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Abstract In this paper, we investigate the global asymptotic stability of the possible equilibria
for an SIRI epidemic model with a distributed latent period and a general incidence function. By
using the method of Lyapunov functions and the LaSalle invariance principle, we show that the
global asymptotic stability is completely determined by the basic reproduction number Ry. The
originality of this work is to have a basic reproduction number Ry which depends on the distribution
of the latent period. Finally, we use a nonstandard discretization method of Mickens to illustrate
numerically our theoretical results.
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1 Introduction

The epidemic models with time delay have long been an important subject for the mathematical re-
searchers (see [1,2,3,4,5,6] for a discrete delay and [7,8] for a distributed delay), because many diseases,
such as Influenza, Ebola and Tuberculosis, have a latent period, during which the individual is said to
be exposed but not infectious. Therefore, it is important to ask the following question: how is it possible
to model the latent period in order to improve the control of the spread of diseases?

In most statistical researches, motivated by this question, the latent period distribution may take
different forms:

— The first one is a gamma distribution. For example, the latent period distribution of the avian
influenza was modeled by a gamma distribution in agreement with the experiments [9].

— The second one is a log-normally distribution. For example, the latent period distribution of ebola
was estimated to be log-normally distributed [10].

In this paper, we propose the following SIRI epidemic model with a distributed time delay and a
relapse phenomenon, i.e. the return of signs and symptoms of a disease after a remission [11,12,13,14,6]:

ds
=A- I
s wS — f(5,1),
d[ h
S = / p(7)e ™ f(Sy, I)dr — (u+ 7 + @) + R, (1)
0
dR
— =~ - 0)R.
3 = (et9)
The initial condition for the above system is
S0) =¢1(0), 1(0) =2(0), R(0) =ps(0), 0 €[-h,0] (2)
with ¢ = (¢1,¢2,¢3) € CT x Ct x CT, such that ¢;(0) >0 (-7 <60 <0,i=1,2,3).
Here C denotes the Banach space C([—h,0],R) of continuous functions mapping the interval [—h, 0]
into R, equipped with the supremum norm. The non-negative cone of C' is defined as Ct = C([—h, 0], RT),

where Rt = {z € R |z > 0}.
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Here ¢, = ¢(t — 1) for any given function ¥, A = uN, where N is the total number of population, S
is the number of susceptible individuals, I is the number of infectious individuals, p denotes birth and
death rates, o denotes death rate due to the disease, f(5,I) is the incidence function, i.e. the number of
susceptible individuals infected through their contacts with the infectious individuals, v is the recovery
rate of the infectious individuals, § represents the rate that recovered individuals relapse and regain
the infectious class, p(7) is the latent period distribution, which denotes the fraction of individuals who
become infective 7 units of time after infection and A is a maximum time taken by infected individual
to become able to transmit the infection (maximum latent period).

In model (1) the incidence function f(S,I) is a locally Lipschitz continuous function on Rt x R*
satisfaying f(0,1) = f(S,0) =0 for S > 0, I > 0 and the followings hold:

(Hy) f is a strictly monotone increasing function of S > 0, for any fixed I > 0, and f is a strictly
monotone increasing function of I > 0, for any fixed S > 0;

(Ha) ¢(S,1) = @ is a bounded and monotone decreasing function of I > 0, for any fixed S > 0, and
K(S) =lim;_,o+ ¢(S, 1) is a continuous and monotone increasing function on S > 0.

This incidence function includes the following forms: The first one is the saturated incidence fgi 7

[15], where 3 and d are the positive constants. The second one is the bilinear incidence ST [16,17,18,19,20].

The third one is the saturated incidence % [15,21,22,23,17,24,25,26], where o1 and «y are the
positive constants. The effect of the saturation factor (refer to o and a) stems from epidemic control

and the protection measures. The fourth one is the standard incidence % [27,28].

