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Abstract: Nipah virus (NiV) is a zoonotic virus that causes outbreaks of fatal disease in humans. Fruit
bat, also known as the flying fox, is the animal host reservoir for NiV. It is known to cause illness in
pigs, which are considered an intermediate host. In this paper, we propose a model for NiV disease
transmission taking into account all human-to-host animal transmission as well as the loss of immunity
in those who have recovered. Furthermore, we take into consideration seasonal effects such as varying
transmission rate from bats and birth rate of bats. We studied the existence and uniqueness of a disease-
free w-periodic solution and later deals with the basic reproduction number and stability analysis. To
support the analytical results we provide numerical examples and assess the effect of parameter changes
on disease dynamics, which might help to understand how to avoid a yearly periodic recurrence of the
disease.
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1. Introduction

With about 60% of human infections originating from animals [1], zoonotic diseases pose one of
the greatest health threats as shown by the recent outbreaks of severe acute respiratory syndrome
coronavirus (SARS-CoV-2), Ebola virus, Middle East respiratory syndrome coronavirus
(MERS-CoV). One of the most menacing emerging zoonotic diseases, Nipah virus (NiV) disease is
highly infectious and spreads in the community via infected animals, infected people or contaminated
food and objects, causing severe neurological and respiratory diseases with high mortality rates in
some instances [2]. Nipah virus, whose animal host reservoir is the fruit bat, also known as the flying
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fox, causes lethal encephalitis in humans and has recently been reported in Malaysia, Bangladesh,
Singapore and India [3-5].

Since the outbreak, very few mathematical models have been available for studies of NiV disease.
A basic SIR (susceptible-infected-recovered) model with optimal control was presented by Biswas
in [6]. A dynamic model of NiV infections with variable size population and two control strategies
was formulated in [7]. Incorporating quarantine of infectious individuals, Mondal et al. [8] analyzed
an SEIR (susceptible—exposed—infected—recovered) model where birth and death rates were assumed
unequal. Shah et al. [9] presented a two-layered model for humans and bats. Agarwal and Singh [10]
presented a mathematical model of seven compartments, including virus dynamics, flying foxes and
humans. They considered that this disease has no recovered individuals. Considering no bat
population and the role of deceased individuals who died from Nipah fever, Zewdie and
Gakkhar [11, 12] concentrated on an optimal control study of some adjustable parameters for a
coupled pig-human NiV disease model. In [13], the authors examined a compartmental model that
incorporated bats, humans, and an intermediate host. Recently, [14] proposed a numerical model of
NiV that focuses on tracking the influence of the fractional order derivative, considering transmission
from dead bodies. In [15], the authors developed a mathematical model comprising a nonlinear
fractional-order system of differential equations to examine the dynamics and optimal control
strategies for NiV using the Caputo derivative. Similarly, Baleanu et al. [16] considered a fractional
order model that incorporated the potential transmission pathway of unsafe contact with an infectious
corpse. Barua et al. [17] proposed a three-layered model in which bat and pig transmission was also
considered.

The above literature review demonstrates that despite the threat posed by NiV disease, so far, little
research has been done regarding its transmission. Furthermore, most of the models did not consider
all important characteristics of the disease and several studies focused on optimal control problems
rather than the dynamics of the proposed models. Another important aspect of transmission, which has
not been considered in models for NiV transmission, is the periodicity of the environment. The only
location where spillover events can be reliably seen annually is Bangladesh, where seasonal patterns
of consuming raw date-palm-sap in the “Nipah belt” correlate with outbreak timing and distribution
(November to April) [18]. Data from a six-year multidisciplinary research conducted on bats reveal
that one of the causes of outbreaks in Pteropus bats is driven by a gradual loss of immunity, culminating
in periods of interepizootic activity that last for several years [19]. Furthermore, the bats’ reproduction
also shows periodicity as studies reported that the bats’ mating season occurs from July to October and
mothers give birth to one or two newborns from February to March [20].

Motivated by the above, in the present work we propose a model for Nipah virus disease
transmission in a periodic environment in which all possible ways of transmission among humans, the
reservoir species of bats and the intermediate host pigs are considered. To our knowledge, this is the
first paper considering Nipah virus disease spread taking into consideration the seasonal nature of
disease transmission and reproduction. Several studies have been established for the mathematical
modeling of epidemics considering a seasonal environment since the generalization of the basic
reproduction number for periodic models was first defined by Bacaér and Guernaoui [21] as the
spectral radius of an integral operator acting on the space of continuous periodic functions. The proof
of the existence and stability of the disease-free w-periodic solution was first established by Wang and
Zhao [22]. The persistence of a class of seasonally forced epidemiological models is investigated by
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Rebelo et al. [23]. The methods established in the above papers have since been improved and applied
to study the spread of many infectious diseases; see, e.g., [24-32]. However, to the authors’
knowledge, no model has studied the spread of an infectious disease considering a transmission chain
consisting of three species. Hence, although we follow the general approach established in the
above-mentioned studies and applied in many modeling works since then, in the present work we
further improve this theory by adjusting the general methods to our three-species system. By doing
so, we study the existence and uniqueness of a disease-free w-periodic solution in Section 3, while
Section 4 deals with the basic reproduction number and stability analysis. In Section 5, we provide
some numerical examples to support the analytical results and to assess the effect of parameter
changes on disease dynamics. In the numerical experiments, we choose the periodic transmission and
birth functions (which are kept general in the analytical part of the paper) to correspond to the special
seasonal pattern of date palm sap consumption and the bats’ breeding behaviour, respectively. The
results might help to understand how to avoid a periodic yearly recurrence of the disease. The paper is
closed with a short discussion.

