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Abstract. We analyze two simple mathematical models taking account of the waning immunity, specifically
formulated with measles in mind, to give some insight about the effect of vaccination in adult age class
according to the elimination of measles within the whole population. First model is non-age-structured one,
and the second model is with three age classes: infant, young, and adult. With mathematical and numerical
analyses making use of parameter values which could correspond to the demographic situation of a Japanese
community, we show the result emphasizing that the vaccination program should be planned with taking
account of the size of population within which the disease transmission is taking place. Especially in case of
Japan, although our numerical calculations imply that it would be hard to increase the infant vaccination rate
enough to make the population approach the disease-free equilibrium, the increase of infant vaccination rate
above the present level would be more effective than the promotion of secondary vaccination for an adult age
class in order to reduce the infective population.
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1. Introduction

Epidemic dynamics has been attracting not a few theoretical and mathematical researchers (for in-
stance, see [1-5] and their references). In this paper, we analyze two simple mathematical models
taking account of the waning immunity, specifically formulated with measles in mind, to give some
insight about the effect of vaccination in adult age class according to the elimination of measles within
the whole population. First model is non-age-structured one, with which we see the interaction be-
tween the immunity waning and the secondary vaccination. Second model is with three age classes:
infant, young, and adult. With the model, we discuss the efficiency of adult vaccination for the elim-
ination of measles, with numerical analysis making use of parameter values which could correspond
to the demographic situation of a Japanese community, the Kochi Prefecture, which is one of local
communities that have experienced some serious outbreaks of measles in several years (see Fig. 1) [6].

In recent Japan, measles cases counts 11,000-22,000 a year in a certain average, and estimated at
286,000 especially for 2001, according to the report of infectious disease surveillance by the Infectious
Disease Surveillance Center (IDSC) of the Japanese Ministry of Health, Labour and Welfare [7,8].
More than 60% of the patients in the data are infants below two years old, and more than 95% are
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Fig. 1. Number of infant measles cases reported by pediatric sentinel clinics in the Kochi Prefecture, Japan,
from July 1979 (the first month) to February 2004 (the 296th month), given by the Kochi Prefectural Infectious
Disease Surveillance Center [6].
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Fig. 2. Age distribution of measles cases in Japan. Drawn by the cumulative data from the 14th week in 1999
to the 29th in 2002 [9]. ,

non-vaccinated. As indicated by Fig. 2, most infected age class is from one to five years old. Every
year local outbreak of measles is repeated in Japan [7-9].

Adult measles is defined for patients over 18 years old. Since several years, it has been reported
that teenagers vaccinated in the infant period are infected by measles [9,10]. As for the adult measles
in Japan, it has no decreasing tendency with about 3-4% of all cases, and the reported number of
measles cases decreases in age over 24 years old (see Fig. 3) [8,9].

Today, as seen from Fig. 4, the measles vaccination rate for infants is more than 80% in average
over the whole Japan, although there are some local communities with the rate around 50-60% {7-9].
Tt is said that 3-5% of vaccinated individuals fail to get the immunity [11,12]. On the other hand, the
report for the Sapporo City in Japan indicates that around 40% of the measles patients were non-
vaccinated [8]. So only such failure of immunization is insatisfactory to explain the measles infection to
vaccinated individuals. Tt is likely that the effective period of immunity becomes shorter than before.
In fact, some sero-epidemiological estimates of antibody decay suggest that 25 years after vaccination,
measles antibody levels have waned to below protection levels (13-17]. A hypothesis is that, in past,
the immunity was reinforced by re-encountering the pathogen [18-22], what is sometimes called the
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Fig. 3. Age distribution of adult measles cases in Japan. Drawn by the cumulative data from the 14th week
in 1999 to the 29th in 2002 [9].
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Fig. 4. Measles vaccination rate for infant in Japan [9]. The rate in the data is calculated by the ratio of
vaccinated infant population to the population of one year old.
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Fig. 5. Estimated number of measles susceptibles in Japan [25]

“boosting effect”, whereas the chance to re-encounter the pathogen recently becomes less and less [23,
24]. Indeed, as shown in Fig. 5, the age distribution of Japanese susceptible population indicates a
small peak in teenagers and twenties [25]. Besides, it is said that the Japanese vaccine would be less
effective against mutated strains of measles virus [8,9].

