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Abstract: We propose a stage-structured model of childhood infectious disease transmission
dynamics, with the population demographics dynamics governed by a certain family and population
planning strategy giving rise to nonlinear feedback delayed effects on the reproduction ageing and rate.
We first describe the long-term aging-profile of the population by describing the pattern and stability
of equilibrium of the demographic model. We also investigate the disease transmission dynamics,
using the epidemic model when the population reaches the positive equilibrium (limiting equation).
We establish conditions for the existence, uniqueness and global stability of the disease endemic
equilibrium. We then prove the global stability of the endemic equilibrium for the original epidemic
model with varying population demographics. The global stability of the endemic equilibrium allows
us to examine the effects of reproduction ageing and rate, under different family planning strategies, on
the childhood infectious disease transmission dynamics. We also examine demographic distribution,
diseases reproductive number, infant disease rate and age distribution of disease, and as such, the work
can be potentially used to inform targeted age group for optimal vaccine booster programs.

Keywords: childhood infectious diseases; stage structured dynamical model; delay differential
equation; stability; nonlinear feedback on reproduction ageing and rate

1. Introduction

Family planning involves consideration of the number (including the choice of zero) and spacing of
children a family wishes to have. A number of factors can impact the family planning at the individual
family level. At the population level the family planning and reproduction strategy including fertility,
birth age and spacing of children, may be heavily influenced by economical conditions and societal
resources which can be weighted heavily by the age-distribution of the entire population. In developing
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countries, policies like subsidizing education raise the earning power of women and the opportunity
cost of having children, consequently lowers fertility [1]. Access to contraceptives may also yield lower
fertility rates. In developed countries, the proportion of retired people is increasing, adding burden on
the workforce population to support pensions and social programs. Increasing high skill migration may
be an effective way to increase the return to education leading to lower fertility and a greater supply of
highly skilled individuals [1], thus address the aging population problem.

A well-known example of family planning and age-distribution of population being significantly
regulated by political and social-economic consideration is the China’s one-child policy implemented
for many years. In 1973, the Chinese government issued voluntary guidelines on fertility control to
encourage later marriage, longer spacing between births, and fewer births overall [2, 3]. In 1981,
China’s National Family Planning Commission proposed a population control policy advocating one
child per couple, which was moderated in 1984, allowing most rural families a second child [2—4].
In 2002, the policy was incorporated in the Population and Family Planning Law, at the same time,
a second child was permitted in some provinces if both husband and wife were from single-child
families [2, 3, 5]. In 2013, the policy was relaxed to allow a second child if either spouse was from a
single-child family [3,6]. In October of 2015, the Chinese government announced a two-child policy,
effective from January 1 of 2016 [7]. The new policy that allows each couple have two children was
proposed in order to help address the population aging issue. It was reported that, starting from May
2018, Chinese authorities were in the process of ending the population control policies [8].

A consequence of this recent change of the centralized population control policy after a long-term
implementation of one-child per family policy is the obvious increasing of the family size, and
substantial heterogeneity of the reproduction age and the spacing between the first and second child in
those families with two children. This generates new close contact patterns in household and
community level and thus any issue relevant to these contact patterns must be revisited. The control
and prevention of childhood infectious diseases preventable by vaccine, such as pertussis, is one of
these critical public health issues. Taking pertussis as an example, this childhood disease can be fatal
in infants but infection can be prevented in other age groups with an effective vaccine. Pertussis
vaccines wane over time, so those children who are expected to have younger siblings need to take a
booster vaccine if (I) the prevalence of disease in the older age group and/or groups (recalling the
potential heterogeneity of spacing between two children since females in multiple age groups may
consider to give birth) is expected to be high; and (II) vaccine waning make this group of these groups
less protected and more susceptible to the disease.

To the best of my knowledge, there is no study on impact of family planning and the scale of
density-regulated birth rate on the long-term population demographic distribution and childhood
disease dynamics. However, there are a few studies which imply the impact of demographic change
on infectious disease dynamics. These work include studies on demographic transition and the
dynamics of measles in China [9], the influence of demographic change on spread of infectious
diseases [10], the impact of demographic transition on rubella transmission dynamics in China [11],
the effects of demographic change and immigration on infectious diseases in Italy [12], the effects of
demographic change on disease transmission and vaccine impact in a household structured
population [13], the dynamical consequences of demographic change in a model of disease
transmission [14] and the impact of demographic change on the estimated future burden of hepatitis B
and seasonal influenza in the Netherlands [15].
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This series of studies is dedicated to developing mathematical frameworks and analyses to examine
the patterns of childhood infectious disease transmission, to identify prevalence of disease in different
age groups, when female in multiple age intervals are giving birth to the second children. In this first
paper of the series, we start with a simple stage-structured disease transmission model, and study the
impact of family planning and the scale of density-regulated birth rate on the long-term population
demographic distribution and infant disease incidence prevalence. We conduct our analyses by varying
three parameters: birth rate, reproduction age interval(s), and the scale of the sub-population density
regulation.

In particular, we introduce a multi-stage (m-stages) stratified model, where the population is divided
by age into m groups (stages) with the i-th age stage spanning the age interval of length 7;. Assume that
females in the age groups, k,k+1, - - - , [-th groups give birth. For each group, we have the classical SIS
epidemic-model, where the population is divided into the susceptible and the infectious. We consider
the situation where the infectious period is much shorter than the period of each age stage. Therefore,
the infectious individuals in the i-th age group /; go back to the susceptible class S; before advancing
to the (i + 1)-th age group. The flowcharts of the demographic model and epidemiological model are
shown in Figures 1 and 2 respectively.
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Figure 1. Flow chart of the demographic model.

