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Abstract. A new age-structured model for disease transmission, subject to the use of
quarantine (of asymptomatic cases) and isolation (of individuals with disease symptoms)
is presented and rigorously analyzed. The model is, first of all, shown to be properly-
posed mathematically by formulating it as an abstract Cauchy problem. For the case
where the contact rate is separable (i.e., 8(a,b) = B1(a)B2(b)), rigorous analysis of
the model reveals that it has a globally-asymptotically stable disease-free equilibrium
whenever its associated reproduction number is less than unity. The model has a
unique endemic equilibrium when the threshold quantity exceeds unity. The endemic
equilibrium is shown to be locally stable whenever its associated reproduction number
exceeds unity. Furthermore, it is shown that adding age-factor to the basic quarantine-
isolation model in M. A. Safi and A. B. Gumel (Discrete Contin. Dyn. Syst. Ser. B. :
209-231, 2010) does not alter the qualitative dynamics of the autonomous system (with
respect to the elimination or persistence of the disease). Numerical simulations show
disease elimination whenever its associated reproduction number is less than unity and
the disease will persist in this case whenever its associated reproduction number exceeds
unity.

Keywords: age-structure, abstract Cauchy problem, Cy-semigroup, equilibria, sta-
bility.

1. Introduction

Quarantine (of individuals suspected of being exposed to the disease) and iso-
lation (of those with clinical symptoms of the disease) have been used in the
control of numerous diseases such as leprosy, plague, cholera, typhus, yellow
fever, smallpox, diphtheria, tuberculosis, measles, ebola, pandemic influenza,
severe acute respiratory syndrome (SARS) and more recently the 2009 swine in-
fluenza pandemic [1, 10, 13, 17, 20]. A number of mathematical modeling work
have been carried out to assess the impact of quarantine and isolation in com-
batting the spread of diseases (see, for instance, [1, 4, 10, 13, 17, 18, 23, 24] and
some of the references therein). However, many of the models used for assess-
ing the impact of the quarantine and isolation measures tend to be built based
on the assumption that the contact rates are age-dependent. However, some
studies such as those reported by Elvebac et al. [3], suggest that disease trans-



MATHEMATICAL ANALYSIS OF AN AGE-STRUCTURED ... 221

mission models with age-dependent contact rates are more realistic than those
that do not consider age-dependent contact rates. Numerous studies, based on
the design and analysis of age-structured models, have been presented in the
literature (see, for instance, [3, 6, 7, 8, 9, 11, 12, 14, 26, 28, 30] and some of the
references therein).

The purpose of this study is to provide a rigorous qualitative analysis of a new
age-structured model for disease transmission, subject to the use of quarantine
(of asymptomatic cases) and isolation (of individuals with disease symptoms).
The model to be designed extends the SEIQHR model given in [21] by consider-
ing an age-densities of all individuals (susceptible, latent (exposed), infectious,
quarantined, isolated (hospitalized) and recovered).

The paper is organized as follows. The model is formulated in Section 2.
The locally and globally asymptotic stability of disease-free equilibrium is estab-
lished in Section 3. The existence and locally asymptotical stability of endemic
equilibrium is also studied in Section 4.

2. Model formulation

The total population, at time t and age a (where 0 < a < A, with A being
the maximum possible age attained by individuals in the population), is sub-
divided into six mutually-exclusive compartments of susceptible (S(a,t)), latent
(those who have been infected but do not show clinical symptoms of the disease
yet) (E(a,t)), infectious (I(a,t)), quarantined (Q(a,t)), isolated (hospitalized)
(H(a,t)) and recovered (R(a,t)) individuals, so that

N(a,t) = S(a,t) + E(a,t) + I(a,t) + Q(a,t) + H(a,t) + R(a,t).

The population density evolves according to the following equation:

ON(a,t) ON(a,t)
Oa ot

— —j(@)N(a,b),

where p(a) represents the instantaneous age-dependent death rate (the prob-
ability that an individual of age a dies before reaching the age a + Aa is
pu(a)Aa + O(Aa)).

It is assumed that the net reproductive rate of the population equals to unity,
and the total population is at an equilibrium. Thus, the following relations hold
[15]:

A
(1) / v(a)e” Jo w(m)dr g0 — 1; N(a,t) = Noo(a) = voe~ I /J/(T)dT7
0

where v(a) is the age-dependent fertility rate, N (a) is the steady-state popu-
lation distribution and vg is the steady-state number of newborns.

