the city
ir model focused specifically on the spread of Zika within
illa, Colombia and included a sexual transmission term,
uded that the effects are not significant enough to sustain
se in the absence of mosquitoes. A point estimate of the
roductive number was obtained using maximum likeli-
thods. Other cities in Colombia, San Andres and Girardot,
mined by Rojas et al. (2016) to estimate the reproductive
sing likelihood methods to fit a chain binomial model to

dence data. The authors assumed the reporting rate to be
nd constant at 10%. A study of the impact of short term

 on the dynamics of Zika virus is analyzed in Moreno et al.
he model formulated within Moreno et al. (2016) does
sh between asymptomatic and symptomatic infected pop-
and focuses on the estimation of the reproductive number
two close communities. A few studies have modeled Zika
egions of South America, including Salvador and Rio de
razil (Cardoso et al., 2015; Villela et al., 2017).
trast to previous studies, we adopt an approach to under-
the dynamics of the current Zika epidemic at the country

 present a model that can be used to study disease
ion particular to each country of interest. We  identify

es between countries in regards to parameter values and
tive numbers. We  discuss the appropriateness of country
ysis for Colombia, El Salvador, and Suriname and quantify
tainty within the resulting biological parameter values.

 following section, we develop a Susceptible-Exposed-
s-Recovered (SEIR) type model which distinguishes
the reported infected population, who are considered
atic, and the unreported infected population, who  may  be
atic or experience symptoms that are not severe enough
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 explanation of our implementation of the ABC method
th the strengths and weaknesses discovered in applying
od to our particular model. We  summarize the results of
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 to discussion and conclusions.

rministic Zika model: vector-borne SEIR with case
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pread of Zika relies primarily on interactions between
nd mosquitoes. In this model, we  assumed homogeneous

etween the mosquito and the at-risk human populations
s uniform susceptibility and infectivity. The parameters
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ar to other published models for mosquito-borne disease
ki et al., 2016; Manore et al., 2014). In Fig. 1, members
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Table  1
Description of human and mosquito populations state variables.

Sh Number of susceptible humans
Eh Number of infected humans who  are not yet infectious
Irh Number of reported infectious humans
Ih Number of unreported infectious humans
Rh Number of recovered humans
Sv Number of susceptible mosquitoes
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fore go unreported. The parameter   denotes the pro-
f humans who  seek medical assistance and are reported
suspected or confirmed Zika patients. Thus, there are two
s for infectious humans: Irh , the reported infectious popu-
d Ih, the unreported infectious population. Both infectious
ns then recover at the same per capita rate of �h, where 1

�h
rage time spent as infectious. Upon recovery, we assume
cquire lifetime immunity. Similarly, a member of the sus-

mosquito population, Sv, becomes exposed at a rate �v
ceptible mosquitoes bite an infectious human, resulting in
ion. The exposed mosquitoes, Ev, transition to the infec-
partment at a per capita rate �v, where 1

�v
is the average

incubation period. Once a mosquito is infectious it will
 for the duration of its lifespan which can range between

days (Andraud et al., 2012; Otero et al., 2006; Fay, 1964).
ecause of the long duration of infection for mosquitoes
o their lifespan, demography (i.e., births and deaths) is
within their population dynamics. In total, the system is

 by the following eight coupled, nonlinear ordinary dif-
equations:

−�h(t)Sh

�h(t)Sh − �hEh

 �hEh − �hIrh

(1 −  )�hEh − �hIh

�hIrh + �hIh

�vNv − �v(t)Sv − �vSv

�v(t)Sv − �vEv − �vEv

�vEv − �vIv.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
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(1)

pulation state variables are described within Table 1 and
rs are presented in Table 2. The quantities Nh and Nv rep-

e total populations of humans and mosquitoes within the
d remain constant. We  note that the equation for the evo-
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e process in Van den Driessche and Watmough (2002).
e calculate the reproductive number as:

−1) = �v
√
Nvˇhvˇvh�v√

Nh�h�v(�v + �v)
=

√
RhvRvh

(A) represents the spectral radius of the matrix A, and
defined the quantities Rhv =

(
�v

�v+�v

)(
�v
�v

)
ˇhv and Rvh =)

ˇvh. Details of this calculation can be found in the

.

nce rates and parameter estimation

gh a common approach when modeling disease dynam-
sume the total population within a country is susceptible,

te from this convention. Specifically, we assume the sus-
population depends on the biology and binomics of the
cies as well as the country’s geography and uniquely cal-
e at-risk population (described in the following section).
use the at-risk population as the size of the initial suscep-
ulation within simulations. While the deterministic model
res the dynamics of the epidemic, we follow the opinion
thors in Elderd et al. (2006), namely that more attention
e paid to how uncertainty in parameter estimates might
del predictions. Thus, in Section 3.2, we focus on incorpo-
d quantifying the uncertainty of the disease process and

eter values by means of embedding the deterministic
to a stochastic process.