2. Model formulation

We develop a compartmental model considering all possible transmissions from animals to humans,
animals to animals and from humans to animals, also including periodicity of various parameters due
to seasonal patterns in demography and transmission rates.

The total human population N(¢) at time ¢ is divided into susceptibles (S (¢)), exposed (E(?)), infected
(I(1)) and recovered (R(t)). Hence,

Nt =S+ E@)+ 1) + R@).

The total population of pigs (intermediate host) N,(¢) at time ¢ is divided into susceptible (S ,(1)),
exposed (E, (1)), infected (/,(¢)) and recovered (R,(?)) individuals, so that

N, (1) = S (1) + Ep(t) + I,(1) + R, (1).

Similarly, the total bat population (animal host reservoir) N,(¢) at time ¢ is divided into susceptible
(S (1)), exposed (E,(1)), infected (1,(¢)) and recovered (R,(¢)) individuals, such that

Ny(8) = Sp(2) + Ep(t) + 1p(1) + R(2).

We denote the birth and death rates of humans by Il and pu, respectively. There is also a
disease-induced death rate, denoted by 6. The force of infection for humans to humans, humans to
pigs and humans to bats for NiV transmission is given by 51, 5,1, and Bj;1, respectively. Again, the
force of infection for NiV transmission from pigs to humans, pigs to pigs and pigs to bats is expressed
here as B,u1,,8,1, and B,,1,. Furthermore, the force of infection for NiV transmission from bats to
humans, bats to pigs and bats to bats is expressed here as B,,()1;, By, and By, (¢)],. Here, the
parameters are the effective contact rate of susceptible individuals who become infected from either
humans or animals who became NiV infected. Note that unlike other papers, such as [13,17], in this
work, we also allow transmission from humans to both animal species as well as pig-to-human
transmission, although it is hard to find any sources mentioning these ways of transmission (see, e.g.,
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under laboratory conditions [33-35]). However, as bat-to-human and bat-to-pig transmission
frequently occurs via indirect contact, we presume that (at least) indirect transmission can also happen
the other way around, hence, in this model, we decided to allow all possible ways of transmission.

In this context, the average duration of the infectious period is 1/y days, so infected individuals are
transferred to the recovered compartment at the rate y and 6 is the rate of loss of temporary immunity
acquired by recovered individuals, meaning that recovered individuals remain immune for 1/6 days on
average. The average length of the incubation period is defined by 1/v. We define all other parameters
for pigs and bats and apply the subscripts p and b, respectively, for them. Note that the time-dependent
parameters in our model are B;(1), B, (¢) and I1,(z).

The transmission diagram of our model is shown in Figure 1. A complete description of the model
parameters is summarized in Table 1. With the above notations, our model takes the following form:

d_S
dt
dE
d_ :,BSI +ﬁphSIp +,8bh(t)SIb —vE —,uE,
dtI (2.1a)
p =vE—-(u+d+yl,
dR
dt
ds,
dt
dE,
dt
dl,
dt
dR,
dt
s,

dt
dE,
W = ﬁ},Sth +,8h;,S;,I +ﬁprpr - v, E, —/.le;,,

di, (2.1¢c)
oo VpEy — (Up + 6, + ¥i) 1,

dRy,
dr

=1 - BS1 = BpS1, — Bon(t)S I, — uS + R,

=yl — (u+ )R,

=11, = B,S o1, = BupS pI = Bop(ODS pIpy — 11, S , + O,R,,
= ﬁpSpIp +,8hpSpI +,8bp(t)Spr - VpEp —,upEp,

(2.1b)
=v,E, —(u, + 06, +yp)l,

=Yplp — (Up + 6p)R)p,

=I0,(0) = BoS v, — BruS oI — BppS vy — pS b + OpRy,

= Vplp — (ty + Op)Ry.
The following initial conditions are associated with system (2.1), define ¢ = (S (0), E(0), 1(0), R(0),

S ,(0), E,(0), 1,(0), R,(0), S 5(0), E4(0), I, Ry(0)) where S (0) > 0, E(0) > 0, 1(0) > 0, R(0) > 0, S ,(0) >
0, E,(0) > 0, 1,(0) > 0, R,(0) > 0, S ,(0) > 0, Ex(0) > 0, I,(0) > 0, and R;(0) > 0.
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Figure 1. Transmission diagram. Red dashed arrows indicate the transition from one
compartment to another. Green arrows and gray indicate new entry and exit for death,
respectively. The blue arrow represents virus transmission. Light blue, gray, and yellow
colored boxes depict compartments for humans, bats and pigs, respectively.

Table 1. Description of parameters of model (2.1).

Parameters

Description

I1
Hb(t), Hp
M

Hbs Hp
0

0p,0p

Y

Yp> Vb

B

Bhp

Bho

By

ﬂph

ﬁpb

B

Buin(1)
Bop(1)

1/v

/vy, 1/vy
1/6
1/6,,1/6,

Recruitment rate for humans

Recruitment rate for bats and pigs
Natural death rate of humans

Natural death rate of bats and pigs
Disease-induced death rate for humans
Disease-induced death rate for pigs and bats
Recovery rate for humans

Recovery rate for pigs and bats
Human-to-human transmission rate
Human-to-pig transmission rate
Human-to-bat transmission rate
Pig-to-pig transmission rate
Pig-to-human transmission rate
Pig-to-bat transmission rate

Bat-to-bat transmission rate
Bat-to-human transmission rate
Bat-to-pig transmission rate

Average incubation time for humans
Average incubation time for pigs and bats
Average length of immunity for humans
Average length of immunity for pigs and bats
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3. The disease-free periodic solution