Figure 2. Flow chart of the epidemiological model.

Let S:(¢) be the population of the susceptible of the ith age group, I;(r) be the population of the
infectious of the ith age group. N;(¢) denotes the total population of the ith age group at time ¢. The
death rate of the ith age group is given by y;; o is the recover rate; the birth rate of the ith productive
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group is a nonlinear function b;(;) ; B;; is the transmission rate of the disease from stage j to stage i.
The age-stratified epidemiological model is given by the following equations:

ds ’

df” = > biNi(1) - Z bi(Ni(t = T1)e™ ™ = S1(1) = Zﬁh (OO + Ty ()
ds (1) . o - L b )

=y DNt - Z T))e Hm T — Z bi(Ni(t - Z T)))e” Em T

dt i=k j=1 i=k j=1

— wunS p(t) — Z,BhiSh(t)Ii(t) +ol(t)forl <h<m (1.1)

ds (l) 1 - m—1 m

= D N = Y Te EE T — 1,00 = Y BuiS wOI0) + 0l ()

i=k j=1 i=1

dlh(n N

Zﬁhl WOI() = () — pdy(0) for 1 < h < m

The demographic model is given by

le(t) Zb(N(t)) Zb(N(t—Tl))e_””‘ — N, (1)
tha) 5 h
bi(Ni(t - =y bi(Ni(t — il
Z (Nt ;r))e Z (Nt ;T»e _ (12)
—,uhNh(t) forl<h<m
dN (t)

Zb(N(r er))e ZET — N ()

j=1
2. The demographic model

In this section, we investigate the dynamics of the demographic model by studying the stability of
equilibrium.
Linearizing (1.2) at the zero equilibrium gives

le(t) Z Bi(O)N(1) - Z DUOIN(t = 11)e ™™ — Ni(1)
dN (t) S h
) Z BIONi(t = ) 7 EHHT - Z BIOINi(t = Y e ZRHT =y Ny(n) for 1 < h < m
= i=k =1
m—1
Mot Z PO~ Y 7)e” ST — 1, N, (1)
j=1

2.1)
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Let A be eigenvalue of the linear system (2.1). By calculation, the characteristic equation is given by

(1- e—(ﬂwi)n)e—/l S =S wyy

[
; b(0) —— =1 (2.2)

Now we make the following assumption:

(A1) The birth function takes the form b;,(x) = p;xq(x) where g(x) is a non-negative monotone
decreasing function.

Note that p; is the maximal number of children a female in age group i could give per unit time, g(x)
is the function which implies the restriction of resources, so assumption (A1) reflects the ecological
consideration that the reproduction is linear in x only for small densities and decreases as a consequence
of intra specific competition. For example, one well known birth function which takes the form in
assumption (A1) is the Ricker function b(x) = pxe™9*.

With this assumption, we have the following theorem on local stability of the zero equilibrium.

/1]7(1 eu,,)

Theorem 1. Under assumpttons (Al), if Zl « Diq(0)< > 1, then the zero equilibrium is

unstable; if Z -k p,q(O)% < 1, the zero equilibrium is stable.

ayiel el
(1—e~ i) AR R T

Proof. Let G(1) = f:k b'(0)gi(1), where g;(1) = Y, . Then the characteristic
equation (2.2) can be written as G(1) = 1. Calculating the derivative gives g/(1) < 0 on (—;, ©).
Furthermore, g;(1) — 0 as 4 — oo and g;(1) — +o00 as A — —u;. From assumption (A1), we have
b(0) = pig(0) > 0. Therefore, G(1) is monotone decreasing on (—u,o0) where u = min{y;,i =
k,k+1,...,1}. Moreover, G(/l) —0as A — oo and G(1) — +o0as A — —u.

It G(O) = Zl -k p,q(O)w > 1, G(1) > 1, since G(A) is monotone decreasing on (—u, o)
and lim,_,., G(1) = 0, the characterlstlc equation has a positive real root. So the zero equilibrium is

unstable. If G(0) = Z —k plq(O)w < 1, G(1) < 1, since G(A) is monotone decreasing on
(=, 00), lim,_,., G(1) = 0 and lim,_,_, G(1) = +oo, the characteristic equation has a positive real root.
So the zero equilibrium is stable. O

Suppose that there is a positive equilibrium (N7, N7, ..., N,,), then we have

[ ]
D UbiND = > BiN)e ™™ = N; =0
i=k i=k
d h-1 d h
BN AT = N bi(N; e ET = Ny = 0 for 1 < < m (2.3)
i=k i=k

1
Z bi(N?)e s — N =0

i=k
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From Eq (2.3) we derive

1 1

Ni=— ) b(N)(1—e™™)

! Hi ;;

1 < e

Ni=—> bi(N?)e™ T HiTi(1 — ey for 1 < h < m 2.4)
Hn £
1 < |

Ny = — > bi(N})e™ Z i

The conditions for existence of this positive equilibrium is given in the following theorem.