lated at-risk population

ata utilized herein was reported by the Pan American
rganization (PAHO) (Pan American Health Organization,

 and is given by the number of cases, both confirmed and
, of Zika per week at the country level for Colombia, El

and Suriname. Simulations performed by using the entire
opulation as the number of initially susceptible humans
cterized the disease dynamics, leading to overestimates
al size of an epidemic, see Appendix (Fig. 12). One goal
udy is to identify the reporting rate for each country.
, only the product of the reporting rate and the suscepti-
lation is identifiable (Eisenberg et al., 2013; Evans et al.,
apman and Evans, 2009). Thus, we  choose to calculate
ble at-risk population rather than fitting the initial at-
lation to the data as a parameter. Since dengue and Zika
the same areas, share a common vector and have sim-
ptomatic rates, we calculate the at-risk population size
ry for a Zika outbreak based on historical data for dengue
5 to 2015 within Colombia, El Salvador, and Suriname (Pan

 Health Organization, 2016a,b). Characteristics of Zika are
known to date, thus other studies have also approximated
ific values with known dengue-specific values (Funk et al.,
kins et al., 2016). The year of highest incidence for dengue
an approximation for the number of susceptible individ-
fully naïve at-risk population, which coincides with the

 of a newly emerging pathogen, such as Zika, that would
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gest dengue outbreak. Thus we  hold the parameters at
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e in each considered country. Within each of the three
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Table  2
Description of parameters within the Zika model. Dimensions are provided in parentheses on the right most side of the table.

�v Number of times a single mosquito bites a human per unit time. The average number of days between bites is 1/�v . (Time−1)
ˇhv Probability of pathogen transmission from an infectious mosquito to a susceptible human given that a contact

between  the two occurs.
(Dimensionless)

ˇvh Probability of pathogen transmission from an infectious human to a susceptible mosquito given that a contact
between  the two occurs.

(Dimensionless)

�h Per capita rate of progression of humans from the exposed state to the infectious state. The average duration of the
latent period is 1/�h .

(Time−1)

�h Per capita recovery rate for humans from the exposed state to the infectious state. The average duration of the
infectious period is 1/�h .

(Time−1)

  Proportion of the infected human population that is reported. (Dimensionless)
�v Per capita rate of progression of mosquitoes from the exposed state to the infectious state. The average duration of the

extrinsic incubation period is 1/�v .
(Time−1)

�v Density-independent death rate for mosquitoes. The average lifespan of a mosquito is 1/�v . (Time−1)
�h The force of infection from infected mosquito to susceptible human.

This is defined as
(#  of bites per human by mosquitoes per day)
×  (prob. a human is bitten by an infectious mosquito)
×  (prob. transmission occurs | a human was  bitten by an infected mosquito)

= (�v
Nv
Nh

)( IvNv
)(ˇhv) = �vˇhvIv

Nh
. (Time−1)

�v The force of infection from infected mosquito to susceptible human.
This is defined as
(#  of bites on a human per mosquito per day)
× (prob. a mosquito bites an infected human)
× (prob. transmission occurs | the mosquito bit an infected person)

=  (�v)(
Ih+Irh
Nh

)(ˇvh) = �vˇvh(Ih+Irh )
Nh

. 

Table 3
Reported dengue values from WHO  used to compute the at-risk population.

Country Highest incidence rate Year Reported number of cases

Colombia 0.00342 2010 157,152
El Salvado
Suriname

countries
country p

Table  

reported 

See the Ap
rates for 

We sim
chosen b
a single i
at-risk po
reported 

the at-ris
The at-ris
of report
size for S
cases from
populatio
populatio
spread of
that each
of contra
of each co

mosquito
sonable m
in other s
Funk et a
human, t

tecta
that 

rted
espo
38, 1
e ep
y. W
hifte
rted

 wit
ond
Eh, Ir
he  n
late

pare
lar to
al co
e sim
y rea

ost
 and 

nitial conditions will now be considered known (see Table 4)

Table 4
Computed a

Country 

Colombia
El  Salvado
Suriname

a The shi
Suriname, r
r 0.00875 2014 53,460
 0.00580 2005 2,853

, the at-risk population value is strictly less than the total
opulation.

3 indicates the year with the highest incidence rate and the
number of cases for that year in each country of interest.
pendix (Fig. 13) for all historical data on dengue incidence

Colombia, El Salvador and Suriname.
ulated Model (1) using the ode45 solver in MATLAB with

aseline parameter values (Table 5) while assuming that
nfectious human exists at the start of the epidemic. The
pulation size for Colombia is 2.75 times the number of

dengue cases from 2010. We  estimated the multiplier for
k population based on the best fit for the Zika epidemic.
k population size for El Salvador is 1.425 times the number
ed dengue cases from 2014, while the at-risk population
uriname is 7.75 times the number of reported dengue

 2005. The variations between the values of the at-risk
n for each country reflects its dependence upon the total
n within each country as well as the dependence of the

 the disease upon environmental factors. It is not expected

a de
day 

repo
corr
day 

of th
tivel
the s
repo
time
tial c
[Sh, 

T
calcu
com
simi
initi
thes
icall
are m
eter
the i
 country would have the same number of people at-risk
cting Zika when the population densities and geography
untry also varies. There is no known data about absolute

as we  em
enabling 

process i

t-risk population and other initial conditions.