Let 8(a, b) be the age-dependent contact rate. In other words, the probability
of contact between a susceptible of age a and an infectious individual of age b,
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during the time interval [t,t + At], is given by S(a,b)At + O(At). Hence, the
associated force of infection (i.e., the rate at which new cases of infection are
generated) at time ¢, denoted by A(a,t), is given by (this form of the force of
infection has been used in [11, 14]):

A
Mayt) = /0 B(a, b)[I(b,1) + nH (b, £)]db,

where 0 < n < 1 is the modification parameter accounts for the assumed re-
duction in disease transmission by hospitalized individuals in comparison to
non-hospitalized infectious individuals in the I class. Thus, n measures the
efficacy of isolation or treatment given to hospitalized individuals (isolation is
perfect if n = 0; leaky if 0 < n < 1 and completely ineffective if n = 1).

The age-structured dynamics of an infectious disease in the presence of quar-
antine of exposed individuals and isolation of infectious individuals is given by
the following system of partial differential equations :

Zi N f’;f = —[u(a) + Ma, £)]S(a, 1),
I8+ 98— Nw0)S(a,1) ~ ula) + 5 + ) B, ),
O I = kBla, )~ (@) + %+ 1)1 (a,0),
(2) 00 0
S+ 58 = 0Blat) — [ula) + a)Q(a, 1),
(?TZI n %I =I(a,t) +aQ(a,t) — [u(a) + 2] H(a, 1),
% 4 aa—]: =v1l(a,t) +v2eH(a,t) — p(a)R(a,t),

subject to the boundary and initial conditions:

S(0,t) =wvg, FE(0,t)=0, I(0,t)=0, Q(0,t)=0,
(3) H(0,t)=0, R(0,t)=0, S(a,0)=S5y(a), FE(a,0)= Ey(a),
I(“? 0) = I()(a), ( a, ) Qo(a), H(a 0) (a)v R(a7 O) = RU(Q)‘

In (2), u(a) is the age-dependent natural death rate, & is the rate at which latent
individuals develop symptoms, o is the quarantine rate of exposed individuals,
« is the hospitalization rate of quarantined individuals, 1) is the hospitalization
rate of infectious individuals and ~; (i = 1,2) is the recovery rate for infec-
tious and hospitalized individuals, respectively. Furthermore, it is assumed that
disease-induced mortality is negligible (so that infected individuals do not die of
the disease) and that recovery confers permanent immunity against reinfection.
The parameters of the model are described in Table 1. The model extends the
model in [21] by considering an age-densities of all individuals. In line with
[11, 14] the model extends the models in [2, 6, 7] by assuming that the infection
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rate (A) is a function of age. Furthermore, the model (2) is an extension of the
SIR models in [6, 11], by including classes for latent (F), quarantined (Q) and
Hospitalized (H) individuals.

2.1 Basic properties

To show the existence and uniqueness of the solution for the system (2) with
the initial-boundary conditions (3) the natural death rate, u(a), is eliminated
from the model (2) by the following change of variables [12, 25]:

z1(a,t) = ifijii)), za(a,t) = Nij{;;, z3(a,t) = ]{7(:7(?)7
(4) _ Q(a,t) _ H(a,t) _ R(a, 1)
z4(a,t) Noo(a)’ xs5(a,t) Noc(a)’ ze(a,t) Noo(a)

Using (4) in (2) gives the following transformed system:

al’l axl o
B0 g — e dnle),
8952 83:2 o
o+ o = (e )ai(a,1) = (5 + 0)wa(a,t),
0 0
% % = K,,CCQ(CL, t) — (¢ + ’71)333(017 t)’
(5) ’
Ory  Oxy (a, 1) — (a,t)
78@ 781‘; = oxala, arq(a,t),
oz ox
05 1 0% _ y(a,t) + oo, ) — s ),
oz ox
87a6 + 87156 = y1x3(a,t) + yaws5(a, t),

and associated boundary and initial conditions:

xl(O,t) = 1, $2(0,t) = 0, iUg(O,t) = O, $4(O,t) = 0,
(6) x5(0,t) =0, z1(a,0) = fi(a), w2(a,0)= fa(a),
r3(a,0) = f3(a), z4(a,0) = fi(a), x5(a,0)= f5(a), z6(a,0)= fo(a).