*

Theorem 2. Under assumption (AI ) with lim,_,, g(x) = 0, the positive equilibrium (N}, N5, ...,N,,)

j l I}(l E”ITI) > 1
Hi

exists and is unique if Zl . Piq(0)=
Proof. From Eq (2.4),
_thl T _
ﬂle j=1Hj /(1 —e /JhTh)
pn(l —e7#1m)

for k < h < I. Equation (2.5) and the first equation in (2.4) imply that

N; = N; (2.5)

— e_,uiTi)

* ] _
Mle =1 Hj J(l .
] — e—,ulﬁ Z bi( wi(1 —eram) NY) (2.6)

i=k

From assumption (A1), b;(x) = p;xq(x), so Eq (2.6) becomes

l -y ur T -y ur T
e “j=1Hi 1(1 — e H :) uie j=1Hj /(1 — e H z)
1= Zpi q(

Ny 2.7
i=k Hi pi(l —e#1m) 2 &7
So the positive equilibrium exists if there exists a positive Nj such that Eq (2.7) holds. Now let G(x) =
i e D HiTi (1 —gmiti) e Dy HiTi(1—ewii) . . . .
ik Pi m g™ T x). Since g(x) is monotone decreasing with respect to x, G(x)

is monotone decreasing function. Furthermore, hmxﬁw G(x) = 0. So G(x) = 1 has a unique positive

solution if and only if G(0) > l,i.e., YL, piq (O)% > 1. O

Note that Theorems 1 and 2 imply that the positive equilibrium exists and is unique if and only if
the zero equilibrium is unstable.

For the next, we study stability of this positive equilibrium.

We denote by C;, the non-negative cone of the Banach space of continuous functions C,, = {¢ =
(@1, 925 ooy @) = [—1,0] = R™continuous}, where r = max{r, 72,..., Ty}, i.6. C: ={p € C,, : ¢;(0) >
0 for 6 € [-r0],i =0,1,2,..,m}. By using the method of steps, it can be shown that for each

€ C;, there is a unique solution of (1.2) m(¢p, 1) = (N1(¢, 1), Na(@, 1), ..., Nu(, 1)) € R} through ¢ that
is well defined and satisfies 7(¢; )|-r0) = ¢.
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In fact, by taking integral and making substitutions, system (1.2) can be written as
Ty !
N (@) = f e? X bi(Ni(t - 6))do
2

Z
N,(f) = f Z bi(Ni(t — 0))e Zimt w15 7)) g l<h<m (2.8)
>

h—
]ITI i=k

Nolt) = f Zb(N(t—e))e S w5 ) g
>

leIzk

In what follows, we give a preliminary result, then we give a theorem on global stability of the
positive equilibrium.

Lemma 1. Under assumption (Al), if the birth functions b;(x) are bounded for i = k,k + 1, ..., 1, for
every ¢ € C, with ¢;(0) >0, i = 1,2, ...,m, the solution n(¢;t) of (1.2) is bounded above for t > Q.

Proof. Let N(t) = }i*, Ni(t). By adding up the m equations in Eq (1.2), we obtain

I m
S =3 BN - Y Ni(o)
i=k i=1
l
< > BiNi(1) = uN (1)

where u is the smallest death rate in the m age groups, i.e., u = min{y;,i = 1,2, ..., m}. Since the birth
functions b;(x) are bounded fori=kk+1,...,1, there are M, for i=1,2,...,msuch that b;(N;(t)) < M,.
Let M = 3 M;, then & < M — uN(?), which means that ¥ < 0 when N> %~ So N is bounded, i.e.,
there is N such that N(t) < N for ¢t > 0. Therefore, N;(f) < N fort > 0 fori = 1 2, ...,m. The solution
n(¢p; t) is bounded for ¢ > 0. O

/ I //(1 —e ,u,‘rl)

Theorem 3. Under assumption (Al) with lim,_. q(x) = 0, if Zl -k p,q(O) > 1 and

’Zi:l Wit o
BIN)|e “i=1 19T (1 erii .. T « .
Zfzk LA " e ™D o 1, then the positive equilibrium (N7, N3, ..., N,,) is locally stable.

*

Proof. The linearized equations at the endemic equilirbium (N7, N7, ..., N, of system (1.2) is given by

le(t) Z BI(N)INi(1) - Z BI(N,Ni(E = T)e ™™ = iy N (1)
th(t) h—1 o h h
Z BINNKE - Z Tj)e_zf=1 T Z b/(N?)Ni(t — Z Tj)e‘Z,-:lTj — upNy(t) for 1 <h <m
j=1 i=k J=1
m—1
de(l‘) Z bI(NNi(t - Z T)e S T _ Ny ()
j=1

(2.9)
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Let A be eigenvalue of the linear system (2.9). By calculation, the characteristic equation is given by
(1- e—(lﬂu)ﬂ)e—ﬂ S TS myT

[
2D = (2.10)

Suppose that the characteristic equation (2.10) has an eigenvalue with non-negative real part, i.e., there
exits A = x + iy such that x > 0, then

(1 — e Ty S TS myT

bi(N})

Hi+ A

(1- e—(X+iy+m)Ti)e—(X+iy)Zj;ll =S myT

= |bi(N;)

i+ x+1iy

|1 — eterivamr] | o=+ S TR T

<

bi(N;)

i + x + iyl

.. -l
1 — e~ (cos yr; — i sinyty)| 'e Lt 1T

<

bi(N;)

| + x + 1yl

P _si=l
V(1 = e=CH1i)Ti cos y7,)2 + (e~ )T sin yT;)> |e L KT

i-1
1 + 7201 — Qe=(Hi)Ti cos yT; ‘e_ Zjet AT

2.11)

bi(N;)

<

bi(N;)

HMi
\/1 + e 2(xHi) 4 D o= ()T

i—1
e~ Zimi HiT

<

bi(N7)

Hi
(1 + =T~ LI i)

bi(N7)

Hi

(1 + e HTi)e™ Tt A7)
<

bi(N})

Therefore, Eq (2.10) and inequality (2.11) indicate that

(1- e—(/1+ui)n)e—/l S =S wyT

l
bi(N;}
Zk () o

! 1= e—(ﬂwi)n)e—/le;ll =i it
<2,
i=k

/

1=

(2.12)

s ¢
biN:) i+ A

i—1
1 + ¢ HiT)e™ 2 KT
<) vy e
i=k Hi

_yi=l
il Zm1 4 e

which contradicts with the assumption that Y!_, m 1. So the characteristic
equation (2.10) has no eigenvalue with non-negative real part, the positive equilibrium (N7, N7, ..., N,,)
is locally stable.
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O

Theorem 4. Under assumption (Al) with lim,_,., g(x) = 0 and the birth functions b;(x) bounded for
= k,k+1,...,1, assume that u, = p and v, = 7 for some u > 0, v > Oand all k < h < I. If

I |b'(N*)|e'Zi;]l“f’f(1+e-ﬂffi) .. e . A o\ .
Dick < 1, then the positive equilibrium (N7, N}, ...,N,,) is globally stable. i.e.,

lim, o (¢p; t) = (N*, N3, ...,N;,) for ¢ € C,, with ¢;(0) > 0.

