J. Math. Computer Sci., 31 (2023), 367-391

Online: ISSN 2008-949X

Journal of Mathematics and Computer Science

\Mx\cs and -,
4
O/))

%,
&

al or,
e

yourn.
U108

Pdsicanoss
Journal Homepage: www.isr-publications.com/jmcs

The dynamics of Nipah virus (NiV) transmission and analy- | ® Checkforupdates
sis

Arinze Luke Ozioko®*, Remigius Okeke Aja®, Sunday Igwe Scott Abang®, William Atokolo®, Queeneth Ojoma
Ahman®, Godwin C. E. Mbah!

4Department of Mathematics, Federal University Lokoja, Kogi State, Nigeria.
bpepartment of Mathematics, Michael Okpara University of Agriculture, Umudike, Nigeria.

®National Centre for Technology management, An Agency of Federal Ministry of Science and Technology PRODA Training Institute,
Enugu State, Nigeria.

dDepartmet of Mathematics, Kogi State University, Anyigba, Nigeria.
¢Department of Mathematical Sciences, Confluence State University, Kogi State, Nigeria.
fDepartment of Mathematics, University of Nigeria, Nsukka, Nigeria.

Abstract

We propose a model for NiV infection mechanisms from pigs to humans and humans to humans, with a focus on the impact
of a combination vaccine, and condom as a control measure. In a biologically realistic setting, we derived the basic characteristics
of our suggested model, such as boundedness and positivity. We determined the basic reproduction number to investigate both
the local and global behavior of the model’s various equilibria. When the reproductive number is less than one, the disease-free
state of Nipah virus is locally asymptotically stable, but unstable when it is higher than one. We established that the endemic
equilibrium is locally asymptotically stable near unity using central manifold theory. Nipah virus free equilibrium is stable on
the global stability scale, and endemic equilibrium is asymptotically stable. We determine that vaccination and condom are
effective ways for reducing Nipah virus spread. In addition, Nipah virus carriers (asymptomatic) are identified as the most
infectious individuals who should be targeted by the model. Finally, numerical simulations are used to verify the efficacy of the
provided findings.
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1. Nipah virus (NiV) introduction

NiV is a highly communicable zoonotic viral infection that could potentially cause disease in people
and animals, especially pigs. The virus was discovered during an outbreak in Malaysia as well as Singa-
pore in 1999, where it caused significant lung infections in pigs and encephalitis (brain inflammation) in
people [3].
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The Nipah virus’s natural host is fruit bats, also widely recognized as flying foxes. Infection from
infected bats, polluted food or water, or intimate touch with sick pigs or people can all pass on the
illness to humans. Human-to-human spread is also possible, particularly in hospital environments where
infection prevention and management methods are lacking. Nipah virus exposure can cause symptoms
ranging from minor flu-like symptoms to serious neurological illness, including seizures, coma, and
mortality.

The Nipah virus is an enclosed, newly, negative-sense Ribonucleic acid virus that creates the novel
genus Henipavirus in the paramyxoviridae group. Infection with Nipah virus is also known as NiV en-
cephalitis [20]. Hendra and Cedar virus are intimately associated with NiV [19]. They are indeed the three
species representatives of the genus Henipavirus, a novel viral infection subclass in the Paramyxoviridae
group. One of the most significant bat-borne infections recently found is the Nipah Virus (NiV).

It was previously believed to be a variation of Japanese Encephalitis (JE), but was subsequently dis-
covered to be a novel zoonotic illness and given the name Nipah in honor of the town of “Sungai Nipah,”
where it was discovered [14]. After a fever epidemic among swine producers and importers in Malaysia
and Singapore in 1999, Doctor Chua discovered first Nipah virus, which led to the downfall of the worth
billions of dollars pig export economy [4]. Cerebrospinal fluid samples from three deadly fever cases were
used to inoculate vero cells, which then produced syncytia [17]. The virus was studied using electron mi-
croscopy (EM), which showed features of a virus from the virus family that does not contain the Japanese
encephalitis virus [31].

Immunofluorescence antibody assays revealed that Nipah disease cells reacted strongly to Hendra
virus monoclonal antibody but not to specific antibodies for other retroviruses such as measles virus,
syncytial virus of the respiratory tract, parainfluenzaviruses 1 and 3, herpesvirus, enteroviruses, or JE
virus [15]. According to cross-neutralization experiments, the Nipah and Hendra viruses’ neutralizing
antibodies differed by 8 to 16 times, suggesting that despite their close relationship, the viruses were not
the same [15]. Compared to other family members such as the flu and fever viruses, which typically have
a restricted host area and genetic stability with a nearly identical genome area common to every family
[19], henipaviruses are distinguished from the paramyxoviruses by a larger genome. They also have a
wider host range than other members of the family [22].

Like other animal paramyxoviruses, NiV is rendered inactive after 60 minutes at 60°C. Within the
range of pH 4.0 and 10.0, it is stable. The Nipah virus may last in mango fruit or certain fruit juices for
up to three days, and it can endure not less than seven days in synthetic date palm sap. In fruit bat urine,
the virus has an 18-hour half-life [17].

The NiV epidemic in Malaysia between 1998 and 1999 was brought on after pigs consumed partially
eaten fruits from the bats [23]. Due to the importation of pigs from Malaysia, the infection also reached
Singapore’s pig handlers [23]. Comparing the Nipah virus in Malaysia and Bangladesh, no amplifica-
tion host was required in Bangladesh, unlike in Malaysia where the epidemic had spread from bats to
amplification host swine and then to persons [18].

The pathogenesis and ecology of the Nipah virus infection have been investigated by many re-
searchers, yet there are not many models that are accessible for it, and they are as follows: Nipah fever
in Bangladesh, have a mathematical model that was proposed [10] to comprehend the outbreak of the
Nipah virus pandemic. Sultana et al [30] created a dynamic Nipah virus model with two distinct con-
trol methods and populations of various sizes, in which increasing consciousness and getting therapy
are viewed as controls. A mathematical model with vital dynamics for stopping the spread of Nipah
illness has been suggested and investigated [24]. This model includes quarantines of infectious people,
which are influenced by the accessibility of isolation facilities and surveillance coverage. Using the SEI
model, Shah et al. [29] proposed a collection of non-linear differential equations for the transmission of
NiV. The traditional differential model, according to Agarwal et al. [5], offers an explanation centered on
the Markovian approach in which the development equation has no memory, which is clearly incorrect
for the true situation. They substituted the local time differential operator with a Mittag-Leffler function
differential operator. According to Zewdie et al. [34], the Nipah virus is likely to propagate through
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unprotected touch with the deceased bodies of infected individuals. They put out the SIRD model and
looked at the mechanisms of Nipah virus transmission and the effects of open contact with infected peo-
ple’s dead bodies prior to burial or cremation as well as their disposal rate. Omede et al. [25] developed
and examined mathematical model to investigate the qualitative and quantitative aspects of the Nipah
virus spread patterns. To find out how the controls affected the spread of the illness, they looked at
different combination tactics. Through the quantitative outcomes, they discovered that the most effective
control methods greatly lessen the impact of the diseases.

The primary goal of this study is to investigate the mechanisms of NiV infection from pigs to persons
and from persons to persons, with a focus on the impact of a combination vaccine, and condom as a
control measure. This paper is arranged in the following form. In Section 2 we have Nipah virus model
formulation and procedure. In Section 3, analysis of Nipah virus infectious model is presented. Section 4
presents numerical solutions. In Section 5 we have discussion and conclusion.

2. Nipah virus model formulation and procedure

There are seventeen compartments in the model that was developed with the population being stud-
ied. They are S, (t): susceptible pigs, E,(t): exposed pigs, I, (t): infectious pigs, S(t): susceptible hu-
man population, S,(t): susceptible vaccinated population, S, (t): susceptible non-vaccinated popula-
tion, Sy (t): susceptible vaccinated condom users population, Sy (t): susceptible vaccinated non-condom
users population, S, (t): Susceptible non-vaccinated condom users population, S, (t): susceptible non-
vaccinated non-condom users, E(t): exposed human, I(t): infectious human population, C(t): NiV carrier
human population, I;(t): infectious isolated undergoing treatment human population, I;(t): infectious
undergoing treatment human population, R(t): recovered individuals, D(t): dead bodies of infectious
individuals.