Promoting the vaccination program for infants is a possible public health strategy against the
measles outbreak. Another strategy is to carry out the secondary vaccination for older age class, which
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can be regarded as playing role of an artificial “boosting effect”. Such two-dose vaccination program
is recently under consideration for a teenager class in Japan [8,9], while, in the other countries, for
example, the United States, Canada, and Australia, it has been promoted for the younger class around
or less than 10 years old. Some mathematical models have been analyzed to discuss problems related
to such two-dose vaccination schedule [26-30]. In this paper, we consider the secondary vaccination
in the adult age class over 18 years old, focusing the adult measles transmission, to get some insights
about the efficiency of such two-dose vaccination program for Japanese situation.

2. Preliminary Model
2.1, Modeling
We consider the epidemic dynamics given by the following SIRM model (see Fig. 6) ¢

‘i_f = _BST - wsS + (DR + po(I)M + (1 — w1)bN — uS (1)
% = BSI — ()] — uI )
S =9 - (DR - iR ®)
% = w1bN + weS — po(INM — uM, (4)

where S(t), I(t), R(t) and M(t) are respectively the susceptible population, the infective population,
the recovered and infection-induced immune population, and the vaccine-induced immune population
at time t. Although not a few models have taken account of latent period {1-3,31,32], with an additional
subpopulation frequently denoted by E, exposed to the epidemic disease, we do not consider it in our
model.

Parameters b, 8, i, wi, and wo are positive constants. Parameter b is the birth rate, 4 the natural
death rate, 8 the infection rate. Term BSI introduces the mass-action type of disease transmission
from infective to susceptible, like well-known Kermack-McKendrick SIR model [33] (see also [1-3]).
Parameter wy {0 < wy < 1) is the vaccination rate in the infant period, while we (0 < wp) can be
regarded as that in the elder period.

The recovery rate y(I) is assumed to be a function of infective population density, and so are the
immunity waning rates po(I) and py(I) as well. Vaccine-induced immune individual loses its immunity
and comes back to susceptible with rate po(I), while the infection-induced immune individual does with
rate p1(I). Waning rate of the vaccine-induced immunity is in general less than that of the infection-
induced one, as indicated by some serological studies [13-15,19,22,34,35]. With these I -dependence,
we introduce the boosting effect into our model. As the infective population density gets larger, the
recovery of infective individual becomes harder because the infective individual gets more chance for
the re-infection of antigen. So the recovery rate averaged over the population is in general decreasing
in terms of infective population density. Similarly, the increase of chance for the re-infection of antigen
makes the reinforcement of immune system against the antigen, so that the immunity waning rate
averaged over the population is decreasing in terms of infective population density.

We consider a stationary population, that is, a constant total population N = S+I+R+Mat
any time t. Hence, from (1-4), at any time ¢,

dN dS dI dR dM

o m et w TN =t

Therefore, we assume y = b hereafter.

2.2. Disease-free Equilibrium

From (1-4), we can easily find that the disease-free equilibrium (§*,I* = 0,R* = 0,M* = N — 5%)
always exists, where '
o (l-wi)b+ po(0)
b+ po(0) + w2
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Fig. 6. SIRM model (1-4).

By means of the standard eigenvalue analysis, we can easily obtain the following condition for its
locally asymptotic stability:

15+ p0l0) + w5+ 1(0)}
N < oot o018

For the population of size N > N7, the epidemic disease eventually becomes endemic. This result
simultaneously means that the basic reproductive number Ry is given by

{(1 = wi)b+ po(0)} BN
{6+ po(0) + w2 b + ~(0)}

Disease-free equilibrium is asymptotically stable if Ry < 1, while it is unstable if Ry > 1. The basic
reproductive number Ry is monotonically increasing in terms of po(0), that is, Ry becomes larger as

the wane of immunity gets faster. However, Rg does not infinitely increase but has the upper bound
N/N_, where

= N, (5)

Ry =

(6)

N, =20 +b
B

From the condition (5), as shown by Fig. 7, we can see three different cases: i) the disease-free equi-
librium can be asymptotically stable even without any vaccination; ii) only the infant vaccination can
bring the disease-free equilibrium even without secondary vaccination; ii) the secondary vaccination
is necessary for the disease elimination.

