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Abstract. This study extends the SEIR model to 16 compartments (Sg,Sv,Sgw, Eg, Ear, Ig, Iy, IHi, Ry, Sp, Spy,
Ip,Ipr,Rp,Sp,Ip) to analyze Nipah virus (NiV) transmission dynamics. We computed the basic reproductive num-
ber (Rp) and investigated local stability of the disease-free equilibrium using the Jacobian Matrix, and disease-
endemic stability with the center manifold theorem. Global stability was assessed using LaSalle’s Invariant Prin-
ciple, and sensitivity analysis was performed. Our results indicated that disease-free and endemic equilibria are
locally and globally stable, with the system showing a forward bifurcation. Simulations enhanced understanding
of NiV’s long-term behavior. We established a critical threshold of 12.2374 for the rate of consumption of NiV-
contaminated food items (Agw), beyond which the disease could escalate uncontrollably. Graphical simulations

suggested that, in a food community of 1,558,025 individuals, the number consuming contaminated food should
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not exceed 12 to prevent virus spread. These insights can guide policymakers in developing targeted NiV control
strategies. Sensitivity analysis identified key parameters affecting Ro: the exposed rate (f;) and the modification
parameter for decreased human infectiousness (n), both with significant economic implications. By focusing on
these parameters, developing countries can implement initiatives to mitigate NiV spread and its economic impact.
Our model offers a foundation for targeted intervention strategies.
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1. INTRODUCTION

Nipah virus (NiV) is a member of the Paramyxoviridae family, specifically the Henipavirus
genus. The virus was first discovered in 1999 during a Malaysian outbreak (Weingartl, Berhane
and Czub [21], Kaku [9]). This virus is a single-stranded RNA virus called NiV, which can
cause serious sickness both in human and animals. Its two distinct strains are the NiV Malaysia
(NiVM) and the NiV Bangladesh (NiVB). NiV disease has an incubation period that typically
ranges between 14 to 28 days after a fully susceptible individual has been exposed to the virus
(Escaffre et. al [6]). Today, there is no particular strategy or method for treating NiV disease.
Due to NiV potential for attacking multiple organs (like brain, liver, and lungs), which in most
cases leads to severe and often fatal diseases, its ability to be transmitted from human to hu-
man, and its high potential for nosocomial (hospital-based or laboratory) outbreaks, it has been
listed as a bio-safety level-4 (BSL-4) pathogen by WHO and other international health bodies
(Delamater et. al, [5]). From existing literature, there are numerous works on mathematical
models for N1V transmission dynamics, but not one captured the spread of NiV as a single vari-
ant food-borne infectious disease while at the same time synchronizing the humans, bats, and
pigs compartments to establish an in-depth knowledge of the NiV transmission dynamics and
control (Sharma et. al, [18]). This research aimed to develop a mathematical epidemiological
model for the study of the transmission and control of Niv single variant food-borne disease
in humans, pigs, and bat populations. The specific objectives of the study were given as: (i)
develop a mathematical model NiV single variant food-borne transmission and control; (ii) es-
tablish the equilibrium points of the N1V developed model to gain a better understanding of the

long-term implications of the virus; (iii) envisage the future course of NiV epidemic through the
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basic reproductive number (R) of NiV from the general model; (iv) perform sensitivity analy-
sis of the model to help us pinpoint which parameter(s) has greatest effect on the transmission
of the disease; (v) Simulations were done to give us more insight on the system of equations

behavior.

2. PRELIMINARIES
2.1. Model Formulation and Development.

We now develop a mathematical model representing this information that can enable us to
carry out some analyses and provide vital information for medical health officials about the
virus-caused disease after deliberating in detail the process and mode of transmission of this
virus in the community and noting the peculiar features in these areas in question that aided
the spread of the virus ( Sheeley [31]). To do so successfully, we have the following model

assumptions:

2.2. Model Assumptions.

1. Those recruited into the system are not infected or contacted the disease.

2. We focus on a single strain Nipah virus, like the Nipah virus Malaysia (NiVj,) strain.

3. There is a susceptible class for human, susceptible human drinking palm wine, and also
susceptible humans vaccinated.

4. There is an Intensive supportive care for those infected with the virus that goes for
treatment.

S. The treatment given to those infected is the combinational therapy method, because as
the time of this study there is no single specific approach or method for treating Nipah
virus disease.

6. We anticipate the development of vaccine for treatment of the disease, which we inte-
grated in our study.

7. We hope to use mass media campaign as well as geographical control (on areas with
high alert on Nipah virus during an outbreak), as our control for this study.

8. Nipah virus is seen to be a highly emerging disease and no single drug is available yet

for its treatment.
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9. Humans can contact the disease by contact with infected bats, infected pigs or infected
humans.
10. The infected individual can only recover by care giving/combinational therapy.

11. An infectious human that is critically ill could be isolated.

Considering the above assumptions, the total human, animal, and bird populations were
grouped based on the disease or non-disease status of those involved, which led us to the fol-
lowing:

The human population is divided into four pairwise disjoint compartments, which are: sus-
ceptible humans (Sy), susceptible humans vaccinated (Sy), susceptible humans consuming
palm wine (Syw), infected humans (/g ), infected humans that go for treatment (/g7), and re-
covered humans (Rg).

The susceptible human compartment is increased by Ay, it is reduced by natural death (ug), it
also has a susceptible human vaccinated compartment which is increased by Ay, and susceptible
human drinking palm wine compartment is increased by Agw .

The human healthy population is also reduced by contact with the infected class by ng, ny,
B1, and ny, where B is the rate of infection in the pig population, while ng is the modification
parameter resulting from various factors such as social gatherings, economy, status, and so
on. Similarly, n; is the modification parameter resulting from various factors, and n; is the

modification parameter resulting from our social activities in the bush or farm.

2.3. Model Flow-Diagram.
In this section, we present the flow diagram ( see Figure 1), which would help us formulate

our proposed Nipah virus model:
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FIGURE 1. Flow Diagram for Nipah virus transmission.

