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Abstract

Pneumococcal diseases, or infections caused by Streptococcus pneu-
moniae, are a major cause of morbidity and mortality worldwide, pri-
marily affecting the young and the old. The development of an effective
vaccine against these infections, especially the younger ages, has not
been successful despite the licensing of the pneumococcal conjugate
vaccine (PCVT). The design of vaccines that induce immunity via dis-
tinct mechanisms provide an opportunity for the use of mathematical
models in the evaluation of their impact at the population level. We
present an age-structured epidemiological model of pneumococcal dis-
ease dynamics and explore of the role of vaccination. The model is
re-formulated as a system of ordinary differential equations that ag-
gregates individuals into relevant age groups. The goals of this work
are twofold: (1) to explore the effects of targeting nasopharyngeal col-
onization and/or infection via vaccination in younger age groups, and
(2) to demonstrate the utility of this framework as a public health tool
to theoretically study the impact of a vaccine strategy before imple-
mentation.

1 Introduction

Infections caused by Streptococcus pneumoniae, or pneumococcal infections
cause substantial morbidity and mortality worldwide. Invasive pneumococ-



cal diseases (IPDs), including pneumonia, bacteremia, and meningitis, pri-
marily affect the young and elderly. Most affected are children in developing
countries, with annual estimates of 1 million deaths due to pneumococcal
pneumonia alone ([23]). In developed countries, the disease burden is largely
carried by elderly adults and young children, with older children and healthy
adults virtually unaffected in the absence of other predisposing risk factors.
In Australia in 2001, there were 459 cases of IPDs in adults over the age of 65,
and 613 in children under the age of four [6]. Transient nasopharyngeal col-
onization, which is a common occurence for all individuals, always precedes
infection. This colonization occurs through casual contacts and is respon-
sible for the horizontal transmission of pneumococcal infections. However,
the prevalence of asymptomatic colonization does not reflect the same trend
as that of the infections. Carriage rates, which are typically around 30%
in children, decrease to between 10-15% in adults and only increase slightly
in older adults (over 65) [1, 14, 15]. These observed differences cannot be
readily explained simply by differences in transmission and infection rates,
as nearly all relevant processes in the dynamics are nonlinear and depend
strongly on age. Thus we study these processes within an age-structured
framework that incorporates the impact of vaccination.

The current polysaccharide vaccine (PPV23) prevents infection only in
the elderly [20] and has no impact on the colonization of immunized individ-
uals [2], while the more recently licensed protein conjugate vaccine (PCVT7)
is thought to reduce colonization of the seven vaccine-included serotypes
[5, 7, 13]. However, accompanying this effect is typically the increased col-
onization prevalence of other, possibly more invasive, serotypes. Therefore,
the protection a vaccine may provide against colonization should be closely
monitored, as there may be opportunities for serious infections resulting
from the colonization of competing bacteria. The PCV7 induces a strong
protective immune response in children against infection [3], but is costly
and requires multiple doses, and is therefore likely not a feasible solution for
less developed regions. Pneumococcal vaccination development is an active
research area, with the goal of providing a solution that achieves as many
of the following objectives as possible: protection against all serotypes, af-
fordability, temperature-stability, a single dose immunization schedule, etc.
But whether to focus on the inhibition of colonization or infection is not a
simple question, and it is likely that there will be differences in immuno-
genic mechanisms that are effective in different age groups. Thus, there is
a need to understand how these immunogenic influence disease dynamics,
and thereby vaccine development, in an age-structured population.

We introduce a mathematical model describing pneumococcal infection



dynamics in an age-structured population. We incorporate a general vac-
cination by the age-dependent function ¢(a) allowing for the consideration
of any vaccine strategy involving pneumococcal vaccines, which are possi-
bly immunogenic via distinct mechanisms. The model is reformulated as a
system of ordinary differential equations of the infection dynamics of age
groups, an approach that lends itself well to computations. We discuss the
effects of vaccinating a population, focusing on the immunization of younger
age groups, against colonization or infection, or a combination of both. Fur-
ther, we exhibit the strengths of this approach as a public health simulation
tool enabling officials to quantify the effects of specific vaccine strategies in
a population before their implementation.

2 Continuous age-structured model
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Figure 1: Pneumococcal infection dynamics with vaccination as a function
of age.

