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Abstract The zika virus has emerged as a global public health concern. Its rapid geographic
expansion is attributed to the success of Aedes mosquito vectors, but local epidemiological drivers
are still poorly understood. Feira de Santana played a pivotal role in the Chikungunya epidemic in
Brazil and was one of the first urban centres to report Zika infections. Using a climate-driven
transmission model and notified Zika case data, we show that a low observation rate and high
vectorial capacity translated into a significant attack rate during the 2015 outbreak, with a
subsequent decline in 2016 and fade-out in 2017 due to herd-immunity. We find a potential Zika-
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';‘ZE‘;E:@Z:. ?); izpttembber 2017 The first cases of Zika virus (ZIKV) in Brazil were concurrently reported in March 2015 in Camac ari
’ ptember 2017 city in the state of Bahia (Campos et al., 2015 ) and in Natal, the state capital city of Rio Grande do
Reviewing editor:  Mark Jit, Norte (Zanluca et al., 2015 ). During that year, the epidemic in Camad ari quickly spread to other
London School of Hygiene & municipalities of the Bahia state, including the capital city of Salvador, which together accounted for
Tropical Medicine, and Public over 90% of all notified Zika cases in Brazil in 2015 (Faria et al., 2016a ). During this period, many
Health England, United Kingdom local Bahia health services were overwhelmed by an ongoing Chikungunya virus (CHIKV, East Central
© Copyright Lourené=o etal. This  goyth African genotype) epidemic, that was first introduced in 2014 in the city of Feira de Santana
article is distributed under the (FSA) (Nunes et al., 2015 ; Faria et al., 2016b ). The role of FSA in the establishment and subsequent
terms ofthe Creative Commons spread of CHIKV highlights the importance of its socio-demographic and climatic setting, which may

Attribution License, which - L. . . . .
permits unrestricted use and well be representative for the transmission dynamics of arboviral diseases in the context of many

redistribution provided that the other urban centres in Brazil and around the world.
original author and source are On the 15t February 2015 the first ZIKV cases were reported in FSA, followed by a large epidemic
credited. that continued into 2016. The rise in ZIKV incidence in FSA coincided temporally with an increase in
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elife digest Mosquitoes can transmit viruses that cause Zika, dengue and several other tropical
diseases that affect humans. Zika virus usually causes mild symptoms, but it is thought that infection
during pregnancy can lead to brain abnormalities, including microcephaly, where babies are born
with an abnormally small head. Recent studies have shed light on how the Zika virus spread from
Africa to reach South America, the Caribbean and North America. However, much less is known
about the ecological factors that contribute to the spread of the virus within towns, cities and other
local areas.

In 2015, Brazil was struck by an outbreak of the Zika virus that led to an international public
health emergency. Louren& o et al. used a mathematical model to explore the local conditions within
Feira de Santana (a major urban center in Brazil) that contributed to the outbreak. The model took
into account numerous factors, including temperature, humidity, rainfall and the mosquito life-cycle,
which made it possible to reconstruct the history of the virus over the past three years and to make
projections for the next decades.

It revealed that most of the infections occured during 2015, with approximately 65% of the
population infected. The incidences of new infections declined in 2016, as increasing numbers of
local people had already been exposed to the virus and became immune. Temperature and
humidity appeared to have played a critical role in sustaining the mosquito population carrying the
Zika virus.

Further analysis suggests that the risk of Zika virus causing microcephaly is very low £ only 0.3+
0.5% of the pregnant women in Feira de Santana who were infected with Zika gave birth to a baby
with the condition. What therefore makes Zika a public health concern is the combination of a low
risk with very high infection rates, which can affect a large number of pregnancies.

This study will help researchers and policy makers to predict how the Zika virus will behave in the
coming years. It also highlights the limitations and successes of the current system of surveillance.
Moreover, it will help to identify critical time periods in the year when mosquito control strategies
should be implemented to limit the spread of this virus. In future, this could help shape new local
strategies to control Zika virus, dengue and other diseases carried by mosquitoes.

