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In this paper, we analyze the temporal evolution of the age-dependent force of infection and incidence of
rubella, after the introduction of a very specific vaccination program in a previously nonvaccinated population
where rubella was in endemic steady state. We deduce an integral equation for the age-dependent force of
infection, which depends on a number of parameters that can be estimated from the force of infection in a
steady state prior to the vaccination program. We present the results of our simulations, which are compared
with observed data. We also examine the influence of contact patterns among members of a community on the
age-dependent intensity of transmission of rubella and on the results of vaccination strategies. As an example
of the theory proposed, we calculate the effects of vaccination strategies for four communities from Caieiras
(Brazil), Huixquilucan(Mexico), Finland, and the United Kingdom. The results for each community differ
considerably according to the distinct intensity and pattern of transmission in the absence of vaccination. We
conclude that this simple vaccination program is not very efficieaty slow in the goal of eradicating the
disease. This gives support to a mixed strategy, proposed by Masshdaccepted and implemented by the
government of the State of 8#aulo, Brazil.
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[. INTRODUCTION rate function including some constraints it must satisfy. We
concentrate on the integral equation for the age-dependent
The control of directly transmitted, viral childhood infec- force of infection—defined as the age-dependent number of
tions, around the globe, has been strongly dependent on vaBew infections per capita, per unit time—which relates the
cination, the most effective control tool developed so[fgr ~ Pattern of contacts among the members of a population with
There are several infections for which vaccines exist. Thestée prevalence of the disease, following a methodology de-
are therefore candidates for eradication. Some examples iN¢loped elsewherkg]. The basic idea is to examine the force
clude polio, measles, and rubella, just to mention a few. Vac9f infection in steady state that results from a given vaccina-

cination strategies, however, have been more dependent &iQ" strategy.

inferences based on quantitative models, which can, throug ”We_ aIS(t)hturtn ourdattelntmn totth? t(:]ynamlcg of thg prto;:ess,
simulation tools, yield distinct scenarios and possibilities.0 owing the time development of the age-cependent force

These simulation techniques, in turn, have been proved to b%f mfegtlon whe_n a vaccination strategy s S‘afted ata certain
time t in a previously nonimmunized population. Some as-

chvaluable toolg'for helpmg healfth auctjhorl'qes to dec'delbe;pects of the age and time dependences in epidemic models
een competitive strategies of eradication or control of, already been studied by some autlers., Refs[7,8]).
those infections. _ _ This paper is organized as follows. In Sec. Il, we present

In previous publication$2,3], we applied mathematical o tormalism used. We describe in detail how the contact
models to design and to evaluate the impact of vaccinatioate function is related to the force of infection, discuss some
against rubella in the state of &®aulo, Brazil. Rubella is a constrains it must satisfy, and propose a form for it. In Sec.
viral infection that causes a mild disease, but it is considereg}| we describe the fitting procedures adopted to determine
to be a public health problem due to the risk of fetal infectionthe values of the parameters of the contact rate function for
and subsequent congenital defe¢®4,5. Therefore, the different communities. In Sec. IV A, we analyze the impact
goal of rubella vaccination is to prevent the congenital ru-of specific vaccination strategies against rubella using data
bella syndrome(CRS). Plotkin [5] argues that, due to the from communities from Caieiras, a Brazilian small town lo-
high prevalence of rubella in some countries, only high vaccated in the neighborhood of &#&aulo city(Azevedo Neto
cine coverage will avoid increasing of CRS. et al. [4]), Huixquilucan, Mexico(Golubjatnikovet al. [9]),

In this paper, we analyze the effects of different contactFinland(Edmundset al.[10]) and the United KingdoniFar-
patterns on vaccination strategies against rubella in somgngton et al. [11]). It must be noted that the results from
communities. We investigate a plausible form for the contacBrazil and Mexico are from nonvaccinated communities,

while the results from Finland and the United Kingdom are
from nonvaccinated males in communities that have partially

* Author to whom correspondence should be addressed. vaccinated female populatiof$1,12). The results from Sa
Email address: amaku@vps.fmvz.usp.br Paulo will be compared with those previously reported by
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Massadet al. [2,13]. This paper differs from those quoted
above, in that the form of the contact rate function, repre-
senting the age related pattern of contacts, was studied more

carefully. Also the relation between the vaccination rate For simplicity, we consider that, at tintethe total popu-
and the resulting proportion of vaccinated peofdee EqQs. |ation has sizeN. In other words, we have takeN(a,t)

(46) and(47)] was modified. In spite of this, as we shall see, = N(a)=N(0)e *2, for a givent. In this equilibrium situa-
the recommended vaccination strategy was maintained, bybn, the mortality rate equals the natality rate, and we have
the calculated effects of the vaccination strategies seem now(g)= ;N.

to be more realistic. In Sec. IV B, we present simulations of

the temporal evolution of the force of infection and, in Sec. 1. Integral equation fora(a,t)

IV C, we compare our results to experimental results. Fi-
nally, in Sec. V, we summarize our results.