Furthermore, the force of infection, A(a,t), now becomes
A
™) M(at) = [ 8la,b)aalb.0) + s, O] Noc ().
0

Using the relation x1(a,t) + z2(a,t) + z3(a, t) + z4(a,t) + z5(a, t) + z¢(a,t) = 1
and noting that the variable x¢(a,t) does not feature in the other equations of
the model. Furthermore, introducing a new variable z(a,t) = z1(a,t) — 1 into
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the transformed system (5) gives

0Z1 0T o =
aia + W = —Al(a,t)xl<a7t)7
0z I ) = A(a,t)z1(a,t) — (k + 0)z2(a,t),
Oa ot
0 0
(8) ors + 93 _ kxa(a,t) — (¥ +7)zs(a,t),
Oa ot
8954 a$4 o
5a = oxa(a,t) — axs(a,t),
0 0
95 + 9%s5 = 1/};(:3(@, t) + Oé$4(a, t) — 72555(0’ t)v
da ot

and associated boundary and initial conditions:
21(0,t) =0, x2(0,t) =0, x3(0,t) =0, x4(0,t) =0,
(9) 25(0,t) =0, 6(0,t) =0, z1(a,0) = fi(a) =1, x2(a,0)= fa(a),
23(a,0) = f3(a), x4(a,0) = fa(a), x5(a,0) = f5(a).
Following [11], the initial-boundary-value problem {(8),
abstract Cauchy problem on the Banach space
X = LY0,A) x L*(0,A) x L*(0,A) x L*(0,A) x L*(0, A)

(with the norm [|g]| = 3=5_,; |||, where ¢(a) = (¢1(a), ¢2(a), ¢3(a), ¢a(a), d5(a))”
€ X and ||¢;]/1 is the norm of L'(0, A)) by defining a linear operator, 2, as
follows (by considering the derivatives with respect to age and the negative
coefficients of ¢;(i = 1,2.---,5) in (8)):

_Cld)l (CL)
) déa(a) da
d

(9)} is written as an

— (k+0)p2

(10 @ = | 9B g, |
_da(a) é

da o
—d¢§cga) — 7205

with ¢(a) € D(A) = {¢ € X : ¢; is absolutely continuous on [0, A], $(0) = 0}.
Let FF : X — X be the non-linear operator given by (consisting of the
remaining terms, excluding those used in the definition of the operator 2, in

(8))
—(P(¢3,¢5))(a)(1 + ¢1)
(P(¢3,95))(a)(1 + ¢1)
(11) (Fo)(a) = Kepa(a) , peX
O’¢2<a)

V3 + agy(a)



MATHEMATICAL ANALYSIS OF AN AGE-STRUCTURED ... 225

where P : L1(0, A) x L'(0, A) — L>(0, A) is a linear bounded operator, given
by

A
(P(h,k))(a) = /0 B(a, b) Noo () [1(b) + mk(b)]db.

Thus, it follows from the above definitions that the initial-boundary-value prob-
lem {(8),(9)} can be re-written as the following abstract Cauchy problem in
X:

(12) dz;(tt) =Au(t) + F(u(t)), u(0)=ug € X,

where u(t) = (jl('7 t): $2('7 t)v $3(', t): $4('7 t)v $5(', t))T and ug = (fl (a)_la f2(a)7
f3(a), fa(a), f5(a))T. Furthermore, it follows from (10) and(11) that the oper-
ator 2 is the infinitesimal generator of Cp—semigroup T'(¢),t > 0 and F is
continuously Frechet differentiable on X [14]. Thus, using Proposition 4.16 of
[30], the results below are established

Theorem 1. (i) for each ug € X, there exist a mazimal interval of existence
[0,b) and unique continuous mild solution t — u(t,up) such that:

t
u(t,ug) = T(t)ug + / T(t — s)F(u(s,up))ds for allt € [0,b),
0
with either b= 0o or lim ||u(t,up)|| = co;
t—b—

(17) if up € D(RA), then u(t,ug) € D) for t € [0,b) and the mild solution
u(t,ug) is continuously differentiable and satisfies (12) on the interval
[0,).

Let,
D = {(21,22,73,24,75) € X : 1 > —1,29 > 0,23 > 0,24 > 0,25 > 0},

and,

Do = {(#1, 22,23, 24, 75) € X : =1 <7 <0,0 < a9 <1,
0<23<1,0<a,<1,0<a5<1}.

The following result is needed to show that the abstract Cauchy problem (12)
has a unique global classical solution.

