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Abstract

Aedes aegypti, historically known as yellow fever (YF) mosquito, transmits a great number of
other viruses such as Dengue, West Nile, Chikungunya, Zika, Mayaro and perhaps
Oropouche, among others. Well established in Africa and Asia, Aedes mosquitoes are now
increasingly invading large parts of the American continent, and hence the risk of urban
YF resurgence in the American cities should because of great concern to public health author-
ities. Although no new urban cycle of YF was reported in the Americas since the end of an
Aedes eradication programme in the late 1950s, the high number of non-vaccinated indivi-
duals that visit endemic areas, that is, South American jungles where the sylvatic cycle of
YF is transmitted by canopy mosquitoes, and return to Aedes-infested urban areas, increases
the risk of resurgence of the urban cycle of YF. We present a method to estimate the risk of
urban YF resurgence in dengue-endemic cities. This method consists in (1) to estimate the
number of Aedes mosquitoes that explains a given dengue outbreak in a given region; (2) cal-
culate the force of infection caused by the introduction of one infective individual per unit
area in the endemic area under study; (3) using the above estimates, calculate the probability
of at least one autochthonous YF case per unit area produced by one single viraemic traveller
per unit area arriving from a YF endemic or epidemic sylvatic region at the city studied. We
demonstrate that, provided the relative vector competence, here defined as the capacity to
being infected and disseminate the virus, of Ae. aegypti is greater than 0.7 (with respect to
dengue), one infected traveller can introduce urban YF in a dengue endemic area.

Introduction

Introduced into the Americas by the slave trade [1], yellow fever (YF), a highly lethal but
vaccine-preventable haemorrhagic fever, afflicted the Americas for three centuries. In its
urban cycle, YF is transmitted by Aedes aegypti, a short-winged household mosquito that
breeds in clean water collections [2]. The sylvatic cycle is kept by non-human primate reser-
voirs and is transmitted by two forest-living mosquitoes of the genus Haemaghogus and
Sabethes [3].

The last documented urban YF epidemic in the Americas occurred in 1928 in Rio de
Janeiro, Brazil [4]. In the period between 1948 and 1954, the Brazilian National Service of
Yellow Fever (SNFA) used the then-new insecticide DDT in large areas of regions [5]. As a
result, in March 1955 the last focus of Ae. aegypti was detected and eliminated from the
state of Bahia in North-Eastern Brazil [6]. Over the next three decades, the mosquito was con-
sidered eradicated from Brazil.

In the 1980s, Ae. aegypti returned to the urban centres of South America [7]. Although no
new urban cycle of YF occurred in South-America since the end of the Aedes eradication
program, the high number of non-vaccinated individuals that visit jungle areas, where the syl-
vatic cycle of YF already exists, and return to Aedes-infested urban areas, poses a threat of a
resurgence of the urban cycle of YF. In recent years, an increasing number of human YF
cases has been reported in many Brazilian cities where forest remains with non-human pri-
mate reservoirs and the presence of the sylvatic mosquitoes are in close contact with
human settlements [8].

In 2016, a YF outbreak characterised as a sylvan or jungle epizootic [9], occurred in Minas
Gerais, Brazil. By mid-April 2017, there were 2422 cases of YF reported, including 326 deaths.
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The case fatality rate was 34%. After this outbreak, there was an
important reduction in notified cases incidence in epizootic
regions [10]. Until the middle of February, 2018, the State of
São Paulo reported 202 cases of YF with 79 deaths. None of
those recent cases reported in Brazil was attributed to the Ae.
aegypti mosquito, the species which was responsible for all
urban outbreaks in the first half of the last century. Urban YF
transmission, however, still occurs continuously in Africa, as
demonstrated by the outbreaks in Angola in 2016 [11] and in
Ivory Coast in 2017 [12]. Moreover, in October 2017, the majority
of the larger parks in the city of São Paulo was closed to visitation
due to the death of Allouatta monkeys infected with YF (see
http://www1.folha.uol.com.br/cotidiano/2017/10/1928920-macaco-
e-achado-morto-com-febre-amarela-e-horto-florestal-e-fechado.
shtml).