The first case corresponds to the sufficiently small size of total population such that N < N.
In this case, the condition (5) is satisfied for any pair of w; and w,. Besides, as mentioned for the
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Fig. 7. (w1, wz)-dependence of the local stability of disease-free equilibrium. The boundary is a line depending
on the total population size N. Boundary line moves upper as N gets larger. As for the detail explanation,
see text. -

basic reproductive number in the above, if N < Ny, then Ro < 1 for any value of po(0), so that the
disease-free equilibrium is asymptotically stable independently of the strength of boosting effect.
The second case is for an intermediate size of total population such that

Ny <N < Nep = po(0) +b
po(0)

In this case, with the infant vaccination satisfying the below condition, the disease-free equilibrium
can be asymptotically stable even without secondary vaccination:

Ny (N

o 2 wlgwer = 00D (1 - %_1) . (8)

In the same case, even without infant vaccination, the disease-free equilibrium can be asymptotically
stable if the secondary vaccination satisfies

o 2™ = (@) + 0 (55 -1) ©)

The last case is for sufficiently large population such that N > Nc. In this case, even with
perfect vaccination for infant age class, that is, with w; = 1, the disease is endemic. This is the case
same as that discussed by [36]. So the secondary vaccination is necessary for the asymptotic stability
of disease-free equilibrium. For the asymptotic stability of disease-free equilibrium, the rate wz of
secondary vaccination must satisfy the condition that

wa > W = {pof0) + b}(-]@—:;— x)- (10)

If wy < WO¥T, the disease becomes endemic independently of any infant vaccination. The secondary
vaceination could contribute to the elimination of disease only if wg > wiewer If wy is large enough to
satisfy (9), the disease-free equilibrium is asymptotically stable even without infant vaccination.

Since both wio¥er and wiPP' are linearly increasing in terms of the total population size N, the
higher rate of secondary vaccination is required for the asymptotic stability of disease-free equilibrium,
as the total population size gets larger.
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Fig. 8. Three age class model (11-22). As for the detail explanation, see text.

We remark that these results are independent of mathematically detail features of functions y(I)
and p;(I) (i = 0,1) except for values ¥(0) and po(0). Therefore, our results are valid for a family of
functions for 4(I) and p;(I} (i =0,1).

When the disease-free equilibrium is unstable, the system approaches some endemic state. Depend-
ing of the detail features of I-dependence of functions ¥(I) and p;(I} (i = 0, 1), the detail features of
endemic state, such as its bifurcation structure, could appear mathematically interesting even for our
simple model. However, we do not analyze them here, and will present elsewhere. In this paper, we are
focusing the invasion of epidemic disease, so that the main subject is the local stability of disease-free
equilibrium. If the disease-free equilibrium is asymptotically stable, we translate the situation as that
an invading small infective population decreases toward zero and its invasion fails. Otherwise, the
invading infective population increases and occurs an outbreak of disease transmission.

3. Three Age Class Model
8.1. Modeling
POPULATION DYNAMICS

Now, we construct a mathematical model with three age classes: infant age class (Group 1) from age
0 to ay, young age class (Group 2) from age a; to ag, and adult age class (Group 3) from age as to
a3 (see Fig. 8).

Let us consider the susceptible, the infective, the recovered, and the vaccinated /immunized sub-
populations in each age class (i = 1,2, 3):
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S;(t) : the susceptible population in Group i at time ¢;

I;(t) : the infective population in Group ¢ at time t;

R;(t) : the recovered population in Group 7 at time ¢;

M;(t) : the vaccinated or immunized population in Group 7 at time t;

G;(t) : the population size of each age class at time t: Gy(t) = S(t) + L(t) + Rq(t) + M;(t).

Especially M; means the vaccinated infant population. In contrast, M includes the individuals vacci-
nated in the infant age class and those recovered from the infection in the infant age class. We assume
that those who can get the immunity in the infant age class can carry an effective immunity even in
the young age class, and becomes susceptible in the adult age class because of the waning immunity.
We introduce the secondary vaccination in the adult age class. Hence, M3 includes the individuals
recovered from the infection in the young age class and those vaccinated in the adult age class.