Lemma 1. The mild solution of the abstract Cauchy problem (12), given by
u(t,ug) with uy € D, enters Dy in finite time, and the set Dy is positively-
mvariant.
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Proof. The proof of Lemma 1 is based on the approach given in [11, 14]. First
of all, the solution of the system (5), along the characteristic lines, can be
represented [9, 29, 30] by fixing arbitrary time (#1) and age (a1) and considering

the functions Z;(h) = x1(a1 + h,t1 + h) and A(h) = Ai(a1 + h,t1 + k). Thus,
the first equation of the system (5), along this line, is equivalent to

dz,  ~.
% + )\%1 = O,
which has the following solution
h ~
(13) Z1(h) = 21(0) exp (—/ )\(T)d7'> .
0

Hence,

h
x1(a1 + h,t1 + h) = z1(a1,t1) exp <—/ A(ar + 7t + T)dT) .
0

By setting (a1,t1) = (a —t,0) and h =t for a > ¢ in (13), it follows that

z1(a,t) = fi(a —t)exp <_ /Ot Al(a—t+7,r)d7) .

Similarly, for the case when a < ¢, setting (a1,%1) = (0,t —a) and h = a in (13)
gives

w1(a,t) = exp <— /0 A (Tt — a+7’)d7-> .

t
fl(a—t)exp<—/ Al(a—t—l—T,T)dT), a>t
0
exp <—/ )\1(T,t—a+7')d7'>, t>a
0

It is clear that x1(a,t) > 0 (or, equivalently, Z + 1(a,t) > —1) whenever fi(a) >

0. Similarly, from the third, fourth and fifth equations of the system (5), the
representation for xs, x4 and x5, can, respectively, be found as follows:

(14) z1(a,t) =

f3(a —t) exp(—Fkit)

(15) z3(a,t) = +f£/0 xo(a —t+7,7)exp(—ki(t —7))dr, a>t

/i/ zo(T,t —a+ 7)exp(—ki(a —7))dr, t> a,
0
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fala —t) exp(—kat)

(16) z4(a,t) = +0/0 zo(a —t+7,7)exp(—ka(t —7))dr, a>t

J/ xo(T,t —a+ 1) exp(—kao(a — 7))dr, t>a,
“ Jo

f5(a —t) exp(—kst) + /0 [Yxs(a—t+7,7)

+azy(a—t+7,7)] exp(—ks(t — 7))dr, a>t
(17) xs5(a,t) =

/Ot[wmg(a —t+7,7)

+axg(a —t+7,7)] exp(—ks(t — 7))dr, t>a,

where, k1 =¥ + 71, ke =a, and k3 = vs.
Substituting (15), (16) and (17)) into (7) gives

(18) A1(t) = (Gxa)(a, ),

where G is the transformation from xs(a,t) to A\1(¢). The second equation of
the system (5) can be written as an abstract Cauchy problem:

% = ng(a,t) + (Gl'Z(a,t))(J}l), xQ(O) = f27

where B is an operator given by

B= —d% — (k+0), with D(B)= D).

Hence, x5 can be found as follows:

(19) z2(t) = Q(t) f2(0) + /Ot Q(t — 7)(Gza(7))(7)dT,

where, Q(t) = exptB is the positive Cy—semigroup generated by the closed
operator B [11]. If fo > 0,f3 > 0,f4 > 0 and f5 > 0, then G and Q(t),t > 0
are positive. Thus, (19) shows that 2 is positive. Since z is positive, it follows
that z3, x4 and x5 are positive. Hence, u(t,up) € D for all t > 0 whenever
ug € Dy. ]

It follows from Lemma 1 that the norm of the local solution, u(t, ugp), up €
D() ND, of the abstract Cauchy problem (12) is finite as long as it is defined.
Hence, the following result is established:
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Theorem 2. The abstract Cauchy problem (12) has a unique global classical
solution on X with respect to initial data ug € D(2A) ND.

Theorem 2 shows that the initial-boundary-value problem {(5),(6)} (or,
equivalently, {(2),(3)}) has a unique positive global solution with respect to
the positive initial data.

The analysis of the initial-boundary-value problem {(5), (6)} will be ex-
plored for a special form of the contact rate 3(a,b), given by 5(a,b) = B1(a)pB2(b)
(this form of the contact rate, known as separable contact rate, has been used
in [5, 15, 16]). Using S(a,b) = S1(a)B2(b) in (7) gives:

A
(20) ala,t) = Ba(a) [ Balb)fas(bet) + s b, DI 0) b

3. Stability of the Disease-Free Equilibrium (DFE)
3.1 Local stability of DFE
The DFE of the system (5) is given by

50 = ($1,$2,$3,1’4,J)5,3§'6) = (17070507070)-

The local stability of the DFE is studied by considering exponential solutions
of the form ([15, 16]):

= ig(a)ect, xz3(a,t) = i;g(a)ect,
=7 ¢

s(a)ett, xg(a,t) g(a)es’.