Historically, Tudor [13] developed and analyzed qualitatively one of the first SIRI epidemic model
for the spread of a herpes-type infection in either human or animal populations. This model consists of
a system of non-linear ordinary differential equations with a bilinear incidence function and a constant
total population. Based on the Tudor model, Moreira and Wang [29] extended a Tudor-model to include
non-linear incidence functions and they derived sufficient conditions for the global asymptotic stability
of the disease-free and endemic equilibria (see also [30,31,32,33,34] for particular incidence functions).

In [35,36], Van den Driessche et al. proposed an integro-differential equation to model a general
relapse phenomenon in infectious diseases (see also [34,37]). The resulting model, in particular case, is a
differential equation with discrete time delay, a constant population and a particular incidence functions
(standard and bilinear). The basic reproduction number for this model is identified and some global
results are obtained and the disease is shown to be uniformly persistent with the infective population
size either approaching or oscillating about the endemic level. The effect of the discrete time delay in
the epidemic models with a relapse rate has been taken into account in some recent studies ( see, for
example [6,38,39]).

As observed in empirical data [9,10], the researchers modeled the latent period by introducing a
distributed time delay in epidemic models and they demonstrated that distributed delay has the same
effect as the discrete time delay (the basic reproduction number is independent on the distribution of the
latent period). This implies that the distribution of latent period has no effect on the spread of infectious
diseases [40,41,42].

In this paper we extend the global stability results presented in [6,38] to an SIRI epidemic model with
a distributed time delay and a general incidence function. It is established that the basic reproduction
number Ry depends on the distribution of the latent period, the incidence function and the relapse
rate and it is shown that the global stability can be attained under suitable sufficient conditions on the
incidence function and the threshold parameter Ry. The originality of this work is to introduce both a
distributed time delay, a general incidence function and a relapse rate in the SIR epidemic model (see
model (1)).

The rest of the paper is organized as follows. In Section 2, we establish the global stability of disease-
free and endemic equilibria. Section 3 gives a numerical analysis and concluding remarks concerning a
comparison of a distributed SIRI model with a discrete SIRI model, and finally, in the section 4, we
include our conclusions and our future researches.
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2 Global Stability Analysis of Delayed SIRI Model

System (1) always has a disease-free equilibrium Py = (%, 0,0). On the other hand, under the hypotheses
(Hl) and (HQ), if

Ryi= —1— 251, 3)

then system (1) also admits a unique endemic equilibrium P* = (S*, I*, R*), where S*, I'* and R* satisfy
the following system:

A—puS— f(S,1)=0,
k(h)f(S,I) — (u+~+a)] +6R =0, (4)
v = (p+8)R=0,

with k(h) = fohp(r)e””dT andn=p+v+a— %'

Remark 1. The obtained basic reproduction number (3) depends on the distribution of the latent period

(k(h) = foh p(T)e #7dr). In the literature, there is no formula similar to (3).

In this section, we will discuss the global stability of the disease-free equilibrium Py and the endemic
equilibrium P* of system (1). Since (S + 1+ R) < A— u(S+1+ R), we have limsup(S+ 1+ R) < %.
Hence we discuss system (1) in the closed set

Q2 =:{(p1,2,03) € CT x CT x CF : [lo1 + 2 + 3| < A/}

It is easy to show that (2 is positively invariant with respect to system (1). Next we consider the
global asymptotic stability of the disease-free equilibrium Py and the endemic equilibrium P* of (1) by
Lyapunov’s functions, respectively.

Proposition 2. If Ry < 1, then the disease-free equilibrium Py is globally asymptotically stable.
Proof. Consider the following Lyapunov functional
S,

" —r K(%) 5
Vo(t>:/0 p(r)e /A (1= gy dudr + 1+ st

h o t K(%)
+/0 p(T)e - Wf(S(u)J(u))dudT.

We will show that d‘g’t(t) < 0 for all t > 0. We have

h K
WO [ e a2 s yar

PR
+/0 p(T)e K(S)f(S,I)denI.

Furthermore, it follows from the hypothesis (Hs) that
A A
K(4)

" 7MTK(;) 4 — T
| ot s nar < [ ptne s

© o(S, IIdr

< nlRy.