Proof. Let {N;(#)} be a solution of Eq (1.2). Since it’s bounded, we can define

0; = liminf N;(¢),y; = lim sup N;(¢)
[—0o0

t—oo

Let h be such that k < h < [, i.e. N, is a productive group. There exists a sequence {¢,} and a
sequence {s,} such that lim,_,., Nj(#,) = ¥, and lim,_,, N;(s,) = 6,. So there exists some € > 0 such
that ; — € < Ni(t,) <7vy; + € and 6; — € < Ni(s,) < y; + € for n large enough forall k <i < [.

From the integrated equation (2.8),

it . o
Ny(t,) < f E pi(yi + €)q(6; — €)e” o T O=-250 7)) g
Zh_l T Py

Let n — oo and € — 0, the inequality becomes

I
Y S f Z piviq(d))e” T #0215 ) g
T/ i=k

= 0 =30 i S0 T Zjn1 ) 2.13
= ZPO’:‘Q( e = J o e (2.13)
yu
l _xh-1, .

(1 _ e_llhTh)e Zj:ll‘lej
= Z Piviq(6;) ™ q(5;)
i=k

Now let A := ¥, piviq(6,), Eq (2.13) implies that

! I it =Y
(1—6 sz)e j=1Ht
A= Z piviq(6;) < Z PiA m q(6:)
i=k i=k !
which further implies that
! Ty = T T
(1—6 Hi z)e j=1Hit
Z piq(6;) ” >1 (2.14)
i=k !
Let B := Y\, piN:q(N}), from Eq (2.4)
! (1 —e MtTl)e / lﬂITI
B:Zplzvqw)—zpl a(N;})
i=k
SO 1
—e :ulTl)e / ]ﬂ./Tf N
>l gN) =1 (2.15)

i=k
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From assumption (A1), g(x) is monotone decreasing, then Eqs (2.14) and (2.15) imply that there exists
hy such that k < h; <l and 6, < N,jl. From the integrated equation (2.8),

2117/' ! - —
Ni(s,) > f > pil6i— €y + e Hr TR g

h-1 __ -
j=1 Tj i=k

Following similar calculation as inequalities (2.13) and (2.14), we obtain

[ T —Zizl WUiTj
(1—6 Hi z)e j=1Ht
P ” <1 (2.16)
i=k !

From assumption (A1), g(x) is monotone decreasing, then Eqs (2.15) and (2.16) imply that there exists
hy such thatk < hy < /andy;, > N,’;z.
By substituting variables, from Eqs (2.4) and (2.8) we obtain

_ Z§=1 T _
(N(1) = N)e2mitm = f > BiNit = 6) = bi(N; e O E g (2.17)
St
and
» Z’;;ll T (1

(Ni(1) = Np)eZmitrm = f > BNt - 6) ~ BN e EH D dg (2.18)
k-1
j=1 Tj i=k

Since u, = pand 7, = 7 for k < h < [, Eqs (2.17) and (2.18) imply that
(N(1) = NpEZH 4% = (Nj(1) — Nj)eZim 197 (2.19)

fork<h<l

Scenario 1: y; = N;

In this scenario, since the positive equilibrium is locally stable, 6; = y; = N;, and lim,_,, Ni(t) =
N;. From Eq (2.19), lim,_,, N(t) = N, forallk < h < [.

Scenario 2: y; > N;

In this scenario, since the positive equilibrium is locally stable, 6; > Ny, then N;(r) > N; for t large
enough. From Eq (2.19), Ny, (r) > N, for ¢ large enough, which means that §,, > N, . Since we have
on < NZ. from previous discussion, 6;, = NZI. Therefore, 0y, = vy, = NZ.’ 1.e., lim,o Ny, () = N;:]'
From Eq (2.19), lim,_,, Nj(t) = N; forallk < h < [.

Scenario 3: y; < N;

Then 6; < N; and Ny(r) < N for t large enough. From Eq (2.19), N, (1) < N;Z for t large enough,
which implies that y,, < N, . Since we have y,, > N, from previous discussion, y;, = N, . ie.,
lim;_,co Ny, (1) = N, . From Eq (2.19), lim;_,o, Njy(t) = N; forallk < h < L.

From discussion above, lim,_,., Ni(t) = N; for all k < h < . Then by the integral equation (2.8),
lim,, Nj(t) = N; forall 1 <h <m. O
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3. The epidemic model

Now we focus on the epidemic model, which is an ODE system given by

dlh(t)

Zﬁm(Nh(t) L)1) — oLy (0) — pplp(r) for 1 <h <m (3.1
Note that Eq (3.1) is derived from the last equation in (1.1) by replacing S ,(¢) by N,,(¢) — I,(?).
Suppose that the population has reached the positive equilibrium, then system (3.1) is given by

dI, (1)
dt

= Zﬁhl(NZ — Ih(t))li(t) — O'Ih(t) — /Jh]h(t) forl <h<m (32)
i=1

LetI = (I}, I, ..., I,)", the flow of the solution of system (3.2) with initial value I" = (19, I, ..., I),) is
given by ¢,(I°). Let V = (0,N7) x (0,N;) X ... x (0, N,,). We have the following conclusion

Theorem 5. If I? € (0,N;), then ¢, € (0, N©), i.e., V is invariant under the flow ¢,.