Original initial conditions Sh

 [432168, 0, 1, 0, 0, 864336, 0, 0] [43
r [76181, 0, 1, 0, 0, 152362, 0, 0] [75

 [22111, 0, 1, 0, 0, 44222, 0, 0] [22

fted initial conditions were obtained approximately from Day 38, 118, and 50 of the sol
espectively.
(Time−1)

 abundance in the regions considered, so we chose a rea-
osquito to human ratio of 2:1 that is similar to values used
tudies (Manore et al., 2016, 2014; Kucharski et al., 2016;

l., 2016). When starting our analysis with only one infected
he simulated epidemic takes several weeks to ramp up to
ble (reportable) level. If we begin simulations on the first
a case is reported, the simulated peak occurs after the

 peak. Thus, we use shifted initial conditions (Table 4) that
nd to the population state sizes obtained approximately on
18, and 50 from the original simulation using Model (1)
idemics in Colombia, El Salvador and Suriname, respec-
e then repeat the process of simulating Model (1) using
d initial conditions to obtain solutions for the number of

 cases whose peak reporting weeks align more closely in
h that of the data. The precise values of the shifted ini-
itions for each country, found in Table 4, are of the form

h
, Ih, Rh, Sv, Ev, Iv].

umber of reported cases from our simulations, using the
d at-risk population and shifted initial conditions, are
d to the PAHO Zika data in Fig. 2. The solutions, which are

 the data in peak and general shape, identify reasonable
nditions. Although the baseline parameter values used in
ulations and the associated ranges are considered biolog-
sonable, it is unknown which values within these ranges

 accurate. To obtain an expected value for a given param-
describe the associated uncertainty within this quantity,
bed the deterministic Model (1) into a stochastic process
statistical inference in regards to parameter values. This
s described in Section 3.2.

ifted initial conditionsa  

2163, 1, 0, 1, 4, 864330, 3, 3] 18%
802, 87, 14, 62, 217, 152082, 145, 135] 18%
099, 3, 0, 2, 7, 44212, 5, 5] 22%

ution using the original initial conditions for Colombia, El Salvador and
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Table  5
Ranges and chosen baseline values for model parameters.

Parameter Baseline Range Reference

1/�v 3.85 2–5.26 (Delatte et al., 2009; Sivanathan, 2006; Manore et al., 2016)
ˇhv 0.54 0.1–0.75 (Manore et al., 2014, 2016; Kucharski et al., 2016)
1/�h 6 3–12 (Campos et al., 2015; Foy et al., 2011; Fonseca et al., 2014; Kucharski et al., 2016; Lessler et al., 2016;

Venturi  et al., 2016; World Health Organization, 2016; Manore et al., 2016)
1/�h 7 3–14 (Campos et al., 2015; Foy et al., 2011; Fonseca et al., 2014; Kucharski et al., 2016; Lessler et al., 2016;

Venturi  et al., 2016; World Health Organization, 2016; Manore et al., 2016)
  0.18 0.05–0.3 (Kucharski et al., 2016; Duffy et al., 2009; Manore et al., 2016)
ˇvh 0.75 0.1–0.75 (Manore et al., 2014, 2016; Kucharski et al., 2016)
1/�v 10.2 4.5–17 (Kucharski et al., 2016; Wong et al., 2013; Andraud et al., 2012; Boorman and Porterfield, 1956; Manore

et  al., 2016)
1/�v 18 8–35 (Andraud et al., 2012; Otero et al., 2006; Fay, 1964; Manore et al., 2016)

Fig. 2. Solutions of Model (1) obtained using the computed at-risk population (see shifted initial conditions Table 4) and constant baseline parameter values (Table 5) are
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mbedded stochastic model

us literature has provided biologically relevant parame-
s (see Table 5) for the model. However, to obtain insight
distribution of these parameters across their ranges, we
e deterministic system of ordinary differential equations
n a discrete-time stochastic process to obtain a corre-

data
as m
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ter e
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the c
 stochastic model ((2), (3)) and perform an analysis in
n paradigm. We  hold the data to be true and use the
btain an understanding of the dynamics which caused
demics to occur as they did. However, given that the
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within th
fore, emb
serves to 
mbia: cases of Zika were reported first in Colombia on Epidemiological
me: the reporting Zika cases began on EW 37 of 2015. (For interpretation
.)

collected by means that could cause inaccuracies, such
gnosis for example, we do not take the approach of point
n for each parameter value. Instead, we incorporate the
ty of the dynamics of the outbreak within our parame-
ation by calculating distributions of each parameter of
This approach adds a probabilistic component to both
ct/infection process and the disease progression process

ing uncertainty at each modeling stage, rather than just
e contact/infection process (King et al., 2015). There-
edding deterministic models into stochastic processes