We consider the population dynamics governed by the following system:

ds
Etl = bG3 — M1, I2,I3)S; — w181 — 181 — 151 (11)
dl
d—; = Mi(J1, I, I3)S1 — iy — 1l — (12)
dR
Ti}l =l — ¢1f — 1Ry (13)
aM
Wl = w181 — ¢1 My — py My (14)
dsSs
-“zi%“ == ‘“‘)\2(11, 12, 13)32 + d)l‘sl - ¢252 - )U'QSZ (15)
dI
-af = Ao(I1, I2, I3)S2 — y2la + 111 — ola — pals (16)
dR
—d_tz = eIy — $p2Ro — p2 Rz (i7)
dM.
Do _ o0y + By) = GaMa — b ag)
ds
-—d—t-:i = —I\S(I1712a I3)S3 — w253 + 4)2(52 -+ M:z) - ¢BS3 - l‘SSS (19)
dl3
& = Aa{Iy, 12, 13)S3 — yals + ¢palo — ¢p3ls — psls (20)
dR
—a—ii = 73[3 - ¢3R3 - IL3R3 (21)
dM;
-d_t3 = wyS3 + poRo — p3M3 — u3Ms, (22)

where the disease infection force functions A; (i = 1,2,3) are given by
X{l1, 19, Is) = By + Biala + Bisls.

Parameters b, ¢:, Bijs Vi, fi» wi, and wa (i,j = 1,2,3) are all positive constants. Meaning of each
parameter is given in Table 1. As indicated in (11), the net birth rate is proportional to the population
size (i3 of Group 3. We assume that any reproductive individual belongs to Group 3.

ASSUMPTION OF CONSTANT POPULATION SIZE

We assume that the population size of each age class, G; (i = 1,2,3), is temporally constant, that is,
assume a stationary age class distribution. Eventually, the total population size N = G + Go+ Gs
is also assumed constant. By this assumption, the following equations must be satisfied according to
(11-22):

dGy

el bGg — (u1 + ¢1)G1 =0 (23)
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Table 1. Parameter list in the three age class model (11-22),

b birth rate

I natural death rate in Group

by population transfer rate from Group ¢ to the subsequent age class

Bii infection rate within the same Group %

Bi; (i # 5) | infection rate from Group j to Group i

s recovery rate of the infective in Group ¢

w1 vaccination rate in the infant age class

wa vaccination rate in the adult age class
dGq
5 = $1G1 = (P2 + ¢2)G2 =0 (24)
dGs
E— = ¢QGQ - (#3 + ¢3)G3 = (. (25)

BALANCE EQUATIONS

Next, we consider the population renewal in the infant age class. As indicated in (11), the newborn
population bG3 At enters into the infant age class during {¢, t + At). This cohort of newborn population
decreases to bGse~#1%1 At at time ¢ + a; with the natural death of rate ;. On the other hand,
population ¢1G1 At of age a; is transfered from Group 1 to Group 2 during At. Thus, we obtain the
following equation:

bGze MU AL = ¢1Gy At. (26)

In the same way, we can get the similar equations for each age class:
$1Gre™ @29 At = ¢y Gy At (27)
G3Gae#3(83792) At = a3 At (28)

From these equations (26-28), we can obtain the expression for ¢1, ¢2, and ¢3 with the other param-
eters:

G
= h——g HIN1 29
¢1 a, (29)
¢o = b_g_z_e—{mm-i-uz(az—ai)} (30)
b3 = pe—{Ha1tpa(ez—ai)+uslas~az)} . (31)

With the assumption of a stationary age class distribution, those equations (23-25) and (29-31)
give the following relation between birth rate b and death rates ui, pg, and us:

pgetion +uz(az—ay)

b

=] o lmG—a] (32)

Since the total population size N is constant, from (23-25) and (29-31), we can obtain the following
equations, too:

_G_E. = bua(1 — e-mal) ‘ (33)
N bus(1 —emmat) 4 bpjetaar(l — emr2l@2=ar)) 4y py
G, _ buije~#191(] — g~Ha(a2-a1)) (34)
N bup(l — emmer) 4 byje~tar(l — e=k2{@=a)) 4y s
Gs _ 12 (35)

N T bp,2(1 - e—ﬂlal) + bulg*‘#lal(l - e'#?(‘n‘al)) + pype ’

Consequently, for given natural death rates u; (¢ = 1,2,3), the birth rate b is uniquely determined
by (32), and then, from (33-35), ratios G;/N (i = 1,2,3) are determined, and vice versa. Further,
from (29-31), population transfer rates ¢; (i = 1,2,3) are determined, too.
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Table 2. Parameter values for numerical calculation

Parameter | Original data/relation Used value

G 33,910 % 35,182
G 123, 705 * 90,289
N 813,949 820, 000
a1 - 5
ag - 18
asz - [e o]
b Equation (32) 1.0 x 107 {/year)
1 Equations {23-25) 5.2 x 1077 (/year)
U2 Equations (23-25) 7.0 x 1077 (/year)
#43 Equations (23-25) 1.0 x 107% (/year)
@1 Equation {29) 2.0 x 1077 (/year)
o2 Equation (30) 6.7 x 1077 (/year)
$3 Equation (31) 0 ¥

V=72 =73 1/{9 days) 40.6 (/year)
J Equation (36) 7,073
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*Data of the Kochi Prefecture in Japan, 2000.
**(roup 3 consists of every individual over 18 years old.