Proof. Suppose that there is a smallest #, such that there is j € {1, 2, ..., m} such that /;(t)) = 0. Since
I(?) is not constant 0, we have ’(t)l, o = 21 BrilN; = In(to))Ii(ty) > 0. On the other hand, since 1, is
the smallest s.t. 1;(fp) = 0, 4, (t) — ==, = limo M
alll < j<mandallt>0 w1th initial value in V.

Similarly, suppose that there is a smallest ¢y such that there is j € {1,2, ..., m} such that /;(ty) = N;,

< 0, which is a contradiction. So /;(t) > 0 for

then from Eq (3.2), %l,:to = —ol(ty) — uply(to) < 0. On the other hand, since ¢, is the smallest
s.t.1(to) = N7, “a2),_,, = lim,_p 2=2= > 0, which is a contradiction. So /,(1) < Oforall 1 < j <m
and all # > O with initial value in V. O

3.1. Disease-free equilibrium of the epidemic model

Equation (3.2) has (0,0, ..., 0) as the disease-free equilibrium. Linearization around this equilibrium
gives the following linear system

dlh(t)

Z Bl 1i0) = o) = (1) (3.3)

for 1 < h < m Following the method in [16], we get

BuN; BNy -+ BiaN]
| BN, BuN; e B,
miNy BNy 0 BamlV,,
and
o+ 0 e 0
0 o+m - 0
v=| . 7T .
0 0 - o+,
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Then we have

BuNy BNy By
T+ [y} T+
BaulN;  BnNy, Bl
FV_l — oty oty T+
ﬂm]N;;, ﬂmZN;;l . ﬁmiilNy*n
[y | T+ T+

In particular, if we assume that 8;; = a@;4;, it can be calculated from induction that the characteristic

equation of FV~! is given by " '(1 - 31, %) = 0, then
“ a’,'/l,'ka
Ry=p(FV™") = ’
0 =p( ; o+
The following theorem follows
Theorem 6. Assume that 5;; = «;A;. Then when -, % < 1, the disease-free equilibrium of

system (3.2) is stable; when )", % > 1, the disease-free equilibrium of system (3.2) is unstable.

For the assumption g;; = @;4;, if we assume that the population is homogeneously mixed, @; can be
interpreted as susceptibility of age group i and A; can be interpreted as infectivity of age group j.

3.2. Endemic equilibrium of the epidemic model

Suppose system (3.2) has a nontrivial equilibrium (/7,13, ..., I,), by plugging in the Eq (3.2) we
derive

D BNy = IDE = ol = gl = 0 (3.4)
i=1

for 1 < h < m. In particular, if we assume that 8;; = a;4;, then Eq (3.4) can be written as

N} = 1) D il = ol = il = 0 (3.5)

i=1
for 1 < h < m. From Eq (3.5) we get
o+ upl;
> ag = Lo+l (3.6)
i1 a’h(Nh - Ih)

for1 < h <m. and
O+ Ui _ o+

an(N; /=1 ay(NH/T = 1)

Now let M; = 5= — 1 and [; = <% then
’ Lo
M, M,
Plugging I = MA_IL into Eq (3.6) with & = 1, we have

LM +1 - M,
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It follows that

AN
a li+ll/M1 -
Now define G : (0, N7) — R by
G =y N (3.7)
VT LM '

where M = % — 1. Then [} is a solution of G(x) = 1.

Note that G(x) is monotone non-increasing with respect to x, G(x) — 0 as x — N; and G(x) —
pIy # as x — 0. So G(x) = 1 has a solution in (0, Ny) if and only if 37", # > 1, and the solution
is unique by monotonicity of G(x).

Note that Ry = )1, # We conclude that

Theorem 7. Assume that B;; = a;Ad;. The endemic equilibrium of system (3.2) exists and is unique if

and only if Ry = X1, # > 1.

Now we state the following theorem on global stability of the endemic equilibrium.

Theorem 8. Assume that B;; = a;A;.Let V = (0, N7) x (0, N;) X ...X (0, N;,). If Ry > 1, then the endemic
equilibrium {I?} of system (3.2) attracts all the forward orbits going through'V .

Proof. Let F : V — R be defined by Fj,(I,, b, ..., I,) = 212 Bu(N;, = IDI; — o1y — papdy.
It suffices to prove that

9y
> 3l

(H2) F is irreducible in the sense that the matrix [‘Z—?] is irreducible.
(H3) Solutions of Eq (3.2) with initial value (I{, I, ..., I,) such that |12| < N; are bounded.

Then by Theorems 1.5 and 2.4 in [17], (H1) and (H2) imply that system (3.2) doesn’t have a non-
constant periodic solution. By Theorem 1.1 in [17], (H1) and (H2) also imply that the solution flows of
Eq (3.2) going through V have positive derivatives. Then by Theorem 4.1 in [17] and (H3) we conclude
that almost all forward orbits of V' converge to the endemic equilibrium {I}}.

(H1) &2 = B(N; = 1) > O for h # j.

(H2) G = Bun(N; = In) = Sty Buili — o = . Now let A = [%%]- Apj = % > 0 for h # j by (HI).
Suppose there is 1 < h < m such that A,, < 0, Aih = >0 ApAy > 0. Therefore, for each pair of
indices s and j, there exists a natural number n such that Al is positive, which implies that the matrix
A is irreducible.