We formulate a model in which n(a,t) (in units of “number per age”)
denotes the density of individuals of age a (a € [0,00)). These individuals
are classified by their infection state at time ¢. Individuals are susceptible to
pneumococcal infection S(a,t), asymptomatically colonized by S. pneumo-
niae, represented by the class F(a,t), or infected I(a,t). Both susceptible



S(a,t) and asymptomatically colonized individuals FE(a,t) are effectively
vaccinated at the age-dependent vaccination rate ¢(a), that is, they move
to states Sy (a,t) and Ey(a,t), respectively. Vaccination is not always com-
pletely protective, even against vaccine-included serotypes, thus there are
also infected vaccinated individuals Iy (a,t).

Transmission of S. pneumoniae occurs through respiratory droplets, and
therefore the colonization process occurs as a result of an effective contact
between a susceptible (or vaccinated susceptible) of age a at time ¢ and any
colonized or infected individual of age a’ at time ¢, reflected in the effective
contact rate c(a,a’). We note here that we have not assumed a specific
form for the effective contact rate, although a common one would be that of
proportionate mixing in which individuals are assumed to mix proportional
to their age-dependent activity levels and densities.

The selected colonization rate A(a,t) for this investigation is given by

o ela,d') [E(d t) + By (d,t) + I(d',t) 4+ Iy (d/, t)] da’
Aa.t) == fooo N(a',t)da’ (1)

where N (a,t) is the total number of individuals of age a at time ¢ and A(a, t)
has units of ﬁ. Typically, this colonization is only transient and hence
we assume that individuals clear the bacteria at per capita rate a(a). Chil-
dren take a longer time in reversing this colonization than adults, thereby
motivating an age-dependent rate. Current estimates of the prevalence of
colonized individuals of all ages range between 10-70%, depending on fac-
tors such as age, crowding, health care, etc. The possibility that a vaccine
may be able to reduce the rate of colonization is incorporated via the func-
tion €(a) taking values in the range (0, 1] where €(a) is the age-dependent
protection from colonization induced by vaccination.

Individuals unable to clear S. pneumoniae from the nasopharyngeal re-
gion progress to an infected state at the age-specific per capita rate x(a,t).
In more developed countries, this primarily occurs in infants less than 2
years of age, adults over the age of 65 and less often in children between
the ages of 2 and 5. Infection is common in children due to both a lack
of exposure to similar serotypes (and hence a lack of protective antibod-
ies), and/or due to a developing immune system (an inability to respond to
certain antigens). With insufficient nutrition this development is delayed.
Older children in developing countries experience higher infection rates than
their counterparts in developed nations. In the elderly, infection occurs as a
result of various failing arms of a deteriorating humoral immune response.
Seasonal fluctuations in pneumococcal infections have been observed, and



are incorporated here in the infection rate x(a,t). It is worth noting that
the colonization prevalence is not strongly associated with seasonality. In
fact it is only shown to vary longitudinally in regions that experience drastic
temperature changes. In all studies the authors found that an increase in
pneumococcal infections correlates well with increases in other seasonal in-
fections. Thus we consider the season to effectively decrease an individual’s
ability to reverse a colonization event. Therefore, the colonization or trans-
mission rate A(a,t) does not incorporate this effect. Therefore, we model
the seasonal infection rate by

k(a,t) = ko(a) (1 4+ k1 coslw(t — 7)]), (2)

where k1 scales for the magnitude of the fluctuation, w is the seasonal fre-
quency, and 7 shifts the peak of the trigonometric function to coincide with
the annual peak of the infections, i.e., a phase shift. With this form the sea-
sonal effects are proportional to the age-dependent mean infection rate, i.e.,
seasonality in individuals of ages who have higher mean rates of infection is
stronger (an assumption supported by the data shown in Figure 1 in [18]).

Vaccination schedules are typically prescribed for certain ages, incorpo-
rated in the model by an age-dependent vaccination rate ¢(a). The vaccines
differ in the age groups for which they are suitable and the number of doses
that are recommended. These aspects of the program considered deter-
mine the form of ¢(a). The length of protection from immunization is also
age-dependent and not all individuals complete multi-dose regimes. We take
these factors into account when prescribing a form to p(a), the rate at which
individuals of age a revert to their corresponding unvaccinated class S or
E. The protective effects of vaccines also change depending on the age of
individuals to whom they are administered. These effects are reflected in
the rates §(a) and €(a) (the vaccine efficacies are then 1 —d(a) and 1 —€(a).