J
=+ o IN@ = uN(@). )

Applying the method of the characteristics, as proposed
by Trucco [15] (see also Ref.[16]) for solving the
McKendrick—Von Foerster equation, we can solve the sys-
Il. MATHEMATICAL DEVELOPMENTS tem of equationgl).

Lets(a,t) andi(a,t) be the proportions of the susceptible

and infected individuals, among those with agat timet,
Let us assume a SIR mode(susceptible-infected- given by

recoveredl Let S(a,t)da, I(a,t)da, andR(a,t)da be, re-

spectively, the number of susceptible, infected, and nonsus- S(a,t) | I(a,t)

ceptibles (including recovered and vaccinajethdividuals S@V=Nan: I(a’t):m' @
with ages betweea anda+da at timet. We can write

A. Temporal evolution

With these previous definitions, the first two equations of
the partial differential equations systgft) can also be writ-

dS(a,t) dS(a,t) B
+ ten as follows:

a P =—[\(a,t)+v(a,t)+u]S(at),

Js(a,t) ds(a,t)
“NabS@t) —(u+yl@t), (1) ga | at

=—[N(a,t)+v(at)]s(at), (5

dl(a,t) dl(a,t)
+
Ja at
di(a,t) di(a,t)
+
Ja at

IR(a,t) . JR(a) =A(a,t)s(a,t)—yi(a,t). (6)

a P =v(a,t)S(a,t)+ yl(a,t)— uR(a,t),

The boundary conditions are such that, at age0, for

wherev(a,t) is the age and time-dependent rate of vaccinal=0, we haves(0)=1 andll(O,t)=O. At tlme t=0, for

tion, v is the recovery rate, and is the mortality rate, as- >0, We have thas(a,0) andi(a,0) are functions of age. In

sumed constant. This type of mortality rateonstank is the calculations, the upper limit for the age is taken td_be

known as type-ll mortality function. Another survival curve =60 yr.. ,

(type I) considers that all individuals survive to exactly a_ Considering the change of variables those proposed by

certain age, and then die. Anderson and Niz§] mention  17Ucco[15)

that, for both developed and developing countries, the ob-

served mortality function is intermediate between type | and

type Il, although it is closer to type | for developed regions. —t
The definition of the force of infection, as a function of =5

age and time, is we have

I(a',t) 2 s(a,t)=s(&+n.m)=s'(£,7)
N(a',t) and similarly fori(a,t), A(a,t), andv(a,t).

We also have that{ da+ d/ dt) = 9/ 5. Thus, taking into
andN(a,t)=9S(a,t)+1(a,t) +R(a,t) is the total number of account the above mentioned change of variables,(&q.
individuals whose ages are betweseanda+ da at timet. In reads
this equationB(a,a’) is the so-called contact rate function.

It is defined so thaB(a,a’)dada’ is the number of contacts

a person with age betweenanda+ da makes with all per-

sons with age betweead anda’+da’ per unit time. There-

fore, B(a,a’) describes the contact patterns among the memwhose generic solution can be written as
bers of a population.

Taking into account the three equations of systémwe Ins' (£ 7)=— f”[)\,(g X)+ v (£x)]dx+(8),  (8)
can write, forN(a,t), ' p ’ , ’

)\(a,t)=f:da’,8(a,a’)

J
ﬂms'(&ﬂ/):—[?\'(5,77)+V'(§,77)], @)
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wherep and f(&), parameters related to the boundary con-

ditions, are given by
f(£§)=Ins'(£,0, p=0 €)
f(§)=Ins'(§,-§), p=-§ (10)

for £>0 andé<0, respectively.
Then, for the cases in whicb>0 (a>t) or é<0 (a
<t), we have, respectively, the following solutions:
7
S’(f,n)=S’(§,0)eXp(—fo [>\’(§,X)+V’(§,X)]dX),
(1)

s%anrw%a—gmm{—fln%gxww/@xndﬁ.
(12

Rewriting the above equations in terms afand t, we
obtain

s(a,t)zs(a—t,O)ex;{ - ft[)\(a—t+x,x)+ v(a—t
0

+X,X)]dx (13
t
s(a,t)zs(O,t—a)ex;{—f [AN(a—t+Xx,X)
t—a
+v(a—t+x,x)]dx
=s(0,t—a)exr{—fa[)\(z,z—awtt)
0
+v(z,z—a+t)]dz|, (14)

for a>t andt>a, respectively.
Equation(6)