We then obtained the following mathematical system of equations from the model assump-

tions and flow-diagram in Figure 1:

2.4. General Nipah Virus Dynamic Model.

ds Iy +nilp +nsl
ey —HZAH+}’5EHT—(V+[31 Inols + milp + my B]+k+HH>SH
dt Ny
das
2) =V — Av+vSy — upSy
dt
das noly +n1lp +nsl
3) HW. A+ kS — Bi [nolu +nilp 2B]+“H -
dt Ny
dE Ig +nilp+nsl Iy +nilp+nsl
H _ Bi [noly + nilp n2B]+NH Syt Bi [nolg +nilp n23]+uH Serw
dt NH NH
“4)
— [t + 13+ Uu|En
dE
(5) dI;T =nEy— (t5s+ 79+ Uun)Enr
dly
(6) — =nEy+t5Eyr — (81 + 71 + un) In

dt
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(7) d;’;T =Ty — (Y2 + 62+ T+ Ut ) It
) d;,[;i = Telgr — (Y6 + 06 + 1n) Ini
©) dstH = YoIur + Yolui — WuRH
(10) ‘% =Ap— (Bz [”“]f]: ) +up) Sp— (vi+pp) Sp
(1D di‘;P = Ayp+viSp— UpSvp
(12) % = (ﬁz [nll;: ol + .UP) Sp—[15+ 03+ T2+ up|Ip
(13) d;% =Tlp — (Ya+ 04+ up) Ipr
(14) % = Y3lp + Yalpr — UpRp
(15) D Ap— 2555 1gSs
dt
(16) % = ApSp — (05 + up) I

Where the forces of infection for the NiV sub-model are: Ay, Ap, Ap:

Bi(noly +nilp + nolp)

(17) A = Ny
_ Ba(n1lp+nalp)
(18) Ap = N
_ Bsnalp
(19) Ag = —NB

Note: 1, B2, and B3 are known as contact rates, which are for humans, pigs, and bats respec-

tively.
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3. MAIN RESULTS
3.1. Model Analysis.

After developing the model equations, we inspect the model’s well-posedness by demonstrat-
ing that the model satisfied the constraints on the positivity of the model’s variables as well as
the constant remaining of the variables in the region of existence of the variables ( Escaffre et.
al [7], Mbah et. al [10], Zheng, Wang and Fu [29]). As a result, we get the following:

3.2. Invariant Region of Solution.
Since equations 1 to 16 reflect the general population, it is necessary to emphasize that the

associated population sizes can never be negative. Thus, we establish the invariance of Q as

follows:

(Su,Sv,Saw,Ex Eut It Iut  Ini, Ra,
(20) Q=

Sp,Spv,Ip,IpT,Rp, S5, Ip) € R1®
then

(Su,Sv,Suw,En, Egt, Iy, Int, Ini, Ry,
Q1) >0, >0
SPasPV7IP71PT7RP7SB7IB) and N(l)
In our proposed model, we deploy the triple helix approach of the human, pig, and bat popu-

lations, ensuring that all state variables remain non-negative at all times ¢.

Theorem 1. Suppose we have a positive region, ., which is defined as:

(SH7SV?SHW7EH7EHQJIH7IHT7IHi7RH7
(22) Q= >0
Sp,Spv,Ip,Ipr, Rp,Sp, Ig) € RL

Proof. We show that Q is positively invariant so that it is sufficient to consider the dynamics of

the model system.

From (1):
dSy

= Ab+Y5EaT — AuSH —kSu — (v+ Un)SH

Without loss of generality, we have the following inequality:

ds
(23) d—fz—[xﬂ+k+v+uﬂ]sﬂ



8 ABANG, IYKE-OFOEDU, OZIOKO, NWOSU, OMEH, AMASIATU, MBAH

Next, we integrate both sides:

ds
(24) S—:Z—/MH—F/C—FV—I-NH]CZI
(25) In(Sy) > —(Ag +k~+v+up)t+5(¢)
(26) eln(SH) 2 e—(lH+k+V+IJH)l‘+S(I)
At t=0,

Sy > S(O)

This implies that
27) Su 20

The solution is bounded by zero below and is positive for all ¢ > 0. We therefore continue
using this same approach to prove for the remaining variables.

Continuing with our analytical exploration, we shift our focus to another aspect—the on-
going presence or absence of this infection within the population. This involves scrutinizing
the equilibrium points of the disease in both the disease-free and endemic states. During this
analysis, we assume a consistent virulence level, avoiding the study of various viral strains.

Consequently, we examine the equilibrium state in the following manner: 0

3.3. Disease-Free Equilibrium (DFE). In this section, we attempted to determine the values
for parameters in which equations 1 to 16 of our Nipah virus epidemiological model accurately
represent a situation where the NiVD has been eliminated, and no individuals in the popula-
tion are infected (Goswami and Hategekimana [8], Boonpatcharanon, Heffernan and Jankowski
[30]). This analysis is crucial for gaining insights into the long-term behavior of Nipah virus
disease within a population and for making meaningful predictions about its dynamics.

Let
0/c0 0 0 120 20 70 0 70 p0 0 O 70 0 p0 O 70
A Sy, Sy, Saw s En Eqr I Inr s Inis Rig, Sp, Spy o Ip, Ipr, Rp, S, 1)

be the equilibrium points of the displayed system (equations 1—- 16). Then, at the equilibrium

state, we obtain the disease-free equilibrium (DFE) point:
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, , 0,0,0,0,0,0, .
k+v+ug  ug(k+v+ug) pe (k+v+ 1) Up

upApy +V1AP,O,O,O, %,0)
up Up

3.4. Endemic Disease Equilibrium (EE).

0 ( Ay Av(k+v+ug)+vAg Agw(k+v+uy) +kAy

(28)

In this section, we examine the endemic equilibrium state of the disease. This state occurs
when the disease remains present within the population compartments, rather than being com-
pletely eradicated. At this equilibrium, the disease persists in the population, meaning that the
numbers in the susceptible, infectious, treated infectious, recovered, and other classes are not
all zero ( Mbah et. al [10], Scott et. al [16]). To obtain the endemic equilibrium points of the
model, we solve equations 1 to 16 simultaneously.

3.5. Basic Reproductive Number (R,) for the Study.

In this section, we aim to discover a key epidemiological metric that may be used to assess the
likelihood of a disease spreading within a population [26, 25]. This is the expected number of
secondary infections produced when one infectious individual is introduced into a susceptible
population [5]. Arguably, it is the most important threshold parameter that determines whether

an infectious disease can invade a population [13].