3.1. Existence and uniqueness of the disease-free w-periodic solution

In this section, we will study the existence and uniqueness of the disease-free periodic solution
of system (2.1). For this let us consider the subsystem (2.1a) in case of no disease transmission for
humans. For the susceptible human population, we have the linear differential equation:

S’(#) = T — uS (). (3.1)

Clearly, S (¢) is bounded and Eq (3.1) has a unique, globally asymptotically stable equilibrium S* =
I1/u. Similarly one can prove that the pig subsystem (2.1b) has a unique, globally asymptotically stable
equilibrium § » =11, /u, and S (1) is bounded. Now let us consider the subsystem (2.1c) for bats. To
find the disease-free periodic solution of this subsystem, we consider the equation for susceptible bats
in case of no disease transmission in the form

S0 = T (@) — S (0), (3.2)

with initial condition
e Hbw j(‘)“’ 41, (E)dE

Sp(0) =S = =
For this initial value problem, we have
!
Sy = et (Sbo + f e T, (&) df) > 0, (3.3)
0

which is globally attractive in R,. Thus, the system (2.1) has a unique disease-free periodic solution
E* = (S*QO’ 0’ O’S;, O’ O’ O’Sz(t)9 O’ 0’ 0)’ (3’4)

where §* = I1/u, S, = I1,/u,, and S (2) is defined in (3.3). To introduce the following result, we set
h* = sup .., h(t) for a continuous positive w-periodic function A(t).

L
Lemma 1. There exists N; = % > 0 such that each solution in R1? of (2.1) eventually enters
Gy-={S,E,I,LR,S,,E,,1,,R,,Sy,E}p, I},R)) € RPN, < N;, N, <N,, Ny < N},

and for each Ny(t) > N;, Gy- is positively invariant for system (2.1).

Proof. 1t can be easily seen from (2.1) that for the bat subsystem (2.1c), we have
Ny(t) = Ty(2) = upNp(2) = 6p1(1) < TI; = upNp(2) < 0, if Nj(2) 2 N,

which implies that Gy- is positively invariant when N,(f) > N, and over time, every forward orbit
eventually enters into Gy-. O

AIMS Mathematics Volume 8, Issue 12, 29604-29627.



29610

4. Basic reproduction number and stability analysis

4.1. Basic reproduction number

In this section, we will follow the technique introduced in [22] to study the local stability
properties of the disease-free periodic solution depending on the basic reproduction number. First, we
can calculate the disease-free periodic solution E* defined in (3.4) of system (2.1) for appropriate
parameter values. To introduce the basic reproduction number R, for system (2.1) we calculate

[ ﬁSI +ﬁphS1p +ﬁbh(t)SIb
0
ﬁprIp +ﬁhpSpI +ﬁbp(f)Spr
0
BoS o1y + LS v 1 + BppS vl
0
F (1, X(@) = 0 ,
0
0
0
0
0
and
v+ WE | 0
w+o+yl vE
(Vp + ,up)Ep 0
(Up +6p + ¥, VpEp
vy + ) Ep 0
- _ (up + 6p + v, + _ vpEp
VXD =\ 1S +pmSL+ps | EXO= g e |
(u+ OR 074
BpS o1y + BrpS o1 + Bup(DS p 1, + 1,8 I1, + 6,R,
(1 + 0,)R), Yolp
BoS o1y + BrpS I + BppS v, + 145S I1,(2) + O,R,
(up + 0p)Ry, ] 7/

where X = (E,I,E, 1, Ep,1,,S,R,S,,R,,S), R,)T. Here E,I, E, I, EpI, are the infected
compartments and S, R, S ,,R,, S, R;, are the uninfected compartments. Now, let us check conditions
(A1)—(AS5) from [22, p. 701]. System (2.1) can be written as

X'() = F(t,X(@®) = V(t,X(@) = f(t, X(1)), 4.1)

where V(t,X(¢)) = V~ (¢, X(t)) — V*(t, X(¢)). It can be easily seen that conditions (A1)—-(AS5) hold.
We also introduce here the function f(z,X(¥)) = F(,X(@) — V(t,X()) and the matrix
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M = (af (X (’»)M J<12» Where fi(z, X(2)) stands for the i-th coordinate of f(z, X(1)) and X; is the i-th
entry of X The matrix M has the form

[—u 6 0 0 0 0
0 —u-6 0 0 0 0
10 0 —Up 0, 0 0
M = 0 0 0 —-u,-6, 0 0 4.2)
0 0 0 0 —Up O
| O 0 0 0 —up— 6]

We denote by ®,,(#) the monodromy matrix of 7/ = Mz. We apply the usual notation p(®(#)) for
the spectral radius of ®@,,(w). We obtain that p(®,,(#)) < 1, from which it follows that X*(¢) is a linearly
asymptotically stable solution in X = (0,0,0,0,0,0,0,0,0,5,5,,S5) € le, the disease-free subspace.
Hence, condition (A6) is also fulfilled.

We introduce the matrix functions F(z) = ( W(”\’ (’))) 1<ij<6 and V(1) = (w)lq <6 (here again,
a lower index i corresponds to the i-th coordlnate) The two vector functions can be calculated as

0 BS* 0 BuS® 0 Bu@®)S™]
0 0 0 0 0 0
F) = 0 BwS, 0 B,S, 0 Bp®S,
0 0 0 0 0 0
0 BwS,®) 0 BpS,) 0 BpS, (1)
10 0 0 0 0 0
and
ER% 0 0 0 0 0
-V y+o+u 0 0 0 0
1 0 0 Hp + V) 0 0 0
=1 o 0 v, Yp+O,+u, O 0
0 0 0 0 My +Vp 0
| 0 0 0 0 ~Vy Vbt Op+ )

Note that F(¢) is a non-negative matrix function, while —V(¢) is cooperative. Suppose X(¢, s), t > s,
is the evolution operator of the linear system

dx(t)
dt

= =V(@®)x(t).