Recently, Aedes mosquitoes spread throughout the whole
American continent (more than 50% of the USA states are
endemic for both Ae. aegypti and Aedes albopictus [13]) which
are present in increasing numbers in virtually all cities of tropical
America [14], in particular in urban centres of the Brazilian coast
[15]. The yearly increase in the number of dengue cases and more
recently of chikungunya and zika virus demonstrates the high
density of Aedes mosquitoes in urban centres of Brazilian coastal
regions. These latter urban centres are not included in areas where
YF vaccination is recommended. Considering that these areas
comprise about 60% of the entire Brazilian population the risk
of urban YF resurgence is imminent [8]. The recent invasion of
zika virus in the North American continent demonstrate the pres-
ence of Aedes mosquitoes and hence the risk of urban YF resur-
gence in North American cities as well [16].

Since Aedes mosquitoes are competent to transmit the YF
virus [17], it is worthwhile to try to estimate the probability of
at least one YF case resulting from the arrival of one infected trav-
eller to an Aedes-infested area. In addition, it is possible to esti-
mate the expected number of YF cases and deaths after 1 year
of its introduction.

In a recent paper, Couto-Lima et al., [17] demonstrated that
the anthropophilic mosquitoes Ae. aegypti and Ae. Albopictus,
as well as the YFV-enzootic mosquitoes Haemagogus leucocelae-
nus and Sabethes albiprivus from the YFV-free region of the
Atlantic coast, were highly susceptible to American and African
YFV strains. In that paper, the authors demonstrated that the vec-
torial competence to transmit YFV of urban Aedes mosquitoes is
very similar their vector competence to transmit dengue, and this
justifies using well-known transmission parameters for dengue as
a first approximation to the same parameters for YFV transmis-
sion. Of course, the errors of such approximation must be esti-
mated and this is one of the purposes of this paper.

Recently Massad et al. [18] proposed a method to estimate the
size of the population of Aedes mosquitoes using dengue inci-
dence data. In that paper, the authors estimated the number of
infected, latent and susceptible mosquitoes and used the total
number of mosquitoes to roughly estimate the expected number
YF cases resulting from the arrival of one infected traveller.
Here we extend this analysis by including the estimation of the
probability of at least one YF case resulting from the arrival of
one infected traveller to an Aedes-infested area for several values
of vectorial competence of urban Aedes mosquitoes.

The objective of this study is, therefore, to estimate the risk of
urban YF resurgence in Aedes-infested cities.

This paper is organised as follows. After this introduction, we
describe the method proposed in [18] to estimate the number of

Aedes mosquitoes from dengue incidence data. This is done
step-by-step to allow the reproducibility of our results by other
authors. The next section shows an illustration of the method
for the case of the city of Rio de Janeiro with dengue incidence
data from 2012, one of the worst years in the dengue history of
that city. In this section, we also comment on the limitations of
the method and estimate the errors associated with the calculated
outcomes. In the final section, we present the conclusion of this
work.

Methods

The method used to estimate the risk of urban YF resurgence in
Aedes-infested cities consists in estimating the number of Aedes
mosquitoes that explains a given dengue outbreak. Based on the
above estimates we calculated the probability of at least one
autochthonous urban YF case per unit area acquired as a result
of importation by a traveller arriving from a YF endemic or
epidemic sylvatic region in his/hers infectiousness period (first
generation). Finally, we estimated the expected number of autoch-
thonous infections per unit area produced by that infected travel-
ler (index case) per unit area.

We begin by fitting a continuous function, denoted
IncidenceDENV(t), to the number of reported dengue cases multi-
plied by 4, that is, by taking into account the 4:1 asymptomatic-
to-symptomatic ratio [19]. The dengue incidence data (from
[20]), shown in Table 1, were fitted to the chosen function:

IncidenceDENV(t) = c1 exp − t − c2( )2
c3

[ ]
+ c4 (1)

representing the time-dependent dengue infection incidence. In
Equation (1) c1 is a scale parameter that determines the maximum
incidence, c2 is the time at which the maximum incidence is
reached, c3 represents the width of the time-dependent incidence
function and c4 is just another scaling parameters. Equation (1) is
intended to reproduce a ‘Gaussian’ curve and so c1 and c4 are just
scale parameters but c2 represents the ‘mean’ (and mode or max-
imum) time and c3 represents the ‘variance’ of the time distribu-
tion of cases. All parameters ci, i = 1,…, 4 were fitted to model (1)
by the Bootstrap method [21] the results of which are shown in
Table 2.

Figure 1 illustrates the case of the 2011–2012, the years with
the outbreak with the highest incidence of dengue in the history
of Rio de Janeiro, Brazil.