Theorem 2. Examine a set of ordinary differential equations elucidating the transmission dy-
namics of an infectious disease. In this context, let F' denote the matrix depicting the rate of
new infections, and 'V represents the matrix illustrating the rate at which individuals transition
from the infected state to the recovered (or other removed) state. The fundamental reproductive
number, denoted as Ry, is defined as the spectral radius of the matrix product FV~' Boon-

patcharanon, Heffernan, and Jankowski [30], Obasi and Mbah [12].

Proof. From the model of our study, equations (1) to (16), we have: Where f;’s are new infec-

tions, while vgs are transferred infections to other classes:
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P [n01H+r§\1’2p+nZIB]SH n ﬁ][noIH+n1A§Z+nZIB]SHW

f2 =0

VE! =0
29) = | " -

/5 =0

fe — ﬁ2["l’+:213151’

gl =0

/3 = ﬁS"ﬁ—ffsB

Vi = [T+ T3+ U] En

V2 = —TEp + [T+ V5 + Uu|Ent

vy = —BEy — sEgr + [+ 61 + 71 + un)ly
30) by V4 =—nly+[p+ 6+ T+ uullur

Vs = —Telgr + [¥5 + 06 + Ua | IHi

V6 =—[B+0+10+up|lp

V7 = —Tolp+ Y4+ 64 + up|lpr

Vg = [ug+ )1z

Therefore, we have F to be:

BinoSH n BinoSaw

Ny Ny 1,
S S
BiniSu +l31n1 WY _
Ny Ny
S S
Bl}r\l[z H +Bu;\z] o .
31) H H
BaniSp
= —ay,
Np
BanoSp
- aSa
Np
B3naSp

= dg.
Np
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0 0 ap 0 0 ap 0 as

OO0 0 00 0 0 O

OO0 0 00 0 0 O

OO0 0 00 O 0 O
(32) F=

0 0 ap 0 0 a4 0 as

OO0 0 00 0 0 O

OO0 0 00 0 0 O

0 0 ag 00 0 O ag
We have V to be:

T4+ T3+ u] = by,

[Ts + 71 + uw] = b2,

(71 + 01 + 71 + Up| = b3,

(Y2 + & + T6 + Un| = ba,
(33)

[y5 + 06 + Ur] = bs,

(3 + 63+ T2 + Up] = be,

(Y4 + 64 + pp| = b7,

[55 + ,LLB] = bg (33)

by 0 0 00 0 0 O

O 00 OO0 O 0 O

O 0 0 00 0O 0 O

O 00 OO0 O 0 O
(34) F =

0 0 aj 00 ay 0 as

O 00 00 0O 0 O

O 00 OO0 O 0 O

0 0 a 0 0 0 O ag
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Having evaluated equations 31 and 33 at DFE, we now have V! and F, we can then compute

the Next Generation Matrix (NGM) for the Nipah virus disease model:

d dy d3 00 0 0 O
0O 0 0 00 0 O0 O
0O 0 0 00 0 O0 O
35) vl 0O 0 0 00 0 O0 O
0 0 a 0 0 ds 0 dy
0O 0 0 00 0 O0 O
0O 0 0 00 0 O0 O
0 0 0 00 O O dy

we then have:

,— Pino (Aupn] +AuWlk+v+ un) + kAg)
(36) [Ta + T3+ Wa ] [Ts + Vs + 1a[vi + 61 + T1 + pa]

pr [k + v+ Lp).
O

From equation 29 of the basic reproduction number subsection, we found out that f;
which represents the proportional rate of susceptible humans likely to consume Nipah virus-
contaminated food items (such as palm wine) and get infected. This behavior significantly
impacts the transmission dynamics of the virus. As f] increases due to higher contact rates
or transmission coefficients, the basic reproduction number Ry will also increase, indicating a

higher potential for the virus to spread within the population.

3.6. Local asymptotical stability Disease free equilibrium (DFE).

Here, we try to visualize the need for local stability analysis as it provides valuable informa-
tion about the potential effectiveness of various control strategies based on the basic dynamics
of our Nipah virus disease model of equations 1 to 16.

Local stability analysis of the disease-free equilibrium point A is obtained by the variational
matrix of the model (1) to (16) corresponding to the point A" Escaffre et. al [7], Mbah et. al

[10], Goswami, and Hategekimana [8].
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Theorem 3. Given a matrix J(A®) and that all of the eigenvalues have negative real compo-
nents, then we say that the virus-free equilibrium at the point A° is locally asymptotically stable;

otherwise, it is unstable.

Proof. We linearize the system of equations 1 to 16 around the equilibrium point (DFE) to form

the Jacobian Matrix.

(37)

D, 0 0 0 D 0 0 0 0 0 D; 0 0 0 0 Dy
v —Ug 0 0 0 0 0 0 0 0 0 0 0 0 0 0
k 0 —uy 0 0 Ds 0 0 0 0 0 Dg 0 0 0 Dy
0 0 0 Dg O Dy 0 0 0 0 0 Dy O 0 0 Dy
0 0 0 % Dip O 0 0 d & ds 0 0 0 O 0
0 0 0 15 D 0 0 0 0 0 0 0 0 o0 0
0 0 0 0 0 77 Diy O 0 0 0 0 0 0 o0 0
0 0 0 0 0 0 % D5 0 0 0 0 0 0 0 0
0 0 0 0, 0, "N v Y Ugr 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 D 0 D7 0 0 0 D
0 0 0 0 0 0 0 0 0 —vi —-up O 0 0 o0 0
0 0 0 0 0 0 0 0 0 0 0 Dy O 0 0 Dy
0 0 0 0 0 0 0 0 0 0 0 »n Dy 0 O 0
0 0 0 0 0 0 0 0 0 0 0 e Ya up O 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 up Dx
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Dy

Where:

D, = —(k+v+,lLH);
D, — BinoAn
2= — s
Np(k+v+ up)
(38) e BimiAy
> Nulk+v+un)

A
Dy = BinaAn

T Nu(kt v )
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De —  BinoAuW (k+v+pn) +kAn
: Ny (up (k+v+ uq))

ﬁlnlAHW(k—f-V—f—[,LH)—‘rkAH

Dg = — )
Np (ta (k+v+ um))

D, — _ﬁlnzAHW(k-I-V-I—,LLH)-I-kAH.
! N (g (k+v+ a))

Dg = — (T4 + Uy + 13);

Do — BinoAn ( An AHW(k+v+uH)+kAH>.