Thus, for s € R, X(¢, s) satisfies the equation

dX(,s)
dt

=-V(®X(t,s), Vt=>sX(s,s) =1,
where I denotes the 6 X 6 identity matrix.
Denote by i/(s) the distribution of infected individuals, w-periodic in s. Then, F(s)y¥(s) provides

the rate of new cases due to those infected whose infection occurred at time s. For t > s, the term
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X(t, s)F(s)¥(s) is the distribution of those infected who became infected at time s and who continue to
be infectious at time . Therefore,

g(t) = f X(t, )F(s)¥(s)ds = foo X(t,t —a)F(t — a)y(t — a)da,
_ 0

(%)

gives the distribution of cumulative new infections at time ¢ generated by all infected individuals ()
who were introduced at any time s < ¢.

Denote by C,, the ordered Banach space of w-periodic functions from R to R®, provided with the
usual maximum norm |-||., and define the positive cone

Ch={y eC,:y(t)>0,Y € R}.

The linear next infection operator L: C,, — C,, is introduced as

(Ly)(®) = f ) X(t,t — a)F(t — )y(t — a)da, VteR,y € C,.
0

The basic reproduction number of (2.1) is defined as Ry := p(L) [22].
To be able to provide a numerical approximation of the value of R, following [22], let W(z, 1) be a
fundamental matrix of the linear w-periodic equation

d_w ( F()
dt

V(@) + T) w, VYteR,

with parameter 4 € (0, c0). Furthermore, without loss of generality, we assume that W(0, A) is the
identity matrix /. Now, at this point, it is important to recall that W(w, 1) is the monodromy matrix of
the aforementioned linear w-periodic system.

Theorem 2 ([22, Theorem 2.1]). The following statements are valid.

(i) If p(W(w, A)) = 1 has a positive solution Ay, then Ay is a eigenvalue of operator L, and hence
R() > 0.

(ii) If Ry > 0, then Ay = Ry is a unique solution of p(W(w, 1)) = 1.
(iii) Ry = 0 if and only if p(W(w, 1)) < 1 for all 1 > 0.

4.2. Local asymptotic stability of the disease-free periodic solution

Based on the results in the previous subsection, we can formulate a theorem concerning the local
stability properties of the disease-free periodic solution E* of model (2.1). Before we state the main
result of this subsection, we recall Theorem 2.2 from [22].

Theorem 3 ([22, Theorem 2.2]). The following statements are valid.
(i) Ro = 1L if and only if p(Pp-y(w)) = 1;

(ii) Ro > 1 if and only if p(®r_y(w)) > 1;

(iii) Ro < 1 if and only if p(®p_y(w)) < 1.
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Theorem 4. The disease-free periodic solution E* of (2.1) is locally asymptotically stable if Ry < 1,
and it is unstable if Ry > 1.

Proof. The Jacobian of (2.1) calculated at E* is

I = [F(t)— V(1) 0],

A M

with M defined in (4.2) and A(f) given by

[0 -BS* 0 —BuS"™ 0 —Bu)S™]
0 y 0 0 0 0

A= |0 PuSy 0 BS, 0 By0S,
0 0 0 Y, 0 0 :
0 —BwS;t) 0 =BuS;®H 0 —B,5;(1)
0 0 0 0 0 Y

By [36], E* is a locally asymptotically stable periodic solution if p(®y(w)) < 1 as well as
Po(Or_y(w)) < 1 hold. From condition (A6), we have p(®y(w)) < 1. It then follows that the stability
of E* is determined by p(®r_y(w)). Hence, E* is locally asymptotically stable if p(®p_y(w)) < 1, and
unstable if p(®p_y(w)) > 1. By using Theorem 3, we complete the proof. O

4.3. Global stability of the disease-free solution

We will show the global asymptotic stability of the disease-free periodic solution E* for Ry < 1. We
will need the following results.

Lemma S ([37, Lemma 2.1]). Let u = i In p(®4()(w)). Then there exists a positive, w-periodic function
v(t) such that é"'v(t) is a positive solution of X' = A(t)x.

Theorem 6. The disease-free periodic solution E* of (2.1) is globally asymptotically stable if Ry < 1.

Proof. From Theorem 3, we know that if Ry < 1, then E* is locally asymptotically stable. Therefore,
it is only left to show that for Ry < 1, E* is globally attractive, which, together with local asymptotic
stability, implies global asymptotic stability. Because I(¢) > 0, 1,(¢) > 0 and 1,(¢) > 0 from Lemma 1,
it can be shown that

Ny(0) = T = uNy(t) = 61(2) < 11 = uN,(0),
Ny (#) =TT, — p,Np(1) = 6,1, (1) < T1,, — uN,(0),

which implies that

% . HP *
=87 and limsupN,() <— =S5,

t—0o0 p

lim sup N, (1) <

t—00

I1
u

Therefore, there exists a T > 0 such that §(r) < N,(f) < S* + €, and S ,(r) < N,(t) < S, + €, and
from Lemma 1, §,(¢) < N(2) < §;(?) + €, for an arbitrary positive € if > T.
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Using these estimations for system (2.1), we get

dE *
ar < Bl + Bpndy, + Bon(OI)(S™ + €) — VE — uE,

dl

— =vE—-(u+o+yl,

prie (1 Y)