Natural age-specific death occurs out of each compartment at the per-
capita rate p(a).The age-specific fatality due to pneumococcal disease is
represented by the rate n(a). Per capita case fatalities are significant in
infected individuals of age 65 and increase with age. The outcome of IPD
in children largely depends on their ability to clear the infection and on the
availability /effectiveness of antibiotics - a defense that can be complicated
by resistance. Therefore, the outcome of infection, and hence case fatality,
depends on nutrition, geographic location, comorbidities, and age - e.g.,
infants are less able to mount a significant immune response and respond to
antibiotics than toddlers.

We assume that all individuals are born susceptible and unvaccinated,



so the boundary conditions for the model are E(O t) =1(0,t) = Sy(0,t) =
Ey(0,t) = Iy(0,t) = 0 and S(0,t) = [ f ', t)da’ where f(a) is the
age-specific per capita fertlhty rate

The model equations are given by the following boundary value problem:

(gt + (fa) S(a,t) = —Xa,t)S(a,t) + a(a)E(a,t) +v(a)I(a,t) (3)
+ pla)Sy(a,t) — (¢(a) + u(a))S(a,t),

<§t + 8aa> E(a,t) = XMa,t)S(a,t) + p(a)Ev(a,t) (4)
— (a(a) + k(a, t) + ¢(a) + p(a))E(a, t),

< 0 + 0 > Sy (a,t) = —e(a)N(a,t)Sy(a,t) + a(a)Ey(a,t) (5)

ot Oa
+7(a)lv(a,t) + ¢(a)S(a t)
= (p(a) + p(a))Sv (a, 1),

<§t + 88 > Ey(a,t) = e(a)A\(a,1)Sv(a, 1) + ¢(a) E(a, 1) (6)
— (afa) + 6(a)r(a,t) + p(a) + p(a)) By (a,t),

(5 + 50 ) 1600 = K@ 0EG@.D) - (3(0) 4 0(a) + )T (art), (1)

(gt * 88) Iy(a,t) = 6(a)r(a, t) By (a,1), ®

(v(a) +n(a) + p(a))Iv(a,1),

Ot/f

E(0,1) = Sy (0,£) = Ev(0,t) = 1(0, ) = Iy/(0,£) = 0.

3 Derivation of discrete age model

We take an approach (outlined in [9] and applied in [10] and [11]) where
system (3) — (8) is approximated by a system of ordinary differential equa-
tions. Model (3) — (8) makes it unnecessarily difficult to explore the impact
of vaccination. In order to focus on the impact of age-classes we introduce
a model that easily aggregates the age-groups of significance. We consider
m age classes, where the ith class corresponds to the interval [a;_1, a;] and
0=ag < ..<ay, = . The age classes need not be of the same length;



that is, a; — a;—1 is not necessarily equal to a; —aj_1 for i,j € [1,...,m]. We

define
t):/l X(a, t)da
ai—1

where X; = S;, E;, I;, Svi, Ev;, Ivi, N; represent the number of individuals
in each ith age interval. In order to clarify our derivation, we look first at
the demographic model given by

(gt N ;a> N(a.t) = —p(a)N(a, 1) (9)

N(0,1) = /0 " Hd)N(d, t)dd,

in which fatalities due to infection have been neglected. The solution of (9)
via the method of characteristics yields the typical renewal equation

/f t—ada+/ f(a a_t) uola —t)da,  (10)

with the second term depending only on the initial density u(a,0) = ug(a)
and the probability of a newborn surviving to age a given by p(a) = e~ Jo w(o)do
If one looks for solutions of the form N(t) = €% and lets t — oo, one arrives
at the characteristic equation

/ fla oMo g0 = 1. (11)

Under suitable conditions on f(a), there is a unique real ¢ that solves this
characteristic equation for the exponential rate of growth for the population.
The statement that the population has reached a stable age distribution
means that the solution is N(a,t) = e? A(a), a common assumption [12]. If
we define P; to be the size of the ith age class at time 0, then under the
assumption that N(a,t) = e?*A(a) we have that

_ / " N(a,t)da = e / " A(a)da = ¢"P, (12)
a;—1 ;1
and
A(0) = Zfipi
i=1
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where f; are the coefficients of the approximated fecundity function f(a)
> fiX|@i-1,a;] and x is the characteristic function of the set [a;-1 — a
Note that the births at time ¢ are then given by N(t) = >, filN;(t)
ST el P

We use the above definitions to derive an ODE model from integrating
the equations in system (3) — (8) over the interval [a;_1, a;] with respect to
a. The integration of Equation (9), and our previous definition give

/Z N(a tda—i—/ —Na t)d —/ Z u(a)N(a,t)da
a;—1 @;—1

dC]lV (a;,t) — N(aj_1,t) = —pu; Ni(t).