(a) create a stochastic model informed by population-level
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 which includes uncertainty in the entire disease process
n just due to data collection, (b) more adequately capture
ty present in the modeling framework, which is particu-

ortant in small to medium sized epidemics, and (c) provide
ent framework for fast computation of model parameters.
ess by which we embed Model (1) into a stochastic pro-
de and Sleeman, 2000), is summarized in the following
hs.
usly, we obtained specific rates for the transfer of both
nd mosquitoes between their respective compartments,

e can be used to inform the stochastic analogues of
rameters. Throughout, we impose that the new model
vative, i.e. Sh + Eh + Irh + Ih + Rh = Nh and Sv + Ev + Iv = Nv
and Nv are the total human and mosquito populations,

ely. The assumption of conservation within the human
n is plausible as the time span of the epidemic is much
an the average lifespan of a human. We  hold the mosquito
n as constant for the convenience of calculations and anal-

pproximate a continuous SEIR type model, we account for
/transitions that may  occur during time interval (i, i + hi]
gned to the related compartment on day i. Thus, the rate

 for a given population size can be approximated by the
e between the previous and current time steps. The model
s the form

 Si − E∗
i+hi

 Ei + E∗
i+hi − I∗

i+hi
 Iri +  I∗

i+hi − RIr∗i+hi
 Ii + (1 −  )I∗

i+hi − RI∗i+hi
 Ri + RIr∗i+hi + RI∗i+hi
 Svi + dEv∗

i+hi + dIv∗
i+hi − Ev∗

i+hi
 Evi + Ev∗

i+hi − Iv∗
i+hi − dEv∗

i+hi
 Ivi + Iv∗

i+hi − dIv∗
i+hi .

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2)

 time by i, and the temporal offset, hi, which may  not be
but is known. All quantities represent counts and quanti-
ted by an asterisk represent transition counts. In regards
rms  I∗

i+hi and (1 −  )I∗
i+hi , the parameter   may  yield

hich are not integer counts. To be more liberal with the
 size we calculated the smallest integer not less than
sponding value of  I∗

i+hi . To be more conservative with

porting size we calculated the largest integer not greater
corresponding value of (1 −  )I∗

i+hi . When individuals can

 into a compartment via multiple routes, (e.g., recovered
ls can recover either with or without being reported as
RIr∗i+hi and RI∗i+hi ), two letters are used to denote the tran-
these cases, the first letter denotes to which compartment
dual transitions and the second denotes the compartment
h the individual transitions. The transition compartments
resent birth/death counts of the mosquito population on
are denoted, dEv∗

i+hi and dIv∗
i+hi . Note that these values

n based on the calculated population sizes at time i + hi.

mos
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es. Finally, the stochastic components of the model are

Bin(Si, 1 − exp(−�hhi)), I∗
i+hi

∼Bin(Ei, 1 − exp(−�hhi))

Bin(Iri, 1 − exp(−�hi)), RI∗i+hi∼Bin(Ii, 1 − exp(−�hi))

Bin(Evi, 1 − exp(−�vhi)), Iv∗
i+hi∼Bin(Ivi, 1 − exp(−�vhi))

Bin(Evi+hi , 1 − exp(−�hhi)), dIv∗
i+hi∼Bin(Ivi+hi , 1 − exp(−�hhi)).

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(3)

lgorithm and computation

us investigations (Duffy et al., 2009; Manore et al., 2014;
i et al., 2016; Wong et al., 2013; Manore et al., 2016)
blished biologically accepted ranges for the parameters

 ˇhv, �h,  , ˇvh, �v, �v] used within (1), but the conversion
 (1) to model ((2), (3)) will incorporate uncertainty into
se process, and thus the values of these parameters. The
c model ((2), (3)) also allows for Bayesian inference on
r posteriors which have the form

 f (Y |�)�(�)

|�) is the stochastic data model, which for fixed values of
 used to generate the random epidemic process, and �(�)
r distribution of the parameters. Thus, given both the data
d the prior distribution, we  are able to calculate the poste-
bution f(�|Y) up to a proportionality constant. This serves

 the distribution of the biologically accepted parameter
sed on the actual epidemic data which we denote as Y.
ta model is constructed as a product of binomial probabil-
y functions with different sample sizes and probabilities
ery time point. See the Appendix for the precise for-
. Determining a Maximum Likelihood Estimate (MLE) to

 point estimate and standard deviation for parameters
ide estimates outside of the valid biological ranges. In
els, Markov Chain Monte Carlo (MCMC) methods produce
r autocorrelations in chains which becomes problematic
g. We can avoid these obstacles by using Approximate