Dengue incidence is defined as the product of the force of
infection, λ(t), times the number of susceptible individuals,
SH(t). The force of infection is defined as λ(t) = ((abIM(t))/
(NH(t))), where NH(t) denotes the total human population, a is
the mosquitoes biting rate, b is the fraction of those bites pro-
duced by the infectious mosquitoes IM(t) that are infective to sus-
ceptible humans SH(t). All the parameters used in these
calculations are shown in Table 3.

From the fitted incidence, IncidenceDENV(t) we calculate the

number of infective mosquitoes IM(t) = IncidenceDENV(t)NH(t)
abSH(t) ,

where SH(t) can be estimated by the previous history of dengue
outbreaks [19]. From the number of infectious mosquitoes, we
calculated the number of latent mosquitoes, LM(t), given by

LM(t) = 1
gM

d
dt

IM(t) + mMIM(t)
[ ]

,
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where (1/γM) is the average duration of the extrinsic incubation
period and μM is the natural mortality rate of mosquitoes. The
number of susceptible mosquitoes is given by

SM(t) = NH

acIH(t)
d
dt

LM(t) + (mM + gM)LM(t)
[ ]

,

where c is the fraction of the mosquitoes that bite infective
humans and acquire the infection, and IH(t) is the number of
humans infected with dengue. The estimated total number of
mosquitoes is NM(t) = SM(t) + LM(t) + IM(t). We are going to
need the derivatives of these functions:

dNM(t)
dt

= dSM(t)
dt

+ dLM(t)
dt

+ dIM(t)
dt

. (2)

For details of the above calculations, see [18].
For the calculation of the probability that one infected travel-

lers produces at least one autochthonous YF case and the total
number of Y cases and deaths 1 year after the introduction of

the infection we used a variant of the classical Ross–Macdonald
model, described in details in [22, 23].

The populations involved in the transmission are human hosts
and mosquitoes. Therefore, the population densities per unit area
are divided into the following compartments: susceptible humans
denoted SH; infected humans, IH; recovered (and immune)
humans, RH; total humans, NH; susceptible mosquitoes, SM;
infected and latent mosquitoes, LM; infected and infectious mos-
quitoes, IM. The parameters appearing in the model are defined in
Table 3.

The model is defined by the following equations:

dSH−YF

dt
= −abYFIM−YF

SH−YF

NH
+ mH(NH − SH−YF) + aYHIH−YF,

dIH−YF

dt
= abYFIM−YF

SH−YF

NH
− mH + gH−YF + aYH

( )
IH−YF,

dRH−YF

dt
= gH−YFIH−YF − mHRH−YF,

dSM−YF

dt
= −acYFSM−YF

(IH−YF + I0(t))
NH

+ mM(LM−YF + IM−YF) + dNM

dt
,

dLM−YF

dt
= acYFSM−YF

(IH−YF + I0(t))
NH

− gM−YFLM−YF − mMLM−YF,

dIM−YF

dt
= gM−YFLM−YF − mMIM−YF,

dNM

dt
= as in equation, (2)

NH = SH−YF + IH−YF + RH−YF,

NM−YF = SM−YF + LM−YF + IM−YF.

(3)

Remark: Note that the expression for mosquitoes ((dNM)/(dt)) was
estimated from dengue data (see [18] for details).

System (3) was solved assuming that one infected individual
was introduced by unit area, I0(t), (see [23]) at t = t0 and remains

Table 2. Parameters’ values (mean, lower bound and upper bound) fitted to
Equation (1) by the Bootstrap technique

Parameter Mean Lower bound Upper bound

c1 147 144 134 944 159 879

c2 10.004 9.9147 10.073

c3 3.49035 22 158 4.0631

c4 1500.02 1388.89 1625.31

Table 1. Number of dengue infection in Rio de Janeiro, 2011–2012

Time (months) Number of infectionsa

1 476

2 2348

3 2628

4 4212

5 6932

6 1272

7 22 688

8 46 180

9 104 992

10 149 856

11 118 124

12 45 956

13 12 368

14 6732

15 3080

16 3032

17 2996

aNumber of reported cases multiplied by 4 to take account of asymptomatic cases.

