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Abstract. Ever since the first outbreak of Nipah virus disease, which occurred both in human and non-human
primates in developing countries in Far East Asian between 1998 and 1999 which led to a majority of deaths, with
the effect of such occurrence still witnessed up till date. We studied the spread of Nipah virus and obtained a
system of equations comprising of ten equations which effectively described the transmission of Nipah Virus in
a population where control measures were incorporated and two major sources of contacting the disease which
are coming in contact with contaminated foods by infected bats from crop farming and pig farming, these were
also incorporated. We investigated the local stability of the disease-free equilibrium using the Jacobian Matrix

approach and the disease- endemic stability using the center manifold theorem. We also investigated the global
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stability of the equilibrium points using the LaSalle’s invariant principle. The results showed that the disease-
free and endemic equilibrium where both locally and globally Stable and we established a population immunity
threshold for our model, with available data from the recent outbreak. Numerical simulations were carried out
and our graphs show that vaccination and treatment are best for the infectious population to avoid further disease
spread in the population and have quicker and better recovery.

Keywords: disease; model; variant; virus; Nipah; parameter.
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1. INTRODUCTION

Nipah virus (NiV) is a single-stranded RNA virus that causes severe disease both in hu-
mans and animals. It has two distinct strains, Nipah virus Malaysia (NiVy,) and Nipah virus
Bangladesh (NiVp). These two strains differ in transmission pattern, researches have shown that
(NiVp) could be more pathogenic than (NiV,,), Mire et. al [1].These two viruses are known to
cause Nipah virus disease (NiVD) in humans.

Human beings can contract NiVD through but not limited to the following means: direct con-
tact (such as broken skin, saliva, urine, or mucus membrane in the eyes, nose, or mouth) with
blood or body fluids of a person who is sick with Nipah disease, or a non-human infected with
the virus, Goh et. al [2]. One can equally get the disease through objects (such as syringes and
needles) that have been contaminated with the virus from a person sick with Nipah disease or
the body Skowron et. al [3].

Humans have been seen to be infected by direct contact with infected pigs, probably through
mucous membranes, but possibly also through skin abrasions, or consumption of poorly cooked
infected pig meat. In a Nipah-like outbreak in the Philippines Banerjee et.al [4], most patients
had been involved in slaughtering sick horses or had eaten undercooked horsemeat from sick
horses Chua et al [5]. In Bangladesh, human cases have been linked to drinking unpasteur-
ized date palm sap (juice). Experimental infections have shown that urine is a significant route
of henipavirus (HeV) excretion from fruit bats Mire et. al [1]. Therefore, the persistence of
henipaviruses (HeVs) in fruit bat urine was examined Skowron et. al [3]. NiVD infection clus-

ter was originally first identified in September 1998 in Perak, Malaysia, and this was closely
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followed by a second and third cluster in the state of Negri Sembilan, with cases occurring pri-
marily among adult men in contact with swine Chua et. al [5]; Abang et. al [6].

Observations from several clinical data for N1V outbreaks reveal some key differences between
patients infected with NiV,, and NiVp. Some of these differences are: (1) NiVp has a shorter
average incubation period and a more narrow range for the incubation period than NiVy,, (2)
most of the recorded cases of NiVp included respiratory symptoms while few patients in-
fected with NiV), presented with respiratory symptoms, (3) Rear cases of patients during the
Bangladeshi and Indian NiVB outbreaks reported myoclonus, while a significant proportion of
patients from the Malaysian outbreak presented with segmental myoclonus as well as the fatal
cases in the Philippines presenting with an acute encephalitis Mire et. al [1]; Pallister et. al
[7], (4) During the Bangladeshi outbreaks, sources revealed that the virus is either unknown in
some cases or has been traced to be from consumption of contaminated fruit or date palm sap
(or palm-wine), which was then followed by human-to-human transmission and nosocomial
spread, whereas the source of the virus in the Malaysian outbreak is known to be from pigs,
which served as an amplifying host Mire et. al [1]; Sultana et. al [8]. On the issue of host
to the virus, it is speculated that bats are the host for Nipah virus Mondal et. al [9]; Biswas
et. al [10]. Direct transmission from reservoirs or secondary infected animals may occur. non-
domesticated animals may transfer the virus to humans when an infected and humans comes in
contact with their infected and infectious body fluids or when their meat is eaten by humans un-
cooked or under-cooked. In this situation, the virus then spreads in the human population either
through human-to-human, pig-to-human, or bat-to-human transmission. Airborne spread of the
disease has not been detected or discovered in the observed Nipah virus outbreaks Weingartl et.