 Computation (ABC). This method was introduced by Rubin
84) to obtain an approximation of the true posterior
on, f(�|Y). We  also maintain the ability to trivially par-
he simulations by choosing ABC over Sequential Monte
C). ABC samples from the posterior by randomly selecting
r values from the prior that could adequately generate the
articular, random draws, �∗, from the prior distribution
enerated data sets, X, which are then compared to a given

 data set, Y, by means of a chosen distance metric, �(X, Y).
lues of �∗ that generate data sets which fit the given data
cepted as valid draws from the posterior distribution, and
icitly conditions the posterior on Y. The algorithm of the
tion is as follows, where N is the total number of accepted
d data sets X:

 N

�∗ ∼ Unif(ak, bk), where (ak, bk) is the corresponding
eter range found in Table 6 for all k = 1, . . .,  7.
te X, time series data of the number of reported infectives,
odel ((2), (3))

ate fitness of data using �(X, Y)
j] ←− �∗ if �(X, Y) ≤ 	 and set j ←− j + 1 else return to Step
etric, �(X, Y), is considered a distance between the gen-
ta set, X, and the observed data set, Y, typically based on
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Table  6
Ranges for prior uniform distributions.

Parameter Range

1/�v 0.5–10
ˇhv 0.01–1
1/�h 2–20
1/�h 7
  0.05–0.35
ˇvh 0.01–1
1/�v 4–20
1/�v 7–50
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 statistics of the parameter space �. If �(X, Y) is small
.e., �(X, Y) ≤ 	 for some fixed small value 	 > 0, then

 Y) ≤ 	) ≈ f (�|Y).

 uses sufficient statistics in defining �(X, Y). These are
for which the data distribution conditioned on the suf-

atistic is free of � (e.g., the sufficient statistic contains
ation about � that the full data set contains). By defini-
ull data set is a sufficient statistic for �. Since a sufficient
f lower dimension than the full data set cannot be readily

 for our model, we consider a point-wise envelope metric
g point by point the L1-norm at every time step. Thus, if

latin
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a point of X and Y is close, then it directly follows that any
computed from X and Y, including sufficient statistics, will
ose. For the ABC method, the exact posterior distribution
e found by accepting the simulated data set in which X = Y.

ran for ap
tances as
same plo

 subfigure contains the results of using randomly drawn parameter vectors in model ((
 all three countries the biologically accepted parameter values (see Tables 5 and 6) gener
particularly in the peak and duration.
 63–79 69

mputationally infeasible, however, so we instead consider
at XtYt ∈ (	1, 	2) for all time steps t with a corresponding
k (with regards to time and value) and epidemic duration
n acceptable epidemic. Thus defining our metric, �(X, Y),
, 	2), occurrence of peak week and the number of new
s during peak week. We  call (	1, 	2) the envelope of toler-
nd the observed data set, Y, which is a common method
ing a stochastic SEIR model fit (Lekone and Finkenstädt,

rter and Oleson, 2013, 2016). In Fig. 3, the observed data
pared to randomly generated data sets without calcu-
etric for validation of the drawn parameter values. Fig. 3

at many randomly drawn and biologically accepted values
erate epidemic outcomes which have distinctly differ-
cteristics than the observed epidemic. Conversely, Fig. 4

rates that epidemic outcomes of the accepted �* val-
rate epidemics with similar characteristics to that of the

 epidemic in regards to the total number of new infec-
h day, peak week occurrence, and peak value. Fig. 4(b) and
generated epidemics similar to the data in both peak and

 Note that this does not occur in Fig. 4(a). The accepted
r values obtained using the ABC method yield outbreaks
ry greatly in peak occurrence, leading us to conclude that
mics of the country-level data are different than those
terministic model. Therefore the ABC method does not

 infectious curves similar to the Colombia data. Fig. 4(a)
rated from acceptances using an envelope of (1/20, 20). A
proximately 35 days to obtain the same number of accep-
 the (1/20, 20) envelope with no visible changes in the
t as Fig. 4(a). Because acceptances for tighter envelopes are

2), (3)) to generate outcomes of the epidemic in which a metric is not
ate epidemics that vary greatly from the characteristics of the observed
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Fig. 4. Each subfigure compares the number of new infections reported each week of the generated epidemics (gray) calculated using model ((2), (3)) with 500 of the 10,000
accepted randomly generated parameter vector draws to the observed epidemic in each country (black). The envelope of tolerance is (1/20, 20) for Colombia (a) with the
occurrence of peak week within ±4 weeks of the known peak week and the peak number of new infections less than or equal to a 20% deviation from the observed value.
The  envelope of tolerance for El Salvador (b) is (2/3, 3/2) with the occurrence of peak week within ±2 weeks of the known peak week and the number of new infections
reported during peak week less than or equal to a 5% deviation from the observed peak value. The data from Suriname (c) was compared to generated data with an envelope
of  tolerance of (1/4, 4) and the occurrence of peak week within ±2 weeks of the known peak week and the number of new infections reported during peak week is less than
or  equal to 
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rs from El Salvador are given in Figs. 6, 8, and 14 and

and 11. Selected parameters from Suriname are given in
 and 15 and Tables 8 and 12. We  estimated the basic repro-
umber for El Salvador and Suriname, with median values