Linearizing (5) about the DFE (&) gives (noting that A\ (a,t) is now replaced
by (20)),

caata) + Y = (0~ (5 + 0)aala),

casta) + T = 3 (0) — (6 -+ )80,
(22 rala) + T oza(a) — aifa),

asta) + T yg(a) + 07— oms(a)

caufa) + TN 5, 24(0) + 125(a),

where,

A
Ao(a) = Bi(a) / Bo(5){3(b) + 175 (5)) Noo ()b = 1 (a) Vi,
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with
A
(23) Vo= [ Balaa(h) + nas(®)Nw (Db Vo 0.
Solving system (22) gives,
VO/ ﬁl —(¢+k+0o)(a— u)du
Ta(a) = Vor / / By (g )=+ =) g =(CHU+1) (@) gy
= WQ1(a, (),
(24) Voa/ / By (e~ (TN ) ~(CHa) (=) gy, iy,
= WQ2(a, ()
asl0) = [ zau) + azi(wle” Oy

—V / " Q1 ©) + aQu(u, OO gy, — VoQs(a, ©).
0

where,

Q1(a,¢) = H/ / 51(ul)e—(<+n+a)(u—u1)e—(c+w+m)(a—u)duldu7
o Jo
Q?(a7C):J/ / B (uq e~ (CHrto)u—u) g=(CFa)(a=w) gy, gy,

Qs(a,¢) = / Q1. C) + aQs(u, €))e~ D gy,

Substituting the expressions for z3(a) and Z5(a) from (24) into (23) gives,

A
(25) Vo= Vo /0 Ba(D)[Q1 (b, ¢) + Qs (b )] Nao (b)l
so that (by dividing both sides of the equation (25) by V)

A

(26) 1= /0 Ba(B)[Q1 (5, ) + 1 @5 (b, ()] Noo (B) b
Let,

A
(27) G(¢) = /0 Br(B)[@1(5.C) + 1Q3 (b, )} N (B)elb

Define the reproduction number as follows:

Ro = / Bo()[Q(5,0) + 71Q3(b, 0)] Noo (B)edb.

It is clear that the function G in (27) satisfies the following properties:
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(i) G(0) = Ro;
(ii) G is a monotone decreasing function in (;
(i) lime_yo0 G(C) = 0.

Hence, the result below can be established, based on the properties of the func-
tion G and equation (26):

Theorem 3. The DFE of the model (5) with (20), given by &, is locally-
asymptotically stable (LAS) if Ro < 1, and unstable if Ry > 1.

Theorem 3 shows that the spread of the disease can be effectively controlled if
the initial sizes of the sub-populations of the model are in the basin of attraction
of the DFE (&). For effective disease elimination to be independent of such
initial sizes, a global asymptotic stability result has to be proved for the DFE.
This is explored below.

3.2 Global stability of DFE

Theorem 4. The DFE of the model (5) with (20) is globally-asymptotically
stable (GAS) in Dy if Ro < 1.

Proof. Following [15, 16], let

(28) f(a7 t) = )‘2(a7 t)xl(aa t)
Noting that z1(a,t) < 1 in Dy, it follows that
(29) f(aat) < A?(avt)'

Integrating (5), with (20), along the characteristic lines whenever a < t, gives,

QTQ(G,t) — / 6_(R+0)(a_“)f(u,t)du,
0
xz3(a,t) = Ii/ e~ W= 4 (u, t)du
0

— / o~ (47 (a—) / e~ (O W=1) £ (01 1) duydu,
0 0

z4(a,t) = 0’/ e~ o (u, t)du
0

(30) :a/ e_o‘(“_“)/ e~ (Ho) =) ¢y #)duy du,
0 0

w3(a,t) = /0 e [, ) + e (o, £)]du

=1 /ae_”(“_“)/i/ue_(wJ”l)(“_“l) /ule_(”JrU)(“l_uZ)f(uz,t)dmdup
0 0 0

a u ul
+a/ eVZ(a“)m/ ea(uul)/ 67(”+‘7)(“17”2)f(u2,t)duzdul,
0 0 0
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Substituting the expressions for z3(a) and z5(a) in (30) into (29) gives,

fla,t) < Bi(@)V(t) = Bila /N b)Ba(b [/ ~ () (a—u)