al [11].

2. PRELIMINARIES

Having deliberated in detail the process and mode of transmission of this virus in the com-
munity and noting the peculiar features in these areas in question that aided the spread of the
virus, we now develop a mathematical model representing this information that can enable us
to carry out some analyses and provide vital information for the medical health officials about

the disease caused by the virus. To do this successfully, we have our model assumptions as:
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2.1. Model Assumptions. The development of the model is based on the following assump-
tions:

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

2. We focused on a single strain, either the Nipah virus Malaysia (NiVyy) strain or Nipah virus
Bangladesh (NiVp) strain.

3. There is an intensive supportive care for those infected with the virus that goes for treatment.
4. The treatment given to those infected is a combinational therapy method, because at the time
of this study there is no single specific approach or method for treating Nipah virus disease.

5. Nipah virus is seen to be a highly emerging disease and no single drug is available yet for its
treatment.

6. Humans can contact the disease by contact with infected bats, infected pigs, or infected hu-
mans.

7. The infected individual can recover either by care giving/combinational therapy or naturally.
8. One can recover from the infection without treatment.

9. Once recovered, a person or animal cannot get the same strain of the virus again. 10. We
assume the latent class is merged with the infectious class.

11. In the nearest future, a globally acceptable vaccine for humen in the treatment of Nipah
virus would be produced.

12. Pigs get infected by contact with infectious pigs or infectious bats.

13. People or pigs can die naturally or as a result of the disease.

14. Bats are the natural carriers of Nipah virus disease.

15. The pigs are caged so that they do not roam to eat defecation from humans that are infected.
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 leads us to the following:
The human individuals that can readily contact the disease if in contact with an infectious per-
son, infectious animal, or infectious bird, which we call the susceptible individuals, Sg; we
have @y to be the rate of vaccination form the infection; we present (¢@y Sg), to be the pro-
portion of the susceptible population that have been vaccinated; (1-¢g) Sy is the proportion

of susceptible population that are yet to be vaccinated;(I) Infected humans not yet going for
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treatment; (Iz7) Infected humans population that are currently under-going for treatment; (Ry),
human population that have recovered from the virus.

The pig population compartment is also divided into four mutually disjoint compartments,
which are: (Sp), susceptible pigs; (Ip), infected pigs; (Ipr), virus infected pig population that
has been taken for treatment; (Rp), the population of pigs that has recovered from the virus.
The bat population is also divided into two compartments, which are: susceptible bats (Sp),
infected bats (Ip).

The model tracks how each individual group communicates between each other with respect to
time by the application of differential equations.

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

tions:

) ‘ft” = QuSH — UHSy

@) dditH — Ay (Bi[nolu + r;\lg +molp))Su 1Sh
3) d;tq _ (Bulnoln + 12711; +molp))Su DR A
“) deT =Tl — [+ tu + Sl

) dditH =Yg+ % — UaRy

©6) dd% _ap_ B [nIIP];]:nle])SP pSp

@) ‘%’ = (P2 [nllp;;nﬂB])SP —[B++up+8llp
3 df% = Tolp — [Ya + Up + Oullp

©) da% = v3lp + Yalpr — UpRp

(10) P _ 5 _M_“BSB

dt B Np
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2.1.1. Model Parameters. This is shown in table 1.