dR

— =yl - OR

7 =7 (1 + O)R,
dEp *
7 < (ﬁplp +:8hpl +:8bp(t)lb)(sp + E) - VpEp - #pEpa

dl

d—t” =v,E, = (, + 6, +y,)I,, (4.3)
dR,
ar =Yplp — (Up + Op)R,,
dE, *
T < Buly + Bupd + Bpplp)(S (1) + €) — Vi Eyp — upEyp,

dl,

o VoEy = (p + 0p + yp)1p,
dR
d_tb =vply — (p + Op)Ry,

fort > T. Let M.(¢) be the matrix function

[-u—-v B +e) 0 Bpn(S™ +€) 0 Bon(D(S* + €)]
% —-y—0—u 0 0 0 0
0 Bip(Sy,+e) —pp—v, Bp(S,+6€) 0 Bop(D)(S, + €)
0 0 V) —yp =0, — lp 0 0 ’
0 Bw(S,@®)+e) 0 Bpp(S, () +€)  —pp—vy  Bp(S,(1) + €)
0 0 0 0 Vp ~Yb — Op — M

and let us consider the auxiliary equation
d
0 = mwvo, (44

where U(r) = (E(0),1(t), E)(1),1,(1), Ep(t), I,(1)). From Theorem 3, we have R, < 1 if and only if
P(Dp_y(w)) < 1. Itis clear that lim_,o @y, (w) = Pr_y(w). As p(Pr_y(w)) 1s continuous, € > 0 can be
chosen small enough such that p(¢y, (w)) < 1 holds. Now following Lemma 5, we see that there exists
a positive w-periodic function p(f) such that p(f)e*’ is a solution of (4.4) and & = iln p(Dy (w)) < 0.
For arbitrary h(0) € R® we can find k* such that h(0) < k*p(0) where
h(t) = (E(1), 1(1), E (1), 1,(2), Ep(2), I,())T. Now applying the comparison principle [38, Theorem B.1],
we get h(t) < p(t)e*’ for all t > 0, from which we get

tlim(E(t), 1(0), E (1), 1(D), Ep(1), I,(t))" = (0,0,0,0,0,0)".

One directly obtains Ny(f) — N;, Ny(1) = N, and Ny(1) — N, asr — oo. Let € > 0, we can choose
te > O such that I(r) < €, I,(t) < € and I,() < e for all # > .. Then, from the equations for R'(?), R,(1)
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and R (7) of (2.1) we get

R (1) < ye — (u+ OR(®),
R(1) < ype = (up + 0,)R,, (D),
R,(1) < ype — (up + Op)Rp(2),

for large enough ¢, hence R(t) — 0, R,(t) — 0 and R,(t) — O as t — +o0.
Thus, the equations for S'(¢), S ;,(t) and §(7) in system (2.1) provide that

limS(r)=S", lim § (1) = S;, lim(S,(¢) = §,(#)) = 0.
t—o0 t—o0

—o0

The proof is complete.

4.3.1. Existence of positive periodic solutions for Ry > 1
To show the existence of positive periodic solutions, we first introduce the notations

X = {(S,E.LLR,S . Ep, 1, Ry, S, Ey, I, Ry) € R},
X, = {(S,E,I,R,S,,, E,1,,R,), Sy, Eps I, R) €X : E>0,1>0,E,>0,1,>0,E,>0,1, > 0},

and
X, = X\X, = {(S, E.LLR,S ), Ep 1, Ry, Sy, Ep Iy, Ry) € X @ EIE, I E,I, = 0}.

Let us define the Poincaré map #: R!? — R!? corresponding to (2.1) as
P = u(w, x%), e Riz,
where u(t, x°) is the single solution of (2.1) started with initial condition x° € R!?. Then,
P(x%) = u(mw, x°), forallm > 0.

Proposition 7. The set X, and 0X, are both positively invariant w.r.t. the flow defined in (2.1).

Proof. Let us consider the initial condition ¢ € X,. By solving (2.1) for all # > 0, we get that

S(f) = ehrmasnds (S ) + f el a5 (7 4 gR(£)) dg) >0,
0

E(f) = ¢ W™ (E(O)+ f eWV)Sal(s)S(s)ds) > 0,
0

!
I(t) = e” Yo (1(0) +v f e<7+6+ﬂ>~‘E(s)ds) >0,
0

!
R(1) = e " (R(O) +y f ew“‘)sl(s)ds) >0,
0

!
f . fof(ﬂpm(s))m(np +0,R,(£)d¢] > 0,

S ,(t) = ehCrrmarnds (5,,(0) +
0
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!
E,(t) = e W) (Ep(0)+ f e("”””)saz(s)Sp(s)ds) > 0,
0

!
Ip(t) = ¢~ Wptoptup)t ( I,,(O) +v, f P toptip)s Ep( s)d s) >0,
0
!
R, (1) = e"rttrt (R,,(O) +, fo e(9P+“P)SIp(s)ds) > 0,

SWﬁwﬁwwm@mHj?meWmmHMﬁm@>Q
0

f
Ep(f) = e Hor)t (Eb(O) + f e("””*’)sag(s)Sb(s)ds) > 0,
0

t
I,(f) = e~ o+ovHolt (I;,(O) + v f e‘Wb*ﬂb“Eb(s)ds) >0,
0

!
Ry(t) = e @Hm)t (R,,(O) + Y f e<9h+ﬂb>s1,,(s)ds) > 0,
0

where

ai(t) = BI(t) + Bpnd (1) + Bon(DI(2),
ax(t) = Bpl (1) + Bupl (1) + Bip(D1y(1),
az(t) = Bplyp(t) + Bl (1) + Bpp (1)

Thus Xj is a positively invariant set. Since X is positively invariant and dXj is relatively closed in
X, then it is clear that 90X is positively invariant. m|

Lemma 8. If Ry > 1, then there exists a o > 0 such that for any x° € X, with ||x° — E*|| < o we have

lim sup d(P"(x°), E*) > 0.

m-—o0

Proof. By Theorem 3 we have p(®p_y(w)) > 1 if Ry > 1. Then we can choose an 7 > 0 such that
P(@p_y-um,(w)) > 1 where the matrix function M, (7) is defined as

Bn Borm 0 Bun(0)n]
0 0O O 0
Brpm Bom 0 Byy(t)n .