T Ng \(kt+v+un) (um(k+v+um) )’
Do — BiniAg
]O_ ]
Ny (k+v+ )
D — BimoAy
11 - 9
Ny (k+v+ upy)

Dy = —(Ts + Un);

Di3 =~y +71+up+61);
Dy = —[p+ T+ ug + &
Dis = —[¥5 + uu + 5]

Dig = —[vi + Upl;
BoniAp.
Npup
BanaAp.
 Nppp
BaniAp
Npup
_ PomAp.
- Npup

D7 =—

Dig =

19 = —[B+n+ur+8l;

20

Doy = —[ya+ Up + 84];
_ BsmAs,
Npup

by BinaAp
Npup

Dy, =

— [+ 65].

The characteristic equation for the system is given by

|J — 61| =0, where 6; = 01, 0,,..., 6,3 are the eigenvalues and (/) is the identity matrix for our
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NiV model. Below is the

computed eigenvalue results from the Jacobian of our NiV model using Maple-2021:

61 = —(k+v+un),

6, = —Un,

03 = —[01 + 4 + Uy + 73],
04 = —[15 + T5 + u,

05 = — [y + 71 +ug + 01,
06 = —[1 + T6 + L + &),
67 = —[¥6 + M + ),

O = —[vi+ up],

09 = —Up,

([ BamiAp
010 = ( Nolir (15 + 72+ up + 63),

A
and 09 is negative as long as (ﬁzm P) <[B+n+up+ 8,
Npp
011 = —[Ya+ Up+ 04l
012 = —Up,
A A
013 = (m) — [up + 5] and 6,3 is negative, if and only if (M) < [up+ 9s].
NpUp Nplp

Since all our parameters ([B1, 1, %2, T1, T3, T4, Ts, UH, 01,02, 01, 62,86, B2, 13, 14, 15, Y6, T2 AP

03, 04, B3, s, Up| > 0), therefore, we say that the disease-free equilibrium (DFE) of the general
system is locally asymptotically stable. This result mathematically implies that the disease can
be wiped out of the population with respect to the initial condition (population). U
3.7. Local Stability for Nipah Endemic State.

In the disease-endemic state, we investigated the existence of forward or backward bifurca-
tion by using the center manifold theorem postulated by Castillo-Chavez, Song [32].

Then we redefine the equations 1- 16 as:
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x1 1 (noxe +nix12 + naxie)

f1 = Ay +Ysxeg —vx; —kx; — — UpgXx]
Nu
fr=Ay +vx; — Ugx;
x3P1(noXxe +n1x12 +na2xie
J3 = Apw +kx1 — Al )—/,LHx3
Ny
X noxe +ni1x12 +nox X noxe +ni1x12 +nox
= 181 (noxe +nix12+no 16)Jr 3B1(noxe +n1x12 +ny 16)_1,)1)64
NH NH

S5 = x4T4 — Paxs
fo = X473 + X575 — P3xg
11 =2x6T1 — P4x7
f8 = x7T6 — Psxg

fo=x71+x8% — UHX9

x10B2(n1x12 + naxie)

— Ap— _
fio P Ny UpXx10
fi1 = Avp+vixio — Upx11

X10P2(n1x12 +n2X16
fiz= Pl >_P6x12
Np

f13 =x1270 — Pix13

fia = x1273 + X134 — UpX14

x15B3n0x16
fis =Ap— ———— — Upxis
Np
Fio = x15B3m2x16 1Py
6=—"" — —X
Np

Thus, we applied the central manifold theorem to get the bifurcation coefficients a <
0 and b < 0. Mbabh et. al [10] This indicates that the endemic equilibrium state is locally asymp-
totically stable while also exhibiting forward bifurcation. We can now proceed to study the

global stability.
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3.8. Global stability of the NiV transmission dynamics model equilibrium states.
In this section, we try to investigate how the system as a whole behaves, rather than just near
the equilibrium points, which was the case when we analyzed the local stability of the system.
As in the local stability, in the analysis of the global stability of the system, we studied the

equations 1- 16 for the disease-free equilibrium and also the endemic equilibrium cases.

3.8.1. Global stability of the disease-free equilibrium state. To carry out this study, we use

the LaSalle’s invariant principle to define a Lyapunov’s function:

0 O 0 0 20 700 10 pO 0 0 70 0 pO O 50
V (S, Sv:SawsEn,Eqgr s In I s Inis Ry Spy Spy Ip, Ipr, Rp, Sy Ig) =

SO SO
(S — 8% — 8% 1n S—H)+(SV — 89 —591n S—V)+
\%4

H
59 EO°
(SHW_SIQ‘IW_S?‘lenﬁ)—'_(EH_Eg_Eglnﬁ)—’—
(Enr — Epr — Epy HEHT)+(H =1y nIH)+
(Iyr — 1% — 1971 lur Lo — [0 _ 0 Iy
HT —!HT —IHT nIHT)+(Hz Hi —Hi nIH~)+
1
RY 50
(RH_RE'){_Rglné)+(sp—sg—5’gln§)+
Y 19
(SPV_S?JV—nglnﬁ)Jr(Ip—IB—Iglni)jL
1 RO
(bT—ﬁ%—J%Jniiwap—R%—R%mkiyk
S 10
(Sp— 59— S3In B )4 (Ip — 13 — 13 In F)
SB Ip

But at Nipah virus disease-free equilibrium (NDFE):
A0 = By = By = 1 = By = = Ry = )= Iy~ Ry = =0

Then, evaluate the derivative to get:

av (SH+S§2,) dSy <SV+53) dsy . (SHW+S§2,W> dSpw

Sy dt Sy dt Suw dt

N Ey+Ej}) dEy Eyr +E)r dEnr In+19%\ dly
Ey dt Engr dt Iy dt

(39)
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Iyr + 19\ dI Iy +19.\ dly; [ Ry +R%\ dR
+(HT HT) HT+(H1 Hz) Hl+( H H H

