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Yellow fever vaccination: How much is enough?
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Abstract

In recent years, a growing number of serious adverse events (including deaths) associated with the yellow fever (YF) vaccine has been
reported. If YF vaccination were incorporated in routine programs, administered to children, the risk of deaths from this vaccine would be
minimized provided that mortality of children vaccinated below 1 year were negligible. However, in affected areas the vaccine is administered
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o all age groups. This poses a dilemma to public health authorities – what proportion of a population subject to low risk of YF o
hould be vaccinated in order to minimize the total number of serious adverse events (including deaths) due both to natural in
accination? In other words, how much vaccination is safe?
Our results suggest that, depending on the age-specific rates of developing vaccine-induced serious adverse events and the r

ever outbreaks, the optimum proportion to vaccinate may be lower than the proportion that would prevent an epidemics or even b
lso show that the vaccine should not be applied to individuals older than 60 years of age because the risk of serious adverse even
eaths) is higher for that age class. Our work is instrumental to the discussion on the optimum strategy to vaccinate affected p
gainst yellow fever.
Therefore, the aim of this work is to estimate the optimum proportion to vaccinate against YF taking into account the risks o

dverse events associated with both the vaccine and natural infection.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Yellow fever (YF) was one of the most feared lethal dis-
ases before the development of an elective vaccine[1].
ven today, according to WHO, some few hundred to a

ew thousand new cases are reported every year, although
p to 200,000 new cases are estimated to occur based on
erosurveys from tropical regions of Africa. The main reser-
oirs for the yellow fever virus are some species of mon-
eys, and transmission occurs through the bites of infected
osquitoes. In the sylvatic cycle of South America the main

ectors are mosquitoes from the generaHaemagogusandSa-
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bethes, whilst the urban cycle and the African sylvatic cy
involve mosquitoes of the genusAedes, in particularAedes
aegypti. The bridge between the sylvatic and the urban cy
depends on humans that go to the sylvatic areas for le
or work, eventually returning to the urban areas carrying
YF virus.

The disease can be prevented by a live attenuated va
prepared from the 17D strain of YF virus, that induces
roconversion in more than 95% of recipients and prov
immunity for 30 years or longer[2]. Scattered YF vaccin
tion occurs in some places of South America and in Afr
but coverage rates are low in both continents. In addition
vaccine is not efficiently used in YF endemic countries
primary prevention, instead being used as an emergen
sponse tool to control epidemics after they have been rep
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[3]. However, in Brazil more than 90 million doses of YF
vaccine were prevently administered, in the last decade[4].
Vaccination policies has ranged from preemptive mass vac-
cination to post-outbreak ring vaccination.

Unfortunately, in recent years, a growing number of se-
rious adverse events, and even deaths, associated with the
YF vaccine has been reported in the literature[4–7]. By se-
rious adverse events we mean the life-threatening vaccine-
associated viscerotropic and vaccine-associated neurotropic
diseases. The rate of serious adverse effects increases with
age but is rare in children[8,9]. In a recent publication Khro-
mava et al.[10] studied the risk of serious adverse events
of YF vaccine with respect to age. Their estimations ranged
from 0 to 43 cases per million doses applied with the worst
figures related to individuals older than 70 years. The risk of
fatal adverse events associated with the 17DD yellow fever
vaccine used in Brazil was estimated by Struchiner et al.[4].
Their estimation varied from 0.017 to 12.071 fatalities per
million doses administered. If YF vaccination were incorpo-
rated in routine programs, administered to children, the risk
of deaths from this vaccine would be minimized provided that
mortality of children vaccinated below 1 year were negligi-
ble. However, data on the risk of serious adverse events for
this age class is still unknown. In addition, in affected areas
the vaccine is administered to all age groups.

Given that in affected areas the vaccine is administered
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Table 1
The 19 cities from the State of São Paulo, southeastern Brazil, to which the
optimum proportion to preemptively vaccinate in order to avoid a yellow
fever epidemic