(H3) It can be derived directly from Theorem 5. O

(H1) System (3.2) is cooperative, i.e. >0 forh # j.

Now if we look back on the original epidemic model (3.1), we have the following Theorem from
Theorem 8.

Theorem 9. Under assumption (Al) with lim,_,., g(x) = O, assume that B;; = a;d; and p, = p,
T, = 7 for some u > 0, 7 > Oand all k < h < LLet V = (0,N}) X (0O,N;) X ... X (O,N;,). If

L Ble ZR T e \ o .
Dick - < land Ry > 1, then {I'} attracts all the forward orbits going through V in

Hi
system (3.1).
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Proof. From Theorem 4, lim;,., N;(f) = N; for all 1 < h < m. Denote ®(z, s, xo) the solution of
system (3.1) with x(s) = xp, and denote O(t, x() the solution of system (3.2) with y(0) = x,. Then
by Proposition 1.1 in [18], @ is asymptotically autonomous semiflow with limit semiflow ©. Let
Oo(s,x) = {O(t,5,x) : t > s}, x € V, then Og(s, x) has compact closure in V since it’s bounded.
Let w = w(s, x) which is the w-limit set of Og(s, x). By Theorem 1.8 in [18], we conclude that w is
non-empty, compact and connected, and it attracts d(¢, s, x). Moreover, w is invariant for the semiflow
® and is chain recurrent for ©.

Now suppose that w # {I7}. There exists x = (xi, X2, ..., X,,) € w such that x # {I'}. Let € = d(x, {I}).
Since w is compact, there exists T > 0 such that d(O(, x), {I;}) < 5 forall xo, € wand 1 > T.
By the definition of chain recurrence, there is an (5, 7) chain from x to x, i.e., there is a sequence
{x = xi,x0, 000 Xp1 = Xt 0,01} fOr X; € w and f; > T such that d(O(t;, x;), x;,1) < 5. Then
d(O(1,, x,), x) < 5, which indicates that d(x,{I'}) < d(O(t,, x,), x) + d(O(t,, x,),{[}) < §$+5 = ¢
which contradicts with € = d(x, {I7}). Therefore, w = {I}, i.e., {I} attracts all the forward orbits going
through V in system (3.1). O

4. Impact of change of productive age and birth rates on infant disease rate

In this section, we assume that the b1rth rate of age group i is given by b;(N;) = p;N; e qN we’ll
analyze how do demographic dlstrlbutlon -+ and infant disease rate at endemic equlhbrlum change
with birth parameters p;, ¢ and productive age k.

By plugging b;(N;) = piN;e™®" into Eq (2.4), we have

! .
D piNie ™ = it

1 [ - _
— e ZETTI(] — gmhnmi)

forl1 <h<m.

N e Y] HITi(] — e i)

1

N;; e 27;11 IJjTj(l _ e—}lh‘l’h)
for 1 < i, h < m. Combine the above two formulas, we have

2 p ppe” ER (1~ M) oo _ unN;
- i j ll‘lJTj(l — e—,uh‘rh) h e Zi:ll /JjTj(l _ e_,UhTh)
Thus

zl: pie” Er 1#’T’(l -t eIV
Solving for N gives

T 1 — e HiTi
:‘I Zpe - ( b @.1)
From Eq (2.4), we define
Q._ ,Ll]NT _ ﬂhN; _ ,leN*
R e S ) VLTS e S S Yy
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for 1 < h < m. It follows that

1_ —H1T1
yi o Lzen
H
-3 uT 1 — e HiTh
No= AT G fort < h<m 4.2)
Hn
o= s 0
i

By plugging Eq (4.2) into N = };'; N;, we have

_ —1 _yhly g _ -3 g
1 —e Tt & o Zm M i(1 — eHmh) Ty
N=(—/—+ +5 )0 (4.3)
M1 =1 HMhn Mm
Equations (4.2) and (4.3) give
% 1—e #1171
Mo_ T
- h iTi _ym=1, ...
N 1—eH171 n Zm 1e ] 1#171(1—e’/‘h7h) + ¢ 2j=1 HyT;
M1 Hh Hm
h=1, .
N* e’z./:l Hj I (1—e#n7h)
2= s for 1 < h <
= ST —— for m (4.4)
N HjT, - -2 T
1—e M171 m— 1 et 14 J(1—e#nTh)y | o #j=1 HiTJ
+ D +
M1 Hh Mm
’Z" 1“/ Tj
e
*k —
& — Mm
N l—ermt Do 1 TR - e e - 2wy
Hi Hi Hm

It’s obvious from Eq (4.4) that change of p;, ¢ and k don’t make a change on the demographic
distribution ” forl <h<m.

Proposition 10. Assume that the birth rate of age group i is given by b;(N;) = p;N;e ™. The stablized
demographic distribution N, [N doesn’t change with birth parameters p;, q and reproductive age k.

Note that change of p;, ¢ and k does have an impact on the total number N and N;, though they
don’t influence the ratio N, /N.

It can be seen from Eq (4.1) that N increases as p; increases, decreases as g or k increases, so does
N, forall1 <h <m.

Now we study the impact of changes of p;, ¢ and k on the infant disease rate - N*.

In the last section, we get that when R, > 1, there is a endemic equilibrium of system 3.2 where I}

N¥
satisfies )", M
i+~ M]

= 1 where /; = (H” tand M; = == — 1. By taking derivative with respect to g, we get

sz [ li dM
m iy ag B+ am) + g A
1

(l + 1_1)2 =0
LV
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So
N; aN Oy om LN
dM1 lN dq(l + ) Ml2 v
__ y -0 4.5)
5 5

/ /
i=1 (li + _1)2 i=1 i + M_ll)z

which means that L increases as g increases, SO 4 decreases as g increases.