J J
J’__

2t i(a,t)+yi(a,t)=N(a,t)s(a,t) (15

can be rewritten, with the change of variables, as
J . .
EI’(f,n)+7"(5,77):7\’(5,77)5’(5,71), (16)

whose solution is

wam=w%—LUM)

n X
X fq dx\'(&,X)s (g,x)exr{ Jq vds

+9(§)},
17

whereq andg(¢) depend on the boundary conditions:

PHYSICAL REVIEW E 67, 051907 (2003
q=0, (18

q=—¢, (19

9(£)=i'(£,0),
9(&)=i"(£,— ),

for £>0 and£<0, respectively.
Equation(17), in terms ofa andt, is given by

i(a,t)=ftdt’)\(a—tﬂ’,t’)s(a—t,O)a(a,t,t’)
0

+e Mi(a—t,0), a>t, (20)
i(a,t)=fada’)\(a’,a’—a+t)s(0,t—a)</;(a,t,a’)

0

+e (0t—a), a<t, (21

wherea(a,t,t’) andy(a,t,a’) are

a(a,t,t'):exp( - J;'[A(a—w 77+ v(a—t

+T,7‘)]d7‘+’y(t'_t)) (22
and

¢(a,t,a’)=exp< - fa,[)\(z,z—aﬂ)
0

+v(z,z—a+t)]Jdz+y(a'—a)

. (23

The age and time-dependent force of infectj&y. (2)]
can also be written as

)\(a,t)zJ':da’,b’(a,a’)i(a’,t). (29

In the calculations, as already explained, the upper limit

of the above integral is taken to he= 60 yr. Thus, replacing
solutions(20) and(21) for i(a,t) in the above definition, and
considering that age is in the interva@=<L, the integral

equation for the age and time-dependent force of infection is

given by

min(t,L) a’
A(a,t)zJ’O o da’,B(a,a’)J’0 da’\(a",a"—a’
L
+t)¢,//(a’,t,a”)+0(L—t)j da’'B(a,a’)
t

t
X fdt’)\(a’—t+t’,t’)s(a’—t,O)a(a’,t,t’)
0

+e Mi(a'—t,0)|, (25

where §(L —t) is the Heaviside function. In the following
section, we study the steady state of Ezp).
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2. Steady state behavior a’'+da’, in a time intervaldt, is, as we have seen,
Let S(a)da be the number of susceptible individuals with l(a’
age betweem anda+da. The fraction of potentially infec- S(a)daﬂ(a,a’)da’ﬂat. (29)
tious contacts they make with infectives aged betwaén N(a’")

anda’+da’ per unit time is .
This number must be equal to the number of contacts the

(@) infectives with age betweea’ anda’+da’ make with the
S(a)daﬁ(a,a’)da’w. (260 susceptibles with age betwearanda+da. This number is
o S(a)
The total number of potentially infective contacts of sus- |(a’)d¢—;1’/3(a’,a)daW at. (30)

ceptibles aged betweemand a+ da with infectives can be
obtained by integrating Eq26) in da’. Then, we obtain an

; . . o Thus, we must have
expression for the age-dependent force of infection similar to

Eq. (24). . - l(a’) S(a)
Equation(21) in the steady state condition gives S(a)ﬁ(a,a’)mz I (a’)ﬁ(a’,a)m (3D
a
i(a)=e 7 fada’eya')\(a’)s(O)exp( — fa’dz[)\(z) or
o] 0
B(a,a’) p(a’,a)
+v(2)] +i(0)}. (27 N(a’) = Na@ (32

Substituting this expression in the definition of the age- SinceN(a)=N(0)e™#2, we see that Eq32) is satisfied
dependent force of infection in the steady state, we have if B(a,a’) has the form

* ' . (a,a’")=e”?h(a,a’), (33
)\(a)zJ' da’,B(a,a’)fa da’e 7@ "))\ (a") P
0 0 whereh(a,a’) is symmetric, that is,

xexp(—fa"dz[x(z)w(z)]). (28) h(a,a’)=h(a’,a). (34)
0

. _ Equation (33) will be used in the following section to
The integral equatior(28) always hash(a)=0 as the construct an analytical form fq8(a,a’).
solution. According to Lopez and Coutinfia7], depending

on the parameters of the integral equation, it may have an- 2. A form for the contact functionfB(a,a)
other unique positive solution.