Fig. 1. Fitting a function (Eqn. (1)) to dengue incidence of infections between October
2011 and December 2012 in Rio de Janeiro. Dots represent the notified data multi-
plied by 4, continuous line the mean fitted incidence and dotted lines de 95% CI.
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infective for a period of (μH + γH−YF + αYH)
−1 months, that is:

I0(t) = exp − mH + gH−YF + aYH
( ) (t − t0)

[ ]
u(t − t0). (4)

The total number of YF cases after one year of its introduction
(Δ = 12 months), YFcases, is given by:

YFcases =
∫t0+D

t0

abYFIM−YF
SH−YF

NH
dt. (5)

The total number of YF deaths after one year of its introduction,
YFdeaths, (Δ = 12 months) is given by:

YFdeaths = aYF

∫t0+D

t0

abYFIM−YF
SH−YF

NH
dt. (6)

The risk of urban YF resurgence is defined as the probability of at
least one autochthonous case per unit area produced by one single
infected individual per unit area arrived at the area during his/her
infectiousness period. For this, the fourth and fifth equations of
system (3) take the form:

dSM−YF

dt
= −acYFSM−YF

(I0(t))
NH

+ mM(LM−YF + IM−YF) + dNM

dt
,

dLM−YF

dt
= acYFSM−YF

(I0(t))
NH

− gM−YFLM−YF − mMLM−YF.

(7)

From system (3) with equations fourth and fifth replaced by
Equation (7) we can calculate the force of infection λYF (t)

This force of infection can now be used in a non-
homogeneous simple birth process [24] to calculate the required
probabilities.

The probability generating a function of such process is given
by

P(x, t) = 1+ 1

er(t)

x − 1
−

∫t

0

lYF(t)er(t)dt

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

a

, (8)

where a = I0(0),

lYF(t) = abYF
IM−YF(t)

NH

and

r(t) =
∫t

0

−lYF(t)u(t− t0)dt.

The quantity ρ(t) must be calculated numerically.
Expanding (8) in powers of x we find:

pn(t) =
∑min(n,a)

j=0

a

j

( )
a+ n− j− 1

a− 1

( )
aa−jbn−j

(1− a− b)j,
(9a)

p0(t) = aa, (9b)

where

a = 1− 1

er(t) + �t
0
l(t)u(t− t0)er(t)dt

and

b = 1− er(t)

er(t) + �t
0
l(t)u(t− t0)er(t)dt

.

Table 3. Model parameters, biological meaning, values and sources

Parameter Meaning Value (baseline) Mean Variance 95% CI

A Ae. aegypti biting rate 4.104 4.12 0.652 12.76 × 10−3

ba Fraction of bites actually infective to humans (Dengue/YF) 0.6 0.6062 0.296 0.0337

μH Human natural mortality rate 1.096 × 10−3 1.096 × 10−3 3.19 × 10−8 7.05 × 10−5

αYF YF mortality rate 2 1.98 5.72 × 10−3 1.12 × 10−5

γH−D Dengue recovery rate 0.0768 0.0772 9.12 × 10−3 3.74 × 10−3

γM−D Latency rate in mosquitoes for Dengue 0.0768 0.0772 9.12 × 10−3 3.74 × 10−3

γH−YF YF recovery rate 0.32 0.3216 4.68 × 10−2 9.12 × 10−4

γM−YF Latency rate in mosquitoes for YF 0.32 0.3216 4.68 × 10−2 9.12 × 10−4

μM Natural mortality rate of mosquitoes 2.52 2.332 4.20 × 10−3 1.34 × 10−3

ca Ae. aegypti susceptibility to (Dengue/YF) 0.54 0.5265 0.249 0.03191

The mean, variance and 95% CI were obtained with 104 Monte Carlo simulations. The dimension of rates is months−1.
aThese rates for YF varied along the simulations.
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The risk of urban YF resurgence was defined as the probability of
one secondary case generated by a single infected traveller (a =
I0(0) = 1) along his/her infectiousness period. In terms of
Equation (9a) it is the probability of a secondary infection, that
is, p2(t), or:

p2(t) =
∑1
j=0

a

j

( )
a+ n− j− 1

a− 1

( )
aa−jbn−j(1− a− b)j

= ab2 + b(1− a− b).
(10)

The total number of YF cases and deaths after one year and the
probability of at least one autochthonous case produced by intro-
ducing in the area a density of infected individuals (equal to one)
during his/her infectiousness period where calculated for various
degrees of the Aedes vector competence. This parameter is defined
as a factor less than one that represents both the probability of
infection from vector to host and from host to vector, b and c,
respectively, as in Table 3.

Results

Figure 1 illustrates the fitting procedure of dengue incidence with
the case of the 2011–2012 Dengue Outbreak in Rio de Janeiro,
Brazil. Figure 2 shows the calculation for the number of mosqui-
toes for the city of Rio de Janeiro in the same period.