E(t) represents the amount of people who have been exposed to the NiV but are not yet contagious,
i.e.,, pre-symptomatic. I(t) indicates the amount of NiV-infected individuals who have the ability of
passing on the illness to those who are susceptible. C(t) denotes the number of people who have had
NiV, continue to infect others and show no symptom, i.e., asymptomatic. R(t) represents the amount of
people who have survived from NiV through therapy (Ribavirin) or on their own. D(t) is the quantity of
unprotected deceased corpses of infectious people.

The first compartment in (2.1), shows the dynamics of susceptible human. Newly susceptible indi-
viduals are recruited at the level A with those who became susceptible after recover for some time at
the rate ¢, vaccinated at the rate x» and dies normally at rate pn. The susceptible non-vaccinated pop-
ulation is further classified as susceptible non-vaccinated condom users and susceptible non-vaccinated
non-condom users at the properties 111 and 1, respectively with natural death rate p while susceptible
vaccinated compartment is classified as susceptible vaccinated condom users and susceptible vaccinated
non-condom users at the properties t1, T2, respectively and the natural death rate pn. We consider the
parameters a;, ap, az, ag, as to be the percentage of successful contact of susceptible vaccinated condom
users with infectious pigs, Nipah virus human carriers, infectious individuals, infectious undergoing
treatment individuals and unprotected dead bodies, respectively, and the transmission probability {3;.
Furthermore, the parameters by, by, b3, by, bs are the contact rate of susceptible vaccinated non-condom
users with infectious pigs, Nipah virus human carriers, infectious individuals, infectious undergoing
treatment individuals and unprotected dead bodies, respectively, and the transmission probability f3,.
Again the parameters qi, q2, q3, q4, qs are the contact rate of susceptible unvaccinated condom users
with the infectious pigs, Nipah virus human carriers, infectious individuals, infectious undergoing treat-
ment individuals and unprotected dead bodies, respectively, and the transmission probability 3. The
parameters z1, z, z3, z4, z5 are the contact rate of susceptible non-vaccinated non-condom users with
the infectious pigs, Nipah virus human carries, infectious individuals, infectious undergoing treatment
individuals and unprotected dead bodies, respectively, and the transmission probability $4. As a re-
sult, the infection forces indicate the efficient risk of transmission with respect to susceptible vaccinated
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condom users, susceptible vaccinated non-condom users, susceptible non-vaccinated condom users and
susceptible non-vaccinated non-condom users are

arly  aC+azl+ agly +asD bil,  b2C+ b3l + byly +bsD
r = ) r - 7
1= P ( N, + N 2= B2 N, + N

qllp q2C + g3l + q4l¢ + g5D Z1Ip 25C + z31 4 2414 + z5D
M = My = ’
3=Ps < N, + N ;o Ta=Ba N, + N

respectively, where N is number of human beings and N, is number of pigs. Therefore aji, by, qi, zi,
i1=1,2,3,4,5 are contact rates.

The class of exposed people becomes successfully infectious and Nipah virus carriers at the rate k and
0, respectively per unit time, and dies naturally at the rate . The exposed class increases in the level of
infections by I3, Ty, 1 and I’ rate from susceptible unvaccinated condom users, susceptible unvaccinated
non-condom users, susceptible vaccinated condom users, and susceptible vaccinated non-condom users,
respectively.

The infectious class group is produced by exposed people who progressed to the infectious class at
the rate k. The infectious undergoing treatment class reduces the population at a rate of \{,, infectious
isolated undertaking treatment class at a rate of \;, recovery rate vy, disease-induced mortality at a rate
of 8,, and natural death rate p.

The Nipah virus carrier class population is derived from exposed people who advanced to the Nipah
virus carrier class at some degree 6. The population diminishes at the rate of y3 recovered people, §;
disease-induced mortality, and p natural death.

The infectious isolated but undergoing treatment class population is produced by infected people
who advanced to the infectious isolated undertaking treatment class at a ratio of {y. Individuals who
recovered at a rate of v, disease-induced mortality at a rate of 83, and normal death at a rate of p reduced
the population.

The infectious undergoing treatment class population is produced by infectious people progressing
to the infectious undergoing treatment class at a rate of \,. Individuals who recovered at a rate of i,
disease-induced mortality at a rate of 4, and natural death at a rate of u all contribute to the population
decline.

The recovered compartment is formed by the Nipah virus carriers class, infectious isolated undergoing
treatment class, infectious undergoing treatment class, and infectious individuals who recovered from
Nipah at the rates of v3, v2, v1, and 4, respectively, and dies naturally at the rate of p.

This model incorporated dead body compartment. Contact with dead bodies of infectious individuals
can expose susceptible people to Nipah virus. The dead bodies compartment is generated from Nipah
virus carriers, infectious individuals, infectious isolated and infectious undergoing treatment class at the
rates &1, 07, 83 and Oy, respectively, and finally disposed or buried at the rate p4.

The susceptible pigs are recruited at the level A, exposed to the Nipah virus at o, and perish naturally
at up,. The exposed pigs advance to the infectious class at a rate of p and die of natural causes at a rate of
up, whereas the infectious class dies due to the virus at a rate of 0.

2.1. Nipah virus model assumptions

We assume the following.
¢ Natural healing from illness may occur as a result of potent antibodies [25].

¢ Individuals are exposed to the virus through unprotected contact with the dead corpse of a NiV-
infected person [34].

¢ The vulnerable human population interacts with sick and contagious pigs that are carrying the NiV
virus.
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¢ Isolated people do not contribute to NiV transmission progress because they are under careful
monitoring and health workers shield themselves from the virus, and infection can occur in the
therapy class [25].

¢ Condoms, an isolation facility for the contagious, and the vaccinations are widely affordable and
easily available to the entire population.

¢ After some time, those who have healed are once again susceptible to the infection.
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Table 1: Variables description.

Parameters

Parameter description

Ap
(o)
P
A

X1

X2

m

n2

T

Ll
I3
Iy

o
K
0
U
U2
Y1
Y2
Y3
Y4

Number of newly introduced pigs

Pigs susceptible rate of exposure

Rate at which exposed pigs become infectious

Level of recruitment for human

Non-vaccination vulnerable population rate

Vaccination rate of susceptible populations

The proportion of susceptible unvaccinated people using condoms

The proportion of susceptible unvaccinated people not using condoms.
The proportion of susceptible vaccinated people using condoms

The proportion of susceptible vaccinated people who do not use condoms
Force of infection on Sy.¢

Force of infection on Sy n,

Force of infection on Sy,¢

Force of infection on Sy,

Exposed population’s rate of becoming infectious

Exposed population’s rate of becoming NiV carriers

Rate of isolation undergoing treatment of the infectious people

Rate of treatment of the infectious people

Rate of recovery from the infectious undergoing treatment class
Recovery rate from the infectious separated undergoing treatment class
Recovery rate from the NiV carrier people

Recovery rate from the infectious people

Rate of susceptible from the recovered individuals

Death Rate from Illness in the NiV-Carriers group

Death Rate from Illness in the infectious population

Death Rate from Illness in the infectious isolated people undergoing treatment

Death Rate from Illness in the infectious people undergoing treatment
Death Rate from the infectious pigs

Rate of disposal of deceased corpses (burial/cremation)

Normal death rate of pigs

Natural death rate

Given the aforementioned formulations and presumptions, the Nipah virus’s evolving processes are

represented by the deterministic system of ordinary differential equations shown below.

as _
ds, _

dSyn

dt

dSue _
dt

dl

di, _
d
dD

ds, _

dSun _
dt

T =A— 0 tx2+ 1S +eR,
ae = x2S —(t1 + 12+ 1Sy,
A =31S — (1 +1M2 + WSu,
d(Si}c,C =Sy — (B <ﬂ]&]71: + a2C+a3IJ]r\la4It+a5D +WSve,

bl D

TSy = (Bp (2 + D2 StbalipalitbsD ) s,
1 C 1 1 D

M1Su — (B3 (q]\llpp + d2ttds J]r\1q4 L > + W) Suc,

71 Ctzal+zyl D
MoSu — (B (G2 + 2SBLElEnD ) 4 s,
(b11p 4 baCbsl4byl+bsD ) g
~, N vn

zl C+zzl4z4l+25D I C4qsl+qali+qsD
1By lleJr%)gunjL%(%Jrqz qltaslitq )Suc

B G+ eCrelulaaD ) s, (1404 CE,

P

9§ =0E—(va+u+8)C,
dt = KE—(W1+P2+p+8+v4)l,
Lt — T (ya + pt 83)Ly,
e = Vol —(v1 +u+04)L,
AR = yoLig +val +v11e +v3C — uR — €R,
G = 041t + 8313t +01C+ 01— gD,

at = \p —(0+1p)Sp,

at = 0Sp —(P+up)Eyp,
“at = PEp — (p +8p)lp,

2.1)
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where N is the total number of human beings and N, is the total number of pigs .