Iyt dt Iyi dt Ry dt
N Sp+SO\ dSp [ Spy+S%,\ dSpy  (Ip+I3\ dip

Sp dt SPV dt Ip dt
L (ler + 19\ dlpr L (Re +R%\ dRp [ Sp+5% dSg

Ipr dt Rp dt Sp dt
N Ip+1y)\ dip

Ip dt

Substituting for the derivatives in equation 39, using equations 1- 16 and simplifying, we

then obtain:

dv [ Sy+5° Sy 459\
= (P 2H ) Ay 4 s (Bt + ESp) — | ZE2E ) (A 4k (v 4 )+
dt SH Sy
Sy +89 Sv+ 59\
L2V ) (A v+ S8)) = ( ZL )t
SV Sv
2
Suw +S Saw + 89
HW HW)(AHW—f—k(SH-f-S?_I))— (M) (Aat + )+
Saw Suw
Ey +Ep 0 0 Ey+EY 2
o AH((SH+SH)+(SHW+SHW»— —_— (T4+’L’3—|—,UH)—|-
EH EH
Enr + Epyy 0 Epr +EY; g
WEn+Ep)— | —F— | (s+%B+uu)t
Eyr Eur
Iy +1Ij

2
> [’}’1 + 01+ 1 —I—,UH]—I—
(40) "

2
Inr + 19 Iyt + 19
u) T (g +19) — (%) [+ 8 + To + ta]+

Ini+ 19,
Iyi

0 2
) (It +197) — ( ) Y6 + 86 + 1|+

2
Ry + R Ry + R
—H> (It +I57) + Yo (Ini + 1)) — (TH U+

Sp+ S0 Sp+SO\?
F P)AP—( Ps,, P) (Ap + (vi +up))+

Spy -+ SO Spy +89 1\ 2
u) (Apy +v1(Sp+50)) — (¥) ot
PV

(
(
(
(
(
(1) o+ -+ o+ )~
(
(
(
(
(
(

Ip+19 Ip+ 19\
Pt P)AP(SP+S§2,)—(P;; P) [13+ &+ 7o + up|+
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Ipp + 10 Ior +19.\ >
(M) T (Ip +119) - (M) [¥a+ 64+ up|+

Ipr Ipr
2
Rp+R) Rp+R)
(13(Ip +1p) + Wallpr +Ipy)) — B et
RP RP
2
S+ S% Sg+ S
E 2BV Ap— (228 ) (Ap+us)+
S S
2
Iz + 1} Ig+1)
BB ) Ap(Sp+8%) — (T ) [85+ ]
IB IB
Next, collect all the positive and negative terms from equation 40 to give:
av
dr

Where:

0

Sv> (AV + V(SH -I-SH))

0

>AHW+k(SH+SO)) <1+E>7LH((SH+SH) + (Saw + Shw))+

Sy
> AH +6,Ey + GzEHT) + (1 +
W
W Ey

Su
0

+
@\:o

o
T> T (Epy+EY) + <1 +4A > (13(En + Ey) + t5(Enr + Efyr))+

T Iy

19
) (g +15) + (1 + IHI> To(Iyr +197)+
Hi

e

> [01(Exp +EY) + 6:(Egr + ENp) + iy + 1) + 1 (It + 197) + 5 (Ti + 15, ]+

%‘75
T

~o

) (1 SPV)(APV+W<SP+SP>>

Sl

Ropl B

Is RY
1+ )7LP Sp+S%) + (1 + IPT> w(Ip+19) + (1 + Ri) (13(Ip +19) + Ya(Ipr +107))+

PT

AAAAC\AAA
+
N‘i})
\]

IO
1+ >AB+ <1 + IB> Ap(Sp+S%)
B

Sy 80\ 2 Sy 4+ 59\ Sew 4+ 8%\
Z:—<< H+ H) (7LH+/€+(V+#H))+<V+V> “H+(’MV> (A + 1)

Su Sy Suw

2 2 2

Ey+E? Enr +E? Iy +1

+<HEH> (91+T4+T3+,UH)+<HTHT> (T5+92+.UH)+<HIHH (61 + 71 + pn]
H

2 2 2

Inr +1) Ini+ 1Y, Ry +RY

+<HT HT) [Yz+5z+16+HH]+(H H’) [?’5+56+NH]+( H2TH ) uy
Iyt Iy, Ry

Sp+ 59\ 2 Spy + 59\ 2 Ip+19\*
+< PS P) ()Lp+(v1+up))+<PVVPV> up+<PIP ”) 5+ 8 + T + ip]
P
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Ior +19\° Rp+RO\ 2 Sp+S0\?2 Ig+19\°
() ek syl (B ) et () Gt )+ () sk

Ipr

If T < Z, then dV will be negative definite along the sub-system’s solution route.
This indicates that the N1V disease-free equilibrium will be globally asymptotically stable in

3.8.2. Global stability of the endemic equilibrium state. To establish the global stability of
the endemic equilibrium state of the disease within the population, we use the same method
as before, but now with the values of the variables at the equilibrium state. We consider the

following Lyapunov function defined as:

A(S}ElaST/aS?IW?E;I7E;IT7I;I>II>|:IT>II>’:II'7R;17ST’?S;V?I;?I;T7R;>S§’I§) =

% % S
>)+<SHW_SHW_SHWIH< BV )

I*
) +(Iy —I; = ;1n (i))

i i I } . I* i} i R*
+ (Unt — Iy — Iy In (ﬂ))+(IHi_IHi_IHiln (#))‘F(RH—RH—RHIH (R_g))

* *

S St
(Sg— S5 —SiIn [ =2 )) 4+ (Sy — S — S5 1n
SH SV

*

E
+(EH—E;;,—E;,1n<E—H))+(EHT Efr —EjfrIn

H

It H

% *

S
+(Sp—Sp—SpIn (S—P

. Spy
))+(SPV—SPV Spy In (

P

I R; 3
+(Ipr —Ipp —IprIn (| FL )+ (Rp—Rp —RpIn [ =L )+ (Sp— S5 —SpIn | 22 |)
Ipr R Sp

I*
+(IB IB IBln( >)
Ip

Then, evaluate the derivative to get:

dA _ (SH—}—S;}) dSy (Sv—f—S{k/) dSy n (SHW+SHW*> dSgWw

dt Sy dt Sy dt SgW dt
n Ey +E;f1 dEy n EyT +EgT*\ dEyT n Iy +I;_<1 dly
Ey dt EygT dt Iy dt