By the hypothesis (Hs), we obtain that

(1-
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where equality holds if and only if S = /AL.
Therefore, Ry < 1 ensures that %t(t) < 0 for all t > 0, where %t(t) = 0 holds if (S,I,R) = (%,0,0).

Hence, it follows from system (1) that {Fp} is the largest invariant set in {(SJ , R)\dV%p = O}. From

the Lyapunov-LaSalle asymptotic stability, we obtain that P, is globally asymptotically stable. This
completes the proof. O

Proposition 3. If Ry > 1, then the endemic equilibrium P* is globally asymptotically stable.

Proof. Firstly, we prove the existence and the uniqueness of the endemic equilibrium P*. At a fixed point
(S,1, R) of system (1), the following equations hold.

A—pS—f(S,1)=0,
k(h)f(S,I) = (p+~v+a)l+0R=0, (5)
I = (u+ )R =0.

Substituting the third equation into the second equation of (5), we consider the following system:

A—/J,S—f(S,I):O,

6
H(h)f(S,I)—(M—F’Y—FOZ—m)I:O, (6)
_
A

Using the first and the second equations in (6), we conclude that

A oy 1
S=——-(u+ty+a-—— . 7
m (n+~ u+5MMM) (7)

Substituting the equation (7) into the second equation of (5), we have

A _ _ Sy y_ I _ s
gU%:fU wtrto— i) mmD  ptyta ntd .
1 k(h)
By the hypothesis (Hs), g is strictly monotone decreasing on |0 Ar(h) =5 )] satisfying:

)
(ht+v+o—775

(1475 +a—25)

. o n+o N
A, 9(0) = () (Fo —1) >0,
and s
Ak (h) (htv+a-5%)
g( ~3 ) = - A < 0.
(/J“ + ly + o — IL+5) H( )

Thus, there exists a unique I'* such that g(I*) = 0. Hence, we conclude the existence and uniqueness of
the endemic equilibrium P*.

Finally, To prove global stability of the endemic equilibrium, we define a Lyapunov functional
V(t) =Vi(t) + Va(t) + Va(t) + V4,

with N s 51
Vi(t) = /0 p(T)e #7dr(S — S* — . J”(T’I*)du)’

and s
Vo) =(I —I"—I"In F)’
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)= ——(R— R —R*1
Valt) = 5 (R =R = R'ln

);

and

f(S(u), I(u))

D) )]dudr.

h  pt
Vi :/o /tiTp(T)e*W[(f(SJ) — F(§*,T*) — £(S*, ") In

The time derivative of the function V'(¢) along the positive solution of system (1) is

WO~ [ wwremrmar(s- 2L (4= s - si5.0)

dt 7(S,1%)
+(1- IT_*) (/th(r)e—*”f(sﬂ L)dr +0R = (u+ a+9)1)
4 %(1 _ %)(w— (n+0)R)
.
= [ e IS0 - 151+ 1571w LB
Using the relation A = uS* + f(S*, I*), simple calculations give that
O [ pmernart(- LELY (< uis -5+ 65 1)
+ [ h(p(T)e“T)dT]mf(& )

*

—(ptat+y) —e"—

h T*
NG T AT E SRR

*

+ L(y[—ﬂR— + (u+6)R*)

6 R
t o —ueypar peyp (oo )
+/0 (p(T)e ™) f(S*, I")In F6.0) dr.

Here by using

5 h
+)F — ——— T = f(S*, I* T dr,
(n+a+7) i I( )/O p(T)e”*7dr

(u+6)R* =~I",

and

R (S R 1 o B FT O I N S TN O
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straightforward calculations give

dv(¢)

f(57,17)

f(8,17)

dt

)55

- / e (1 -

h — T * * M . In
h *
h
h *
oyI* I*R IR*
+u+6(27 IR* I*R)
J(S*,I)

f(5,1%)

= r)emyar (1 -

)5

- [ () -
_ f(S*,I*)/Oh(p(T)e_,n)<W e
- [[onin(i- FE D) (1
st [ e (T

I*R
IR*

5y IR*
nw+d R

It follows from (H;) and (Hs) that

( —1)2.
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[ 17)

f(S,I*))