To test the method’s accuracy for estimating the number of
mosquitoes, we used the above equations to calculate the number
of Aedes mosquitoes in the neighbourhood of Olaria in Rio de
Janeiro. In the 2000 census, Olaria had an estimated population
of 62 509 inhabitants in an area of around 4 km2. This neighbour-
hood was chosen because in 2008 Maciel-de-Freitas et al. [25]
estimated through the MosquiTrap and aspirator methods, the
population size of Ae. aegypti. The two devices were used in the
same area at the same time. In the assumed 0.8 km2 area covering
the average flight range of Aedes mosquitoes, the authors collected
3505 and 4828 female mosquitoes in the MosquiTrap and aspir-
ator, respectively, totalising 8333 female mosquitoes (note that it
is assumed that the two capturing techniques are equally efficient
so each technique capture about half the total number of mosqui-
toes in the area). Using the data from dengue in the same period,
we estimated a total Aedes population in each of the five areas of
0.8 km2 of Olaria in a period of 2 weeks as 8145 ± 284 female
mosquitoes, which is a good approximation to the empirical data.

To calculate the expected number of YF cases generated by one
infected traveller after 1 year, we used the Ross–Macdonald
model. We introduced a term in the susceptible mosquitoes’
equations of the Ross–Macdonald model, so that we reproduce
the number of mosquitoes calculated before. The new equation
reads

dSM
dt

= −acSM
IH
NH

+ mM(LM + IM) + dNM

dt
,

where the new term ((dNM)/(dt)) is the sum of the derivatives of
the equations for the susceptible, latent and infectious mosquitoes
described above. The YF-specific parameters used were the terms
related to vector-competence, c and b, the extrinsic incubation
period, 1/γM, the duration of viraemia 1/γH, and the disease-
induced mortality rate αH of infected humans. Using the
Ross–Macdonald model for the areas in which the number of

mosquitoes can be calculated from dengue data allows the estima-
tion of the expected number of new cases produced by infective
travellers arriving at different moments.

As an example of the above procedures, we estimated the
expected number of autochthonous cases and deaths generated
by introducing a density of infective individuals over the whole
city arriving at different times of the year, t = t0, in Rio de
Janeiro. Figure 3 shows that the maximum number of autoch-
thonous cases is reached when the imported infection arrives at
around 5.6 months, with the number of YF virus infections peak-
ing between 169 and 282 and deaths peaking between 55 and 92.

Note that with conditions that resulted in the number of cases
shown in Figure 3, the maximum probability of outbreak is 1.32 ×
10−5 (95% CI 0.96 × 10−5–2.21 × 10−5).

The risk of urban YF resurgence depends on the size of Aedes
mosquitoes’ populations and their vectorial competence, defined
as the variation in the values of the parameters c and b specific
for YF are shown in Figure 4.

Note that there is a threshold in vector competence (0.7, or
70% of Aedes competence for YF transmission), below which
the expected number of cases produced by one infected traveller
along his/her infectiousness period is less than one. This com-
pares with the empirical data compiled by Johnson et al., [26]
who demonstrated that Brazilian strains of Ae. aegypti artificially
infected with the YFV had a maximum infection and dissemin-
ation proportion of 0.58 and 0.52, respectively. Compared with
the parameters b and c of Table 2, which were obtained for den-
gue, we conclude that there is a relative competence between 0.52
and 0.58, which is below the threshold of 0.7. This perhaps
explains the current absence of urban cycle transmission of YF
in the Americas.

Discussion

In this paper, we calculated the theoretical number of YF infec-
tions after one year, if one infective traveller arrived in February
2012, as well as the probability that the infected individual will
produce a secondary case along his/her infectiousness period.
Both estimations are presented in Figure 4 varying the simulated
values of the local Aedes vector competence and the risk incurred
by the city of Rio de Janeiro of urban YF re-introduction,
RiskUYFR(t), if in February 2012 the city of Rio de Janeiro were
invaded by infected travellers with density one per area of the city.