Similarly, we have "

m ll/lN*

%__i ,-,M,p(z+“)/Z 7 <0 6)
I R R N UE '
which means that 7 ; increases, SO ] - increases as p; increases.
If k gets larger, N gets smaller as discussed above =< doesn t change, since we have )", AfEIN =1,
li+ 31
/‘14—11 decreases thus M; = N | T, N—l

gets larger.
In conclusion, we have

Proposition 11. Assume that the birth rate of age group i is given by bi(N;) = p;N:e™®™. With all the

1

other parameters fixed, the infant disease rate at endemic equilibrium < increases as birth rate p;
1

increases, and decreases as the productive age k or q increases.
5. Impact of change of productive age and birth rates on disease distribution

In this section, we assume that Ry, > 1 and the birth rate of age group i is given by b;(N;) = p;N;e~?",
we’ll analyze how does disease dlstrlbutlon at endemic equilibrium change with birth parameters p;
and q.

an(N;/I'=1)
T+

From Eq (3.6) we define H := forany 1 < h < m, then

ap N;
(c+u)H +a, N

*

Ih:

5.1

and

3

m ! N/*
E —N (5.2)
(o +,uJ)H +a; N

Therefore, ‘
I ay Ny

Htay N

ho_ (o+up)H+a (53)

5

=

I* Zm a;

[ BE—
J=1 (c+uj)H+a; N

N ; N3

aj(o+uj) N THUp m a; _J
Let Qh - Z] I ((c+uj)H+a))? N (o+up)H+ay, ijl (oc+puj)H+aj N

Proposition 12. Assume that Ry > 1 and the birth rate of age group i is given by b;(N;) = p;N;e "N

With all the other parameters fixed, how “ changes with g, p; and k depends on the sign of Qj: F
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increases as q increases if Q;, > 0 and decreases as q increases if Q) < 0, i

_Qn
if On > 0 and increases as p; increases if Qy < 0. In particular, if 1 < h < m is such that — o < ora

for all ] ¢ h, i decreases as q increases and increases as p; increases; if 1 < h < m is such that
p
o+ay

decreases as pi increases
a;

3 I* increases as q increases and decreases as Pi increases.

Proof. From Eq (5.3) and the conclusion we get that ]X,’ doesn’t change with ¢, p; or k
L
d()/dq

) _J "—hN_;
J 1 (a'+/1 )H+a/ N d(ZJ 1 (a'+/1 )H+a N)/ q(0'+,uh)H+a/;, N

(l, j 2
(Z/ 1 (o+uj)H+aj N )

( 7
(a'+/1h)H+ozh N

5

—_a N g Nogym o N H___a N,
(o+pp)H+ap)? N (O- +/’Lh) dq Z] 1 (c+uj)H+a; N + Zj:] (o+uj)H+aj)> N (O- +'u/) dq (c+up)H+ay N

@i 7 2
(Z/ 1 (0'+,uJ)H+a, )

(Z o+ ) Nj*- THUp Zm aj _/) [0 dH ﬂ
J=1 (0tppH+a)2 N~ (o+m)H+ay, “j=1 (U+/1/)H+“.i N (o+up)H+ay, dg N

7 / 2
(ZJ 1 (o+uj)H+aj N )

Q dH N*
h(o’+,u;,)H+m, dg N

N*
AY)
(ZJ 1 ((r+y/)H+a/ N

From last section a’( )/dq > 0, which implies that "H > 0. So we have d( I*)/dq >0ifQ, >0

and d( )/dq < 0if Qh < 0, which means that increases as g increases if Qh >0 and decreases
as ¢ increases if Q;, < 0. In particular, if 1 < h m is such that —%—

I

i @ +‘;+)’;’ —» Which 1mp11es that Q, < 0 thus d( 1) /dg < 0, & £ decreases as g increases; if
J
a’h o+ o+ . . .
1 <h <missuch that o —L for all j # h, then Gt < (awj)h;mj, which implies that O, > 0

thus d( ) /dq > 0, 2 increases as q increases.

b I*
Similarly, we have

dH Ny
I Ohigr i
h (0-+ﬂh)H+ah sz
d(+;)/dpi = -
! (E e 3
J=1 ((T+;1,)H+w, N

From last section we have d( )/dp, < 0, which implies that dH_ < 0. So we have d( )/dp, < 0if

0, > 0 and d(l—’i)/dpi > 0 if Qh < 0, which means that 1—’ decreases as p; increases if O, > 0 and
increases as p; increases if Q;, < 0. In particular, if 1 < h < m is such that :

o+ap

O+ O'+/Jj . . . ﬁ ) ﬁ . E .
then e Ve s Vet which implies that Q;, < 0 thus d( 1*)/ dp; > 0, 7+ Increases as p; increases;
. . ah o+ O+ . . .
if 1 < h < mis such that —2 > @t Hvan,  (otppHta;’ which implies that

Oy, > 0 thus d( 1*) /dp; < O, i decreases as p; increases.

O
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6. Family planning strategies

In this section, we study how family planning strategies influence demographic distribution at
equilibrium, basic reproduction number and infant disease rate.

For simplicity, we assume that there are only two productive age groups, the kth and (k + 1)th
group. We also assume that the birth function takes a more general form b;(N;) = p;q(Ny + Niy1)N; for
i = k,k + 1, where g is a decreasing function. Since the maximal children each female has per unit
time in age group i, given by p;, are dependent on each other, more precisely, py + pi+1 = b for some
constant b, which is the maximal children each female has per unit time, we assume that p;, = ba and
Pis1 = b(1 — @), then « indicates the tendency to have children at an earlier age. We study how «
influence demographic distribution at equilibrium, basic reproduction number and infant disease rate.