Equation(28) is the limit for larget of Eq. (25): Let us consider that rubella is approximately transmitted

by direct person-to-person contact. In this case, considering
A@)=lim\(a,t). that children are stratified mainly by age in classro¢8sit

tsos is reasonable to assume that contacts are more intense among
children with the same age. It is then convenient to write

; .
B. Contact patterns h(a,a’) as a product of two functions,

1. Symmetry in the contact pattern h(a,a’)=f(a,a’)g(a,a’). (39

As mentioned in the Introduction, one of our main diffi- The functionf(a,a’) represents the longitudinal profile of
culties is to choose a correct form for the contact function, 4 a7y along planea=a’ andg(a,a’) represents the trans-

B(a,a’). In this section, we analyze a specific situation inyersa| profile related to the spread fufa,a’) to both sides
which g(a,a’) has to satisfy a symmetry relation that re- 4 the planea=a’.

stricts its form: if a perso has a contact with a persa) We have chosen the following positively skewed function
thenB had a contact witlA. In terms of transmission dynam- ¢4, f(a,a’):

ics, it means that the total number of contacts a grGupf

infected individuals make with a group of susceptibles f(a,a’)=b1(a+a’)e*b2(a*a') (36)
equals the number of contacts groDphad with groupC.

This symmetry is relevant when a direct, person-to-persoand a Gaussian-like function fga,a’),

contact is required for transmission. For instance, a direct

contact is required for sexually transmitted diseases. It seems g(a,af):e*(a*a’)zlvz, (37)
to be at least partially required for the transmission of di-
rectly transmitted childhood diseases such as rubella. whereo=c(a,a’) is related to the width of the Gaussian-

The number of contacts the susceptibles with age betwedike distribution to the sides ch=a’. Considering a linear
a anda+da make with infectives with age betweeri and  spread
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o(a,a’)=bs+by(a+a’), (39 1.0F tebe ot afk=

we obtain

h(a,a’)=b,(a+a’)e Patalg-(a-a ")?Ilbg+by(a+a’))?
(39

0.6

Brazil
e  Mexico

g Finland

x UK

Brazil fitted curve
Mexico fitted curve
------ Finland fitted curve -
----U.K. fitted curve

whereb,, b,, by, andb, are the parameters to be deter-
mined.

Thus, taking into account E¢33), we have, for the con-
tact functiong(a,a’),

0.4+

Proportion of seropositives

0.2 1

B(a,a’)=b,(a+a’)e bz(a+a')e—(a—a’)zl[b3+b4(a+a’)]2eﬂa. :
(40) 0.0 : : : :
0 10 20 30 40 50

Other functions could be chosen fba,a’), as those Age (years)
proposed in Coutinhet al. [6] and Massactt al. [3].

FIG. 1. Seroprevalence data and corresponding fitted curves for
. _ o . communities from Brazil, Mexico, Finland, and the UK. The data
C. The relationship between vaccination rate and vaccine  for Caieiras(Brazil), Huixquilucan(Mexico), Finland, and the UK

coverage were taken, respectively, from the works of Azevedo Naital. [4],

For our next simulations, we need to define what we mear@c’lU'bJ"""“kOVet al.[9], Edmundset al. [10], and Farringtoret al.
by vaccination routine. In a nutshell, we take [11].

v(a,t)=vl(a—agp)f(a;—a)o(t—ty), (41 V(al)
~ N(ay)

=1-e V@173, (46)
which has the following interpretation: after tintg years,
children are vaccinated at a constant ratevathildren per
unit of time when their ages are betwesgnanda;. In prac-
tice, the government usually informs through the media that
mothers should take their children to health centers to re- _In(1-p) 4
ceive the shots. The response of parents to the government v ag—a; “7)
advertisement results in a given Enthusiastic response re-

sults in a highw.
In steady state, Eq41) becomes lll. FITTING THE MODEL TO THE DATA

The inverse relation betweanandp is

Data consisted in seroprevalence studies carried out in
communities from Mexico, Brazil, Finland, and the UK.