3. Analysis of Nipah virus infectious model

In this section, the central qualities of the NiV model (2.1), such as the invariant area and the model’s
positivity, are examined using the autonomous model. We locate the two equilibrium points: the endemic
and disease-free equilibrium points, and assess each one’s stability. While the positivity of the solutions
explains nonnegativity of the solutions, meaning that the variables are always nonnegative every times t,
the invariant area represents the region in which the solutions of the model (2.1) make biological sense.

3.1. Invariant region

In the Nipah virus model, the human and pig populations are represented, and all state variables
are nonnegative at all times t > 0 [1]. As a result, we will assess the model’s autonomous model (2.1)
in a sufficiently realizable range [21], which we get as follows N(t) = S(t) + Sy (t) + Swu(t) + Svc + Svn +
Suc + Sun + E(t) + C(t) + I(t) + Lie(t) + It (t) + R(t), and the total number of pigs N, (t) as Ny (t) =
Sp(t) + Ep(t) + I (t). Therefore, we have the differential equations

dN
T = A HN =81 =850 =83l — 80 < A pN(1) (3.1)

and

dN,,

= A~ ipNp(t) = 8Ty < Ap — ppNy (1) (3.2)

Lemma 3.1. In RY, the area QU Q,, € R} x R3 is positively invariant for the model (2.1) with nonnegative
initial conditions, where () is the domain of the human population and Q, is the domain of the pigs population.

Proof. Without loss of generality,

dN(t)
<A —
g <A —uN(t),
which implies
MU<Q+<MW—>‘“, (3.3)

where the N(0) = Nj is the initial value of the total populations. As t — oo in (3.3), the population size
N(t) approaches %, ie.,

and

dD
a = 041t + 831t + 01C + 01 — ugD (3.4)

but S(t) 4+ S (t) + Sy (t) + Suc(t) + Sun(t) + Sve(t) + Syn(t) + E(t) + C(t) + I(t) + Lic(t) + It (t) + R(t) <
% = C(t) < % I(t) < 2, Tig(t) < % I (t) < % as t > 0. It follows that

|

d4+ 03+ 01+ 82)A d4+ 03+ 01+ 82)A
4+ 083+ 81+ &) +[D(O)—(4 3+ 61 +6)
T T

e Hat, (3.5)

O
=
/
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As t — oo, then D(t) — % Thus, the model system’s viable set (2.1) is
(S(t), Sw(t), Sv(t), Suc, Sun, Sve, Svn, E(1), C(t), I(t), Lie(t), Lt (1), R(t), D(t),
Sp/E‘p/ IP) € R}Z : S( ) (t)/ (t) uC/ Sun S Svn/F—(t) ( )
QUQP = I(t)/ Iit(t)/ It(t), R(t)lD(t)/Sp/E’pl I‘p 2 0/ ( ) ( ) + V( ) +SuC(t) +SLLTL( ) +Svc(t) ,
+Sun (£) + E(t) + C(1) + I(t+Tie (1) + t() R(t) < £ D(t) < et
which is a favorably invariant set under the model’s flow (2.1). O

As a result, the system (2.1) is mathematically sound and has epidemiological significance in the area
QU Q. For this reason, it is necessary in this area to study the dynamics of the model (2.1). In addition,
the usual existence, unambiguousness and continuity of results apply to the system.

3.2. Positivity and boundedness of solutions

The answers to the formulae must always be positive. This is significant because it reflects the reality
that negative numbers of individuals cannot exist in the actual world. The answers to the equations must
be bounded within a certain region. This is significant because it represents the reality that the number
of individuals in a population is finite. Positivity and boundedness are essential because they guarantee
that the model’s answers (2.1) are reasonable and make sense in the actual world [13].

Theorem 3.2. Let the initial data be S(t),Sp(t) > 0 and Sy.(t),Sv(t), Suc, Sun, Sve, Svn, E(1), C(t), I(1), Lic (1),

I (t),R(t), D(t), Sp,Ep,Ip = 0. Then the solutions (S(t), Su(t), Sv(t), Suc(t), Sun(t), Sve(t), Sun(t), E(t), C(t),

I(t), i (t), It (t), R(t), D(t), Sp (1), Ep(t), Ip (1)) of the Nipah virus model (2.1) are non-negative for all t > 0.
Furthermore A A

: i < P

tll)n;o supN(t) < o 11_)1{.1o supNp (t) < .

Proof. The first equation of the model (2.1) is

ds ds
prie A=X1+x2+H)S+eR>—(x1+x2+1)S, Js > J_(Xl +x2 + udt,

S(t) > Ke~ (atxatit - g(y) > §(0)e (xitxatmlt 5 K < S(0).

(3.6)

In a similar way, all state variables are non-negative. The right hand side of (3.1) and (3.2) are both
bounded by A — puN and A, — pp Ny, respectively. It follows that 4% < 0 if N(t) > % and 482 < 0 if

Np(t) > %’ Using a standard comparison theorem [35], then

A
ND < 24 (NO) = e and Np(t) < 2P 4 (N (0) — e,
m m Wp m
such that lim_,o, supN(t) <

and if N, (0) < %, then N (t) u—p
the solutions are bounded. O

w’
Therefore the region QU Q,, € lRﬂf X ]R3+ is positively invariant and

% and lim¢_,o supNp (t) < ﬁ—:. In particular, if N(0) < %, then N(t) < &
<

3.3. Nipah virus disease free equilibrium points

Nipah virus disease free equilibrium is a special solution of the model equations (2.1) that depicts a
situation in which there are no infected people in the community [32] and denoted Ep such that I} =T, =
I3 =Ty = 0. For simplicity, let o1 =x1 +X2+ 1, co =M1 +Mm+w, i3=T1+To+ W x4 =p+0+K, o5 =
Y3+ pr+81, ag=UP1+br+pn+0+vs ay=7v2+ 1+ 083, ag =vy1+ 1+ 84, such that

Eo— (/\ XA XiA TixeA XA mxaA maxaA

A
, , , , , ) ,0,0,0,0,0,0,0, ——— 00) (3.7)
a1 oo’ xpo” poas” panoas” pagon” pog o’ 0+ HUp
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3.4. Nipah virus endemic equilibrium

The endemic Nipah virus equilibrium point is a special solution of the model equations (2.1) that
depicts a situation in which the illness persists in the community but the number of infected people stays
constant over time,

Ep = (8%,8), 8%, Sves Svms Sties Sims B, CF, 19, 5, I, RY, DY, S5 B3 1 ) (3.8)
Therefore, we calculate for the state variables by equating the model equations to zero. Solving for all the
state variables with respect to R, we obtain

@ (A R*
gr = (@ATER) (3.9)
g0 (€ + )
where » v o
Ko X7 X6 Ko X8 X5
_ MTix2 n > Tox2 l3M1x1 maxa
(M+wogay  (M+wogay  (M3+poooy (M +p)ogoy
Solving for R* in (3.9), we have
oA
R* — G (3.10)

g0 (€ + p) — (@e
Finally, we substitute (3.10) in each of the state variables w.r.t R and obtain

Alooy(e + 1) — (el + eC@A X2 (Aloqog(e +u) — (el + eCoA)

St = , ST = ,
o [y (e + ) — (el o0z [ogoy(e +u) — (el
o* x1(Alxgou(e 4+ 1) — (el + eCoA) g TiX2(Alxgog(e + p) — (el + eCoA)
b o0t [ oua€ 4 ) — (el ’ ve (M + oz [gag(e +p) — (el
g _ X2 (A [xgag(e + 1) — (el + eCA) or _ Mmx1(Alxgoy(e +p) — (el + eCA)
v (4 waszx [agoa(e +p) — el 7 we (T34 o [agos(e + p) — (el
o _ mxi(Alay(e+p) — C@el + eCDA) B* (Aloou(e +u) — (el + eC@NA)@