DOI: https://doi.org/10.7554/eLife.29820.002

cases of Guillain-Barrdd syndrome (GBS) and microcephalyFaria et al., 2016a ), with an unprece-
dented total of 21 confirmed cases of microcephaly in FSA between January 2015 and May 2017.
There is wide statistical support for a causal link between ZIKV and severe manifestations such as
microcephaly (Rubin et al., 2016 ; de Araldjo et al., 2016; Soares de Aral\jo et al., 2016 ;
Honein et al., 2017 ; Brasil et al., 2016 ; de Oliveira et al., 2017 ), and the proposed link in 2015 led
to the declaration of the South American epidemic as an international public health emergency by
the World Health Organization (WHO) in 2016; the response to which has been limited to vector
control initiatives and advice to delay pregnancy in the affected countries ( WHO, 2016b ;
WHO, 2016a ). With few cohort studies published ( Honein et al., 2017 ; Brasil et al., 2016 ) and the
lack of an established experimental model for ZIKV infection ( Aman and Kashanchi, 2016 ;
Dowall et al., 2016 ), modelling efforts have taken a central role for advancing our understanding of
the virus's epidemiology (Chowell et al., 2016 ; Ferguson et al.,, 2016 ; Bogoch et al., 2016 ;
Nishiura et al., 2016 ; Zhang et al., 2016 ; Perkins et al., 2016 ; Messina et al., 2016 ). In patrticular,
our knowledege on parameters of public health importance, such as the basic reproduction number
(Ro), the duration of infection ( Ferguson et al., 2016 ), attack and reporting rates ( Kucharski et al.,
2016), the risk of sexual transmission (Maxian et al., 2017 ; Gao et al., 2016 ; Moghadas et al.,
2017) and birth-associated microcephaly (Bewick et al., 2016 ; Perkins et al., 2016 ) has advanced
significantly from studies using transmission models. Climate variables are critical for the epidemio-
logical dynamics of Zika and other arboviral diseases, such as dengue (Louren& o and Recker, 2014;
Feldstein et al., 2015 ; Kraemer et al., 2015 ; van Panhuis et al.,, 2015) and chikungunya
(Poletti et al., 2011 ; Mourya et al., 2004 ; Salje et al., 2016 ). Although these have also been previ-
ously addressed in mapping and/or modelling studies (e.g. ( Bogoch et al., 2016 ; Zhang et al.,
2016; Perkins et al., 2016 ; Messina et al., 2016 )), their effects as ecological drivers for the
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emergence, transmission and endemic potential of the Zika virus, especially in the context of a well
described outbreak, have not yet been addressed in detail.

In this study, focusing on an urban centre of Brazil (Feira de Santana), we explicitly model the
mosquito-vector lifecycle under seasonal, weather-driven variations. Using notified case data of both
the number of suspected Zika infections and confirmed microcephaly cases, we demonstrate how
the combination of high suitability for viral transmission and a low detection rate resulted in an
extremely high attack rate during the first epidemic wave in 2015. The rapid accumulation of herd-
immunity significantly reduced the number of cases during the following year, when total ZIKV-asso-
ciated disease was peaking at the level of the country. Projecting forward we find that the demo-
graphic loss of herd-immunity together with the frequency of reintroduction will dictate the risk of
reemergence and endemic establishment of Zika in Feira de Santana. The conclusions of this study
should be transferable to major urban centres of Brazil and elsewhere with similar climatic and
demographic settings.

Methods summary

To model the transmission dynamics of ZIKV infections and estimate relevant epidemiological
parameters, we fitted an ento-epidemiological, climate-driven transmission model to ZIKV incidence
and climate data of FSA between 2015 and 2017 within a Bayesian framework, similar to our previ-
ous work on a dengue outbreak in the Island of Madeira ( Lourend o and Recker, 2014).