)

Making use of the solution N (a,t) = e4*A(a), we see that

dN;
dt = —eth(ai) + eth(ai_l) — ,U,Z‘Ni
Aa;—1) A(a;)
=P —— — e Pi—5 — 1 N;.
R A

Now substituting N; = e? P; (equation (12)) and defining b; = % (which,
under reasonable assumptions outlined in [9], is approximately given by
b; ~ —L ), we arrive at the following system, derived from first principles,

i —ai—1
for N;:
dN;
dtl = bileifl - szz - ,LL@N,L for i = 2, ceey T — 1,
and

dN -
=1 ny i — 01Ny — 1Ny

dNp,

di = bm-1Nm-1 — pmNp.

Following the same approach we arrived at the following epidemiological
model with variable length age classes:



For 1=1":

dS1 &
= ; [iPi — Ai(t)S1+ a1Er + vl + p1Svi (13)
— (1 4+ +01)S
dE
cTt1 =M(t)S1+ pEvi — (o1 + k1) + d1 4+ pa + b)) En (14)
ds
d‘t/l = —e A (t)Sv1 + a1 Evi +vilvi + 0151 — (p1 + 11 + b1)Sv1
(15)
dE
dt“ =eaM(t)Sv1+ ¢1E1 — (a1 + 61k1(t) + p1 +p1 +b1)Eyy (16)
drl
cTtl =ri()Er —(m+m+p+ b)) (17)
drl
d‘t/l =01k1(t)Evi — (71 +m + w1+ b1) Iy, (18)
=2 m—1:
das;
di = —\i(t)Si + i E; + vili + piSvi (19)
— (i + pi +6:)Si + bi—1.5i-1 (20)
dFE;
7 = )\i(t)SZ‘ + piBvi — (; + Ki(t) + ¢i + i +b;)E; + b1 E;—1 (21)
dSv;
d:f/ = —€;Ai(t)Svi + i Bvi + vilvi + ¢iSi (22)
— (pi + pi +b;)Svi + bi—1Svi—1
dEv;
dtV = eNi(t)Syi + 6 i (23)
— (i + 0iki(t) + pi + pi + bi) Evi + bi—1 By
dl;
i ki(t)E; — (vi +mi + i +bi) L + bi1L—1 (24)
dly;
d‘t/ = 0iki(t) Evi — (vi + s + i + bi) v + bi—1 Ly, (25)



T=m:

dSp,
W = _)\m(t)sm + o B + 'YmIm + pmSVm (26)
- (¢m + Um)Sm + bm—ISm—l (27)
dE,,
at = An(t)Sm + pmEvm (28)
- (am + Rm(t) + ¢m + Nm)Em +bm—1Em—1
dSVm
dt = _fm)\m(t)SVm + By, + PYmIVm + (bmsm (29)
- (pm + ,Ufm)SVm + bm—lstfl
dEvm,
d‘t/ = 6m)\m (t)SVm + ¢mEm (30)
- (am + 6m’<'m(t) + pm + Hm)EVm + bmflEmel
dl,,
W = K'm(t)Em - ('Ym + m + Hm)lm +bm—1lm—1 (31)
dIVm
dt = 5m/‘€m(t)EVm - ('Ym + N + ,um)IVm + bmfll\/mfl- (32)

All age-dependent rates are approximated by step functions with at most
m — 1 discontinuities. The effective contact rates are given by

() = cii [By + Erx:z" + Iy + Iw']’ (33)
> iy Ni

The rate p(a) incorporates the effect of not all individuals receiving all rec-
ommended doses, as well as the loss of protection induced by the vaccine.
This is not the naturally acquired immunity resulting from repeated ex-
posure to pneumococci over one’s lifetime, as this is incorporated in the
infection and colonization rates implicitly. If the retention of individuals
into a vaccine program is represented by the rate 1 — r;, the length of the
vaccine protection for a particular age group is p;, and the length of time
since the individuals have received their last dose [;, then a suitable form
for p; is given by

1—r; L fi i > U
pi = {é T)(pi_li) . (34)

for Di < ll

The vaccination rate ¢(a) is determined entirely by the first dose of a rec-
ommended regimen since the retention of individuals in a given regime is