(Ts + ooy [gage + 1) — (el
o — 0@ (Aloyoy(e + 1) — (el + eC@A) o
X g5 [ og(€ + p) — Cwe]

Pk (Alxgog(e +u) — (el + eCoA)

ooy [ oy (€ + 1) — Coel
KD (Alxgog(e + ) — (el + eCdA)

o g 06 [ g (€ + 1) — (€]
Pok®@ (Al g€ + p) — (el + eCDA)

7

I — , I — ,
w &1 040607 [0 x4 (€ + p) — (€] t &1 040608 [0 x4 (€ + p) — (€]
D* — DD (A opoy(e + 1) — (€] + eC@A)
o og [opog(e+ ) — (el !
where
) K 0 K 010 &k A Ao AoC
D — 41P2+3ll)1 L 010 ko . . _ p

xXexg %7 a5 &g P o+py P (0+pp)(o+up) P (04 up) o+ pp)(Hp +8p)

3.5. The reproduction number R

The reproduction number is an important epidemiological measure that defines a disease’s ability to
propagate within a community. It shows the typical number of secondary infections caused by a single
infected person in a vulnerable community [2]. The epidemiological importance of reproduction number
stems from its ability to forecast disease spread and direct public health steps to control its dissemination.
If the reproduction number is higher than one (1), the disease has the potential to spread throughout
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the community, and measures must be taken to limit transmission. In comparison, if the number of
reproductions is less than one (1), the disease will ultimately die out, even if no action is taken.

The frequency of new cases in the compartments E and E,, was derived from the model system (2.1)
using the method of the next-generation matrix [16],

Using Python software, the Jacobian matrix of J (3.11) at the NVFE, Eyg, where N <

form the Jacobian matrix is

Tzsvn + r45un + rBSuc + rlsvc-

0

o O O O

oSp

o

0 €1 e e3 0 €4 0 €5

0O 0 0 00 0 0O

0 0 0 00 0 00O

Fo 0O 0 000 0 00O

|0 0 0O OO 0 0O

0O 0 00 0 0 0O

0 0 0 00 0 0O
o 0 0 0 0 0 0 0]

where
e = D2Pn0T | baPoxeTr | Baxumida | BaXximozo
1 X103 X1 X3 X100 X1y 7
e, — WB1XoT b330 + Baxamdgs | Baxamozs
2 xX1KX3 xX1X3 X1 X x1xy 7
en — WbPixoT b4(32X2T2 + [33X1111q4 Baxinazs
3 o X3 3 o1 0 xjxy 7
e, — BP1XeT bsﬁzXsz + |33X1T11q5 + Baxim2zs
4 o 3 o103 o o x1op 7
er — /\(11(31X2up”f1 /\blﬁzxzupTz ABsxamikpdr | ABaXiMakpzr
5= Ap oz Ap gzt Apxjoop

(3.11)

(3.12)

(3.13)

Calculating the transfer of individuals out of the compartments of the system (2.1) via E,C, I, Iiy, I,

D, E,, I, we have

(L+0+«)E
(ys+p+8;)C—6E
(W1 + P2+ p+ 82 +v4)I—«E
(v2 + 1+ 04) i — 1l
(Y1 + 1+ 84)I — ol
upD — 54It — 63Iit — 61C— 621
(p+ Hp)Ep
(Up +0p)Ip — pEp
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The Jacobian matrix of V is

0

0 0 —IJ,)Q g 0

0 —51 —52 —54 —53 Hp
0

0

g O 0 0 0 0 O i
—0 s 0 0 0 0 0
-k 0 g 0 0 0 0
0 —11)1 0 X7 0 0
0 O
0

SO OO O OO

0 0 0 0 0 sg
L 0 0 0 0 0 —p s7]

where oy = u+0+k, a5 =y3+p+01, xg =1+ +R+02+Vs, 07 =Vo+1+83, 08 =Y1+H1+0y S6=
Up +p, s7 = dp + Wp. Furthermore, we find the inverse of the jacobian matrix V as

[ L 0 0 0 0 0 0 0]
¥ 1
S L 0 0 0 0 0 0
- 4:?6 0 & 0 (1) 0 0 0
K
Vfl — oc4oc62cxg 0 3 ;8 0 o5 0 0 0
iy 0 L L 0 0 0 0
4 X X7 X X7 X7
8106007 xg 0+ 87 K oxs oy g+ 03 KWy oxs g+ 84 Ko oxs oy 51 520670¢s+531f)10¢8+54¢20é7 53 O 1 0 0
&g &5 06 X7 X8 Hp X5Hp X X7 X8 Hp X7 Hp XgHp Hp
0 0 0 0 0 0 + 0
1
L 0 0 0 0 0 0 36957 37
Therefore,
(v B e e + e3Py + ey(doox7oxg+33p1oxg+84Wo0xy)  Szes  Sses | e3 e esp  es]
ashp o5 X | oo 06 07 g Lp a7y Xglp | X3 Hp  SeS7 S7
0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
Fv-1— 0 0 0 0 0 0 0 0
0 0 0 0 0 0o 0 ol
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
| 0 0 0 0 0 0 0 0
where
W e 0 €K n esk\y n es (810607080 + Do kx5 00700 + 3K 5008 + SaK o X5007)
X454l KaleOXy X4 X506 07 X8 ’

such that the eigenvalues of F.V~! become

{0,7 e0 L e3ky +64(510660670689+52K0¢50¢70¢8+53K1P10¢50¢8+54K1P20¢5O€7),1}
s e Xg0eOs X405 006 X7 Ot Hp e

Therefore the dominant eigenvalue of F.V~! is

e10 erK e3K ey (0100780 + dokaxsoxyoxg + 3k x5 0eg + Sk o X5
R0:1+2+31P2+4(106678 2KX50708 + d3K W1 oX5 08 41|)257)' (3.14)
5 X4 g (g X4 X5 X6 X7 X p

Substituting the value of e;, i =1,2,3,4,5 from (3.13) in (3.14), we obtain

Ko (0451X2T1 + bsBoxoT + Bsxmi194 + [34Xﬂzl4) K (03[31X2T1 + b3Borx2T2 + Bsxmi9gs + [54X11223)

R X1 X3 X1 X3 X1 X2 X1 X2 + X1KX3 X1KX3 X1 X2 X1 X2
O =
X4 Xe X8 Kg g
aB1Xx2T1 | baPoxeTr | BaxMide | PBaxN2zz
+ o ( X113 + X1 X3 + X1 X2 + X1 X2
Kg 05
asBi1xaT bsBaxeTz | Baxniqs | Baxnezs
. ( oqlo(s L+ ot oqoizq + ‘ixlo(z (01066067080 + dp kx5 07 0xg + Sz k1 s xg + Sy ko o5 X7 )

Hp X4 05 06 X7 g
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3.6. Local stability of disease-free Nipah virus steady state

We discuss its qualitative behavior around the equilibrium points using stability analysis of the model
equation to get insight regarding the long-term disease dynamics.

Theorem 3.3. If all of the eigenvalues of J(Eo) have negative real components, the Nipah virus free equilibrium
point E is locally asymptotically stable; otherwise, it is unstable.

Proof. We employ the Jacobian stability technique to determining the local stability of a system (2.1).