 2.3, respectively (Table 9 and Fig. 16). Fig. 9 displays the
f reported cases from the generated epidemics based on
cepted parameter values. The time series of the number
ses during the generated epidemics of both reported and

ed infectives is found in Fig. 10 with reported cases and
 total cases shown in Table 10. The histogram and kernel

lots of the total number of Zika virus cases, reported and
ed are shown in Fig. 11 (Tables 7–10).

usions and discussion
n  the present study, a new stochastic model was formu-
describe the spread of the Zika virus within Colombia,
, and El Salvador. The variability in per capita susceptibil-
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Fig. 5. Subfigures (a) and (c) display the kernel density plots of the proportion of reported infectious,  , with various envelope sizes for El Salvador and Suriname, respectively,
while subfigures (b) and (d) show the kernel density plots of the reproductive number, R0 for El Salvador and Suriname, respectively. All generated data sets for which accepted
values of   and R0 were found maintained an occurrence of peak week within ±2 weeks of the known peak week and the number of new infections reported during peak
week less than or equal to a 5% deviation from the observed peak value. As the legends indicate, an envelope size of (2/3, 3/2) is displayed by the black curve, an envelope
size of (1/4, 4) is displayed in blue, the red curve represents an envelope size of (1/10, 10), and similarly the green curves indicate an envelope size of (1/20, 20) using green.
Note that envelopes of all four sizes were able to generate acceptances from the El Salvador data while the data from Suriname only allowed for acceptance to be generated
from envelope sizes of (1/4, 4), (1/10, 10), and (1/20, 20). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. ABC generated histograms and kernel density plots for the reporting rate,  , transmission rate for the human population, �vˇhv , and mosquito population, �vˇvh in El
Salvador.

Fig. 7. ABC of infe
in Suriname

ity within
at-risk po
epidemic
ulation st
 generated histograms and kernel density plots for the reporting rate,  , the force 

.

 each country was introduced by uniquely calculating the
pulation based on historical data for dengue virus, whose

 characteristics are similar to that of Zika. The initial pop-
ate sizes based on this dengue data created similar values

of  weekl
using bas
reported 

the initia
ction for the human population, �vˇhv , and mosquito population, �vˇvh
y reported cases of Zika, both suspected and confirmed,
eline values of parameters to evaluate model (1) to those
by the PAHO. Once the at-risk population was estimated,
l population state sizes for these nations were fixed to
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Fig. 8. ABC generated histograms and kernel density plots of the reproductive number for El Salvador (a) and Suriname (b).

Fig. 9. Histogram with kernel density plot of the total number of reported Zika virus cases generated from the ABC accepted parameter values for El Salvador (a) and Suriname
(b).

Fig. 10. Generated time series data (grey) for the total number of Zika cases (reported + unreported) from the ABC-accepted parameter values as compared to the observed
data (black) reported by PAHO for El Salvador (a) and Suriname (b).

Fig. 11. Histogram and kernel density plot of generated total number of Zika virus cases, both reported and unreported, from the ABC accepted parameter values for El
Salvador (a) and Suriname (b).
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Fig. 12. The time series for the number of reported infectives as calculated using model (1) with the initial number of susceptible people equal to the total population (solid
blue  line) and baseline parameter values (Table 5) as compared to the PAHO data (dotted green) as reported 06.22.2016 per country. The total populations as reported for
2015  are 48,010,049 (Colombia), 6,117,145 (El Salvador), 540,612 (Suriname) accessed 6.22.16 at http://countrymeters.info/. (For interpretation of the references to color in
this  figure legend, the reader is referred to the web  version of this article.)
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Fig. 13. Reported rates of incidence of dengue are calculated based on the number of reported cases documented (Pan American Health Organization, 2016a,b) divided by
the  reported country population in the corresponding year (Countrymeters, 2016).
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Fig. 14. Distributions for the remaining parameters used for modeling Zika dynamics in El Salvador.

Table 7
Selected parameter statistics for El Salvador and credible intervals (C.I.).a

  �vˇhv �vˇvh

Mean 0.1654 0.2808 0.3053
Median 0.1593 0.2124 0.2130
Mode 0.1501 0.1372 0.1091
95% C.I. [0.1248, 0.2205] [0.0191, 0.7782] [0.0119, 0.9244]

a Note: The credible interval, used in the Bayesian paradigm, summarizes the
uncertainty  by giving a range of values on the posterior probability distribution that
includes 95% of the probability.

Table 8
Selected parameter statistics for Suriname and credible intervals.

  �vˇhv �vˇvh

Mean 0.1877 0.1705 0.4352
Median 0.1777 0.1429 0.3365
Mode 

95% C.I. 

enable es
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using ((2
the param

Table 9
Reproductive number statistics per country and credible intervals.