. / e~ o)) £y Y duydu
0

+ /a e 2la—u) /u e~ (W) (u—w)
0 0
Uy

(31)
‘ / o~ (o) (w1 —”Ltz)f(uZ7 t)duaduy
0
+ na /a e 2(a—u) . /u emo(umw)
0 0
w1
) / ef(ﬁJrO')(ul *U2)f(uQ7 t)dUQdU1:| db.
0
Let,

F(a) = limsup f(a,t).

t—ro0
Taking the limsup (when ¢ — oo) of both sides of (31), and using Fatou’s
Lemma [19] gives,

(32) F(a) < Bi(a)L,

where,
/N b)Ba(b [/ () ()
/ ~(sto) (=) () )duy du
0
-, / Y e, / * o=t ()
(33) 0 0

Ul
‘ / 6,(H+g)(u1*UZ)F(ug)duzdul
0

a u
—i—na/ 672(““)/1/ e~ (u—u)
0 0

ul
/ 6_(n+a)(u1—UZ)F(uz)dmdul} db.
0

Using inequality (32) in (34) gives

A a
—(¢Y+7y1)(a—u)
LgAJ%@@@%Ae

/ e~ (o) (u—u1) B1(uy)Lduidu
0

-, / * e, / * o) ()
0 0
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Ul
' / 6—(m+o)(u1 *u2)ﬁ1 (UQ)LdUQdul
0

(34) —|-7704/ 672(’1“)%/ e~o(u—u)
0 0
ul
. / e—('“”v'f'U)(Ul_u?)ﬁl (UQ)LdUQdUI] db = LRy.
0

It follows that whenever Ry < 1, then L = 0. Thus,

limsup f(a,t) = F(a) = 0.

t—o00

Hence (from (28)),

(35) lim sup A2(a,t) = 0.

t—o00

It follows then (by using (35) in (20)) that

tlgglo z3(a,t) =0, tlgglo z4(a,t) =0 and tlgglo xs(a,t) = 0.

By using comparison theorem [27] it can be shown that
lim z5(a,t) =0, and lim zg¢(a,t) =0.
t—00 t—o0
Finally, using the relation x;(a,t) = 1 — z2(a,t) — z3(a,t) — z4(a,t) — z5(a,t) —

zg(a,t), gives

lim z(a,t) = 1.
t—o00

Hence, lim;,oo(x1(a,t), z2(a,t),z3(a,t), x4(a,t), z5(a,t),z¢(a, t)) = (1,0,0,0,
0,0), as required. O

4. Existence and stability of endemic equilibria

In this section, the existence of endemic equilibria (i.e., equilibria where the
infected components of the model are non-zero) of the initial-boundary-value
problem {(5), (6)} will be explored. Let,

&= (S*(a),E*(a),I*(a),Q*(a),H*(a),R*(a))

represents any arbitrary equilibrium point of the model {(5), (6)} with (20).
The associated force of infection (20) can be expressed at steady-state as:

A
(36) As(a) = Pi(a) /O B2(b)[I"(b) + nH"(b)| Noo (b)db = S1(a)V",

where,

A
(37) Ve = / Ba(B)T* (8) + " ()] Noo (b)db.
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Solving the equations of the system (5) at steady-state, and noting (36), gives
S*(a) =e” V" Jo Br(m)dr.

E* (a) _ V*e(n+a)a/ B (ul)ef\/* foul B1 (T)d‘re(n+o)u1 duy,
0
I*(a) = V*nekla/ elk1—r—o)u
0

u1l “
. / 51 ('I,LQ)@_V* fO 2 ﬁl(T)dTe(n-i-U)ugdquul — V*Ml (0/, ‘/>|<>7
0

Q@) = Vioee [ o
0

(38) w
. / Bl (UQ)G_V* Jo'2 B (T)dTe(’H—U)Wd’LLQdul _ V*Mg(a, V*),
0
a
H*(a) = =70 / T (uy) + aQ* (u)]dun
0
= V*e”a/ e M (ur, V*) + aMy(uy, V*)|duy
0
= V" M3(a, V"),
R*(a) = / y1il* (u1) + 2 H™ (u1)duy,
0
where,
a u1 u
Ml(a,, V*) _ ﬂe_kla / e(kl—n—a)ul / 81 (u2)e—V* Jo'? B (T)dTe(H+U)UQdu2du1,
0 0

a ul U
MQ((I, V*) — ge o / e(a—n—a)ul Bl(Ug)e_V* fo 28 (T)dTe(K+J)u2 dusz1,
0 0

My(a,V*) = =20 / [ M (g, V) + oMy (uy, V] dus
0

Substituting the expressions for I*(a),Y*(a) and W*(a) from (38) into (37)
gives,

A
(39) V= V*/O Ba2(a)[Mi(a, V*) + nMs(a, \*)| Neo(a)da.