—o 0 0 0 0 0 0 0 0 0 0 0 € 0 0 0 0
X2 = —ag 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
X1 0 —o; 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 T 0 Y 0 0 0 —92  —9g3 0 —94 0 —95 0 0 —96
0 T2 0 0 —u 0 0 0 —97  —9s 0 —99 0 —Jj1 0 0 —Jj2
0 0 m 0 0 —n 0 0 —J3  —Ja 0 —Js 0 —Je 0 0 —j7
g 8 1102 g 8 8 *Oll 0 —Js 9 8 —in 8 2 8 8 —J13
—X4 J14 )15 J16 J17 J18
](EO) = 0 0 0 0 0 0 0 0 —as 0 0 0 0 0 0 0 0 , (3.15)
0 0 0 0 0 0 0 K 0 —ag 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Vv 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Py 0 —og 0 0 0 0 0
0 0 0 0 0 0 0 0 3 Ya Y2 yi  —hyp 0 0 0 0
0 0 0 0 0 0 0 0 5 5o 83 54 0 —u3 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 —ho 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 o —hy 0
L o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o —hyp

where hjg = p+¢, hg = up +0, hig = up +p, hip = S5+ p, j1 = bsfaxoms j2 = 7Ab152xzuﬂz, j3

o003 Agopogp

Bsximide : _ Baximids ; Baxamiqa ; _ Baximigs _ ABsxamppdr s Baxanez _ Baxamezs i o _
ooy )4 ooy )5 xjoxp 7 Jo = xjop ) NApoxpoop ’] ooy )9 X102 1
BaxiM2z4 _ Baxampzs /\ﬁ4X1ﬂ2HpZ _ a2Bi1xem1 | baBoxoTe | Baxamiqz  PBaximezo _ a3fBixeT
xjog 7 12 = o100 s )13 NApoxpoopn 7/ )14 = o103 o o3 + o100 + xjog 7 15 = o103 +
bsPaxoTy | Baximids | Baxinazs — QBixom 4 baPoxoTr | Baxamiqs 4 Baximaz — 95B1Xo™ | bsPoxoTy |
xX1X3 X1 X2 x1xp 7 ) xX1X3 x1X3 X1 X2 xixp 7 )17 X1 X3 X1 X3
Baxinigs | Baximezs — AdibBixakpT | Ab1BaXorpTr | ABsXiMibpdi | ABaximamaz _ @pBi1xeT _
o100 xpop )18 = NApoxpogp NApopogp Apxonp Apxpoopn 7/ 92 = xjog 93 =
0351X2T1 asB1X2Ty asPix2T _ AaifixappT — bafoxotr — b3Baxom b4f32X2T2
r 94 = xiog 95 = xpog 9o NApoxpogp 7 97 x1og g 061063 » 99 ’
Evaluatmg [J(Eg) —XI| =0, where X is the eigenvalue, we have the following: xi = —p, i = 1 2 3,4,5,
Ne = —O5, A7 = —0Q&z, N§ = —Hd, N9 = —03, N0 = —&4, N1 = —&, N2 = —067, >\13 = —ag, N4 =
—hg, X5 = —&1, N1s = —hi1, A7 = —hiz, ~17 = —hyo. Therefore, the Nipah virus free equilibrium point

Ep is locally asymptotically stable. It is evident that all the eigenvalues of J(EO) have negative real parts
[8] because the total of a matrix’s eigenvalues equals the trace of the matrix and the product of a matrix’s
eigenvalues equals the determinant of the matrix [11]. This means that all of the eigenvalues of J(E0) have
negative real components. O

3.7. Local stability of Nipah virus endemic steady state

The eigenvalues of the Jacobian matrix computed in the endemic equilibrium state can be used to
establish the local stability of endemic equilibrium. This technique can be mathematically complex at
times [12]. We use central manifold theory method to investigate the stability of endemic equilibrium
around Ry = 1. It is also used to examine the existence of backward or forward bifurcation at Ry = 1
([7, 33)).

Theorem 3.4. Take the general system of ordinary differential equations with a bifurcation constant aj. shown

below:
dx

dt

Without loss of generality, it is assumed that 0 is an equilibrium for system (3.15) for all the values of the parameter
a3; that is, (0, a3) = 0 for all a;. Assume that

=f(y,a3), f: RY xR = R, f € C2(RY x R). (3.16)

Al. A = D«f(0,0) = (0f;/0x1)(0,0) is the linearization matrix of system (3.15) around equilibrium 0 with a;
evaluated at 0. Zero is a simple eigenvalue of A, and all other eigenvalues of A have negative real parts;
A2. Matrix A has a nonnegative right eigenvector m and a left eigenvector n corresponding to the zero eigenvalue.
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Let fy be the k™M component of f and

7 02fy 7 02fy
p= N My ~(0,0), g= nemym; ————(0,0), (3.17)
k;_l “0yi0a; k%—l " 0yidy;

for k,i,j = 1,2,3,...,17. The local dynamics of the ordinary differential equation in (3.15) around 0 is totally
determined by g and p given in (3.17).

(i) g > 0,p > 0. When a3 < 0 with |aj| < 1, 0 is locally asymptotically stable, and there exists a positive
unstable equilibrium; when 0 < a5 < 1, 0 is unstable and there exists a negative and locally asymptotically
stable equilibrium.

(ii.) g < 0,p < 0. When a3 < 0 with |a;| < 1, 0 is unstable; when 0 < a3 < 1, 0 is locally asymptotically
stable, and there exists a positive unstable equilibrium.

(iii.) g > 0,p < 0. When a3 < 0 with |aj| < 1, 0 is unstable, and there exists a locally asymptotically stable
negative equilibrium; when when 0 < a; < 1, 0 is stable, and a positive unstable equilibrium appears.

(iv) g < 0,p > 0. When a3 changes from negative to positive, 0 changes its stability from stable to unstable.
Correspondingly, a negative unstable equilibrium becomes positive and locally asymptotically stable.

Proof. Let S = y1, Sv = Y2, Su = Y3, Sve = Y4, Syn = Y5, Suc = Yo, Sun = Y7, E =ys, C = yo, [ =

Y10, Lit = Y11, Ik = y12, R =y13, D = Y14, Sp = Y15, Ep = Y16, Ip = y17. We write the system of model
(3.1)-(3.17) as follows:

L =A—aqyr+eys :fy,
ddst“ =X2y1 — o3y Ty,
Do —yy1 —oys  :fa,

d%ﬁc =Tya— (M +wys :fy,
d‘ vn ——

gt = Y2 (+wys  :fs,
dSvue _ .
Se=mys—(l3+unys :fe,

d%‘t‘“ =mys— (s +ulyy :fy,

4t =Nys +Tay7 +T3ys + NMys —ouys  : fs,

F =0ys—asye  :fo, (3.18)
A =rkys—oaeyio  : fio,

i =Py — oy fi,

% =1oy10 —agyz 12,

(TE = Y2y11 +YaY10 + Y1Yi2 + Y3y — (L + €)yiz  :f3,

% = 04Y12 + 83Y11 + 01Yo + 02y10 — Hayld  :fiy,

jdit: =Ap—(0+uplyis  :fis,

oyis — (P +Kplyte  : fie,
T = pY16 — (Kp +0p)y1y  :f1y,

D-‘&p.
s+

_ arfyy | axfg + azfip + asfp + asfyy _ bifiz | bafg+ bsfip + bafin + bsfiy

I =p N + N , =102 N + N ,
) P

I = Bs <q]i]f17 n qz2fo + q3fio +Nq4f12 + q5f14> M= Bs (Z]l\]f17 n 239 + 2310 Llﬁlz + Z5f14> ‘
P P
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The Jacobian matrix associated with (3.18) at Nipah Virus Endemic equilibrium is given as

—y 0 0 0 0 0 0 0 0 0 0 0 € 0 0 0 0
x2 —oz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
X1 0 —ap O 0 0 0 0 0 0 0 0 0 0 0 0 0
0 o 00 —A; 0 0 0 0 4y L 0 1, 0 1y 0 0 s
0 o 0 0 —A, 0 0 0 s 1 0 g 0 o 0 0 —ly
0 0 m 0 00 —A; 0 0 13 —lp 0  —lz 0  —ly 0 0l
0 0 o 0 0 00 —-A; 0 -l —l, 0 —Lg 0  —ly 0 0 —lyp
0 0 0 n I I3 . —oq Ly Iy 0 Loy 0 Loy 0 0 Lo
](El): 0 0 0 0 0 0 0 0 —as 0 0 0 0 0 0 0 0 , (3_19)

0 0 0 0 0 0 0 K 0 -—og O 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Py —ay 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 by 0 —ag 0 0 0 0 0
0 0 0 0 0 0 0 0 v Yi  v2  vi —As 0 0 0 0
0 0 0 0 0 0 0 0 51 5, 55 I 0 —ug O 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 —Ag 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 o —A; 0

L o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o —Ag |

b b
where |} = a25N194/ L = (13[]311194/ l; = (14[]3\1194/ ly = 05%94/ 5 = (1115;)94, lg = 2[]5\1255/ 1, = 3|3N2Q5’ lg =