10



taken into account by p(a).
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4 Determination of parameters

We consider 14 age classes, with finer discretizations in the younger and
older age ranges since it is likely not reasonable to take a constant param-
eter values in the most affected age groups if the age ranges are taken too
large. That is, within these ranges, the infection processes may be occurring
at significantly different rates. We discuss in [22] a method to determine an
appropriate discretization based on a model comparison statistic in the con-
text of potentially available surveillance data. Here we have used data and
observed trends from various sources to determine a reasonable discretiza-
tion. The age classes are: (0,2 months], (2,4 months|, (4,6 months|, (6,24
months], (2,5 years|, (5,10 years], (10,15 years], (15,50], (50,65], (65,70],
(70,75], (75,80], (80,85], and (85, o0), and are identified throughout the pa-
per as groups numbered 1 through 14. Note that the lengths of the age
ranges vary, as the dynamics of the infections are quite different among the
youngest and eldest age ranges, which are most affected. In contrast, it is
reasonable to consider ages 15-50 for example as exhibiting similar behavior
with respect to pneumococcal diseases.

Many model parameters are readily available in census reports and the
scientific literature for most populations, and some sources are suggested
in Table 1. Here we discuss the information typically available for these
parameters and use reasonable estimates for our computations.

Fertility and natural mortality rates are typically provided via recorded
figures in census reports. Demographic rates and age distributions vary
drastically when comparing more and less developed countries. The esti-
mates of age-specific infections and reports of colonization prevalence that
are used in this study, are specifically relevant to more developed countries.
Therefore, the demographic rates (along with other reasonable epidemio-
logical parameters) shown in Table 2 are consistent with a population in
a developed country, producing an essentially constant population with a
stable age distribution. Later, we investigate the effect of an increased fer-
tility rate, such that the population is exponentially growing and a higher
proportion of the population are in the younger age classes.

There are many parameters, however, that are not readily available in
literature, such as effective contact rates and mean infection rates. It is
worthwhile to note that these rates, along with the number of individuals
in each epidemiological stage, determine the age-specific force of infection
and therefore, the horizontal spread of infection. The estimation of these
rates from surveillance data is discussed in [22]. However, reports of age-
specific infections are available via the Australian NNDS website [6]. These,

12



Table 1: Available parameters for discrete age-structured model with 14 age
classes, along with sources where parameter values may typically be found,
shown in the top portion of the table. The values shown for parameters
denoted by a * have not been fixed according to any particular source.

f(a) | Demographic/census reports*
wu(a) | Demographic/census reports*
n(a) [16], [17],[18]

a(a) [4]

Table 2: Typically known parameter values for the structured model with
14 age classes used in simulations. Parameter values are not specific to any
given population, but are reasonable for a developed country.

fi fo f3 fa f5 fe fr
0 0 0 0 0 0 0
/3 fo fio fi1 fi2 fi3 fia
0.002 0 0 0 0 0 0
251 M2 M3 221 M5 e w7
3.889¢ 4 | 3.889¢% | 3.889¢7* | 3.889¢% | 1.112¢° | 1.112¢7° | 1.112¢7°
M8 M9 H10 Hi1 H12 H13 H14
1.3¢75 4e~4 0.0075 0.0075 0.0075 0.0075 0.0075
o1 a9 s Qg Qs (675 (0%4
1 1 1 1 1 4.5 4.5
8 6 3 3 3
ag Qg Q10 a1l Q12 Q13 Q14
4.5 4.5 4.5 4.5 4.5 4.5 4.5
3 3 3 3 3 3 3
m 2 3 74 UB U n
0.8 0.6 0.4 0.2 0.01 0.02 0.05
UE M9 710 mi UiV 13 M4
0.09 0.1 0.12 0.2 0.35 0.4 0.4
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Figure 2: Model calculations of age-specific infections during one year and
colonization prevalence profiles compared to infection data from the Aus-
tralian NNDS [6], and colonization estimates reasonable for developed coun-
tries.

together with reasonable estimates of colonization prevalences gathered from
various sources (such as [14], [15], [1]), allow us to estimate reasonable values
for the mean infection rates and constant age-specific force of infection, as
given in Table 3. Calculating the annual infections for each age group and
the colonization prevalence from the steady state solution of the model,
we observe agreement between the compiled ‘data’ and the model with the
chosen parameters (Figure 2).