R0 El Salvador Suriname

Mean 2.2055 2.4225
Median 2.0854 2.3062
Median2 4.3487 5.3186
Mode 1.9174 2.0901
95% C.I. [1.4664, 3.1658] [1.6526, 3.4704]

Note: The median2 is an approximation of the type of reproduction number (i.e.
human-to-human) as opposed to R0, which is the single generation reproduction
number.

Table  10
Statistics for the generated total cases (reported and unreported) per country and
credible intervals.

Reported cases Total cases

alvador
ean 12107 72721
edian 11810 73395
ode 11158 75457

5% C.I. [9606,15321] [67317, 75889]
AHO data 11825

iname
ean 4132 21390
0.1693 0.0998 0.2069
[0.1304, 0.2717] [0.0165, 0.4054] [0.04287, 1.1241]

timation of parameter values and obtain more informa-
ibutions than the accepted uniform biological parameter
e deterministic system (1) was embedded into a stochas-

El S
M
M
M
9
P

Sur
M

ss to obtain a more general stochastic model ((2), (3)).
of the three nations, an ABC algorithm was implemented
), (3)) to compute approximate posterior distributions of

eters conditioned on the data. By obtaining these pos-

Median 3975 21647.5
Mode 3758 22018
95% C.I. [3013, 5697] [19853,221027]
PAHO data 3042
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Fig. 15. Distributions for the remaining parameters used 

tributions, the uncertainty in parameter values for each
an be quantified by way of informative statistics, such as
, mode, median and variance, to more accurately describe
in the system.

rties  of the disease within El Salvador and Suriname were
 by the model. Under these assumptions, El Salvador is

 to have a mean reporting rate of 16.5% which is near the
und of the previous estimate of Kucharski et al. (2016)
edible interval of [12.5%, 22%]. The mean values of the
rms, �h and �v, are approximately 0.28 and 0.31 with cred-
vals of [0.0191, 0.7782] and [0.0119, 0.9244], respectively.

 has a mean reporting rate greater than the predicted
f Kucharski et al. (2016) at 18.8% with a credible interval of
]. The forcing terms of Suriname, �h and �v, had mean val-
7 and 0.43 with credible intervals of [0.0165, 0.4054] and
.1241], respectively. The basic reproductive number, R0,
ed such that R0

2 yields the number of secondary human
s within a fully susceptible population arising from a sin-
uman infection. In Suriname, the mean value of R0
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le the mean reproductive number was 4.35 in El Salvador.

T
spre
mate
the A
of to
a sec
and 

EW 3
for E
sis. T
with
for S
of to
sets 

lying
expl
a sec
part
coul
coun
antities are similar to other predictions for the mean of
d in Nishiura et al. (2016), Towers et al. (2016), Villela
7).

of Zika in
level, diff
cities.
deling Zika dynamics in Suriname.

h this analysis has provided additional insight into the
 the disease, our methods were unable to accurately esti-

 aforementioned statistics for Colombia (see Section 4) as
ethod was unable to be executed with tighter envelopes

ce. One possible reason for this could be the appearance of
peak in the epidemic, see Fig. 2(a). While there is a distinct

 peak during EW 26, a smaller second peak occurs during
 contrast, the peaks which occur in the uncleaned data sets
ador and Suriname do not inhibit the mathematical analy-

 seen in the ability to compute similar generated data sets
ter envelopes of tolerance (in Fig. 4 envelopes of tolerance
me and El Salvador were much tighter than the envelope
ce for Colombia). Therefore, the peaks within these data
kely due to inaccuracies in reporting and not to an under-
understanding of the dynamics of the epidemic. A possible
on for the second peak in the Colombia data set may  be
outbreak in a disjoint location from the first outbreak. In
r, the extreme topographical variations within Colombia
d to a delay in the spread of the disease across the entire
Thus, we suggest that the epidemiological characteristics
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Fig. 16. Displayed are the type reproductive ratios. For El Salvador the mosquito to human ratio histogram and kernel density is (a) while the human to mosquito ratio
histogram and kernel density is (b). (c) and (d) show the histogram and kernel density plots of the mosquito to human and human to mosquito ratios for Suriname, respectively.

Table 11
Statistics for the other parameter values for El Salvador and credible intervals.

1/�v ˇhv 1/�h ˇvh 1/�v 1/�v
�v

�v+�v

Mean 1.6894 0.4201 5.5626 0.4260 8.4171 14.9655 0.6206
Median  1.3874 0.3817 3.8095 0.3882 7.0799 11.4532 0.6315
Mode  0.7397 0.0851 2.5506 0.0760 4.8253 8.4276 0.6451
95%  C.I. [0.5004, 3.8294] [0.01274, 0.9302] [2.0001, 15.5402] [0.0104, 0.9289] [4.0001, 17.0355] [7.1432, 35.9220] [0.3475, 0.8832]

Table 12
Statistics for the other parameter values for Suriname and credible intervals.