Let S*(a)da be the proportion of seropositive individuals
to rubella—whose serological tests were positive, indicating
that they have already been infected—with ages betveeen
anda+da. An estimate of the functio®" (a) resulted from
fitting the serological data ttsee Ref[18])

v(a)=vl(a—ay)H(a;—a). (42

We shall now calculate the relationship betweerand
resulting proportion of vaccine coverage,Let V(a)da be
the number of vaccinated individuals with age betwaemd
at+da. Let N, (a)da be the number of nonvaccinated per-
sons with age betweemanda+da. We have

dV(a) . Ky Cra
ia =p(a)N,(a)— uV(a), (43 S*(a)=1—ex F[(kzaﬂ)e 22—1], (48
2
dN,(a) : - :
g =—p(a)N,(a)— uN,(a). (44)  wherek; (i=1,2) are fitting parameters, estimated by the
a

maximum likelihood technique for all the communities ex-
cept that from Finland, which was estimated by the least
squares fitting technique. Figure 1 shows the results of the
fitting functions for the four communities considered, and the
fitting parameters are shown in Table I.

In our model, the seropositive individuals correspond to

Of course, we hav&/(a)+N,(a)=N(a).
Solving Eq. (43) using the form ofv(a) given by Eq.
(42), we have

0. a<ao those who are either infected or nonsusceptifiesovered
V(a)=4 N(0)e #i[1-e @ 2] ay<a<a, and vaccinateq i.e., the proportion of seropositiveS! (a),
N(O)e #q1—e "a1"2)] a>a,. is equivalent to *s(a). The force of infection in the ab-
(45)  sence of vaccinationyy(a), was estimated from the sero-
prevalence data by the so-called catalytic apprdedh, Ref.
The proportionp of vaccine coverage is defined as [19]), according to

051907-5



AMAKU et al. PHYSICAL REVIEW E 67, 051907 (2003

TABLE I. Fitting parametersk; andk,) of the seroprevalence function and the parameters of the contact
function, for each community considered.

Community ky (yr=?) ko (yr™?) by (yr~?) by (yr) b3 (yr) b,
Brazil 0.0456 0.108 0.658 0.0468 3.49 0.341
Mexico 0.214 0.255 3.54 0.116 1.04 0.416
Finland 0.0290 0.1068 0.587 0.0608 2.77 0.398
UK 0.0833 0.1804 1.60 0.0928 1.747 0.391
dS'(a) . . have strikingly different shapes, reflecting distinct contact
N(@)=—gg[1-S" (@] (49)  patterns. As we shall see later, this has profound impact on

the calculated efficacy of different vaccination strategies.

The term catalytic arises from an analogy with chemistry. From the force of infection, we can define the average age
In the dynamics of infectious diseases, an infected individuaft Which susceptibles acquire infection
would act as a catalyst, infecting susceptible individuals.
Equation(49) corresponds to Eq5) in the steady state for f ”
the susceptible individuals, in the absence of vaccination. 0
Equation(49), expressed in terms of E48), results in

aN(a)s(a)da

—_——. (51
f A @a)s(a)da

No(@)=kjaexd —ksa]. (50 0

The values of the parameters of the contact functionVe have taken the highest ages observed in the seroepide-
B(a,a’) [Eq.(40)] were calculated so that the resulting force miological studies as the upper integration limits of the inte-
of infection\ (&), in the absence of vaccination, obtained bygrals of Eq.(51). The calculated values for the communities
solving Eq.(28) iteratively, agreed with\o(a) given by Egq.  studied are given in the Table Il below.
(50). Parametersy and u were taken, respectively, to be  The contact functiong(a,a’) [Eq. (40)] of the commu-
26.0 yr 1, corresponding to an infectious period of 2 weeks,nities considered are shown in Fig. 3 as examples of the
and 0.017 yr!, the inverse of a life expectancy of 60 yr. general shape obtained. The analysis of these contact func-
Those parameters were taken to be the same for all commtions suggests two distinct patterns. In Mexico and in the
nities, for simplicity. The resulting parameters of the contactUnited Kingdom, the age distribution of contacts is concen-
function B(a,a’) for each community considered are showntrated at lower ages. In contrast, the communities of Caieiras
in Table I. and Finland show a broader range of contacts, spread over all

For Finland and the UK, we carried out simulations con-ages. In addition, it can be noted that the density of contacts
sidering the two types of mortality functions described inestimated for the communities of Mexico and Caieiras are
Sec. Il A. As the results were very similar, we discuss onlyroughly twice as high as in the United Kingdom and Finland,
those concerning the type-Il mortality rate. respectively. This may reflect distinct social contexts be-

The forces of infectiofas given by Eq(50)] for the same tween the developed and developing countries as well as the
communities are shown in Fig. 2. As can be noted, the curvefact that data from developed communities are only for

males in communities that have partially vaccinated female

0.35 : : : : : populationg 11,12

0.301 T IV. SIMULATION RESULTS

0.251 T A. Effects of specific vaccination strategies
Brazil

We now calculate the results of specific vaccination strat-
egies in the above mentioned communities, choosgg
=1yr and a;=2 yr, ag=7 yr and a;=8 yr, and a,

Mexico T
=3 I T Finland

TABLE Il. Average age at the time of infection for the four
communities studied.