It is reasonable to take the force of infection as constant if the infections
are endemic and there is no vaccine being administered. This approach is
outlined in [9], which is a slightly modified version of the more general ap-
proach taken in [19] and [8]. In this case, the vaccination of elderly risk
groups is unchanged before and after the childhood vaccination program
considered is implemented, and therefore the force of infection is unaffected.
A contact matrix, based on the assumption of proportionate mixing (in
which individuals mix according to their activity levels), can then be calcu-
lated following the procedure described in [9]. The lack of clear estimates
for recovery rates in the literature, along with our previous efforts in the
unstructured ODE model [21] which has shown that the value of this rate
does not affect the values of the other unknown rates, suggests that it is
reasonable to fix the recovery rates at 1 m for all age classes.

14



Table 3: Parameter values that are typically unknown for the 14-age class
structured model that were used in simulations. These values give good
agreement with observed data, shown in Figure 2.

A1 A2 A3 A4 A5 A6 A7
0.07 0.072 0.08 0.13 0.33 0.24 0.13
A8 A9 A10 A11 A12 A13 A4
0.183 | 0.1802 | 0.2193 | 0.2193 | 0.25 0.25 0.25
K1 K9 K3 K4 K5 K6 R7
2¢7* | 32e7* | 273 [35e | 6e P | 3e® | 1.5e7?
K8 R9 K10 K11 K12 K13 K14
487% | 6.3e7® | 1.le * | 2% | 2% |28 % | 374

Vaccine efficacy studies, which are done before licensing of a vaccine
and certainly before widespread implementation, most often report the ex-
pected protection provided to risk groups. Usually some measure of the
duration of protection is also reported. Once a fraction of the population
has been given the vaccine, the protection induced typically differs slightly
from that reported in studies. Therefore, when studying the vaccine impact
theoretically, ranges containing these reported values should be used. Be-
fore implementation, the effect of various vaccination rates on morbidity or
whatever end point is of interest, should be studied. After implementation,
the actual vaccination rates obtained are usually available via public health
departments.

Since we are considering the effects of childhood vaccination in this study,
we include but do not specifically study the vaccination of older risk groups
by the polysaccharide vaccine (PPV23). The conjugate vaccine (PCV7T) is
recommended for children at the ages of 2, 4, and 6 months for a 3-dose reg-
imen in the US and Australia. In this formulation, ¢- reflects the fraction
of children effectively given their first dose, and the retention of children in
the vaccine program is incorporated into the rates ps and ps. Studies of
nasopharyngeal carriage do not consistently support a significant overall re-
duction upon immunization by the conjugate vaccine. However, to illustrate
the impact of both aspects of protection, we include this effect by taking
€; < 1 in the younger age classes. This is to study the potential effect of
other vaccines in development which could significantly reduce colonization
in children, affecting the overall infection dynamics in the population. So
the parameters we refer to as a ‘standard’ childhood vaccine program (shown

15



Table 4: Vaccine parameters used to represent a ‘standard’ childhood immu-
nization program, and also the vaccination of older risk groups by PPV23.
Variations from these parameters in the younger age groups will be used to
explore the effects of different vaccination strategies. Efficacy parameters
for the younger age classes are specified in each numerical solution shown in

Sections 5 and 6.

o1 ®2 ¢3 ¢4 ¢s5 b6 o7
0 0.9 0 0 0 0 0
oxs o9 ®10 o1 ®12 13 b14
0 0.001 0.03 0.03 0.03 0.03 0.03
P1 P2 P3 P4 P5 Pe p7
0 0 0.05 | 0.05*0.25 1/30 0 0
P8 P9 P10 P11 P12 P13 P14
0 | 0.01583 | 0.015 0.015 0.015 | 0.015 | 0.015
g d9 010 o 012 013 014
1 0.8 0.6 0.6 0.6 0.6 0.6
€8 €9 €10 €11 €12 €13 €14
1 1 1 1 1 1 1

in Table 4) represent widespread distribution of a childhood vaccine in ad-
dition to the current adult vaccination in more developed countries. The
parameters specifying the efficacies of the childhood vaccines are specified
as various strategies are discussed below.

5 Effects of Vaccination

We implemented childhood vaccination in simulation studies with the model
given by Equations (13) - (32) to discuss the impact of vaccines targeting in-
fections, asymptomatic colonization, or both of these stages. We explore the
effects on the age structure of the infections in a population in addition to
the overall reductions in morbidity. Specifically, we examined a) the preva-
lence of infections and colonization as a function of age after steady state
has been reached, b) the changes in the overall prevalence of both infected
and colonized individuals with time, and c¢) the average ages of infected and
colonized individuals as a function of time to describe the epidemiological
picture.