IyT +IyT*\ dIyT | (Iyi+Iyi*\ dlyi  (Rg+Rj\ dR
_,_(H H ) H +<H H) H+(H H> H

IyT dt Iyi dt Ry dt
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n <SP—I—S;> dSp n <SPV+SPV*> dSpV (Ip—f—I;;) dlp

Sp dt SpV dt Ip dt
n IpT +1pT*\ dIpT RP—I—R; dRp SB+SZ dSp

IpT dt Rp dt Sp dt
(It dis

Ip dt

Substituting these derivatives into equations 1- 16

dr Su H
SgW 4+ SgW* SaW +SaW* ?
ST TOHT ) (AW +k(Su+Sy)) — | EEET ) (4
+( SHW >(H +(H+ H)) < SHW ) (H+I'LH)
2
Ey+E; . . En +Ej
+ (=2 H)/lH(SH+SH+SHW+SHW )—( 2 ”) (Ta+ T3+ Uar)
En En
EyT +EyT* * EnT +EpT"\’
SHETOHD ) (Ey+Ef) —
+ EaT >T4( u+Ef) ( EaT ) (Ts+ 95 + Un)
2
Lo+ T ) . Iy+I
+ H[H ”)(rs(EH+EH)+rs(EHT+EHT ))—<HIH”> (N + 81+ 71 + k)
2
IyT +IyT* oy (T +1IgT"
L H,TH)WH“H)‘(HITH) (2 + &+ T + n)
H H
Iyi+ Iyi* o (it
(P (g T+ 1 T) — ( E ) (g + G+ )
IHl I[_]l
2
R +R* * * ; ol R +R*
+ HRH H) (5(EuT +EuT™) + (T + Iy T*) + Yo(Iyi + Ini*)) — <HRHH> Hu

P

. SpV 4+ SpV*\ 2
> (APV +vi(Sp+Sp)) — <PP> up

SpV SpV
2
Ip+ 15 o (Ip
+ PI P)AP(SP+SP)—<P1 P) (v3+ 0+ 72+ pp)
P P
2
IpT +IpT* IpT +IpT*
_— Ip+1)— | ———— o
+ T )TZ(P+ P) ( T > (Ya+ 64+ pp)
Rp+ R} Rp+Rp\’
+ PRP P)(}’3(1P+1;§)+Y4(1PT+IPT*)) <PRPP> Up

* %\ 2
SB+SB)AB—<SB;;SB> (Ap + 1)

* * 2
IBHB)/IB(SBJrSE)—(IBHB) (85 + 15)

(
(
(
(
(
(
# (% ) - (SP;S7’>2<AP+VI+;¢P)
(
(
(
(
(
(

dA  [(Sy+S; Su+Si\2 Sy +S7 i Sy +S;
—( H H)AH—< < H) (lH+k+v+uH)+< = V)(Av+v(SH+SH))—< L
\%4

21

2
)lJH
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Next, collect all the positive and negative terms, we have the followmg =M-—-N

*

o Sy
M:<1+ >(AH+6]EH+92EHT) <1+

Sv> (Av + V(SH + S};))

*

E
) (AW +k(Sy+S5)) + (1 + Ez) At (S + Siy +SuW +SyW™)

SuW*

*

I
) (Eg +ES) + <1+IH

> (T3(EH +E;_}> =+ T5(EHT —I—EHT*))

I T* *
+ (1+ u >T1(IH+IZI)+ <1+ >T6(1HT+IHT )

+ (1 + R> [61(Eg +Efy) + 6:(EgT +EuT)+vi(Ig + 1) + o (IuT + 1gT*) + vs(Igi + Iyi*)]
H

S; SpV*
1+ 22 ) Ap+ (1422 ) (ApV i (Sp +S3))
Sp SpV

I} IpT*
+ (1 + P) Ap(Sp+Sp) + <1 +F > T (Ip+1p)
Ir InT

R S
+ (1 - P> [3(Ip +1Ip) + ya(IpT +IpT™)] + (1 - B) Ap

Rp Sgp
I*
+ (142 ) A(Sp+Sp)
Ip
(S +S5)? (Sy +S5)? (SyW +SyW*)?
N=— ("2 _"H Q. +k A
(5 e )+ Sy G 3
Ey+E} EyT +EyT*)?
+(HEQ)(91+T4+T%+HH) W(Ts+92+uH)
H
Iy +1%)? IyT + Iy T*)?
(HIZH)(61+n+uH)+(HIHTZ)(yz+62+r6+uH)
(Iyi + Iyi*)? (Ry +Rj;)?
RSl s b S AT H)
Ini2 (v5+ 0 + 1) + R%I Uy
(SP"‘S;))Z (SPV+SPV*)2
WP T2P) (a Wwhr Torr
+ s (Ap+ (vi+up)) + Syz M
Ip +13)? IpT + IpT*)?
+(PIZ”)(Vs+83+rz+up)+(PM§)(Y4+64+up)
P
R+R*2 S+S*2 I+I*2
4 (Re . r) ,LLP+( B 23) (/IB+/JB)+7(B 23> (85 + up)
R 2 7

If M < N, then dA will be negative definite along the solution path of the sub-system.

This implies that the endemic equilibrium is globally asymptotically stable in ;.
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3.9. Sensitivity Analysis of the General NiV Model.

In this section, we determined how changes in each of the parameters affect the transmission
and spread of the disease. In order to achieve this, a sensitivity analysis of the non-inhibitor
model is carried out. This is also done in order for us to see the response of the model output
(in this case Ry) to parameter(s) variation Yang, Liu [27], Abang et. al [1].

This enables us to ascertain the effect of parameters in our model on the dependent variable.
For example, we might want to know if increasing a particular parameter will lead to an increase

in the dependent variable or not.