1/�v ˇhv 1/�h ˇvh 1/�v 1/�v
�v

�v+�v

Mean 1.6819 0.3004 6.6144 0.5602 8.3111 16.1174 0.6369
Median  1.3684 0.2141 4.8592 0.5657 6.9234 12.4293 0.6453
Mode  0.7375 0.0702 2.7695 0.8657 4.8375 8.7023 0.6521
95%  C.I. [0.5002, 3.8328] [0.0101, 0.8456] [2.0001, 16.8145] [0.1358, 0.9985] [4.0000, 16.9617] [7.1467, 38.2319] [0.3699, 0.8961]

Table 13
Statistics for the type reproductive numbers and credible intervals.

El Salvador – Rhv El Salvador – Rvh Suriname – Rhv Suriname – Rvh

Mean 2.4588 4.2743 1.6667 6.0925
Median  

Mode  
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ilar across statistics and countries at about 65%. This cor-
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 been medically established. Still, another investigation
 methods developed herein, but considering a uniformly-
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x A. Results of model (1) using total country
ons as the initial size susceptible populations

s of model (1) using total country populations as the
 susceptible populations

reproductive number
fine the basic reproductive number, R0, as the expected

of secondary infections by a single infectious individual
duration of the infectious period within a fully suscep-
ulation (Manore et al., 2014). As there is more than one
fectives involved, we utilize the next generation method

 an explicit formula for R0, defined mathematically by
ral radius of the next generation matrix (Diekmann et al.,
e follow the process in Van den Driessche and Watmough
d define x = [Eh, Irh , Ih, Ev, Iv, Sh, Rh, Sv]T ; thus reordering
ntation of populations from the original system to ensure
lations possess the correct biological representation. Let
he rate of appearance of new infections in compartment i.
ate the rate of transfer of individuals out of compartment

 and the rate of transfer of individuals into compartment i
er means as V+

i
(x). Thus, our system can be expressed in a

d version as ẋi = Fi(x) − Vi(x) where Vi(x) = V−
i

(x) − V+
i

(x)
 . .,  8.
we compute F = [ ∂Fi

∂xj
(x0)] and V = [ ∂Vi

∂xj
(x0)] for the

and infected compartments, namely for 1 ≤ i, j ≤ 5, where
, 0, 0, 0, Nh, 0, Nv] is the disease free equilibrium state

and Nv being the initial population sizes of humans and
es respectively, and obtain the following 5 × 5 matrices:

 0 0 0 ˇhv�v
 0 0 0 0
 0 0 0 0
ˇvh�vNv

Nh

ˇvh�vNv

Nh
0 0

 0 0 0 0

⎞
⎟⎟⎟⎟⎠
,

�h 0 0 0 0
−�h  �h 0 0 0

⎞
⎟

−�h(1 −  ) 0 �h 0 0
0 0 0 �v + �v 0
0 0 0 −�v �v

⎟⎠
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, we calculate the reproductive number as:

−1) = �v
√
Nvˇhvˇvh�v√

Nh�h�v(�v + �v)
=

√
RhvRvh

A) represents the spectral radius of the matrix A, and
defined the quantities Rhv =

(
�v

�v+�v

)  (
�v
�v

)
ˇhv and Rvh =)

ˇvh.

Rhv is the expected number of secondary infections in
sceptible human population resulting from one newly
d infected mosquito. It is composed of the product of

ms. The first term, �v
�v+�v

, represents the probability that
ed mosquito will survive the extrinsic incubation period.

d term, �v
�v

, is the number of human bites an infectious
 would make if humans were freely available. The third
, is the probability of transmission occurrence given that a

 bitten by an infected mosquito. The number of secondary
s in a fully susceptible population of mosquitoes resulting

 newly introduced infected human is represented by Rvh.
e is also formed by the product of three terms. The first,

 vector to host ratio. The �v
�h

term is the maximum number
n infectious human will experience before recovery with-
diment to mosquito bites. Finally, given that a susceptible

 bites an infectious human, ˇvh is the probability of trans-
rom human to mosquito. The type reproductive number,
ed number of secondary human cases resulting from one
ectious human, is R0

T :=(R0)2 (Manore et al., 2014).

odel formulation
 Bayes Theorem and obtain the posterior distributions, we

 the data model as follows:

=
�∗∏
i=1

P(E∗
i+hi |�)P(I∗i+hi |�)· · ·P(dIv∗

i+hi |�)

=
�∗∏
i=1

Bin(Si, 1 − exp(−�hhi))Bin(Ei, 1 − exp(−�hhi))· · ·Bin(Ivi, 1 −

=
�∗∏
i=1

Si!
(Si − E∗

i+hi )!(E∗
i+hi!)(1 − exp(−�hhi)))

E∗
i+hi exp (−�hhi)

Si−E∗
i+hi ·

�∗∏
i=1

Ivi!
(Ivi − dIv∗

i+hi )!(dIv∗
i+hi!)(1 − exp(−�hhi)))

dIv∗i+hi exp (−�hhi)

 parameter distributions
gs. 14 and 15, and Tables 11 and 12.

 reproductive number distributions
g. 16 and Table 13.
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