City Population size Tyf pc pgr ∆

Palm. Oeste 10126 2.07 0.52 0.47 0.05
Maracáı 12968 1.94 0.48 0.44 0.04
B. Bonita 35317 1.81 0.45 0.40 0.05
O. Cruz 29628 1.57 0.36 0.31 0.05
Borborema 13165 1.54 0.35 0.29 0.06
Valparaiso 18554 1.52 0.34 0.28 0.06
I. Solteira 23966 1.47 0.32 0.27 0.05
S. Sebastião 57595 1.47 0.32 0.27 0.05
Guaruj́a 264575 1.41 0.29 0.23 0.06
Jaboticabal 67306 1.39 0.28 0.22 0.06
Jardińopolis 30654 1.34 0.26 0.15 0.11
S. Vicente 302335 1.33 0.25 0.14 0.11
S.J.R. Preto 357052 1.31 0.24 0.13 0.11
Guáıra 34563 1.30 0.23 0.12 0.11
Mirassol 48327 1.27 0.21 0.11 0.10
Pinhal 40378 1.19 0.16 0.09 0.07
F. Prestes 5423 1.19 0.16 0.09 0.07
Igarapava 25891 1.18 0.15 0.08 0.07
Araraquara 180000 1.08 0.07 0.00 0.07

dengue,Tdengue, in a simplified form is given by:

Tyf = Tdengue
γdengue

γyf
e−µM(τyf−τdengue) (2)

whereγ−1
i (i, dengue; yf, yellow fever) are the average du-

ration of viraemia in humans,µM the daily mortality rate of
mosquitoes andτ j (j, dengue; yf, yellow fever) is the extrinsic
incubation periods of each virus[13].

The values ofTyf and the critical proportionpc for 19 cities
in the State of S̃ao Paulo, for whichTdenguewas estimated
from the initial growing phase of the epidemics[13,14], are
presented inTable 1(see below). As mentioned before, those
values represent a proportion of vaccination that prevents
outbreaks of the infection that would occur in urban centers
whenever an infective individual who caught the infection in
the wild returns to his/hers home city, whereAedesdensity is
high enough (Tyf > 1). These estimates do not consider neither
additional mortality (or serious adverse events) induced by
the vaccine nor the low risk of outbreaks occurrence.

However, the optimum proportion to vaccinate, i.e., that
minimizes mortality or serious adverse events due to the vac-
cine and natural infection, should consider both the vaccine-
induced mortality or serious adverse events and the probabil-
ity of occurrence of an outbreak.

If p is the proportion of the population that is preemptively
v press
t vents,
D aks
a

D

o all age groups, those vaccine-associated serious ad
vents rates poses a dilemma to public health authorit
hat proportion of populations subject to low risk of YF o
reaks should be vaccinated in order to minimize the
umber of deaths due both to natural infection and vac

ion? In other words, how much vaccination is safe? The
f this work is to estimate the optimum vaccinate cove

o protect against YF taking into account the risks of s
us and/or fatal events associated with both the vaccin
atural infection.

. Methods and results

The minimal proportion to be vaccinated,pc, in order to
ontrol a given infection is related to the threshold for
stablishment,T [11,12]. To understand how importantT is,

t suffices to say that in a city withT< 1, the arrival of an
nfective will not trigger an epidemic.

The relation betweenpc andT is given by[12]:

c = 1 − 1

T
(1)

In previous papers[13,14], we estimated the YF thresho
or several cities in the state of São Paulo from estimations
for dengue,Tdengue, taking advantage of the fact that b

nfections are transmitted by the same vector, viz,A. aegypti.
e would like to stress thatTdengueis not directly observab

nd that the values actually used reflect our indirect estim
he relationship betweenT for yellow fever,Tyf , andT for
accinated in campaigns before outbreaks, we can ex
he expected total number of deaths or serious adverse e
(p), due to vaccination and potential yellow fever outbre
s[15]:

(p) = Nh{pdv + r(1− p)[(dyf − d′
v)πyf(p) + πv(p)d′

v(p)]}
(3)
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whereNh is the size of the human population,dv the proba-
bility of developing serious adverse events (including deaths)
after being preemptively vaccinated,r the risk of an outbreak,
dyf the probability of dying of yellow fever,πyf(p) the prob-
ability of getting the infection if not vaccinated,πv(p) the
probability of receiving the vaccine during the outbreak and
d′

v(p) is the probability of developing serious adverse events
(including deaths) from the vaccine received during the out-
break. The quantitiesdv andr were taken from[10,16], re-
spectively, and the quantitiesdyf(p), πyf(p), πv(p) andd′

v(p)
were calculated through a dynamical system described in the
appendix, where an analysis of the model’s sensitivity to the
parameters is also carried out. Therefore, we are considering
the possibility of vaccination before and during an eventual
outbreak.

Note that, the termNhpdv in Eq. (3) is the number of
serious adverse events (including deaths) of those individu-
als preemptively vaccinated in campaigns before outbreaks.
The second term in Eq.(3), Nhr(1−p)[(dyf(p) − d′

v(p))
πyf(p) +πv(p)d′

v(p)] is the number of serious adverse events
(including deaths) after an outbreak, due to death by yel-
low fever infection and of serious adverse events (including
deaths) due to vaccination during the outbreak.