3.2. Parameters for Numerical Calculation

For our three age class model, we analyze it mainly with numerical calculations, making use of measles
data for the Kochi Prefecture in Japan [6]. Parameter values used for numerical calculations are given
in Table 2.

AGE CLASS

In Japan, the infant measles infection occurs mostly from one to five years old [9], so that we put
a; = 5. Since the adult mealses infection is defined for individual over 18 years old in Japan, we put
as = 18, and a3 = oo in our model. Therefore, Group 3 consists of every individual over 18 years old.

BIRTH RATE, DEATH RATE, AND POPULATION TRANSFER RATE

In our model, the population renewal is assumed proportional to the population size G3. In contrast,
given ‘birth rate’ b in the demographic data is generally defined by the ratio of newborn numbers to
the total population N. Hence, we get the following relation between b and b:

- N
b«-b'a—é.

From a demographic data for b in Japan [37], we roughly choose the parameter value of b as in Table
2.

With the estimated value of b, we can numerically estimate values of 4, and peo from (33-35),
then can get the value of y3 from (32). As for the population transfer rate ¢z, we put ¢3 = 0 because
Group 3 consists of every individual over 18 years old. From (29-31), we can obtain values of ¢, and

2.

RECOVERY RATE

We assume that the mean duration of infection till recovery is common for any infective individual,
independently of age. From the general knowledge about the measles infection, we put the mean
duration of infection 9 days. Therefore, from «y; = v = 1/9 (i = 1,2, 3} per day, we can get the value
of v per year in Table 2.
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Table 3. Infection rate for numerical calculation.

Infection rate Value/year

Bt 1.3x 1073

Bz = Ba1 = Baz 2.5 x 107"

Bis = fBos = Pas = Psa =P | 3.3x107°

INFANT VACCINATION RATE

In the surveillance data, the vaccination rate & is defined by the ratio of vaccinated infant population
to the population of one year old. On the other hand, the measles vaccination for Japanese infant is
scheduled at present for those from twelve to ninety months after birth. In this reason, the vaccination
rate & in the surveillance data can be beyond 100% (see Fig. 4).

In our numerical calculation, we give the population of one year old, J, by

bGg(e Hr — e—zm)
U1 )

2
J = / bGae Hrtdt = (36)
1

Then, at an equilibrium state with the equilibrium value MY, we assume that & = M{/J. If the
vaccination rate in data is 80%, we use the correspondence such that M7 /J = 0.8.
At the equlibrium state for our model, we can get the expression of M} from (11-14) as follows:

M = wi{bGz — (v1 + ¢1 + u1)I5}
! (1 +p){wn + @1 +p1)

(0

Hence, for instance, according to the surveillance data for the Kochi Prefecture in 2002 and 2003 (6],
except for years when the measles infection outbreaks, if we put I7 = 16, then, with ©@ = M{/J = 0.8,
we can get the infant vaccination rate w, = 4.483 x 1072,

According to the disease-free equilibrium with parameter values in Table 2, making use of (37)
with I7 = 0, we can numerically calculate the correspondence between @ and wq: wy = 2.856 x 1072
for @ = 0.6, w; = 3.411 x 1072 for @ = 0.7, w; = 3.993 x 1072 for & = 0.8, w; = 4.604 x 10~2 for
@ =10.9, and w; = 5.246 x 1072 for & = 1.0

With parameter values in Table 2, @ becomes beyond 100% at relatively small value of w;. Besides,
the value of @ significantly depends on the infective population size I7: & becomes beyond 100% with
I¥ more than about 132. This indicates that, even for relatively small infective population size I7, the
vaccination rate & corresponding to that in the demographic data is beyond 100%.