Mn(t) =

Busn Bwn O B

0
0
0
0O 0 0 O O
0
O 0 o0 0 O

cocoocoocoo

Let us use the notation ¢ for an initial condition of (2.1). The continuous dependence of the
solutions on initial values implies that we can find a o = o(17) > 0 such that for arbitrary ¢ € X, with
llp = E°ll < o,

lu(t, ) —u(t, E")|| <n, forO0<t<w,
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holds, moreover,

lim sup d(P"(x°), E*) > 0. (4.5)

m—o00

Indeed, suppose by contradiction that (4.5) is not true, then

lim sup d(P"(x"), E*) < o,

m—o0

hence, it follows from the above that
lu(t, P"(P)) — u(t, E*)|| <n, forallm>0,t¢€ [0,w].

For an arbitrary 7 > 0, let us write  as t = mw + f, where 7 € [0, w) and m = [ L], the integer part of
L. We obtain
llu(t, x°) — u(t, E*)|| = llu(f, P"(x°)) — u(f, E")|| <, forallz>0.

From this, we have
S@=8"-n S,(t= S;‘, -n, and S, =S, -1,

and hence for ||¢p — E*|| < o, we get

dE
— > (Bl + Bpudy, + Bou1)(S™ —n) — VE — pE,

dt —
dl
— =vE—-(u+d6+vy)l,
i (1 Y)
dR
=yl - (u+6R,
7Y (u+0)
dE, .
7 2 (ﬁplp +:8hp[ +;8bp(t)lb)(Sp - 77) - VpEp - /JpEp,
di,
E :VpEp—(/.lp+5p+’yp)I ,
dR,
dr =Yplp — (Up + Op)R,,
dE, i
T > (Boly + Bupd + Bppl,))(S (1) — 1) — Vi Ep — iy Ey,
dl
d_tb =VpEp = (up + 6 + yp)lp,
dR
d_tb = Yol — (up + 0)Ry.

Introduce now the auxiliary linear system
U'(t) = (F(1) = V(1) = My())U (1), (4.6)

with U(t) = (E(@), (1), E,(1), 1,(1), Ex(1), I,(1)). Now we have p(F (1) — V(¢) — M,(t)) > 1, while from
Lemma 5 we know that there exists a positive, w-periodic function p,(f) such that A(t) = €' p,(f) is a
solution of (4.6) and & = i Inp(®r_y_p,(w)) > 0. Let 7 = nw and n be a non-negative integer, we get

h(n(l)) = enw‘fpl(nw) - (OO, 00, 69, 60, 60, &9, 60, 00, OO)T~
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For any /(0) € Ri, we can choose a real number ny > 0 such that 4#(0) > ngp;(0) where

h(t) = (E(®), 1(1), R(0), E (1), 1,(1), Ry(1), Ep(), In(1), Ry(D) .

Applying the comparison principle [38, Theorem B.1], we obtain () > p;(t)e*’ for all t > 0, which
implies that

Ill)rg(E(t)? I(t)? R(t)’ Ep(t)’ Ip(t)’ Rp(t), Eb(l)a Ib(t)’ Rb(t))T = (OO’ ©0, 09, &0, 00, 00, 09, 0, OO)T'

This leads to a contradiction that completes the proof. O

Theorem 9. Let Ry > 1. Then system (2.1) has at least one positive periodic solution and there exists
an € > 0 such that

liltgionf(E(l), 1(1), R(1), Ep(1), 1,(2), R (1), Ep(1), 1,(1), Ry = (€1, €, €€, 6,6, 6,6,6),

forall ¢ € X,.

Proof. First, we prove that the Poincaré map # is uniformly persistent with respect to (Xo, 0Xy), from
this, applying [39, Theorem 3.1.1], it follows that the solution of (2.1) is uniformly persistent with
respect to (Xy, Xy). From Proposition 7, we have that both X and X are positively invariant, and 90X
is relatively closed in X. Furthermore, from Lemma 1 it follows that system (2.1) is point dissipative.
Let us introduce

My = {¢ € 0X, : P"(p) € 0Xy,Vm > 0}.

To apply the theory developed in [39] (see also [37, Theorem 2.3]), we first show that
My = {(5,0,0,5,,0,0,5,,0,0): S >0,5,> 0,5, > 0}. @.7)

Let us note that My 2 (5,0,0,5,,0,0,5,,0,0): S >0,5,>0,5, > 0. It is sufficient to prove that
M, c {($,0,0,5,,0,0,5,,0,0) : § > 0,5, > 0,5, > 0}, ie., for arbitrary initial condition ¢ €
0Xo, E(nw) = 0 or I(nw) = 0 or R(nw) = 0 or E,(nw) = 0 or I,(nw) = 0 or R,(nw) = 0 or Ey(nw) =0
or I,(nw) = 0 or R,(nw) =0 foralln > 0.

Assume by contradiction the existence of an integer n; > 0 for which

(E(njw), I(njw), R(nw), Ep(nw), I,(nw), R,(nw), Ey(njw), I,(nw), Ry(nw))
> (0,0,0,0,0,0,0,0,0).