1 £(5,. I,)
TF(S*. 1) Jar

f(S,I%)
FST) 1)

If(SJ*))
I*f(S,1I)

(10)

f(57.1)
(5.1
(S, L)
If(S*,I¥)
0(5.1°)
9(S,1)

Jar

1f(S,I7)

I
I f(S,1)

f(5*,17)
—pull——""—1(5-5")<0
“( f(S,I*))( ) <0,
. f(S.0) ) (,_ 9S.1)
_ * * _ Y _ ) < .
1.1 (1- 70575) (1 - 55 p) <0
Furthermore, since the function g(z) = 1 — « 4 In(z) is always non-positive for any z > 0, and g(x) =0
if and only if = = 1, then 4 <0, for all ¢ > 0, where the equality hold

(S*,I*, R*). Hence, P* is globally asymptotically stable.

Remark 4. In Proposition 3, by modifying Lyapunov function proposed in
equilibrium is globally asymptotically stable. The obtained result extended
the Lyapunov function proposed in [38] is not valid for our model (1).

3 Numerical Simulations

In the following subsections, we will numerically indicate the risk of using

s only at the equilibrium point
O

[6], we proved that the endemic
the Theorem (8.1) in [38]. But

the discrete or distributed time

delay to describe the latent period. Also, we propose to illustrate graphically the effect of the relapse

phenomenon on the basic reproduction number Ry.
First, in some cases the SIRI epidemic model with discrete delay and
distributed delay generate the same asymptotic behavior. However, we

JAAM
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note significant differences in
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the speed of convergence and the evolution of the infected individuals (see subsection 3.1). Second, we
compared the basic reproduction number Ry of both models to bring out another major difference: the
two models do not have the same equilibrium (see subsection 3.2). Finally, we illustrate the effect of the
rate of relapse on the reproduction number Ry and we observe that the relapse phenomenon increases
the risk of installation of the disease in the considered population (see subsection 3.3).

3.1 Effect of the Latent Period on the Asymptotic Behavior

In this subsection, we give a numerical simulation to illustrate the theoretical analysis given in section 2
and to compare a distributed SIRI model (1) with the following discrete SIRI model (STRI model with
constant time delay) [6]:

ds

= A—uS— f(S,1),
dl
o =¢ "SI = (n+ v+ o)l + R, (11)
dR
Let
f(S,I)=pSI and p(r)= %

Applying Mickens nonstandard discretization (see, [43,44,45]) to the continuous model (1) , we first derive
the following discretized SIRI epidemic model with a distributed time delay:

SnJrl - Sn =A- ,U/SnJrl - Bsn+1—[n+1a
,8 h
Inpr — I = 7 Z € M S — (+ 7+ ) i1 + 6 Ry, (12)

k=0
Rn—i—l - R, = "YIn—&-l - (N’ + 5)Rn+1a n=0,1,2,..

The initial conditions of the system (12) are given by
Sn:wgzl)aln:w1g,2)aRn:wglg)vfor?n:_ha_h+1a"'70a
where wﬁf) >0(n=-h, —h+1,..,0,i=1,2,3). We further assume that T/J(()i) >0fori=1,2,3.

Substituting the third equation into the second equation of (12), we consider the following system:

S . A+ S,
T Bl
h
ﬂ —uk In
ITL = T~ H n— In— PN ny
+1 (1+c)hk2206 Sn—k k+1+c+clR
Y R,
Rn - In + )
T (w0 " T T+ (u+0)
with
_(ptrt+a)+(p+)(uta) +py - J 1
c= and ¢ = .
1+ (u+9) 14+ (p+6)(1+c¢)

Therefore we have
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A+ S,

L+ p+ Bl S o€ MRS Tk + £+ c1Rn]

Sn+1 -

h

I

Lij1 = ——r RS gLy g+ —— 4+ 1R

n+1 (1+C)h;€ n—kin k+1+C+Cl ny
h

Y B —pk I,
Sn— In— +7+ RTL +
1+(u+6)[(1+c)h;J6 eIt + 3+ e Ral

Ry

Rn+1 -

We take the parameters of the system (1) as follows:

A=5 u=0.005 ~=002 o=0.005

B=01, §=0001, h=10, S(0)=0999, I(0)=1, R(0)=0.