Community a (yn

O T 20 s 40 50 60 Caieiras(Brazil) 8.45

Age (years) Huixquilucan(Mexico) 3.96

Finland 10.6

FIG. 2. Force of infection for the communities studied, as de- UK 6.64

rived from Eq.(50).
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FIG. 3. Calculated values of the contact functigi{s,a’) and respective contour plots fta) Caieiras(Brazil), (b) Mexico, (c) Finland,
and (d) the United Kingdom.
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FIG. 4. Effects of different vaccination program calculated for  FIG. 5. Effects of different vaccination program calculated for
Caieiras, Brazil. Children are vaccinate between 1 and 2 yfb)  Finland. Children are vaccinated) between 1 and 2 yr(b) be-
between 7 and 8 yr, ant) between 14 and 15 yr. The numbers tween 7 and 8 yr, antt) between 14 and 15 yr. The numbers over
above the dashed lines indicate the corresponding vaccine coveragfe dashed lines indicate the corresponding vaccine coverage and
and the solid lines correspond to the catalytic model. In gf@h  the solid lines correspond to the catalytic model. In gréphthe
the dashed lines correspond, respectively, to 0.0, 0.4, 0.8, and 0.9ashed lines correspond, respectively, to 0.0, 0.4, 0.8, and 0.97
vaccine coverages. vaccine coverages.

. left as compared with the case of no vaccination. A 90%
=14 yr anda; =15 yr for several values of. For a given  coverage in this age interval eliminates the disease. Finally,
vaccination coverage proportign we determinev through  Fig. 4(c) shows that vaccination in the interval from 14 to 15
Eq. (47). yr is almost useless, since 97% coverage has very little im-

The simulated results of the vaccination strategies wer@act on the force of infection, and it is impossible to elimi-
obtained by solving Eq28) using the values of the param- nate the disease, even if a 100% coverage is used.
eters of B(a,a’) obtained in Sec. Il for the vaccination Figure 5 shows the results of vaccination strategies ap-
strategies described above. plied to the community in Finland. Figuregab—5(c) repre-

The results for the communities in Brazil and Finland aresent the different age intervals of vaccination. It can be noted
shown, respectively, in Figs. 4 and 5. The results for Mexicathat 60% coverage in the age interval 1-2[f{ig. 5a)]
and UK are not shown in graphs, but we have discussedimost eliminates the disease, and the age of the peak of
them below. Figure 4 shows the results of vaccination stratinfection is not affected at all. A coverage of 64% eliminates
egies applied to the community of S®aulo. Figures @—  the disease. In Fig.(B), it can be noted that 70% coverage in
4(c) represent the different age intervals of vaccination. Itthe age interval 7—8 yr almost eliminate the disease, and
can be noted that 75% coverage in the age interval from 1 tagain does not shift the age of the peak in the force of infec-
2 yr almost eliminates the disease, but the peak of infectioion. Finally, Fig. §c) shows that vaccination in the interval
is shifted to around 17 yr, and therefore it is displaced to thérom 14 to 15 yr is almost useless, since 97% coverage has
right as compared with the case of no vaccination. A coveryery little impact on the force of infection, and it is impos-
age between 79% and 80% eliminates the disease. In Figible to eliminate the disease even if a 100% coverage is
4(b), it can be noted that 85% coverage in the age 7-8 yused.
almost eliminates the disease. In addition, the peak of infec- For the Huixquilucan community in Mexico a 74% cov-
tion occurs around 8 yr, and therefore it is displaced to thesrage in the age interval 1-2 yr eliminates the disease. Even
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a 97% coverage in the age interval 7—8 yr is not able to
eliminate the disease, and indeed causes very little effect on
its force of infection.