4]\]2y5’ l — 5]\]2 5’ l — 1N295’ l — 3 NZU(:, 1 — 3 N3y6, — 3 N94 6’ l — 3 N95 6, l —
133}19 Yo 'l ')4 Y7Zo ] ')49723 'I ')4 Y724 ] ')49725 'I ')4 Yyzz I an 3 Yg bz 52“5
Nl s 16 N ARV N s U8 N s Y19 N 7 20 N 1/ 21 Nl N

05[]3\1194 + bsfri\jws + BsqNS‘Ja + f54yN725, los = Cl1f5N11J4 + bl?\jzys + f53qN196 + f341_]<l721, Ar=T1+w Ap =T+ p, Az =
3+, Ag=Ty+u, As=p+e Ag=p +0, Az =p +p, Ag = Hp + 5.
Applying the center manifold theory, let

b b
ﬁSNgzge + f34N9722’ ly = (13[]-’1]194 + 3(13\’2y5 + ﬁsqN3y6 + (54yN723, by = a4(]5\1194 + 4[13\12135 + Ban4ye + 54%714/ by =

(M1, M2, M3, Ny, N5, N, N7, N, N9, Ny, 11, N2, N13, N4, N5, N, N17),

n frnd
m = (my, My, M3, My, M5, Mg, M7, Mg, Mg, M1, M11, M12, M13, Mig, My5, Mig, My7),

be the right and left eigenvector, respectively associated with the zero eigenvalue. Consider a, = a; [6]
as a bifurcation parameter when Ry = 1. Therefor

001 003 0 Ly 044 085 06 07 g — (05,07 1 K12 K + axs o7 g Ky K + Ky Ky + 0Ks o007 gt )
Hpx21X2T1

a; =

7

where

K1 = d1a6007080 + dpkosoxyoxg + O3k x5 xg + dq ko X587,
K2 = opagB1xats + a2bsPoxate + a3Baxniqa + azPaxnezs,
K3 = azonf1x2T1 + bzoaPoxete + a3Baxniqs + azBaxnezs,
Kg = xpasP1x2t + x2bsBax2t2 + a3Baxniqs + a3 Baxnezs,
Ks = baoafax2T2 + a3 PB3xn1q2 + a3 B4xM222-

Setting mjp > 0 as a free vector, and multiplying the Jacobian matrix J(E;) in (3.19) with m' and
Prmyg — Yimy XM 10

equate to zero, we have mis = myg = myy = 0, mqyp = g UL = T, Ms = s Mo =

0 @

e, My = -, where @1 = Qoo Y3 + Koz asasYs +B1KasasY2 +hakasozyr > 0 and myg =
Do,m edm

WS‘XI:Hd’ where @) = Ooyxgogd| + Kaxyogxs02 + P Kxgx503 + oy Pooskds > 0, my = m, my =
X2eD1my X1€D1my D3my

where (D3 = Md’rlXZe(Dl —\yl, ‘1’1 =

m3z = my

X301 Koy xg x5 As” ) X1 Koy oxg x5 As” a1 &35y xg AqAsk’

LiogOo azasozagitg + b agas oy agkAspg +labaog azos a7k g As + 1y Oo oty 63 Az, ms =

Dsmyg ms — Demyp
Hao ogos oy xg AzAsk’ Ha o ogoes o7 xg AgAsk’

D®ymyp
Ha o ogos oz g Ag Ask’

mg = where

Dy = paox2e®@1 — Yo,

Yy = leaboazasayagiig + Ly o as o7 g KA g + lsba g g ois o7k g As + lo@o 0 a3 A,

Os5 = pamx1€P@ — ¥,

Y3 = linaeOxgazasozogitg + iz oz os oy ogkAs g + lisboog ez a7k peg As + Lia@o o s As,
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D =mox16D1pg — Yy,
Yy = LB oazaxsozaxgiig + Lz g oxs oz xg kK As g + ligho o g s 7k g As + lig@o 0 3 As.

The left eigenvector of the Jacobian J(E;) associated with the zero eigenvalue is given by n and it

o fs _ : : T T : : _ Iing _ Ihng _
sratlsfles n.mr =1 Multlp}iymg J'(Eq) bi n' and equating ]:o zero, we obtain ng = A s = 2% Mg =
3Ng _ Iyng — 1ns — 2Ng — 3ng — —
A TV = A T2 T KA BT AAeg ™M = A A AA 000 where K1 = Ayl + A1y, Ky =

eKsn, Kyn
ATz + Azl Ks = AsAscaxeKs +Xx1KaA1A205, a3 = A1A2A3A:A§OC10(20€3’ N4 = A1A2ﬁ\38A4Hd’ where

K4 = 14F1A2A3A4 + 19F2A1A3A4 + 114F3A1A2A4 + 119F4A21A3 — 124A1A2A3A4 and

Ksng
o 000307 A1AA3ALAS g

ni; =

(Q2—Q1)ns
1o ogogitg A1A2A3ALAS

where K5 = nqvy2eKs + 83Kg0¢1 o x3A5, o = , where

Q2 = bz xpozpg A1 A2A3ALAs +v1eKapg + 04Kgay o o3 A5,
Q1 = LhogopogngA1A2A3A4As + gl oz ta A1 A2 A3ALAs + Lislzog oo g A1 A2A3ALAS
+ Liglyoqopo3ngA1A2A3ALAs,

(Qs—Q3)ng
0 0 030t 07 g La A1 Ao AzALAs

nip =

where

Qs = bpxypozazitaA1A2A3A4A508 + P1Ksag +P2(Q2 — Q1)o7 +vaeKzoz g + 02Kyt o 3 7 xg A,
Q3 = Ll nasazngA1ArA3ALAs s + L7 ooz ta A1A2A3 AL A5 08
+hal3q000g07na A1A2A3A4As a8 + izl oo oz ta A1 A2 A3 AL A5 o,
_ (yoopozasazagaA1A2A3A4As — kQyq + KQ3)ng N (lsA1A2A3A4 — Qs)ng

N9 = ’ 17 = ’
o1 00306 07 Xg g A1A2A3 AL A0 A1A2A3A4AS

where

Qs = Is11A2A3AL + Ligl2A1A3AL + Li5T3A1A2A, + bl A1 AL A3,
N P(lsA1A2A3A4 — Qs5)ng e — op(lasA1A2A3A4 — Q5)ng
16 A1A2A3ALAZAg P A1A2A3ALA6A A

Next we compute the value of g and p such that

kij=1 layj kij=1 9 iaaz
We obtain the following:
0%y —asPq %y —aiPs %y  —aps %y —asPs %y —asPs
Y40y 14 N 7 0ysdyyy Np " 0ysdyg N 7 09ys0y10 N 7 0ys0yp N 7
0*fs  —bsPo o* s  —biPo O* s  —bapo o* s —bzPo o* s —bsPo
Y50y 14 N 7 0dysdyiy Np ~ dysdyo N 7 9ys0yio N 7 09ys0yn N
0% _ —G5Bs 0% _ —QiBs 0% _ —92PBs 0% _ —Y3PBs 0% _ —Q4Ps
0Ys0Y14 N 7 0yedyyy Np ° 0ysdyo N 7 9yedyio N 7 0yedyn N 7
0% ;  —zs5Py4 0% ;  —z1Ps4 %7 —zPy 0% ;  —z3Ps4 0% 7 —z4Ps

oyz0yia N 7 dydy;y; Ny " dysdye N 7 dysdyy N 7 dyzdy, N
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Therefor,
17 22,
o k,i,Zj_lnkmlmJ 0y 0y;
=My {mm 7?\5][31 +m17.;1p[31 +m9.—c]1\21[31 +m10.%351 +m12‘(;<1]f31}
+nsMs _m14._?\5][32 + m17._]21p62 + mg._?\zj[32 + mlo._lﬁﬁz + mlz._lﬁﬁz] (3.20)
+neMsg :m14._(£’][53 +m17__ﬂ]1pﬁ3 +m9._?\2163 +m10.—?\31f33 +m12~_?§53]
+nyMzy _11114._2131[54 +m17._;1p64 + mg._zlfj[34 + mlo'_zlilm _|_m12__zl<]4f34] _

Since the ni.m; = 1 for i = j, we have nymy = nsms = ngme = nymy = 1. Therefor we simplify (3.20) and
collect the like terms

_@( _m(

asP1+bsP2 + qs5P3 + z5PB4) a1 +biB2 + qiB3 +2z1PB4)

m m
— Wg(azﬁl +b2P2+ q2PB3 +22B4) — %((13[31 +b3B2 + q3P3 + z3P4)

_m12(

N asP1+baPr + qaP3 +z4PB4).