INFECTION RATE

If we apply those infection rates used in [38], 811 = 2.4 x 1074, Bi1a = By = foz = 2.6 x 1074,
and Biz3 = fBas = Psz = B32 = f31 = 1.3 x 10~%, our numerical calculation with wy = 0 and
wy = 4.483 x 102 which is derived in case of I} = 16 and & = M} /J = 0.8 with (37), indicates
a. fluctuation around (Iy, I3, I3) =~ (16,100,200) in the stationary state. According to the case of the
Kochi Prefecture ([6], and see Fig. 1), the corresponding values averaged over recent several years result
in (I1 + I3, I3) ~ (16,1), which seems much smaller than the above numerical result. So we turned
infection rates so that those values of (I, I, I3) at the stationary state have order corresponding to
the data for the Kochi Prefecture, and as a result we choose those values in Table 3.

8.8. Disease-Free Equilibrium

As for the local stability analysis for the disease-free equilibrium, we carry it out with numerically
calculating its eigenvalues with those parameter values in Tables 2 and 3. Our numerical calculations
show that the eigenvalues for the disease-free equilibrium are all real for any wy and ws.
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CRITICAL VACCINATION RATE

At first, let us consider a specific case with wy — oo. This is the case when the adult vaccination is
perfectly carried out so that no susceptible individual exists in Group 3 at any time ¢. So 53 = 0 at
the disease-free equilibrium, too. In this case, the numerically obtained maximal eigenvalue is 22.526
with wy = 0.0, and —29.907 with w; = 1.0. It is numerically shown that the maximal eigenvalue is
monotonically decreasing in terms of wy. As a result, we find that, even with the perfect vaccination
in the adult age class, there exists a critical value wic for wy such that the disease-free equilibrium
is asymptotically stable with w; > wic, and unstable with wy < wic. We can numericall obtain
wig = 0.11367 in this case.

With wic = 0.11367, we can numerically calculate the value of M{ by (37) at the disease-free
equilibrium, and obtain & = My /J = 175.08% with the population size J in Table 2.

Next, we consider another specific case with wq = 0, when the adult vaccination is not carried out
at all. This case corresponds to the present situation in Japan. In the same way as for the previous
case, we can numerically obtain the maximal eigenvalue, 22.541 with w; = 0.0, and —29.888 with
wy = 1.0. Compared to the maximal eigenvalue with wp — oo, the difference is very small: 1072-
10~1% in order. Indeed, the w;-dependence of maximal eigenvalue is rather similar with that for the
case of wg — 00, so that the difference is negligible. The critical value wic in this case is numerically
obtained as wyc = 0.11379, and correspondingly @ = 175.20%.

On the other hand, we can consider another specific case with w; — oco. This is the case when
the infant vaccination is perfectly carried out. In this case, no susceptible individual exists in Group
1 at any time ¢, and eventually no susceptible also in Group 2 at any time t because of the effective
immunity. We can explicitly obtain the analytical expression of every eigenvalue for the disease-free
equilibrium, and get the general condition for its asymptotic stability as follows:

) > ¢34+ p3
o3+ s +73

where we used the equations (23-25). This condition means the existence of case when the adult
vaccination could be essential for the elimination of disease. However, only in case when the right side
of (38) is positive, that is, when the population size G3 of adult age class is sufficiently great beyond
a specific size, this condition could be meaningful. Indeed, in our case with parameter values given
in Tables 2 and 3, the right side of (38) has a negative value, so that the perfect vaccination in the
infant age class leads to the disease-free state, independently of the adult vaccination. Making use of
(35), we can numerically estimate the population size with which the condition (38) is meaningful:
G3 > 1.236 x 107 that corresponds to the condition that the total pepulation size N > 1.453 x 107.
This result implies that a huge community with population over ten million could never reach the
disease-free state only with the infant vaccination, whereas the secondary vaccination program might
be effective to eliminate the disease or decrease the infective population.

Consequently, our numerical calculations indicate that, almost independently of the value of wa,
the population approaches the disease-free equilibrium if the infant vaccination rate w, is beyond a
critical value, whereas it approaches the endemic state if w; is below the critical value.

-{B33Gs — (¢3 + p3 +73)} > (38)

EFFECT OF TOTAL POPULATION SIZE

Crritical value wie for the vaccination rate wy depends on the total population size N =G +G2+Gs.
We numerically investigated the maximal eigenvalue for the disease-free equilibrium with parameter
values of Tables 2 and 3 except for population sizes, and found that the critical value wic has an
almost linear dependence on the total population size.