We then minimizeD(p) on the unit interval (0≤p≤ 1) to
determine the group optimum,pgr, which is the coverage level
that would have to be imposed to minimize the total expected
n
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Fig. 2. Expected per capita number of deaths (D(p)/N) as a function of
the proportion of preemptively vaccinated individuals (p) and the threshold
conditionTyf , ranging from 2.07 (uppermost line) to 1.08 (botton line).

In Fig. 1, we show the result of the simulation of
Eq. (3) varying the risk of serious adverse events strat-
ified according to age. Those risks were estimated by
[10] and were based on 722 adverse events reported af-
ter yellow fever vaccination and were submitted to the
U.S. Vaccine Event Reporting Systems in 1990–2002. The
age-related risks of vaccine-induced serious adverse events
(including deaths) estimated by[10] were: 1–18 years,
4× 10−6 doses−1; 19–29 years, 2× 10−6 doses−1; 30–39
years, 0 doses−1; 40–49 years, 5× 10−6 doses−1; 50–59
years, 6× 10−6 doses−1; 60–69 years, 27× 10−6 doses−1;
and >70 years, 43× 10−6 doses−1. We can see from the fig-
ure that for that age class without any risk of vaccine-induced
serious adverse event (30–39 years) the optimum proportion
to vaccinate is the same as the critical proportion estimated
from Eq.(1). For the other four age classes until 59 years, the
optimum proportion to vaccinate, that is, the one that min-
imizes the per capita number of serious adverse events, is
slightly below of the critical proportion estimated from Eq.
(1). For the elder groups, above 60 years of age, vaccination is
always contraindicated, according to our calculations, since
the minimum per capita number of serious adverse events is
obtained with no vaccination at all.

In Fig. 2, we show the simulations of Eq.(3) in which
we carried out the calculations of the optimum proportion,
p , to vaccinate for the 19 cities fromTable 1, assuming a
r
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umber of serious adverse events (including deaths).
The results of the simulation of Eq.(3) is presented fo

everal scenarios, taking into account:

(a) the age-related probability of developing serious adv
events from the vaccine, ranging from 0 to 43 per mil
doses, estimated according to[10] (Fig. 1); and

b) the risk of vaccine-induced fatality rate of 2.5× 10−6

doses−1 estimated by[16] with different values ofTyf ,
ranging from 1.08 to 2.07, assuming the same ris
vaccine-induced fatality rate of 2.5× 10−6 doses−1 esti-
mated by[16] (Fig. 2).

ig. 1. Expected per capita number of deaths (D(p)/N) as a function of th
roportion of preemptively vaccinated individuals (p) and the age-depende
isk of developing serious adverse events (including deaths).
gr

isk of vaccine-induced fatality rate of 2.5× 10−6 doses−1

stimated by[4] and a risk of outbreak of 2× 10−4, esti-
ated from data described in[16]. In the figure, we show
nly some of the cities with the one with the highestTyf
Palmeira D’Oeste, which estimatedTyf was used in simula
ions ofFig. 1) in the uppermost line and that with the low
yf in the bottom line. We can note that there is a lin
elationship betweenTyf and the optimum proportion to va
inate against yellow fever. We can see that for the city
he lowestTyf (1.08) the optimum strategy is not to vaccin
p= 0).
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Fig. 3. The differences between the critical proportion to vaccinate, esti-
mated byTyf -only (black diamonds), and the optimum proportion corrected
by the risk of outbreak and vaccine lethality (white diamonds).

Table 1shows the values ofTyf , the critical proportion to
vaccinate considering only theTyf , pc, the optimized propor-
tion to vaccinate taking into account the risk of outbreaks and
the vaccine related mortality,pgr, and the difference between
these two proportions,∆, for 19 cities of the state of S̃ao Paulo
with Tyf > 1 in 2001 (Tyf varying from 1.08 to 2.07).Fig. 3
shows the graphical representation of theTyf-related differ-
ences between the critical,pc, and the optimum,pgr, propor-
tions to vaccinate against yellow fever for the same 19 cities.

3. Conclusions

It has been traditionally accepted that the critical propor-
tion to vaccinate is related to the threshold for establishment
of a given infection in an affected population[12,15]. How-
ever, this approach does not allow for corrections of the opti-
mal vaccine coverage that simultaneously take into account
the risk of outbreaks and of severe adverse effects of the vac-
cine.