Fig. 2. Estimation of the size of the Aedes mosquitoes’ population from dengue inci-
dence between October 2011 and December 2012 in Rio de Janeiro. Continuous line
the mean number of mosquitoes and dotted lines de 95% CI.
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We showed that there is a low but non-negligible risk of urban
YF resurgence in dengue-endemic areas due to the high Aedes
mosquitoes’ densities in these areas. The actual risk will be
dependent on the probability that at least one infective human
arrives at the right moment of the year, that is, when the local
population of Aedes mosquitoes is increasing in size and also
on their vector competence for YF transmission. Moreover, the
vector competence of Aedes mosquitoes in transmitting YF is a
crucial factor in determining the transmission of YF and for the
risk of urban-YF resurgence. It is believed that the vector compe-
tence of Ae. aegypti for transmitting YF is lower than that for
transmitting dengue [8] (see, however [17]). This fact, in addition
to the relatively high vaccination coverage of large regions of
the Brazilian territory, may explain why urban-YF has not
resurged in these areas. However, the coastal areas of Brazil,
including the South Eastern region currently heavily hit by YF
epizooties, are not included in the routine vaccination pro-
grammes either of the Brazilian Ministry of Health or the
State’s Health Authorities. This fact, associated with high density
of Aedes mosquitoes and a large number of epizooties that keep
recurring in these non-vaccinate areas pose a serious risk of an
urban-YF resurgence in these regions.

One important limitation of our approach is the fact that the
Ross–Macdonald model used in the calculations assumed a
homogenously mixing of humans and mosquitoes. Moreover,
when we introduce an infected traveller, it is assumed that this
infected individual will interact with all the mosquitoes in the
area considered, a highly unlikely event in the real world.
Therefore, the results of our methods would be more reliable
the smaller the geographical area considered, ideally the area cov-
ered by the mosquitoes’ range of flight (the 0.8 km2 mentioned in
the Olaria example).

Another important limitation of our model is that factors
such as travel rates and population density, two determinants pre-
viously identified as major factors in YF transmission (see
[27, 28]) were not considered in the model. These factors certainly
influence the risk of YF introduction but as we considered the
introduction of only one infected traveller in a point in time,
we think that travel rates or population density would not signifi-
cantly affect our results.

Two additional factors not included in the model but that
could play an important role in the transmission of YF and con-
sequently the risk of an epidemic, namely, the heterogeneity of
vectors distribution and density in the area and the heterogeneity
between the different categories of travellers coming from areas
with distinct transmission intensity and arriving in areas with dif-
ferent mosquitoes’ densities. However, the model assumed that
the traveller arrived already infected, irrespectively from where
he/she was coming from. Moreover, data on mosquitoes’ abun-
dance in different areas are either non-available or are very diffi-
cult to be obtained. This restricted our analysis to the whole city.

Finally, estimating the risk of urban YF resurgence is crucial
for designing an optimum vaccination strategy considering vac-
cination coverage, vaccine efficacy and the risk of adverse events
of the current YF vaccine [29]. Moreover, since Aedes is invading
large parts of the American continent (it is well established in
Africa and Asia) the risk of urban YF resurgence in the
American cities should because of great concern to public health
authorities. We believe that this work represents a step forward to
understanding the magnitude of the problem.

Acknowledgements. This work has been funded by LIM01-HCFMUSP,
CNPq, by the Brazilian Ministry of Health (grant #777588/2012), by
ZikaPLAN through the European Union’s Horizon 2020 research and innov-
ation programme under grant agreement No. 734584, and the Canadian
Institutes of Health Research (CIHR), consortium Canada-Latin/America-
Caribean Zika Virus Program (Grant no. 372512). Data used in this paper
are available at http://portalsinan.saude.gov.br/dengue, accessed in January
2017.

Conflict of interests. None.

References

1. Bryan CS, Moss SW and Kahn RJ (2004) Yellow fever in the Americas.
Infectious Diseases Clinics of North America 18, 275–292.

2. Strode WK (ed.) (1951) Yellow Fever. New York: McGraw Hill.
3. Gubler D (2004) The changing epidemiology of yellow fever and dengue,

1900 to 2003: full circle? Comparative Immunology and Microbiology of
Infectious Diseases 27, 319–330.

4. Bryant JE, Holmes EC and Barrett AD (2007) Out of Africa: a molecular
perspective on the introduction of yellow fever virus into the Americas.
PLoS Pathogens 3(5), e75.

5. Dick OB, Martín LS, Montoya RH, del Diego J, Zambrano B and
Dayan GH (2012) The history of dengue outbreaks in the Americas.
American Journal of Tropical Medicine and Hygiene 87(4), 584–593.