TABLE 1. Numerical values for Variables used in implementation of our analy-

Sis

Variables | Numerical Values | Source

Su(0) 1000 Zewdie, Gakkhar [28]
Sy (0) 350 (Estimated)

Suw(0) | 440 (Assumed)

En(0) |20 Shah et. al [17]
Eyr(0) |0 (Assumed)

Im(0) |20 Shah et. al [17]
Iyr(0) |0 (Assumed)

Iyi(0) 0 (Assumed)

Ry (0) 0 (Assumed)

Sp(0) |90 Shah et. al [17]

Ip(0) 5 Zewdie, Gakkhar [28]
Ipr(0) 3 Tyagi et. al [20]
Rp(0) 0 (Assumed)

Ss(0) |50 Shah et. al [17]

;0) |37 Shah et. al [17]
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TABLE 2. Numerical values of Parameters adopted for our implementation

Parameters | Numerical Values | Source

Ay 20 (Assumed)

Ap 4 (Assumed)

Ap 2 Shah et. al [17]

Ny 1020 (Assumed)

Np 95 (Assumed)

Np 50 Shah et. al [17]

Ug 0.0000421 Zewdie, Gakkhar [28]

Up 0.16 Tyagi et. al [20]

Up 0.45 (Estimated)

Bi 0.0002 Tyagi et. al [20]

B 0.01 (Assumed)

Bs 0.1 Reynolds, Torremorell, Craft [15]
T] 0.0001 or 0.52 Shah et. al [17], Omede et. al [14]
T 0.0002 Shah et. al [17], Wit et. al [23]

T3 0.17 (Assumed)

N 0.48 Reynolds, Torremorell, Craft [15]
Ts 0.81 (Assumed)

T6 0.0001 (Estimated)

o1 0.002 Shah et. al [17]

& 0.001 (Assumed)

& 0.0015 (Assumed)

o4 0.0018 (Assumed)

O 0.75 Zewdie, Gakkhar [28]

O 0.001 Shah et. al [17]

" 0.58 Shah et. al [17], Wigand, Kumel [22]
%) 0.72 Shah et. al [17]

&) 0.4 Reynolds, Torremorell, Craft [15]
Ya 0.45 Sultana, Podder [19]

Y 0.76 (Assumed)

Y 0.46 Shah et. al [17]

no 0.000001 Scott et. al [16]

ni 0.02 (Assumed)

ny 0.2 (Assumed)

An 0.75 Sultana, Podder [19]

Ap 0.075 Shah et. al [17]

A 0.07 Mondal, Hanif, Biswas [11]
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Our main focus in this section is to perform a sensitivity index on Ry, using the values for
variables and parameters in Tables 1 and 2 respectively.

We use the normalized forward-sensitivity index of a variable, v, depends on a parameter, p,
which is expressed as:

w_9v. P

Podp v

In particular, the sensitivity indices of the basic reproduction number, Ry, with respect to the
model parameters of interest to be examined Yadav et. al [24], Aja, Omale, Mbah [2], Chinebu
et. al [4]. The positive sign of sensitivity indices of Ry to the model parameters illustrates
that an increase (or decrease) in the value of each of the parameters in the model may lead
to an increase (or decrease) in Ry and asymptotically result in the persistence (or elimination)
of the disease in the community Obasi, Mbah [12], Barua, Dénes [3], Zheng, Wang, Fu [29].
On the contrary, the negative sign of sensitivity indices of Ry to the model parameter indicates
that an increase (or decrease) in the value of each of the parameters in each case leads to a
corresponding decrease (or increase) in Ry of the model. Hence, with sensitivity analysis, one
can gain insight into appropriate intervention strategies to prevent and control the spread of the

disease described in the model.

Recall that:

Bino(Au s +AgW (k+v+up) +kAg)

R p—
O s+ T+ 73+ 1) (75 + i) (71 + 81 + T + ) iz (k4 v + gy

and that ny > 0.

Using Maple 2021, we computed the sensitivity index of a parameter, say 31, with respect to

Ry as:
R, 9Ro _ B
(41) re = 3t X o
1 dB1 Ry
< BlnO(AH[lH+AHW(k+V+IJH)+kAH) )
(v5+14+13+1py ) (t5+1py ) () +61 +71 g ) iy (k+v+Hpgy) > 1
B ( Bing(Ag i +AgW (k+v+upy)+kAg) )
_ (75+T4+T3+[,LH)(75+IJH)(}’1+51+T1+[JH)MH(/€+V+IJH)
Bino(An a+ArW (k+v+up ) +kAp)
(42) (Bs+at+m3+ug) (ts+um) (V61 +71+um ) e (kv )

_( no(Agty +AgW (k+v+uy) +kAgy) )
(5 + T + 73+ Ua) (T5 + e ) (Vi + 01 + T+ ) o (kK + v+ gy )
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y ((75+T4+T3 + up)(Ts +ug)(n+ 01+ 11 +IJH)NH(’<+V+IJH)>
no(Aae +AgW (k+v+ up) +kAn)

=1 (positive)

The sensitivity index of the remaining parameters can be computed in the same way as that
of B;. The sensitivity index for other parameters was computed in the same manner, and the

results are displayed in Table 3 below:

TABLE 3. Sensitivity index of Ry with respect to parameters of the model

Parameters | Numerical Value | Sensitivity Index
155 0.0000421 -0.998201
7] 0.0001 -0.0007234
B 0.0002 1.0000000
" 0.58 -0.3365
no 0.000001 1.0000000
Ay 20 0.5274
o1 0.0001 -0.0007234
Y 0.76 -0.072
T4 0.48 -0.6768
() 0.17 -0.1206
T5 0.81 -0.99995
k 0.2 0.4736
% 0.52 -0.3744

4. MODEL SIMULATIONS AND DISCUSSIONS

In this section, we deemed it fit to estimate and adopt some model parameters that were not
readily available just for illustrative purposes. We also used some theoretical data in which
the sources were strictly acknowledged. The model simulation helped us to have a better un-

derstanding of the impact of some important parameters and assumptions on the dynamics and
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control of Nipah virus disease. Numerical simulations were performed to support and also

illustrate our analytical results.

4.1. Showing parameter impact on our Nipah virus epidemiological model. Here, we
checked the mathematical representation of our Nipah virus disease (NiVD) transmission dy-
namics, by varying parameters to get deeper understanding on how different factors influenced
the spread of the NiVD. Also, by evaluating how these changes in parameters like disease
transmission rates, morbidity, and mortality affect key variables, policymakers can make more
informed decisions about interventions such as vaccination campaigns, social distancing mea-

sures, or quarantine strategies.