TABLE 1. Model Parameters with description.

Parameters

Description

Ay
Ap

Ap
OH
Uy
up
HB
B
B
Bs
71
(7}
01
)
3

04

Proportion of new entry into the human class

New pig entry, either by birth or purchase into the pig soci-
ety

Proportion of new entry into the bat society

Rate of vaccination in the human population

Rate of natural death in the human population

Rate of natural death of pig

Rate of natural death of bat

Contact rate between infected classes and humans

Contact rate between infected classes and pigs

Contact rate between infected classes and bats

Rate of infected human goes for treatment

Rate of infected pig that is taken for treatment

Rate which infected humans dies of the disease

Rate which infected humans treated dies of the disease
Rate which infected pigs dies of the disease in infectious
pig class

Rate which infectious treated pig dies of the disease

Rate which bats die as a result of human and other activities
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The continuation for some of the parameters used and their descriptions are shown in table 2.

TABLE 2. Model Parameters with description. Continuation

Parameters Description

" Rate of recovery in infected human

) Rate recovery in infected human undergoing treatment

%) Rate at which infectious pigs recover

Ya Rate which infected treated pigs recover

no Modification parameter related to reduced infectiousness of
infected humans

ni Modification parameter related to reduced infectiousness of
infected pigs

n Modification parameter related to reduced infectiousness of
infected bats

Ay Force of infection for the human class

Ap Force of infection for the pig class

A Force of infection for the bat class

3. MAIN RESULTS

Having developed the model equations, we check to see the well-posedness of the model by

showing that the model satisfied the conditions on the positivity of the variables of the model

as well as the continual remaining of the variables in the region of existence of the variables

Castillo-Chavez and Song [12]. Thus, we have the theorem:

Theorem 1. Let us consider the region defined as:

Q

= {Sv,Su, I, Iur, Ry, Sp. Ip, Ipr, Rp, Sp, I} C R

We show that the solutions to the system of equations (2.1 —2.11) are positive for all t > 0

given that the initial conditions are positive. For the system of equations (2.1 —2.11), the region

Q1 is positively invariant, and the solution starting in € remains in 1. Obasi and Mbah [13].
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PROOF

Suppose that all initial conditions of the variables are all positive, then, from (2):

das nolg +nilp + nyIg|)S
d—H:AH—(BI[ oly +nilp + nlp)) Ty + o)
t Ny
let
A — (B1lnoly +nilp +nalg))
=
Ny
therefore, (2) becomes
ds
(12) '7iz==AH-—1HSH-—(HH4—¢H)SH
Let
(A — (un + o)) = a1
dSy
13 —— =Ag—a1S
(13) S H — a19H

Next, we solve using the integrating factor method comparing equation (13) with the standard

first order equation given as:

(14) Y +Py=0
Which solution is of the following form:

(15) yel Pax — | / Qel PHgx + ]

where the integrating factor a(X):

X — edex

Given the following from (13)

das -
y'= J%&AszaquAmX:w”Mﬂ=ﬂ”

then,

A
(16) /AHeal’dt +A = et 4
ai

Therefore, the solution for equation (16) becomes:

A
(17) Su(t)e™t = “Hent 4 A,
ag
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Divide through by (e“!) and then apply the initial condition at r = 0, we have:

(18) $(0) = Aa—f+c

— Sp(t) >0

The solution is bounded by zero below and is positive for all t > 0 We can continue using this

same approach to prove for the remaining variables. Therefore, in general, we have that:
SH(I) 7é Ole(t> 7é OalHT(t) 7£ OvRH(t) 7& O,Sp(t) 7& 07IP(Z) 7& O,IpT(t) 7& 07RP(Z)7SB(I) 7é Ole(t> 7é 0

By this, we have shown that the solutions of the equations in the system (equations 2.2 —2.11)
are positive and in R}S, provided that the initial conditions are positive. This implies that €
is positively invariant, which indicates that the model is mathematically and biologically well
posed and reasonable enough to be used in the study of the transmission of Nipah virus disease.