It follows from equation (39) that the quantity V* is either 0 (which corre-
sponds to the case where there is no disease in the population) or satisfies the
following equation:

A
(40) - /0 Bo(a)[Mi(a, V*) + nMs(a, V)] Na (a)da.

Let, N
H(VF) = /0 Bo(a)[Mi(a,V*) + nMs(a,V*)| N (a)da.

It is clear that the function H satisfies the following:
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(i) H(0) = Ro;
(ii) H is a monotone decreasing function in V*;

(iii) lim H(V*) =0.
V*—oo
The result below can be established, based on the properties of H and equation
(40):

Theorem 5. The model (5) with (20) has a unique endemic equilibrium point
(EEP), given by (38), whenever Ry > 1.

Following [25], the local stability of the unique endemic equilibrium (38) is
now explored as follows.

Let S, E, f,Q,I:I and V be the perturbations of S*, E* I*,Y* W* and V*,
respectively. Consider, as before, the exponential solutions:

(@]
1
(5]
—~
S
S—
5
€
\.@F
eyl
—~
v@
~
N—
1
s
—~
S
N—
5
€
u(‘#
~
—~~
\'@
~
SN—
1
—~~
S
S~—
5
[
\.(‘4-

(a,1)

41 .
() Q(a,t)

Q(a)e*, H(a,t) = H(a)e*t, V = Ve

Hence, using (41) in (5) with (36) gives the following system:

B _ 8(0) ~ AV (@)5(@) - B1(0)S" @7 @)

) . sB(a) + @V (@S(a) + Bi(0)S" (@) (@) (s +0)E(a)
@2 M i)+ kB — 6+ 0T (a)

W) sQa) + 0B - aQla)

) f(0) + v1(0) + 0Q(a) ~ 22 (a)
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Using the above variables into the system (42) gives,

dycllc(za) = —wyi — fi(a)V*y1 — Pi1(a)S™,
dy;éa) = —wyz + S1(a)V*y1 + B1(a)S™ — (k + 0)ys,
(44) dy;fﬁ) = —wys + kY2 — (Y + 71)ys,
dys(a) _ —wys + oYs — aya,
da
dy;m) = —wys + Yy3 + ays — 72ys
a
and,
A
(45) 1= /0 B2(a)[ys(a) + 175 (a)] Noo (@) da.

Solving system (44) gives

(@) = [ =B (e el e gy,

ya(a) = /Oa[,é’l (u)S™(u) + B (w)V* (w)ys (u)]e”@Hrrola=w) gy,
(46)  yz(a) = /0 ‘ ,{,yz(u)e—(w+w+“/1)(a—u) du,

ya(a) = /Oa aya(u)e” T gy,

ys(a) = /Oa["‘/fy?a(u) + ay4(u)]e*(‘“+72)(a’“)du.

Using the equations in (46) into (45) gives

A
(47) 1= [ Ba(a)lun(a) + mys(a) Vs (0)da
0
Define,
A
(48) Q) = [ Aalalunta) + nysla)) Vo (e

It should be noted that (from system (46) with (47)) the function Q(w)
satisfies the following:

(i) Q(w) is a monotone decreasing function in w;

(i) lim Q(w) =0.

w—00



236 MOHAMMAD A. SAFI

Now consider P(w) = Q(w) — 1, it is clear that if Q(0) < 1, then P(w) has a
negative root. Thus the following result is established.

Theorem 6. The unique endemic equilibrium of the model (5) with (20) is LAS
whenever Ro > 1 and Q(0) < 1.

The consequence of Theorem 6 is that the disease will persist (become en-
demic) in the community whenever Ry > 1 and Q(0) < 1. In summary, it is
shown that the model (5) with (20) has a globally-asymptotically stable DFE in
Dy whenever the associated reproduction number Ry is less than unity. Further-
more, the model has a unique endemic equilibrium whenever the reproduction
number exceeds unity. This equilibrium is shown to be locally-asymptotically
stable if another condition holds (Q(0) < 1).