Observe that my4, mg, myg, M2 > 0 and my7 = 0, then

m .
= _#(QSBl +bsP2 + q5PB3 +z5B4) — Wg(azfﬁ +b2P2+ q2B3 +2234)
m m
- #((13[51 +b3B2 + q3P3 +23P4) — #(04& +b4P2 + a3 +24B4) <O

Computing the value of p, we obtain

17
0%fy 0%fs [—99]
P = WM —— 5 — NsMs ¥ — NsMms | —— |,
k,i,Zj_l 161_416(12 dysda; N

which implies p = 2 < 0. Finally, from the above theory section (ii), we conclude that the Nipah virus
Endemic equilibrium of the model (2.1) is locally asymptotically stable for Ry > 1, which implies that in
the absence of external factors or changes in the environment, the outbreak will eventually decline and

disappear within a specific geographical area.
O

3.8. Global stability of equilibrium states

Global stability is an essential idea in disease control because it suggests that once a disease epidemic
has been managed and an equilibrium state has been achieved, the disease will not resurface in the future.
This is due to the fact that the equilibrium state remains steady in the face of all potential perturbations,
such as shifts in transmission rate or population contact patterns.

Theorem 3.5. The system is globally asymptotically stable at Nipah virus endemic equilibrium £y and globally
stable at Nipah virus free equilibrium E,.

Proof. We employ the quadratic lyapunov function ([26, 27]) to prove the above theorem. Let

G1 =S+ Su(t) +Sv(t) +Suc +Sun + Sve +Sun +E(t) + C(t) + I(t) + Tic(t) + I (t) + R(t) + Sp + Ep + L.
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Consider the Lyapunov function
dL dlLy di
2 f f
2Lf = G7, Tl E

where 1 € (S,Su(t),Sv(t), Suc, Sun, Sve, Svn, E(1), C(1), I(1), Li (1), Le(t), R(t), Spr Ep/ Ip)- This implies

% =Gy x Gy
=(S+S,(t)+Syv(t)+Suc+Sun+Sve +Svn +E(t) + C(t) + I(t) + Ty (t)
+ Te(t) + R(t) +Sp + Ep + Ip) X (S+ Su(t) + Su(t) + Suc + Sun + Sve + Svn + E(t) + C(t)
+1(t) + Lie (1) + Le(t) + R(V) + Sp + Ep + 1)
= (S(t) + Su(t) +Sv(t) + Suc + Sun + Sve + Svn + E(t) + C(t) + I(t) + Lie(t)
+1¢(t) +R(t) +Sp + Ep +1p) X (A —uS — puSy — uS,
— WSuc — HSun — MSve — uSyn — HE — puC —6;C — pl — 61 — puliy — d3lie — uly — daly — pR
+Ap = HpSp —pEp —Hplp —8p1p)
< (S(t) + Su(t) +Sv(t) + Suc + Sun + Sve + Svn + E(t) + C(t) + I(t) + Lie(t)
+1e(t) + R(t) +Sp + Ep +Ip) x (A —pN —8C — 81 — 8315 — 84Tt + Ap — ppNp — 8p1p).
Observe that uN < A and ppNy, < Ay, and using uN = A and pup Ny, = A,
dstf < (S(6) + Su(t) + Su(t) + Suc + Sun + Sve + Sun + E(t) 4+ C(1) + (1) + L ()
+1e(t) +R(t) +Sp +Ep +1p) X (A= 1N = 81C — 81 = 8515t — 8ale + Ap — upNp —8p1p) (321
= —[5p1p + 81 C + 821 + 83Lic + 841t (S(t) + Sw(t) + Su(t) + Suc + Sun
+Sye + Sun + E(t) + C(£) + 1(t) + L () + I (t) + R(t) + Sp + Ep + 1),

This shows that the system is globally asymptotically stable at the Nipah virus endemic equilibrium E;.
At the Nipah virus disease free equilibrium Ey, from (3.21), we have % < 0. Therefore the system is

globally stable at the Nipah virus free equilibrium. O

4. Numerical solution

In this part, mathematical solutions of the system (2.1) for the data presented in Tables 2 and 3 are
performed. We run simulations of the system (2.1) using Python software to see the influence of all the
control mechanisms put into the model (2.1). Next, we approximate the initial values and parameters
in the manner described below [9]: N(0) = 1005, Np(0) = 150, A, = 5, A = 10, S(0) = 1000, Sv(0) =
420, Su(0) = 370, Svc(0) =200, Svn(0) = 210, Suc(0) = 190, Sun(0) = 175, E(0) = 10, I(0) =5, Iit(0) =
4, 1t(0) =0, C(0) =0, R(0) =0, D(0) =3, Sp(0) =138, Ep(0) =3, Ip(0) = 2.

The findings below were produced by the Python programming language using the table’s parameter
values and initial values.

Figure 1 depicts the susceptible population S, S,, S, over a period of 50 weeks. In Figure 1 (a), the
susceptible S decreased as time increased due to the outbreak of Nipah virus without clue of the kind
of virus that emerged but never got to zero due to some level of recruitment into the susceptible popu-
lation. In Figure 1 (b), we have the susceptible vaccinated and unvaccinated population. The susceptible
vaccinated population increased due to the implementation of the vaccine within the first month, slightly
changed and remain stable when recognized and response to the virus. However, the susceptible unvacci-
nated population reduced drastically and nearly got to zero because there is no vaccine implementation.
Vaccines are extremely essential because they can prevent you and those around you from becoming ill.
When a large number of people are immunized, pathogens and viruses find it much more difficult to
disseminate from person to person and thus cannot infect as many people.
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Table 2: Description of the parameter.

Parameter Value Source

X1 0.33 Estimated

X2 0.62 Estimated

0 0.486 Estimated

K 0.715 Estimated

T 0.008 Estimated

Ty 0.019 Estimated

il 0.45 Estimated

2 0.39 Estimated
Py 0.825 Estimated
L% 0.342 Estimated
Y1 0.8 Inferred from [9]
Y2 0.5 Inferred from [9]
Y3 0.09 Inferred from [9]
Y4 0.1 [9]

B1 0.1134 Inferred from [9]
B2 0.3969 Inferred from [9]
B3 0.4455 Inferred from [9]
B4 0.7209 Inferred from [9]
51 0.02  Inferred from [9]
P 0.56 Estimated

o 0.75 Estimated

1000
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Nipah virus dynamics
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Table 3: Description of the parameter.

Parameter Value Source

5 0.15 [9]

53 0.0171 Inferred from [9]
04 0.2 Inferred from [9]
aq 0.58 Inferred from [9]
a 0.513 Inferred from [9]
as 0.486 Inferred from [9]
ay 0.513 Inferred from [9]
as 0.000288 Inferred from [9]
b1 0.69 Inferred from [9]
by 0.522 Inferred from [9]
bs 0.513 Inferred from [9]
by 0.504 Inferred from [9]
bs 0.000324 Inferred from [9]
qi 0.75 Inferred from [9]
qz 0.4617 Inferred from [9]
qs 0.531 Inferred from [9]
qa 0.513 Inferred from [9]
gs 0.000648 Inferred from [9]
€ 0.03 Estimated

Z5 0.4374 Inferred from [9]
z3 0.504 Inferred from [9]
Z4 0.513 Inferred from [9]
z5 0.000648 Inferred from [9]
Hp 0.00081 Estimated

u 0.0003421 [34]

Vaccinated and Unvaccinated Population

Time{week)

(b)

Figure 1: The graph of susceptible, vaccinated, and unvaccinated populations.

In Figure 2 (a), we have the vaccinated condom users who are susceptible S, the vaccinated non-
condom users who are susceptible S, the unvaccinated condom users who are susceptible S;., and
the unvaccinated non-condom users who are susceptible S.,,,. The susceptible vaccinated condom users
Sy slightly fluctuated at the beginning by recognizing the Nipah virus and increases as it responds to
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the virus while gaining protection. The vaccinated non-condom users who are susceptible S, strongly
fluctuated at the beginning by recognizing the Nipah virus and increases as it responds to the virus while
gaining protection. The unvaccinated condom users who are susceptible S, and noncondom users who
are susceptible S,,» populations decreased with time but the unvaccinated noncondom users who are
susceptible S, population decreased the most and faster while the unvaccinated condom users who
are susceptible S,,. population decreased the least and slower because of condom use implementation in
the population. Combining vaccines and condoms is an efficient method to safeguard against infectious
illnesses. Condoms, on the other hand, create a tangible barrier that stops the interchange of bodily fluids
during sexual action. Using both vaccines and contraceptives together can provide additional protection
against these illnesses. This means that with the implementation of vaccine and condom use in the
susceptible population, the Nipah virus transmission can be reduced effectively.