Algo in these numerical investigations, the contribution of wy to the result appears negligible.
Indeed, even in the specific case of wy — oo, the critical size of total population is 5.277 X 10% with
wy = 0 and 3.099 x 10% with wy; = 1, while, in case of wq = 0, 5.276 X 10% with wy = 0 and 3.094 x 108
with w1 = 1. '

In Table 4, we show numerically obtained critical infant vaccination rate in terms of the total
population size. We conclude that it would be hard for the population over eight hundred thousands to
reach the disease-free equilibrium with the present level of infant vaccination rate, while the population
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Table 4. Critical infant vaccination rate versus the total population size in case of wz = 0.

Total population size {x10%) wic Corresponding @ (%)
< 5.276 0.00000 -0.000
6.000 0.02818 | 59.304
6.010 0.02856 | 60.000
6.152 0.03411 | 70.000
6.302 0.03993 | 80.000
6.624 0.05246 | 100.000
7.000 0.06709 | 121.014
8.000 0.10600 | 167.296
9.000 0.14492 | 203.293
10.000 0.18384 | 232.092
100.000 3.73842 | 465.589
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Fig. 9. Temporal variation toward the endemic state. Numerically calculated with parameter values given in
Tables 2 and 3 with we = 0. Initial conditions are given by $1(0) = G1 — 76, [1(0) = 76, S2(0) = G, — 224,
I(0) = 224, S3(0) = Gs, and I3(0} = Ri(0) = M;(0) = 0 (i = 1,2, 3), which correspond to the data for the
Kochi Prefecture [6]. () wy = 3.0 x 107%; (b) w; = 5.0 x 1072 (a-1) and (b-1) show the temporal variation
of infective populations in logarithmic value. {a-2) and (b-2) show that of the corresponding ratio M,/J.

below seven hundreds thousands is likely to reach the disease-free equilibrium. Furthermore, small
population below five hundreds thousands would eventually reach the disease-free equilibrium without
any vaccination.

ENDEMIC STATE

As indicated by our numerical calculations in the previous section, with the present level of infant
vaccination rate, the population over seven hundred thousands would be on the way toward endemic
state. In our numerical calculations, such endemic state was always an equilibrium approached through
dumping oscillation with rather large amplitude, as shown in Fig. 9. Such nature of dumping oscillation
may be involved in typical repetitive cutbreaks of measles as seen also for the case of the Kochi
Prefecture in Japan (Fig. 1). Characteristics of the dumping oscillation is sensitively affected by the
value of w; in our numerical calculations. We found such a tendency that the frequency of oscillation
becomes smaller as w; gets larger.
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4. Conclusion

Our results for both non-age-structured and three age class models clearly indicate that the vaccination
program should be planned with taking account of the size of population within which the disease
transmission is taking place. It is expected that the vaccination program would be effective to reduce
drastically the incidence within relatively small population, whereas it could not eliminate the repeated
outbreak of infection within relatively large population as in some Japanese local communities [7-9].

Especially with the present level of infant vaccination rate in Japan, it is likely that the measles
elimination would be far away from its realization. Besides, in case of Japan, the secondary vaccination
program for an adult age class would be little effective, compared to the promotion program of infant
vaccination. Although our numerical calculations imply that it would be hard to increase the infant
vaccination rate enough to make the population approach the measles-free equilibrium, the increase
of infant vaccination rate above the present level would be at least more effective than the secondary
vaccination for an adult age class in order to reduce the infective population.

For a relatively large population, the promotion of both infant vaccination and secondary vacci-
nation for an adult age class would be the proper strategy for the public health. In such case, the
selection of age class targeted by the secondary vaccination would be one of the most important factors
which determine the result of vaccination program. Many mathematical modeling considerations have
studied this subject [26-30]. However, as Guris [24] mentioned for the limited population of Palau,
we remark here that, for a relatively small population, such two-dose vaccination program would not
be necessarily more appropriate than the promotion of single dose vaccination program. Moreover,
for a sufficiently large population, the two-dose vaccination program would be less effective than the
promotion program of primary vaccination.

Although our models have mathematically simple structure with mass-action type of disease trans-
mission, we conjecture that, except for the detail bifurcation structure of solution, the essential feature
of solution would be similar to that for some SEIR model or even for the more sophisticated or com-
plicated model with a range of corresponding parameter values.
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