In this paper we were able to show that it is possible to
foster estimates of vaccine coverage of a population at risk
for yellow fever by considering the occurrence of serious ad-
verse events due to the vaccine and the risk of outbreaks of
yellow fever. Therefore, for a seasonal risk of yellow fever
o −4 .5
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Finally, the age-dependent analysis we carried out sug-
gests that administering yellow vaccine in the immunization
programs of affected areas would minimize both the risk of
outbreaks and minimize the risk of serious adverse events.
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Appendix A

A.1. The dynamical system

In order to calculate the proportion of cases and serious
adverse events (including deaths) after a YF outbreak, as well
as the proportion of people vaccinated during the outbreak,
we modeled the epidemic with a dynamical system, described
by the following system of differential equations:

dMs

dt
= −caMsHi

Nh
+ (αM + µM)Mi

dMi

dt
= ca exp(−µMτ)Ms(t − τ)Hi (t − τ)

Nh
− (αM + µM)Mi

′ ′

Con-
s two
e t the
i ome
( iod
o ec-
t ain
p but
n sus-
c
fi mics
o de-
n r
o r unit
o
h
m ity to
utbreak of the order of 2× 10 and a vaccine lethality of 2
er million doses, the optimum proportion to preemptiv
accinate a population at risk, that is, the proportion that
mizes the total number of serious adverse events (inclu
eaths) is always lower than the critical proportion calcul
ccording to the threshold conditionTyf . Also, when we stra

fied the risk of vaccine-associated serious adverse even
ge we demonstrated that there is an optimum proporti
accinate that minimizes the total number of serious adv
vents that is equal or slightly below the critical propor
alculated according toTyf for ages lower than 60 years a
hat the vaccine is contraindicated above that age.
dHs

dt
= −baMiHs

Nh
− (νh + µh)H ′

s

dH ′′
s

dt
= −(µ� + µh)H ′′

s

dHi

dt
= baMiH

′
s/Nh − (γh + µh + αh)Hi

dHv

dt
= νhH

′
s − (µh + µ�)Hv

dHr

dt
= γhHi − µhHr (4)

We now briefly describe some features of the system.
ider first the mosquito population, described by the first
quations of system (4). When a susceptible (withou

nfection) mosquito bites an infected person it may bec
with a certain probability) infected. If it survives for a per
f time τ (the extrinsic incubation period) it becomes inf

ive, that is, if it bites a human it may transmit (with a cert
robability) the infection. We are not interested in infected
ot yet infective mosquitoes, but rather we consider only
eptible mosquitoes,Ms, and infective mosquitoes,Mi . The
rst two equations of the system above describe the dyna
f those two populations. Consider the first equation. We
ote bya the biting rate of mosquitoes. SoaMs is the numbe
f bites the susceptible mosquitoes inflict on humans pe
f time. Of those, only a proportionHi /Nh will be on infected
umans and of those only a proportioncwill result in infected
osquitoes. We are aware that mosquitoes susceptibil
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Table 2
Initial conditions and parameters used in the numerical simulation of the dynamical system

Parameter/initial conditions Biological meaning Values Source

H ′
s(0) Initial condition of susceptible humans (1−p)Nh Variable according to the city

H ′′
s (0) Initial condition of preemptively vaccinated humans pNh Variable according to the city

Hi (0) Initial condition of infected humans 1 Assumed
Hv(0) Initial condition of humans vaccinated in the outbreak 0 Assumed
Ms(0) Initial condition of susceptible mosquitoes NM Estimated for each city
Mi (0) Initial condition of infected mosquitoes 0 Assumed
µh Natural mortality rate of humans 3.9× 10−5 days−1 Demographic data for Brazil
γ� Recovery rate from viraemia 0.14 days−1 Ref. [18]
αh Mortality rate of yellow fever 10−2 days−1 Ref. [18]
ν� Post-outbreak vaccination rate 10−5 days−1 Chosen to maked′

v(p) =dv(p)
(see main text)

µ� Mortality rate of YF vaccine 10−10 days−1 Ref. [8]
a Average daily biting rate ofAedes 1.2 days−1 Ref. [17]
b Host susceptibility 1 Ref.[21]
c Vector infection probability 1.0 Assumed
αM Infected mosquitoes additional mortality rate 0 Ref.[19]
µM Natural mortality rate of mosquitoes 0.15 days−1 Ref. [19]
τ Extrinsic incubation period 12 days Ref.[19]

infection varies geographically. However, this parameter, as
well as all other shown inTable 2are estimated averages.
Susceptible mosquitoes are assumed to die at a rateµM. The
first term of the second equation describes the number of
mosquitoes that became infectedτ units of time earlier, sur-
vived a time intervalτ and now became infective. The infec-
tive mosquitoes are assumed to die at a rateαM +µM.