Then, by putting ¢ = njw into the place of the initial time # = 0 in Proposition 7, we get that S () > 0,
E(@) > 0,1(t) >0, R() > 0,5 ,(t) >0, E,(1) >0, [,(t) >0, R,(t) >0, S,(t) >0, Ep(t) > 0, I,(t) >0,
and R,(¢) > 0. This is in contradiction with the positive invariance of 0Xj.

By Lemma 8, # is weakly uniformly persistent w.r.t. (Xo, Xp). Lemma 1 guarantees the existence
of a global attractor of . Then E* is an isolated invariant set in X and W*(E*) N X, = (. Each solution
in My tends to E* and it is clearly acyclic in M.

By [39, Theorem 1.3.1 and Remark 1.3.1], we can deduce that P is uniformly (strongly) persistent
w.r.t. (Xy, 0Xp). Hence, there exists an €; > 0 such that

hlt‘r_l)ionf(E(t), I(t)’ R(t)’ Ep(t)7 Ip(t)’ Rp(t)7 Eb(t)’ Ib(t)’ Rb(t))T 2 (61’ €1, €1, €1, €1, €1, €], €], GI)T’
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for all ¢ € X,.

By [39, Theorem 1.3.6], P has a fixed point ¢ € X,, and hence the system (2.1) has at least one
periodic solution u(t, ¢) with

¢ = ($(0), E(0), 1(0), R(0), S ,(0), E,,(0), I,(0), R,(0)S ,(0), E4(0), ,(0), R,(0)) € Xo.

Now, let us prove that §(0), 5 ,(0) and S,(0) are positive. If (§(0) = 0, §,(0) = 0, §,(0)) = 0,
then we obtain §(0) > 0, §,(0) > 0 and $,(0) > O for all # > 0. However, using the periodicity of
the solution, we have S(0) = S(nw) = 0, § »(0) = S p(nw) = 0 and §,00) = S,(nw) = 0, which is a
contradiction and hence the statement of the theorem is proved. O

5. Numerical simulation

To illustrate our analytical results, we perform some numerical simulations. These simulations will
also give us suggestions regarding the changes in model parameters that might lead to a periodic yearly
recurrence of Nipah virus disease and how to avoid such a recurrence. The periodic transmission rates
are described by functions of the form

sin(41/365 = II) +a, 0<t<365/4 mod 365,

Kz :NX'
B:() = {a, 365/4 <t <365 mod 365,

where x € {bp, bh}, B, is a baseline value for the transmission rate and a is a positive constant. The
form of this periodic transmission function corresponds to the increase of contacts between humans and
bats due to date palm consumption in the period between December and February, with its peak value
in January. The periodic function describing the birth rate of bats is defined in a similar way, taking
into account the breeding season of the bats. We show three examples that correspond to different
values of the basic reproduction number. To numerically approximate this value, we follow the method
described in [40]. Note that all simulations were performed using Wolfram Mathematica.

A thorough analysis employing Latin hypercube sampling in conjunction with the partial rank
correlation coefficient (PRCC) approach was done, involving 10,000 Monte Carlo simulations per
iteration. The PRCC technique has allowed us to quantify the effect of changing these factors on the
model’s feedback using a variety of parameter values. As a result, we have developed statistical
connections between the eight parameters used as input and the cumulative number of infections up
until the end of the specified time period chosen as the output parameter. It is worth mentioning that
increasing parameters with positive PRCC values causes the cumulative number of cases to increase,
whereas increasing parameters with negative PRCC values causes the cumulative case count to drop.
The results, as shown in Figure 2, highlight the variables that have the biggest effects, particularly the
rates of transmission from bats to humans (5,,), pigs to humans (8,,) and bats to pigs (8;,). Our
experiment suggests that human-to-human transmission has a lesser effect than animal-to-human
transmission.
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[[] Human—to—human transmission rate (8)
[71 Pig—to~human transmission rate (Bph)
Il Bat—to—human transmission rate (By,)
[[] Human—to—pig transmission rate (Bnp)
[l Human-to-bat transmission rate (8y,)
[ | Immunity losing rate for human (6)

(] Average time of infectiousness (1/y)

M Disease induced death rate for humans (6)

Figure 2. Partial rank correlation coefficients (PRCC).

Table 2. Parameters for model (2.1) providing values for extinction and persistence (in units

of per day).

Parameter Extinction (Example 1) Extinction (Example 2) Persistence Source
I1 6.69852 6.69852 6.69852 [41]

I1, 300.3 300.3 300.3 [42]

I, 0.411 0.411 0.411 Assumed
u 0.0000379 0.0000379 0.0000379  [41]

Hp 0.002747 0.002747 0.002747 [43]

U 0.00013699 0.00013699 0.00013699 Assumed
B 2.28 x107° 2.0x107° 20x107°  [11]

Bon 1.3x10°8 2.0x 1078 20x 107  Assumed
Bon 1.0 x 10°° 1.0 x 1076 1.04 x 10°®  Assumed
By 6.71 x 1078 6.71 x 1078 1.32x 10  Assumed
Bup 7.0x 1078 7.0x 1078 7.0x 107 Assumed
By 1.0x 1077 1.0x 1077 1.0x 10  Assumed
B 6.71 x 107° 6.71 x 107° 6.71 x 107 [19]

B 7.0 x 10710 7.0x 10710 7.0x 10719 Assumed
Bov 7.0 x 10710 7.0x 10710 7.0x 1071 Assumed
v 0.047 0.0476 0.0476 [44]

Vp 0.066 0.066 0.066 [45]

Vi 0.066 0.066 0.066 Assumed
0 0.033 0.0333 0.0333 Assumed
0, 0.001 0.001 0.001 Assumed
0, 0.00046 0.000456 0.000456 [19]

vy 0.045 0.0177 0.0177 [46]

Yp 0.049 0.049 0.0499 [45]

Vb 0.0225 0.0197 0.05 Assumed
o 0.09 0.02065 0.09 Assumed
0y 0.00232 0.000325 0.000265 [47]

oy 0.000746 0.000575 0.000501 Assumed
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In our first example, the basic reproduction number has the value R, = 0.86, i.e., it is significantly
smaller than 1. The parameter values corresponding to this example can be found in the first column
of Table 2, while the number of infected humans, pigs and bats are plotted in Figure 3. One can see
that-just like expected based on our analytical results-the disease will die out in all three species and
the population reaches a (globally asymptotically stable) disease-free steady state.