The model is based on ordinary differential equations (ODE) describing the dynamics of viral
infections within the human and mosquito populations ( Equations 1-5 and 6-10 , respectively). The
human population is assumed to be fully susceptible before the introduction of ZIKV and is kept con-
stant in size throughout the period of observation. After an infectious mosquito bite, individuals first
enter an incubation phase, after which they become infectious to a mosquito for a limited period of
time. Fully recovered individuals are assumed to retain life-long immunity. We assumed that sexual
transmission did not significantly contribute to transmission dynamics and therefore ignored its
effects (Yakob et al., 2016 ; Moghadas et al., 2017 ; Maxian et al., 2017 ).

For the dynamics of the vector populations we divided mosquitoes into two life-stages: aquatic
and adult females. Adult mosquitoes were further divided into the epidemiologically relevant stages
for arboviral transmission: susceptible, incubating and infectious. In contrast to human hosts, mos-
quitoes remain infectious for life. The ODE model comprised 8 climate-dependent entomological
parameters (aquatic to adult transition rate, aquatic mortality rate, adult mortality rate, oviposition
rate, incubation period, transmission probability to human, hatching success rate and biting rate),
whose dependencies on temperature, rainfall and humidity were derived from other studies (see
Table 1).

Four parameters (baseline mosquito biting rate, mosquito sex ratio, probability of transmission
from human-to-vector and human lifespan) were fixed to their expected mean values, taken from the
literature (see Table 2). To estimate the remaining parameters, alongside parameter distributions
regarding the date of first infection, the human infectious and incubating periods, and the observa-
tion rate of notified ZIKV cases, we fitted the ODE model to weekly notified cases of ZIKV in FSA
using a Bayesian Markov-chain Monte Carlo (MCMC) approach. The results are presented both in

Table 1. Model climate-dependent parameters.

Notation Description

w1t transition rate from aquatic to adult mosquito life-stages

Wt mortality rate of aquatic mosquito life-stage

v-tf mortality rate of adult mosquito life-stage

vtk (human) intrinsic oviposition rate of adult mosquito life-stage
gv.tf (vector) extrinsic incubation period of adult mosquito life-stage
£Vt vector-to-human probability of transmission per infectious bite
c.tf egg hatching success
a’.tf adult vector biting rate

DOI: https://doi.org/10.7554/eLife.29820.003
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Table 2. Model constant parameters.

Notation Description References
a’ 0.25 per day mosquito biting rate [76,88]

f proportion of females (sex ratio) [52,59]
fhv human-to-vector probability of transmission per infectious bite *

1="N human mean lifespan [83]

DOI: https://doi.org/10.7554/eLife.29820.004

terms of mean dynamic behaviour of the ODE under the MCMC solutions and posterior distributions
of key epidemiological parameters. A full description of the fitting approach and the estimated
parameters can be found in the section Materials and methods.

Results

On the 1% February 2015 the first Zika virus (ZIKV) case was reported in Feira de Santana (FSA).
Weekly cases remained very low for the following two months, adding up to just 10 notified cases
by the end of March that year ( Figure 1A ). A rapid increase in the number of cases was observed in
April, coinciding with Micareta, a local carnival-like festival that takes place across the urban centres
of Bahia. The epidemic peaked in July 2015, which was followed by a sharp decline in notified cases
over the next 1+2 months. This first epidemic wave was followed by a significantly smaller outbreak
in 2016, peaking around March, and an even smaller outbreak in 2017 with no discernable epidemic
peak.

Confirmed (and monthly aggregated) microcephaly (MC) cases were absent by November 2015,
after which a small epidemic was observed with peak counts in January 2016. We found a time lag
of 5+6 months (20+24 weeks) between the first reported Zika epidemic wave and the MC peak in
case counts. This coincides with previous observations suggesting a link between the development
of neurological complications in newborns and ZIKV infection during the second trimester
(Faria et al., 2016a ). We note that our lag may be offset by around 1+4 weeks, however, since the
date of MC cases in our dataset represents the date of diagnostic confirmation, which is usually
done postpartum.