Fig. 4. Estimation of the risk of yellow fever introduction in the city of Rio de Janeiro
by the arrival of infective travellers (with density one) in week eleven along his/her
first generation and (dashed line) the expected number of secondary cases (continu-
ous line) as a function of the relative (with respect to dengue) vector competence.
The finely dotted line highlights the threshold of one secondary case. The number
of Aedes mosquitoes was calculated from dengue incidence in 2011–2012.

Fig. 3. Cases of yellow fever estimated by the model as a function of the month of
infective travellers’ arrival. Estimation of the number of yellow fever infections
(black lines) and mortality (red lines) after 1 year, if a density (equal to one) of
infected individuals were introduced in the city of Rio de Janeiro (2011–2012) at dif-
ferent months of the year. Continuous lines represent the mean and dotted lines the
95% CI.

1224 Eduardo Massad et al.

https://doi.org/10.1017/S0950268818001334 Published online by Cambridge University Press

http://portalsinan.saude.gov.br/dengue
http://portalsinan.saude.gov.br/dengue
https://doi.org/10.1017/S0950268818001334


6. Magalhães RCS. A Erradicação do Aedes aegypti: Febre Amarela, Fred
Soper e Saúde Pública nas Américas (1918-1968) (Rio de Janeiro,
Editora FIOCRUZ, 2016). Available from SciELO Books. Available at
http://books.scielo.org.

7. Gardner CL and Ryman KD (2010) Yellow fever: a reemerging threat.
Clinics in Laboratory Medicine 30(1), 237–260.

8. Massad E, Coutinho FAB, Burattini MN and Lopez LF (2001) The risk
of yellow fever in a dengue-infested area. Transactions of the Royal Society
of Tropical Medicine and Hygiene 95(4), 370–374.

9. WHO. Yellow Fever Brazil – 20 March 2017. Disease outbreak news.
Available at http://www.who.int/csr/don/20-march-2017-yellow-fever-bra-
zil/en/ (Accessed 13 June 2017).

10. PAHO. Epidemiological update - Yellow Fever – 17 April 2017. Available
at http://reliefweb.int/report/brazil/epidemiological-update-yellow-fever-
17-april-2017 (Accessed 13 June 2017).

11. WHO. Yellow Fever in Angola – 14 June 2016. Available at http://www.
who.int/csr/don/14-june-2016-yellow-fever-angola/en/ (Accessed 13 June
2017).

12. ProMED-mail/ISID. Yellow fever – Africa (04): Cote d’Ivoire. Published
Date: 2017-09-14. Archive Number: 20170914.5315296. Available at
https://www.promedmail.org/post/5315296 (Accessed 14 September 2017).

13. CDC. Zika Virus: Potential Range in US. Estimated range of Aedes albo-
pictus and Aedes aegypti in the United States, 2016. Available at https://
www.cdc.gov/zika/vector/range.html (Accessed 14 September 2017).

14. Amaku M, Coutinho FAB and Massad E (2011) Why dengue and yellow
fever coexist in some areas of the world and not in others? Biosystems 106
(2–3), 111–120.

15. Massad E, Coutinho FAB and Wilder-Smith A (2016) Is Zika a substan-
tial risk for visitors to the Rio de Janeiro Olympic Games? Lancet 388
(10039), 25.

16. Gardner CL and Ryman KD (2010) Yellow fever: a reemerging threat.
Clinics in Laboratory Medicine 30(1), 237–260.

17. Couto-Lima D, Madec Y, Bersot MI, Campos SS, Motta MA, Santos FB,
Vazeille M, Vasconcelos PFC, Lourenço-de-Oliveira R and Failloux AB
(2017) Potential risk of re-emergence of urban transmission of yellow fever
virus in Brazil facilitate by competent Aedes populations. Scientific Reports
7, 4848.

18. Massad E, Amaku M, Coutinho FAB, Struchiner CJ, Lopez LF, Wilder-
Smith A and Burattini MN (2017) Estimating the size of Aedes aegypti
populations from dengue incidence data: implications for the risk of yel-
low fever, Zika virus and chikungunya outbreaks. Infectious Disease
Modelling 2, 441e454.

19. Ximenes R, Amaku M, Lopez LF, Coutinho FAB, Burattini MN,
Greenhalgh D, Wilder-Smith A, Struchiner CJ and Massad E (2016)

The risk of dengue for non-immune foreign visitors to the 2016
Summer Olympic Games in Rio de Janeiro, Brazil. BMC Infectious
Diseases 16, 186.

20. SINAN - Sistema Nacional de Informação de Agravos de Notificação.
Available at http://portalsinan.saude.gov.br/ (Accessed 4 November 2016).