—— Rovs.k
=== Rg = 1 (Critical Threshold)
0.3 1 ® Crossing Point (k=0.9232)

0.4

Rp (Basic Reproduction Number)

0.0 0.2 0.4 0.6 0.8 10

FIGURE 2. Graph of reproduction number (Ry) as a function of k.

1.4 4 —— Rovs Auw
——- Rp = 1 (Critical Threshold)
121 @ Crossing Point (A_HW=12.2374)

Rp (Nipah virus reproduction number)

T T T T T T T
0.0 2.5 5.0 1.5 10.0 12.5 15.0 17.5 20.0
Agw (recruitment proportion)

FIGURE 3. Plot of reproduction number (Ry) as a function of Agw.
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Relationship between B1 and 14 with respectto R_0

0.11
0.10
0.09 &
0.08
0.07
0.06

FIGURE 4. Simulation of Relationship between f;, 74 and basic reproduction

number (Rp).

Relationship between Apw and ys with respect to Rp

0.05
0.04
0.03 &
0.02
0.01

FIGURE 5. Relationship between Agw, ¥5 and reproduction number (Ry)

Relationship between & 1 and v with respect to Ro

FIGURE 6. Graph of Relationship between 6y, v and reproduction number (Ry).
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Relationship between B1 and ys with respect to R_0

0.25
0.20
0.15 &
0.10

0.05

FIGURE 7. Graph of Relationship between f;, ¥5 and reproduction number

(Ro).

Relationship between ng and v with respect to Rg

0.03p, _
30?0"(904&05(9 0s
iy 035060 0.4

FIGURE 8. Graph of Relationship between ng, v and reproduction number (Ry).

Relationship between é1 and k with respect to Rg

FIGURE 9. Graph of Relationship between 0y, k and reproduction number (Ry).
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Relationship between Ayw and B with respect to Rp

.0028
L0026
.0024
.0022
0020
.0018
.0016

Rg

0.75

Y B 0.45

FIGURE 10. Graph of Relationship between Agw, B and reproduction number

(Ro).

Sensitivity Index of Parameters with respect to Ro

FIGURE 11. Graph of Nipah virus disease sensitivity index analysis.

In Figure 2, we observed that at k = 0.9232, R crosses the critical threshold of 1, indicating
that the disease’s transmission potential (Rg) reaches this critical point. Beyond this, the disease
could become a public health concern. In other words, when Ry < 1, the disease is not likely
to spread widely and may eventually die out. However, when Ry > 1, the disease is expected
to spread and may become an epidemic, requiring significant intervention. Based on the graph
and the crossing point at k = 0.9232, we conclude:

(1) When the consumption rate of Nipah virus-tainted food items (k) is below 0.9232, the
disease is not likely to cause an epidemic (Rg < 1).

(2) If the consumption rate (k) exceeds 0.9232, the disease may become an epidemic (Ry >

D).
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At k = 1, this implies that the population is consuming Nipah virus-tainted food items at
the same rate as the disease’s transmission rate, significantly increasing the epidemic potential,
necessitating strong preventive measures.

In Figure 3, our simulated graph suggests that when the recruitment proportion of susceptible
individuals likely to consume tainted food items (Agw) reaches approximately 12.2374, the
disease’s transmission potential (Ry) reaches the critical threshold of 1. Beyond this point, the
disease could become a public health concern. As with Ry < 1, the disease may eventually
die out, while Ry > 1 indicates the potential for an epidemic. This analysis highlights the role
of (Agw) in disease spread, aiding public health officials in making informed decisions about
intervention strategies.

Figure 4 shows a simulation of the relationship between the parameters | and 74 with respect
to Ryp. We observed that as the contact rate (f3;) increases, so does the rate at which humans
become infectious (74), leading to an increase in Ry of the Nipah virus.

In Figure 5, we visualize the relationship between the parameters Agw and 5 with respect
to Rg. The simulation indicates that during an outbreak, a higher immigration rate of individ-
uals likely to consume Nipah virus-contaminated food items such as unpasteurized palm wine
(Agw) could lead to a faster spread of the disease compared to when the immigration rate is
low.

In Figure 6, we depict the relationship between the parameters d; and v with respect to R.
The simulation suggests that a higher vaccination rate (v) could paradoxically lead to a faster
spread of the Nipah virus, unlike when the vaccination rate is low.

Figure 7 shows a simulation of the relationship between the parameters 3; and 5 with respect
to Ry. We observed an L shape in the visualization, indicating a transition between states: the
darker region represents a lower Ry (a disease-free state), while the lighter region indicates a
higher Ry, suggesting an endemic equilibrium where the disease spreads faster.

In Figure 8, the simulation illustrates the relationship between the parameters ny and v for a
given Ryg. The plot shows that as ny and v increase, the combination’s shade becomes darker,
indicating a lower Ry. Conversely, a lighter shade indicates a higher Ry, signifying a faster

spread of the disease.
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Figure 9 presents the relationship between the parameters §; and k for a given Ry. The plot
indicates that as both parameters increase, the shade becomes lighter, representing a higher Ry
or an endemic equilibrium. A darker shade would indicate a lower Ry, meaning the disease
would eventually die out.

In Figure 10, we visualize the relationship between the parameters Agw and ; with respect
to Ro. Our simulation suggests that a higher immigration rate of individuals likely to consume
contaminated food items (Agw ) and a higher contact rate () increase the likelihood of a rapid
spread of the Nipah virus in the community.

Figure 11 simulates our findings, showing the parameters that contribute positively or neg-
atively to the growth of Ry. This approach helps us assess the sensitivity of the Nipah virus

disease model to changes in different parameters.

5. CONCLUSION

By studying the Nipah virus, we were able to create an accurate mathematical model that
encompassed the majority of the disease traits observed in an epidemic of the virus, which re-
sults in the rapid and widespread spread of the disease within an endemic population. Two key
factors in lowering the number of people who can contract and spread the Nipah virus in the
advent of an outbreak in a population, are that the rate of likelihood of consuming contaminated
NiV food item (k) and the recruitment proportion of susceptible individuals likely to consume
tainted food items (Agw). In the analysis of equations 1 to 16, we obtained some threshold val-
ues in which k and Agw should not exceed in order for us to be able to control the transmission
of the NiV disease. In our further publications, we are going to solve this model using various

numerical methods, as this could help us also validate our proposed model.
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