Overall, the epidemic behaviour in FSA was in sharp contrast with trends observed in notified
cases across Brazil (BR) as a whole, for which the second epidemic in 2016 was approximately 6
times larger than the one in 2015 (Figure 1A), suggesting the Bahia state as a focus point in the
emergence and initial spread of ZIKV in Brazil (Faria et al., 2016c ; Faria et al., 2016a ). Nonetheless,
a clear temporal synchronization between country level and FSA case counts could be observed.

The age distribution of notified ZIKV cases in FSA suggested a higher proportion of cases
between 20 and 50 years of age, but with no discernible differences between the two epidemics
(Figure 1B, top panel). However, when corrected for the expected number of cases assuming an
equal risk of infection per age class, we found the number of cases within this age group to be closer
to most other groups (incidence rate ratio, IRR, close to 1, Figure 1B, bottom panel). The per capita
case counts within the youngest age class (<1 years) appeared higher than expected, with an IRR sig-
nificantly above 1 and also higher in 2016 (IRR = 4.4, 95% CI [2.8, 7.0]) than in 2015 (IRR = 1.95, 95%
ClI [1.5, 2.6]), possibly indicating biased reporting and/or health care seeking with increased aware-
ness of the disease. There was also a consistent trend towards reduced IRR in the elderly (>65 years),
although with significant uncertainties. Finally, a small increase in IRR could be detected in the 20+34
year olds, which could potentially be a signature of sexual transmission in this age group ( Gao et al.,
2016; Carlson et al., 2016 ; Foy et al.,, 2011 ; Turmel et al., 2016 ; Yakob et al., 2016 ;
Maxian et al., 2017 ; Moghadas et al., 2017 ). At this stage and without more detailed data it was
not possible to ascertain whether these findings indicated age-related risk of disease, age-depen-
dent exposure risk or simply notification biases in particular age groups, however.

The spatial distribution of total notified cases for BR highlighted the expected clustering of ZIKV
cases within the Bahia state by the end of 2015 as well as the wider geographical range by July 2016
(Figure 1C). We speculate that the difference in geographical range could explain the higher num-
ber of cases observed during the 2016 epidemic at the country level. This, on the other hand, did
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Figure 1. Zika virus epidemics in Feira de Santana and Brazil (2015+2016).Aj Comparison of weekly notified Zika cases (full red line) with monthly
Microcephaly cases (blue bars) in Feira de Santana (FSA), overimposed with total Zika cases at the level of the country (BR, black dotted line). BR data
for weeks 50+52 was missing. Green area highlights the time period for the Micareta festival and the dotted grey line the date of first notification.
Incidence series is available as Dataset 3 and Microcephaly series as Dataset 4.K) Age distribution and incidence rate ratio (IRR) for the 2015 (blue) and
2016 (green) FSA epidemics (data available as Dataset 2). The top panel shows the number of cases per age (full lines) and the proportion of total cases
per age class (dashed lines), which peak at the age range 20+50. The bottom panel shows the age-stratified incidence risk ratio (IRR, plus 95% CI ), with
the red dotted line indicating IRR" 1. (C) Spatial distribution of cumulative notified cases in BR at the end of 2015 (left) and mid 2016 (right). Two
largest urban centres in the Bahia state (Salvador, Feira de Santana) and at the country level ($a Paulo, Rio de Janeiro) are highlighted.
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not explain why the second epidemic in FSA was nearly 7 times smaller than the first and with only
sporadic cases in 2017. To answer this question and to obtain robust parameter estimates of ZIKV
epidemiological relevance we utilised a dynamic transmission model, which we fitted to notified
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