Nipah Virus Dynamics
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Figure 2: The graph of susceptible populations.
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Figure 3: Exposed, NiV carriers and infectious population.

Figure 3 (a) is the graph of exposed E with respect to susceptible S over a period of 50 weeks. While
the exposed individuals dramatically grew from the beginning, the susceptible population declined dras-
tically. When the exposed population reached its apex, the susceptible population is almost nearly to
zero but could not due to some level of recruitment into the susceptible. In Figure 3 (b), the infectious
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and Nipah virus carries populations increase drastically at the beginning and then shrank over time but
the Nipah virus caries population grew the fastest. This is due to the fact that NiV carriers do not show
symptoms and are thus more likely to interact with others without taking precautions or seeking medi-
cal attention, whereas infectious individuals are more likely to seek medical attention and be diagnosed
with the disease, which can help prevent further spread of the disease through quarantine or isolation
measures. As a result, NiV carriers may unintentionally raise the risk of spreading the illness to others.

Nipah Virus Dynamics

800

600

400

200

Infecticus,dead body's and Recovered Population

o 10 20 30 40 50
Time{week)

(a)

Figure 4: Exposed, NiV carriers and infectious population.

In Figure 4 (a), the population of infectious patients receiving treatment I; also grew initially and then
shrank over time, but the infectious population I;; receiving isolation-based care saw the biggest growth
because fewer infectious patients are seeking care in hospitals and more infectious patients are choosing
to be treated in isolation. The dead bodies increased from the initial time of Nipah virus outbreak and
got to its peak after 8 weeks before declined due to some measure but never get to zero. The recovered
population increased to its peak after 30 week, and at this point the infectious and dead bodies population
drastically tend to zero while the Nipah virus carries (asymptomatic) was gradually decreasing but not to
zero since it shows no symptom. This shows that Nipah virus carries (asymptomatic) population needs
serious attention by increasing the rate of testing to identify the individual.

Nipah Virus Dynamics Nipah Virus Dynamics

— Ep
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Figure 5: The graph of pigs population.
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In Figure 5 (a), as more pigs are drawn into the pigs community, the susceptible pig population
declined over time but did not reach zero. In Figure 5 (b), the numbers of exposed and infectious animals

both grew and peaked around two and four weeks, respectively, and then started to decrease.
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Figure 6: The effect of “rho=p” on E, C, I, and D.

The rate at which pigs contract an infection is "Rho=p”. The impact of changing the pace at which pigs
infect people is shown in Figure 6 shows an increase in the pigs infection rate will result to an increase
in the human exposure, Nipah virus carries, and human infections. Additionally causing a rise in the
number of dead bodies. Therefore, reducing the pig population’s contamination rate will protect human

lives.

In Figure 7 (a)-(c), simulation result shows the effect of the infection transmission probability 31, in-
fectious pigs contact rate a; and unprotected Nipah virus dead bodies contact rate as on susceptible
vaccinated condom users. Even though vaccination and condom use are good strategy, it does not nec-
essary mean that continuous contact with infectious pigs, unprotected NiV dead bodies will not perturb
your health status. Therefore, an increase in this parameters, increases the chances of transmission thereby

disturbing health status.
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Figure 8: The effect of 32, by, bs on Syn.

Figure 8 (a)-(c) indicates the effect of the infection transmission probability 3,, infectious pigs contact
rate by and unprotected Nipah virus dead bodies contact rate bs on susceptible vaccinated non-condom
users. This effect is directly proportion to the susceptible vaccinated non-condom users. Therefore,
increasing the contact rate of infectious pigs and unprotected Nipah virus dead bodies with susceptible
vaccinated non-condom users will amount on an increase in the chances of transmission of Nipah virus.
On the other hand, comparing Figure 7 and Figure 8 clearly show that the use of condom is an advantage
to reduce the chances of transmission of Nipah virus.

In Figure 9 (a)-(c) depicts the effect of the infection transmission probability 33, infectious pigs contact
rate q; and unprotected Nipah virus dead bodies contact rate g5 on susceptible unvaccinated condom
users. Clearly, increasing the contact rate will strengthen the chances of Nipah virus transmission to the
susceptible unvaccinated condom users. This indicates high level of transmission of Nipah virus when
the susceptible populations are not vaccinated even though they apply condoms. Therefore, the effect of
condoms could be relatively observed.

Figure 10 (a)-(c) describes the effect of the infection transmission probability (34, infectious pigs contact
rate z; and unprotected Nipah virus dead bodies contact rate zs on susceptible unvaccinated non-condom
users. The population of susceptible unvaccinated non-condom users decreases drastically very close to
zero at shortest time interval when compare with susceptible unvaccinated condom users. This implies
that there is relative prevention of Nipah virus transmission when using condom. In addition, Figures
7-10 suggest that the implementation of vaccine and the use of condom are good strategy to minimize the
spread of Nipah virus.
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Figure 9: The effect of 33, q1, g5 on Syc.
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5. Discussion and conclusion

The spread of the NiV from pigs to persons and persons to persons was examined in this study.
Since a phase 1 clinical trial of a Nipah virus vaccine candidate (HeV-sG-V) began in February 2020, we
presummated the presence of a vaccine for the Nipah virus [28].

We were inspired to add to knowledge in this field because there have been few studies on the trans-
mission dynamics of Nipah virus in the research. We created a seventeen-compartment model to inves-
tigate the mechanisms of NiV infection from pigs to persons and persons to persons. We discussed the
invariant region, positivity and boundedness of solution of the model, Nipah virus equilibria points; the
Nipah virus disease free equilibrium and Nipah virus endemic equilibrium, the replication number Ry,
local and global stability. While the positivity of the solution demonstrated that the epidemic system
has no negative solutions and that the variables are never negative, the invariant region highlighted the
region in which the model’s solution makes biological sense. Positivity and boundedness are essential
because they guarantee that the model’s answers are reasonable and make sense in the actual world.
The replication number measures disease’s infectiousness and an essential epidemiological tool because
it gives useful information about a disease’s ability to spread through a community. If the reproduction
number is higher than one (1), the disease has the potential to spread throughout the community, and
measures must be taken to limit transmission. In comparison, if the number of reproductions is less than
one (1), the disease will ultimately die out, even if no action is taken. With the help of Python software,
we calculated the replication number Ry of the model using the next-generation technique, and we then
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used it to analyze the model’s equilibrium points. The Nipah virus would be completely eliminated
from the system if all of our control measures are successfully implemented because the Nipah virus free
equilibrium point was locally asymptotically stable if Ry < 1 and unstable if Ry > 1. At the Nipah virus
prevalent equilibrium, our model is globally asymptotically stable, and at the Nipah virus disease free
equilibrium, it is globally stable.

Numerical simulations have instantiate the behaviour and flow of Nipah virus infections in different
compartments, which shows that population of the infectious pigs and human, dead bodies of an infec-
tious individuals can affect the susceptible individuals. Furthermore, the Nipah virus carries (asymp-
tomatic) are most infectious than symptomatic individuals. This is due to the fact that NiV carriers do
not show symptoms and are thus more likely to interact with others without taking precautions or seek-
ing medical attention, whereas infectious individuals are more likely to seek medical attention and be
diagnosed with the disease, which can help prevent further spread of the disease through quarantine or
isolation measures. As a result, NiV carriers may unintentionally raise the risk of spreading the illness
to others and should be targeted. It also indicates that vaccine, and condom use are an efficient method
to safeguard against infectious illnesses. Therefore, combining vaccines, and condom can provide addi-
tional protection against these illnesses. Therefore we suggest the implementation of vaccine, the use of
condom, safe and protected contact for healthcare workers especially the mortuary attendants, and rapid
testing of individuals to identify the infectious individuals for isolation and treatment.
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