14 (u+0)

(13)

By Proposition 3, the endemic equilibrium P* of the distributed SIRI model (1) is globally asymptotically
stable (see Fig. 1). In addition, the models (1) and (11) generate identical, global asymptotic behavior
with different rates of convergence: For example, the maximum of infectious individuals is achieved, for
the model (1), at time ¢ = 500 days (1 years and 4 months), but this maximum is reached, for the model

(11), before 200 days (see Figure 1 and Figure 2).

3000}
800 2000]

700 2500

600 1500}
2000}

1500}

400 1000}

300 1000}

500

time t time t time t

Figure 1. Solutions (5, I, R) of the distributed SIRI epidemic model (1) are globally asymptotically stable and

converge to the endemic equilibrium P*.

900 1600] 900|
1400}
1200}
1000}

800

400

100 200 100

time t time t time t

400 500

Figure 2. Solutions (5,1, R) of a discrete SIRI epidemic model (11) are globally asymptotically stable and

converge to the endemic equilibrium P~
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3.2 Effect of the Latent Period on the Basic Reproduction Number

Now, we will show how the basic reproduction number R changes depending on the latent period.
In table 1, we assume that the parameters

A=5 a1 =09, a=09, pu=0.005 -~ =0.02
a=0005 A=0.1, &=0.001.

are fixed and

___ Bsr _ 1
18D = e P =1

The distributed SIRI epidemic model (1) and the discrete SIRI epidemic model (11) generate the same global
asymptotic stability for certain values of h. However for h € [286, 810] this equivalence was not true: the system
(1) has the disease free equilibrium and the endemic equilibrium (Ro > 1), but the system (11) has only a disease
free equilibrium (Rg < 1) (see, Table 1).

Table 1. Dependence of the basic reproduction number Ry on a distributed and a discrete latent period.

h(days) Ry of a discrete latent period Ry of a distributed latent period
200 1.53 2.63
285 1.00 2.22
286 0.99 2.21
290 0.98 2.20
300 0.93 2.15
819 0.07 0.99

3.3 Effect of the Relapse Rate on the Basic Reproduction Number

The basic reproduction number Ry is a strictly monotonically increasing function of relapse rate
(dﬁo > 0) (see Fig. 3). Therefore, the relapse is a factor favoring the installation of the disease in
the concerned population by increasing the value of Ry at a higher level to one. Moreover, ignoring the

relapse in an epidemiological model will underestimate Rj.

Figure 3. Dependance of the basic reproduction number on the relapse rate of the distributed SIRI epidemic
model for A =5;h = 10; 1 = 0.9; a2 = 0.9; u = 0.005; v = 0.02; « = 0.005; and [ =0.1
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4 Conclusion and Future Research

In recent years, modeling the latent period by a distributed time delay has more attracted the attention
of mathematical researchers, because the experiments and the statistical studies for some diseases have
shown that this period may be modeled by distributed time delay. Moreover, the distributed delay is
used in the epidemiological models to examine the cumulative effect of the incidence function.

In this work, we presented a mathematical analysis for a SIR epidemiological model with a distributed
delay, a general incidence function and the relapse phenomenon (1). The originality of this work is to have
a basic reproduction number Ry which depends on the distribution of the latent period. This number
remains a key parameter for the stability analysis of epidemiological models: if Ry < 1, then the disease
free equilibrium is globally asymptotically stable and if Ry > 1, then the unique endemic equilibrium is
globally asymptotically stable.

In addition, we proved that: On one hand, the dynamics of the discrete SIRI model (11) is different,
in some senses, to the one given by the distributed SIRI model (1) (see Fig. 1, Fig. 2 and Table 1). On
the other hand, the relapse is a factor favoring the installation of the disease by increasing the value of
Ry at a higher level to one (% > 0).

For the future research, we will consider an SIRI model with a non-constant total population, a
logistic recruitment, a non-linear relapse rate and an anti-relapse treatment.
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