Results of simulations for the immunization of children with a vaccine
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targeting against infections only is considered in Figure 3. To represent
such a vaccine, the parameter values ¢, = 1 for i = 1,...,5 and §; = 0.1 for
i = 1,...,5 were chosen. The top panels of Figure 3 depict comparisons of
the age-specific colonization prevalences and infections before vaccination is
applied and five years afterward. Such a vaccine as considered here only has
a noticeable effect on the number of infections in the age groups of those
directly vaccinated, as is also seen in the bottom of Figure 3, which shows
the prevalence of infections and colonization changing with time as the vac-
cine is administered. This is to be expected since infections are not spread
through casual contacts with infected individuals, and horizontal spread
of pneumococci occurs primarily through contacts with colonized individu-
als. Infections contribute to this horizontal spread minimally due to their
relatively small prevalence in comparison with the colonization prevalence.
While protection against infection is desirable in an individual, such vac-
cines impact only directly vaccinated groups. Therefore, these vaccines will
have only limited impact in a population.

In contrast, should a childhood vaccine protect only against the coloniza-
tion stage, the individual is not protected against infection in the event of be-
ing colonized. However, the potential for protecting a population is greater,
as is evident in Figure 4. Vaccine efficacy parameters for this program are
¢ =0.1,6; = 1 for i = 1,...,5. A reduction in colonization prevalence fol-
lowing implementation of this vaccine is shown to result in a corresponding
reduction in infections (Figure 4, top panels). Further, a marked decrease
in infections (and colonized individuals) can be seen in age groups that are
not directly immunized by the vaccine considered. Interestingly, the great-
est impact on the overall age-structure of the infections is in the infection
stage, as demonstrated in the bottom panels of Figure 4 . This supports vac-
cines targeting colonization as having a significant impact on the dynamics
of infections within a population. A direct comparison between these two
different strategies can be seen in Figure 5. Although both vaccines have
the same ‘efficacy’ (90% in vaccinated classes), the impact of that which
targets colonization is greater in the population as a whole, resulting in less
infections in nearly every age class.

More realistically, a vaccine may be able to protect against both, al-
though not as effectively as was considered in the two previous scenarios.
Figure 6 depicts a comparison of the impact of a less effective combination
vaccine - one which protects against both stages - and the vaccine which
strongly protects against colonization only. The combination vaccine pro-
tects much less efficiently against both stages as considered previously with
parameter values ¢, = 0.5 and §; = 0.3 for ¢ = 1,...,5. The less effective
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combination vaccine can potentially achieve reductions in morbidity that
are comparable to the more effective single vaccine as can be seen in Figure
6. It is important to note that such effects cannot be achieved without pro-
tecting against the colonization stage, which most significantly impacts the
horizontal spread of the infections.
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Figure 3: Infection and colonization prevalences before and after a vaccine is
implemented which targets the infection stage only (top panels). Infection
and colonization prevalences as vaccination (targeting infections only) is
applied (bottom panels).
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Figure 4: Infection and colonization prevalences before and after a vaccine
is implemented which targets the colonization stage only (top panels). The
average ages of colonization and infection as vaccination (targeting coloniza-
tion only) is applied (bottom panels).
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6 Vaccine Strategies

We demonstrate the ways in which this model combined with the computa-
tional approach used here can aid in the design of vaccine strategies. Namely,
we highlight that factors in an immunization program such as target groups
and the number of doses recommended, which are readily determined by
public officials, can be manipulated easily in this framework. The effects
of hypothetical programs may then be quantified in terms of overall disease
burden and fatality as well as any possible changes in the age groups af-
fected. We also demonstrate that the results are sensitive to the knowledge
of the population studied, as changing the demographics drastically changes
the effect that a given immunization program may have on disease dynamics.

If the duration of protection is increased, by decreasing p for age classes
5 and 6, we see a distinctive reduction in these age classes - specifically
when compared with the prevalences under the standard vaccination pro-
gram (Figure 7). We can also see the impact of this reduction in other age
classes, an effect which is likely due to the reduction of nasopharyngeal car-
riage in these groups. Similarly, if the duration of protection is decreased, or
p is increased, the increase in infections and colonization in other age groups
can be primarily attributed to the increase in carriage in the younger age
groups. This kind of study can be used to study the potential benefits of pre-
scribing an additional dose in a vaccine program, provided that it is known
how the older age groups respond to the vaccine.