21. Chernick MR (2008) Bootstrap Methods: A Guide for Practitioners and
Researchers. New Jersey: John Wiley & Sons.

22. Coutinho FAB, Burattini MN, Lopez LF and Massad E (2006) Threshold
conditions for a non-autonomous epidemic system describing the popula-
tion dynamics of dengue. Bulletin of Mathematical Biology 68(8), 2263–
2282.

23. Amaku M, Azevedo F, Burattini MN, Coelho GE, Coutinho FA,
Greenhalgh D, Lopez LF, Motitsuki RS, Wilder-Smith A and
Massad E (2016) Magnitude and frequency variations of vector-borne
infection outbreaks using the Ross-Macdonald model: explaining and pre-
dicting outbreaks of dengue fever. Epidemiology & Infection 19, 1–16.

24. Bailey NT (2006) The Elements of Stochastic Processes with Applications to
the Natural Sciences. New York: John Wiley & Sons.

25. Maciel-de-Freitas R, Eiras AE and Lourenço-de-Oliveira R (2008)
Calculating the survival rate and estimated population density of gravid
Aedes aegypti (Diptera, Culicidae) in Rio de Janeiro, Brazil. Cadernos de
Saude Publica 24(12), 2747–2754.

26. Johnson BW, Chambers TV, Crabtree MB, Filippis AMB,
Vilarinhos PTR, Resende M, Macoris MLG and Miller BR (2002)
Vector competence of Brazilian Aedes aegypti and Ae. albopictus for a
Brazilian yellow fever virus isolate. Transactions of the Royal Society of
Tropical Medicine and Hygiene 96, 611–613.

27. Johansson MA, Arana-Vizcarrondo N, Biggerstaff BJ, Gallagher N,
Marano N and Staples JE (2012) Assessing the risk of international
spread of yellow fever virus: a mathematical analysis of an urban outbreak
in Asunción, 2008. American Journal of Tropical Medicine and Hygiene 86
(2), 349–358.

28. Kraemer MUG, Faria NR, Reiner Jr. RC, Golding N, Nikolay B,
Stasse S, Johansson MA, Salje H, Faye O, Wint GRW, Niedrig M,
Shearer FM, Hill SC, Thompson RN, Bisanzio D, Taveira N,
Nax HH, Pradelski BSR, Nsoesie EO, Murphy NR, Bogoch II,
Khan K, Brownstein JS, Tatem AJ, de Oliveira T, Smith DL, Sall AA,
Pybus OG, Hay SI and Cauchemez S (2017) Spread of yellow
fever virus outbreak in Angola and the Democratic Republic of the
Congo 2015–16: a modelling study. Lancet Infectious Diseases 17(3),
330–338.

29. Massad E, Coutinho FAB, Burattini MN, Lopez LF and Struchiner CJ
(2005) Yellow fever vaccination: how much is enough? Vaccine 23(30),
3908–3914.

Epidemiology and Infection 1225

https://doi.org/10.1017/S0950268818001334 Published online by Cambridge University Press

http://books.scielo.org
http://books.scielo.org
http://www.who.int/csr/don/20-march-2017-yellow-fever-brazil/en/
http://www.who.int/csr/don/20-march-2017-yellow-fever-brazil/en/
http://www.who.int/csr/don/20-march-2017-yellow-fever-brazil/en/
http://reliefweb.int/report/brazil/epidemiological-update-yellow-fever-17-april-2017
http://reliefweb.int/report/brazil/epidemiological-update-yellow-fever-17-april-2017
http://reliefweb.int/report/brazil/epidemiological-update-yellow-fever-17-april-2017
http://www.who.int/csr/don/14-june-2016-yellow-fever-angola/en/
http://www.who.int/csr/don/14-june-2016-yellow-fever-angola/en/
http://www.who.int/csr/don/14-june-2016-yellow-fever-angola/en/
https://www.promedmail.org/post/5315296
https://www.promedmail.org/post/5315296
https://www.cdc.gov/zika/vector/range.html
https://www.cdc.gov/zika/vector/range.html
https://www.cdc.gov/zika/vector/range.html
http://portalsinan.saude.gov.br/
http://portalsinan.saude.gov.br/
https://doi.org/10.1017/S0950268818001334

	The risk of urban yellow fever resurgence in Aedes-infested American cities
	Introduction
	Methods
	Results
	Discussion
	Acknowledgements
	References