6.1. Impact of family planning strategy on demographic distribution at equilibrium

From Eq (2.4), we have
* 1 % ¥ * « " . _ .
N1 = /J—(bCL’Q(Nk + Nk+1)Nk + b(l - a)q(Nk + Nk+1)Nk+1)(1 P 1)
1
1 —
N; = —(bagq(N; + Ni, IN; +b(1 — a)g(N; + N, IN;, e S 401 —e ) for L <h <m  (6.1)
HMh

* 1 * * * * * * -yl
N: = —(bagq(N; + N, )N; + b(1 — a)q(N; + N;, )N, e Z-t #i7

m

Further calculation gives

wN; N _

m

0= =

- e > HiTi(] — e=tnmn) ¢~ DNy
where
Q = bCL/Q(NZ + NI:H)NI: + b(l - a')q(NZ + NZH)NI:H

This implies that @ doesn’t influence the demographic distribution at equilibrium.

6.2. Impact of family planning strategy on the basic reproduction number and infant disease rate

Define _
,Uke_ Z_'f;ll /JjTj(l — e-ﬂm)

k-1
u,-e_ Zj:l”ﬂ.f(l _ e—,uka)

Aik
for 1 < i,k < m. By plugging b;(N;) = piq(Ni + Ni41)N; into the equation for N, in Eq (6.1), we obtain

Hk
(bar + b(1 — @)ags1 e 21 (1 — ewne)

g((1 + ars1)N;) = (6.2)

Define F(a) := ba + b(1 — @)ay, 1, then F'(a) = b(1 — ag,1 ). From Eq (6.2), we have the following
conclusions: If ai,1x > 1, then F’'(a) < 0, ¢ is monotone increasing with respect to «, thus N is
monotone decreasing with respect to a@; if a1 < 1, then F'(a) > 0, g is monotone decreasing with
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respect to @, thus N, is monotone increasing with respect to a; if ai,14 = 1, then F'(a) = 0, g doesn’t
change with a, thus N; doesn’t change with a.
Note that the basic reproduction number is given by

s

= Q’,’/lika m@d; N_[*
R = Z i _ N (6.3)
— o+ u; P o+ u;

So we have the following proposition.

Proposition 13. Ifa;,1x > 1, Ry decreases as « increases; if ar.1 1 < 1, Ry increases as « increases; if
k1 x = 1, R doesn’t change with a.

Proposition 13 implies that if a1 > 1, the basic reproduction number decreases when more people
are having children at an early age, if a1 < 1, the basic reproduction number increases when more
people are having children at an early age, if a;.1 = 1, the basic reproduction number doesn’t depend
on tendency on birth age.

From previous calculation, we have

m ’N_;
D ——=1 (6.4)
o L+
where [; = %, M, = 1;:1 — 1. It implies that 1(,1]

the following

is monotone increasing with respect to N;. So we have

I
’NT

LR 1*
Proposition 14. If a;.1; > 1 , N_ll
[* b .
arp1x = 1, 3= doesn’t change with a.
1

decreases as « increases; if a1 < 1 increases as « increases, if

Proposition 14 implies that if a1 > 1, the infant disease rate decreases when more people are
having children at an early age, if a1, < 1, the infant disease rate increases when more people are
having children at an early age, if ;. = 1, the infant disease rate doesn’t depend on tendency of birth
age.

7. Conclusions

We proposed a stage-structured model of childhood infectious disease transmission dynamics. The
population demographics dynamics is governed by a certain family and population planning strategy
which gives rise to nonlinear feedback delayed effects on the reproduction ageing and rate.

The long-term aging-profile of the population is described by the pattern and stability of
equilibrium of the demographic model. For this demographic model, conditions on the birth functions
and death rate were given to guarantee the existence and stability of the positive equilibrium. This
implies conditions on birth function and age dependent death rate to reach a stable population. We
also investigate the disease transmission dynamics, using the epidemic model when the population
reaches the positive equilibrium (limiting equation). We establish conditions for the existence,
uniqueness and global stability of the disease endemic equilibrium and prove the global stability of
the endemic equilibrium for the original epidemic model with varying population demographics.
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Birth function, age-dependent death rate, recover rate and transmission coefficients are all involved in
these conditions.

The global stability of the endemic equilibrium allows us to examine the effects of reproduction
ageing and rate, under different family planning strategies, on the childhood infectious disease
transmission dynamics. We find that increasing birth rate increases the infant disease rate and
reproduction aging decreases the infant disease rate. We also find that reproduction ageing and rate
doesn’t change the demographic distribution at equilibrium.

We investigate impacts of family planning strategies on demographic distribution at equilibrium,
basic reproduction number for childhood disease and infant disease rate. We find the conditions under
which planning to have a child at an early age helps to decrease/increase the basic reproduction number
and infant diseases rate. We also examine demographic distribution, diseases reproductive number,
infant disease rate and age distribution of disease.

For original contributions, the model we propose is new as it is stage structured and the growth
through age stages is described by time delay leading to nonlinear feedback, the idea of studying the
impact of population policy and family planning strategy on disease transmission dynamics is also
novel. This model can be modified to fit specific childhood diseases for specific purposes. For
example, it can be modified to study the impact of China’s second-child policy on pertussis
transmission dynamics by incorporating more compartments to distinguish children from one-child
and two-children families. The work can also be potentially used to inform targeted age group for
optimal vaccine booster programs.
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