(@)

S

3 w (i
For the community in the UK, a 66% coverage in the age w \\‘\\“:\V\\‘\‘\\\\}\\\\\\ I
interval 1-2 yr eliminates the disease. Even a 97% coverage = 2 M
in the age interval 7—8 yr is not able to eliminate the disease. 3

However, the peak of the force of infection curve shifts left- :
wards to around 5 yr. 0 0 5
As expected, the results of vaccinating in the interval 80 - .
from 7 to 8 yr of age are disappointing if compared to the ’”’e(yea,.s) 5 g 0 ¥
results of vaccinating from 1 to 2 yr of age, and vaccinating
between 14 and 15 yr is almost useless. 04
Vaccination programmes against rubella were imple-
mented in many countriee.g., Refs.[2,10,12,13,20,2]). 03
However, vaccination coverages and strategies sometimes
changed from one period to another. As mentioned by Uk-
konen[12], UK (1970 and Finland(1975 chose selective
vaccination of 11- and 13-yr-old girls to prevent rubella and
such a strategy was not effective in eradicating the virus. 0.0, o
These observed results agree with our simulation for vacci- © 30 4
nation from 14 to 15 yr of age. In 1998, rubella vaccine was lime (veary) 60 0 o
introduced in Mexico into the childhood vaccination sched-
ule at age 1 and 6 \21], resulting in an intense decrease in  FIG. 6. (a) Simulations for\ (a,t), without vaccination, consid-
the rubella incidence, in agreement with our simulations forering a completely susceptible population, at titwe0, except for
vaccination from 1 to 2 yr of age. a proportion 10° of individuals with ages between 40 and 45 yr
that suddenly become infecteth) same aga), but with the time
scale starting at=5 yr, so that the initial peak is cut and the
resulting steady state is observable.
The simulations for the temporal evolution of the force of
infection were based on the numerical solutions of the intetgkes so long does not recommend this vaccination strategy
gral equation forA(a,t), using the parameters ¢(a,a’) for control.
for the Caieiras community.
Our first simulation considered a Completely Susceptible C. Comparison of specific features with real data

zgspjﬁggntg;?lcaﬁ l?mggtothz C?jeo\r,;/ig?] (_:Euféqag,glg fe i:]r(;?_n The strategy given by E@41) was actually adopted in the
' » a prop Pi= U.S. in 1969[1]. The results of the impact on the incidence

ylduals with ages petween 4(.) and 45 yr suddenly beco”_‘% shown in Fig. 1Qleft-hand scalgetogether with the results
mfecéed. The resulting dynamics of the disease is shown i our simulation(right-hand scalefor a v that results in a
Fig. 6.

It can be noted that after a few oscillations the force of
infection tends to the functiong(a). We can also see that
from around 40 yr onwards the force of infection stabilizes.
Figure 7 displays a profile cut at 8 yr old. 0.3}

For our next simulation, the same conditions as the above

Mat) (yr-l)

B. Temporal evolution

0.4

simulation were applied, and a vaccination routine of form -
(41) with ag=1 yr, a;=2 yr, t,=40 yr, and a vaccination 2021
coverage of 70% was added. The results for all ages are 3
shown in Fig. 8. It can be noted that after the introduction of ol

the vaccination, the force of infection oscillates before reach-

ing a steady state, much lower thag(a). The whole pro-

cess takes around 40 yr to reach the new steady state. The 0.0 W

fact that the process takes so long to reach a steady state does 0 10 20 30 40 50 €0

. T 2 time (years)

not recommend this vaccination strategy for eradicating the

disease. . . o FIG. 7. Profile of Fig. 6, cut at 8 yr age. The initial outbreak
The next simulation uses the same vaccination schem@eak betweert=0 and t=3 yr almost exhausts the susceptible

but with a vaccination coverage of 80%. The results for allfraction of the population. It takes about 3.5 yr for the number of

ages are shown in Fig. 9. new susceptibles to accumulate in sufficient number to trigger a
For this coverage one can see that the disease is eradiecond outbreak that eventually stabilizes at an endemic steady

cated in approximately 20 yr. Again the fact that the processtate.
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FIG. 8. Simulations foi (a,t), with the same initial conditions . AN 0
considered in Fig. 6, but including a vaccination routine of form ] 5 10 15 20 25
(41), with ag=1 yr, a;=2 yr, to=40 yr, and a vaccination cover- years since vaccine introduction
age of 70%.

FIG. 10. Impact on the number of reported casiest-hand

80% coverage. The model estimates for the number of ne\ﬁcalé of the vaccination strategy against rubella adopted in the U.S.

infections per 100 000 population were calculated accordin@ 1969.(dat‘f‘ taken from CDE22]), tog.eth?r with the results of our
. L imulation(rigth-hand scalefor a vaccination rate that results in a
to the following equation:

80% vaccination coverage.