5. Numerical simulation

The age-structured model (2) is now analysed by considering a special case of
the model where the natural death rate is constant (i.e., y is independent of
age) and the contact rate (3(a,b)) is constant (denoted by S(a,b) = 3; see also
[2, 6, 7]). Consider, now, the model (2) with u(a) replaced by the constant g
and S(a,b) by a constant 3, then it can be shown by following [25] that the
model becomes

% = Ny — [+ M8)])S(1),
‘% —X0)S(t) = (u+r+0)E),
ar _ RE() — (n+ 1 +m)I(t),
(49) -
dit? = ol(t) - (u+ )Q(t),
% = pI(t) + aQ(t) — (n+72)H(t),
% =mI(t) + 72H(t) — pR(t),
where,
(50) At) = BT +nH).

Define the following positively-invariant region for the model (49):

The DFE of the model (49) is given by
(51) Eoc = (N0,0,0, 0,0,0),
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and the associated reproduction number of the model (49) is given by

Blkksks + n(VYrks + aoks)]

2 c — 5
(52) R o kakighs

where, k1 = p+r+o, ko=p+7+7v, ks=p+a and ky = p+y2. It
should be mentioned that since the model (49) is a special case of the model (2),
it follows that its DFE, &, is globally-asymptotically stable whenever R, < 1
(in line with Theorem 4).

The model (49) is simulated using the parameter values tabulated in Table
2 (until otherwise stated) to gain insight into its quantitative features.

Numerical simulations for the case Rc < 1 depicted in Figure 1 show that
the combined use of quarantine and isolation can lead to disease elimination
(All solutions converged to the DFE) in line with Theorem (4).

Figure 2 depicts the solution profile of the model for the case Rc > 1 showing
convergence to the EEP in line with Theorem (6), this mean the disease will
persist in this case.

430

Total number of infected individuals

0 500 1000 1500 2000 2500 3000
Time (days)

Figure 1: Simulation of the model (49) showing the total number of infected
individuals as a function of time for R. < 1. Parameter values used
are as in Table 2 with § = 0.1andn = 0.5 (so that, R. = 0.8065.)
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Tatal number of infected individuals

0 500 1000 1500 2000 2500 3000 3500 4000
Time (days)

Figure 2: Simulation of the model (49) showing the total number of infected
individuals as a function of time for R. > 1. Parameter values used
are as in Table 2 with 8 = 0.15andn = 0.5 (so that, R, = 1.2097).

Conclusions

A new age-structured model for disease transmission, subject to the use of quar-
antine (of asymptomatic cases) and isolation (of individuals with disease symp-
toms), is presented and rigorously analyzed. The study shows the following:

(i) The model is shown to be properly-posed mathematically, by formulating
it as an abstract Cauchy problem:;

(ii) It is shown, for the case where the effective contact rate is separable (i.e.,
B(a,b) = Pi1(a)B2(b)), that the disease-free equilibrium of the model is
locally- and globally-asymptotically stable whenever a certain epidemio-
logical threshold is less than unity.

(iii) The model has a unique endemic equilibrium when the threshold exceeds
unity (this equilibrium is locally-asymptotically stable when another con-
dition holds).

(iv) Numerical simulations show disease elimination whenever its associated
reproduction number is less than unity and the disease will persist in this
case whenever its associated reproduction number exceeds unity.
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Variable Description

S(t) Population of susceptible individuals

E(t) Population of exposed individuals

I(t) Population of infectious (symptomatic) individuals
Q(t) Population of quarantined individuals

H(t) Population of hospitalized individuals

R(t) Population of recovered individuals

Parameter Description

wu(a) Age-dependent natural death rate
B(a,b) Age-dependent Effective contact rate
n Modification parameter for reduction in infectiousness

of hospitalized individuals
K Progression rate from exposed to infectious class
o Quarantine rate of exposed individuals
« Hospitalization rate of quarantined individuals
10) Hospitalization rate of infectious individuals
Y1 Recovery rate of infectious individuals
Y2 Recovery rate of hospitalized individuals

Table 1: Description of variables and parameters of the model (2).

Parameters | Values (per day)
B3 [0.1,0.2]
w 0.0000351
" 0.03521
Y2 0.042553
01 0.04227
02 0.027855
K 0.156986
« 0.156986
o] 0.20619
II 136

o 0.1

P 0.5

n (0,1]

Table 2: Estimated values for the parameters of the model (49).
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