The current vaccination rate may be unrealistically high for some pop-
ulations, and the increase in prevalence as a result of lesser vaccination
rates are shown in Figure 8. It should be noted that the overall incidence
rates are never decreased enough to suggest that eradication is a possibility,
and that the reduction of infections is the best outcome in this parameter
regime. The average ages of infected and colonized individuals (not shown)
manifested a similar but inverse relationship, such that as less children were
vaccinated the average ages decreased. Thus, a higher infection age appears
to be indicative of a lower prevalence, and not a change in risk groups.

If the fertility rates are doubled, indicating a growing population size
as well as a changed age structure of the population, the ‘standard’ vac-
cine appears to be ineffective. The prevalences before and after vaccination
are either of comparable magnitude for each age class or increase, with the
exception of groups 3 and 4 (Figure 9). The average ages of infected and col-
onized individuals also decrease, indicating that children are being afHlicted
at a greater rate than they can be effectively protected through vaccination.
This suggests that the demographic information of the population in ques-
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tion is imperative when designing a vaccine program, especially since the
standard parameters used here represent a program that is more effective
than any vaccine(s) currently available.
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7 Summary and concluding remarks

We have formulated an age-structured epidemiological model that facilitates
the aggregation of key age groups. Making use of realistic estimates for in-
fection and colonization prevalences, we have estimated the force of infection
for each class, and estimated a contact matrix, allowing for the numerical
evaluation of a childhood vaccine strategy. The parameters here are not spe-
cific to any particular population, but are generally representative of more
developed countries such as the US and Australia.

As vaccines are being developed to protect against pneumococcal infec-
tions, it is important to understand the impact of targeting against both
epidemiological stages that play a role in the dynamics of these infections.
We have shown that targeting colonization has the greatest potential for
population-wide impact. Although a protective effect in the colonization
stage has potentially substantial benefits to the overall picture of morbidity
and mortality in pneumococcal infections, it is also thought that decreas-
ing the colonization induces a selective pressure for pneumococci to become
more invasive. While this may not be necessarily the case, widely inhibiting
the colonization of vaccine-included serotypes provides an opportunity for
non-included serotypes, which could cause serious infection. This could po-
tentially reduce the protection against infection, rendering the vaccine less
effective depending on the balance of these two effects. After widespread
immunization of children by PCV7 in Australia (as discussed in [21]), initial
mathematical modeling studies suggest the protective effect of the vaccine
appears to be waning in the years following the initial implementation (pro-
vided no substantial change in coverage occurred). However, with the infor-
mation in the data available the reason for this cannot be concluded, but
the results clearly suggest the need for further examination. An additional
concern may be that the reduction of colonization in younger children may
result in the delayed development of adaptive immunity to S. pneumoniae,
the effects of which are unclear, but have the potential to change the age-
structure of the infections. These concerns warrant further investigations as
vaccine development progresses.

The modeling framework used here can be used as a public health tool to
investigate aspects of vaccination such as the duration of protection, reten-
tion in multi-dose programs, and changes in vaccination coverage obtained.
Simulations show that increased length of vaccine protection significantly
impacts the prevalence of the infections in children, and noticeably also
that in adults. Should the response of older children to the proposed vac-
cines be known, this type of study could be used to quantify the benefit of
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expanding the groups for which the vaccine is recommended, or potentially
prescribing an additional dose as part of a given strategy. The variations
in vaccine coverage that were explored implied different levels of morbidity,
but not a significant change in behavior, that is, the infections (and colo-
nization) reached an endemic state each time. Thus, any vaccine that is
comparably effective as that represented by the ‘standard’ set of parameters
will only have a limited impact. This type of study can be used to theo-
retically quantify the impact of any prevention initiatives for any infectious
disease.

Finally, an increase in fertility was shown to have a tremendous effect
on the landscape of pneumococcal infections, as children are colonized and
infected either at the same or greater extent than they are effectively pro-
tected by vaccination. The lack of reduction of colonization and infection
prevalences in children are mirrored in the older age groups, who are af-
fected by their younger counterparts comparable to prevaccine scenarios.
This suggests that demographic information of the vaccinated population is
crucial, as erroneous information on the structure of the population could
lead to prescribing ineffective vaccine strategies.
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