Y(t)= %f dai(a,t)S(a,t), (52 Figure 11 represents four cuts of Fig. 8, corresponding to
0 70% coverage, at the ages of 8, 16, 25, and 35 yr. It can be
seen that the above mentioned effect is clearly observed. The
where [gdax(a,t)S(a,t) is the number of new cases per drop in the force of infection at the age of 8 yr is much larger
unit time at timet. In the calculations, the upper limit of the than at 16 and 25 yr, and the effect at the age of 35 yr is
above integral was taken to be 60 yr. almost negligible.

It should be noted that the incidence calculated from the However, about 15 yr after the introduction of the vac-
seroprevalence data is two orders of magnitude larger thagine, three major outbreaks are observed in the simulations,
the incidence that results from notification. In fact, it is and this may be dangerous. The pattern of several oscilla-
known that only a fraction of all infections display the clini- tions in the incidence of an infectious disease, after the in-
cal features of the rubella disease. In addition, only a fractionroduction of vaccination, has already been observed in real
of those rubella cases is officially notified. However, severadata[23]. If the vaccination coverage is increased to 80%,
qualitative features of the data are quite similar to those obafter small outbreaks, the disease disappears, as shown in
served in the simulations described in the preceding sectiorFig. 9.
Let us comment, in more detail, on the more significant simi-
larities.

In 1977, that is, 8 yr after the introduction of the program,
it was noted that although the program was having a major In this paper, we analyzed the temporal evolution of the
impact on rubella in children, rubella rates in those olderage-dependent force of infection and incidence of rubella,
than 15 yr were not substantially different from prevaccina-

V. SUMMARY

tion rates. We shall see now that this effect is shown in our 0.20 ———————T——
simulations.
0.4 0.16 2
012
_'A ".“_'
E) >
ng %0.08 e
N
0.04
000 1 1 1 1 1
30 40 50 60 70 80 90 100
time (years)
FIG. 9. Vaccination scheme considered in the simulations of
Fig. 8, but with a vaccination coverage of 80%. FIG. 11. Profile of Fig. 8, cut at the ages of 8, 16, 25, and 35 yr.
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after the introduction of a very specific vaccination programg(a,a’), has to be estimated. Some symmetries obeyed by
in a previously nonvaccinated population where rubella wag(a,a’) and a general form for it were studied in Sec. Il B.
in an endemic steady state. This very specific vaccinatiotn Sec. lll, the force of infection in the absence of the vac-
program consists in vaccinating children within a certain agecination was calculated from seroprevalence data from four
range with a rate determined essentially by the public recommunities in Brazil, Mexico, Finland, and the United
sponse to government advertisements. Kingdom. With this force of infection, in the absence of vac-
We conclude that a simple vaccination program is nofcination, the contact functiog(a,a’) for each community
very efficient(very slow in the goal of eradicating the dis- was estimated. It was noted théta,a’) differed consider-
ease. This gives support to a mixed strategy proposed bably between the communities studied, which is in agree-
Massadet al.[2], accepted and implemented by the govern-ment with the differences in the force of infection in the
ment of the State of ®aPaulo. This strategy recommended aabsence of vaccination.
mass vaccination campaign against rubella in the State of Finally, in Sec. IV A, the effects of several vaccination
Sa Paulo for all children with ages between 1 and 10 yr agoutines were calculated for the four communities studied.
an initial intervention followed by a vaccination program of As a general conclusion, one can say that vaccination be-
the form given by(41), in the routine calendar at 15 months tween 1 and 2 yr presents distinct advantages over any other
of age. As reported in Ref§5,13], the results were very strategy considered. In Caieiras, vaccination between 7 and 8
good, and there was a considerable reduction in the numbgr has the apparent advantage of shifting the average age of
of rubella and congenital rubella syndrome cases. The incithe first infection leftwards. However, if the coverage is
dence of rubella and CRS remained at low levels with theabove 60%, the impact of vaccinating between 1 and 2 yr on
routine vaccination program, in agreement with our simula-the force of infection is twice as high as vaccinating between
tion results for high vaccination coverages. 7 and 8 yr. This result confirms our previous analysis and
We have also applied a formalism developed elsewhereecommendations of 199@Massadet al. [2]). In all other
[6] to calculate the effects of vaccination routines designedommunities studied, vaccination between 7 and 8 yr results
to reduce or eliminate rubella. in very disappointing impact when compared with vaccina-
This formalism provides an integral equation for the forcetion between 1 and 2 yr.
of infection in a steady state given the pattern of contacts
between th_e m_embers_of the population and the specific form ACKNOWLEDGMENTS
of the vaccination routines.
To apply the formalism, the pattern of contacts between We acknowledge support from FAPESP and PRONEX/
the members of the population, the so-called contact functio€NPq.
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