100
100 W
80F
80F
£ 6o}
E P z
z £ o E
z £ a0} E
20
20F
of
0 1000 2000 3000 4000 5000 0 - L L L L L L L L L L L
Time (days) 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Time (days) Time (days)
(a) Extinction of infection in L. . .. . . ..
(b) Extinction of infection in pigs. (c) Extinction of infection in bats.

humans.

Figure 3. Extinction of NiV when Ry = 0.86 < 1 with parameter values in Table 2
(Example 1).

In Example 2, we consider another set of parameters with which the reproduction number is still
below 1, however, in this case, the value Ry = 0.985 is very close to the threshold value. In this case,
one can see that again the disease goes extinct in all three species, as expected from the analytical
results. The results of the numerical simulations for the three species are shown in Figure 4.

300F
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200F

150

Infected Humans

Infected Pigs
Infected Bats

100

S0

0 1000 2000 3000 4000 5000

Time (days) ;) I0.00 20‘00 30‘00 40‘00 50.00 1.) I0.00 20.00 30‘00 40‘00 50.00
Time (days) Time (days)
(a) Extinction of infection in o . o o . o
(b) Extinction of infection in pigs. (c) Extinction of infection in bats.

humans.

Figure 4. Extinction of the disease for Ry = 0.985 < 1 with parameter values shown in
Table 2 (Example 2).

In our last example, shown in Figure 5, the applied parameter values (shown in the last column
of Table 2) result in a basic reproduction number Ry = 3.965 with a value larger than 1. In this
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case, we can see that the disease persists and the figures suggest that all solutions tend to an endemic
periodic solution corresponding to the annual recurrence of the disease. Comparing the parameter
values applied in our last example with those of the two previous cases, one can see that a significant
increase in all transmission rates was needed to obtain a situation where the disease remains endemic,
along with an increase in the length of the infectious period. On the other hand, the simulations suggest
that keeping the transmission rates as low as possible is sufficient to prevent huge seasonal outbreaks
of the disease.
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Figure 5. Persistence of NiV when Ry = 3.965 > 1 with parameter values in Table 2.

6. Discussion and conclusions

In this study, we developed a three-species compartmental model to characterize the spread of the
Nipah virus infection among bats, pigs, and humans, taking into account all possible directions of
transmission between the three species. To make our model more realistic, we included periodicity in
our model considering the periodic birth rate of the reservoir species bats and periodic transmission
rates due to the seasonal nature of date palm sap consumption, an important way of disease
transmission from bats to humans. We also included the loss of immunity in those who have
recovered, as according to studies conducted on bats, one of the factors contributing to outbreaks in
Pteropus bats is the gradual loss of immunity over the course of six years. The novelty of our model is
that we tried to incorporate several of the key characteristics of the disease, namely, the transmission
chain consisting of the reservoir bats, the intermediate host pigs and humans, periodic transmission,
long latent period and loss of immunity.

Using the methods established by Wang and Zhao [22] and adapting them to our special model,
we calculated the basic reproduction number (R;) and determined the existence and uniqueness of a
disease-free w-periodic solution. We showed that this solution is globally asymptotically stable if R is
less than 1, while it is unstable otherwise. In the latter case, the disease becomes endemic in the three
populations, and we also proved the existence of at least one positive periodic solution. To support
the analytical findings and evaluate the impact of parameter changes on disease dynamics, we present
several numerical examples. For three values of R,, we performed numerical simulations to highlight
our analytical findings with reference to the NiV disease. When R, < 1, the simulations in the first two
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examples supported the conclusion that the disease has been eradicated in people, pigs, and bats. This
is consistent with the mathematical expectations and points to a disease-free solution. With Ry > 1,
however, the simulations showed sustained disease transmission, as in the final example, pointing to an
endemic periodic solution that corresponds to periodic recurrence. The simulations showed that higher
transmission rates and longer infectious periods were necessary for the disease to remain endemic
when comparing the parameter values between the examples. On the other hand, simulations showed
that reducing transmission rates could successfully stop significant seasonal disease outbreaks. These
examples may assist readers in understanding how to prevent the disease from recurring on an annual
basis.

Our work certainly has its limitations. One of the more important is the lack of sufficient data as
fortunately, up to now, there have not been any very large-scale Nipah outbreaks in humans. A future
better understanding of the characteristics of this disease will contribute to more precise models that
might include some additional compartments, i.e., convalescent, infected with relapsed onset or
deceased who may contribute to disease transmission. Temperature, humidity and climatic conditions
can impact the survival and transmission of the Nipah virus, with higher temperatures and increased
rainfall that potentially increase virus dissemination and infection rates. Future research should take
these environmental aspects into account to fully comprehend the dynamics of disease. Due to the
poor understanding of many disease parameters, the numerical analysis of the model is difficult.
Future studies should concentrate on examining an extended system that takes into account other
variables and makes use of extensive and well-supported data in order to address this. To improve
comprehension, enable more precise predictions, and permit recommendations for disease control and
prevention efforts, the model’s scope should be expanded and credible data should be included.
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