Let’s now consider the human population. Humans are
divided into those who were preemptively vaccinated, de-
notedH ′′

s , and those who did not receive the vaccine and
are, therefore, truly susceptible, denotedH ′

s. The latter ac-
quired the infection from infective mosquitoes through the
bitesaMiH

′
s/Nh, a fraction of which,b, generates a new in-

fection, although it is known that forAedesmosquitoes this
fraction is believed to be high[21]. They may be vaccinated
during an outbreak, with a rateνh, or dye by natural causes,
with a rateµh. The value of the rateνh was chosen in order to
obtain the probability of dying by vaccination,d′

v(p) as equal
to that estimated for real populations,dv(p) The individuals
preemptively vaccinated,H ′′

s , dye with ratesµ� (by the effect
of the vaccine) andµh, the natural mortality rate of humans.
Once infected,Hi , individuals can either recover from the in-
fection, with rateγh, or dye with ratesαh (the mortality rate of
yellow fever) orµh, the natural mortality rate of humans. The
mortality rate quoted above,αh, does not take into account
the possible modulating effects of heterotypic flavivirus an-
t n this
e
d
µ -
r verse
e
n

esh-
o e of
v

T = Nm

Nh

a2bc e−µmτ

(γ + µh + αh)(µm + αm)
(5)

Expression(5) is the threshold as defined by Macdonald
[20]. Its numerical value can also be estimated through the
analysis of the initial phase of an epidemics[11].

We calculate the values ofTdenguefor 19 cities in the State
of São Paulo, through the initial phase of the epidemic, as
described by[14,17]. Then, we calculateTyf , by using Eq.(2)
of the main text. Next, we calculated the size of the mosquito
population for each city analyzed, by the relation:

Nm = Nh

Tyf

(γ + µh + αh)(µm + αm)

a2bc e−µmτ
(6)

sinceNh is known and the other parameters were assumed to
be the same for all the 19 cities analyzed because they are all
in the same microclimatic region of the State of São Paulo.

Using the parameters and initial conditions described in
Table 2, we numerically solved the system (4) in order to
obtain the quantities necessary to estimate the optimum pro-
portion to vaccinate,pgr, that minimizes the total number of
serious adverse events (including deaths):

πyf(p) =

∫ ∞

0
baMiH

′
s/Nh dt

(1 − p)N

ibodies since there are no available quantitative data o
ctect. Individuals vaccinated during the outbreaks,Hv, can
ye by natural causes, or by the vaccine, with ratesµh, and
�, respectively. Depending on the case the rateµ� also rep

esent the rate of developing vaccine-induced serious ad
vents. Those recovered from the infection,Hr, dye only by
atural causes.

From the system (4), it is possible to calculate the thr
ld for the establishment of an epidemic in the absenc
accination, resulting in
h

dyf(p) =

∫ ∞

0
(µh + αh)Hi dt

(1 − p)Nh

π�(p) =

∫ ∞

0
νhH

′
s dt

(1 − p)Nh

d′
v(p) =

∫ ∞

0
µ�Hv dt

(1 − p)Nh

(7)
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wherep is the proportion of the population preemptively vac-
cinated, as described in the main text.

A.2. Model’s sensitivity to the parameters

In this subsection we analyze the model’s sensitivity to
some of the parameters presented inTable 2. Among all
the parameters used in the simulations some are relatively
well known from the literature, some are dependent on the
environmental conditions, in particular the temperature and
some are not very well known. The relatively well know
parameters are the human mortality rate,µh, the recovery
rate from the disease,γ, the mortality rate of yellow fever,
αh, the rate of developing vaccine induced serious adverse
events (including deaths),µ�, and the average daily bit-
ing rate of theAedes, a. The less well known parameters
used are the probability that a susceptible mosquito biting
a viremic patient gets the infection,c, and the probability
that an infected mosquito biting a susceptible human gen-
erates a new infection,b. However, considering the high
levels of viraemia presented by yellow fever patients, it is
reasonable to assume the parameterc as equal to 1, al-
though one should keep in mind that this is highly vari-
able because geographic populations ofA. aegyptivary in
their susceptibility to infection. Also, it is well known that
Aedesmosquitos are highly efficient vectors of yellow fever.
S in-
g hu-
m ual to
1 ondi-
t -
t al-
u
a in
F i-

F
a -
s
b uitoes
m with
τ

tions used for the city with the highestTyf (Palmeira D’Oeste,
2:07).

We can see from the figure that the results are qualitatively
similar to that obtained inFig. 2and the model is more sen-
sitive to variations in the extrinsic incubation periodτ, than
to the mosquito daily mortality rate,µM, for the range of
variations analyzed.
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