Next, in our analytics agenda, we move to our other point which is the continuous existence
and non-existence of this infection in the population. This is done by analyzing to get the
equilibrium points of the disease at the disease free and endemic states. At these points, it is
expected that the virulence of the disease does not change, which means we try not to study

different viral strains of the virus. Thus, we study the equilibrium state as follows:

3.1. Disease free equilibrium (DFE). Let E(Sy,ly,IuT,Ru,Sp,Ip,Ipr,Rp,Sp,I3) be the
equilibrium point of the displayed system (equations 2.2-2.11). Then, at the equilibrium state,

we have that:

dSy _ dly _dlyr _ dRy _dSp _dlp _dlpr _dRy _dSy _dly _
d dt dt dt dtr dt dt  dt dr — dr

This then implies that the right-hand side of equation (2.2 — 2.11) will be equated to zero,
therefore, solving the resulting equations from our proposed model, we obtain the equilibrium
point, E" as:

An

E"= (8%,1%. 1% RY, SO 19,19 R $% 19) = (—
(HHHTHPPPTPBB) (,uH‘i'QDH)

,o,o,o,ﬁ,o,o,o,@ﬁ)
Hp HUB

Therefore, the disease-free equilibrium (DFE) for our Niv model is achieved when all the

disease classes of humans, pigs, and bats are zero.
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3.2. endemic disease equilibrium (EE). In this section, we discuss the endemic equilibrium
state of the disease; this is the state where the disease is not totally absent in the various com-
partments of the population. We can say that the disease may persist in the population, such
that the susceptible class, the infectious class, the infectious treated class, the recovered class,
and others must not all be zero at this equilibrium state Gurley et. al [14]. In other, to obtain the

endemic equilibrium points of the model, we solve equations (2.2 — 2.11) simultaneously. By

equating :
dSy _ dlp _ dlyr _ dRy _ dSp _ dlp _ dlpr _ dRp __ dSp _ dlp _
dt — dt — dt T dt T dt — dt — dt — dt — dt — dt —
St — Np(up+0s)
B Bana
1t — (Bsma) = (up+05) (Nps)
B (1p+05)(B3n2)
St — ApNp(up+68s)(B3nz) ]
P (2B2n21p)[(B3n2Np)Ap—(up+0s) (Np )| +(pNp) (Up+05) (B3n2)

Ik — ["2[(53”2NB)AB*(MB+55)(NBMB)}
P ny (up+0s)(B3nz)
15— nrma(BsnoNp)Ap—(1p+8s) (Nsps)))
PT = [—(»(Va+1p+84))](n1 (up+05)(B3n2))
R — (@n) =t +6)((Bsn2)As—(Hp+05)Npig))
P T a [~ (V1 (n+ua+062)) (no((1+05) B3nz))]
§r Ag—(N+T1+1a+02) (212 [(Bgno) Ap—(Up~+85) (NpLp)])
H ™ trno((Up+6s)(B3nz))
m[(B3naNp)Ap—(1p+0s) (Nplip)]
ny (up+0s)(B3nz)
15— 2B(m[(BnaNp)As—(p+6s) (Npis)])
HT = [—(p3(ya+up+64))](n1 (up+39s)(B3nz))
R — @pu=n(etunt8))(mn2no|(Bsna) Ap—(Hp+85) (Npps))))
H T a [~ ( (B +He +02))] (no (s +05) (B3n2)))

Therefore, the endemic equilibrium points for our proposed model equation (2.2 - 2.11) ex-

I; =

ists, which is given as:
EP = (S}k{?I;ijIIZTvR;{ﬂS;’7I;’71;T’R}k’75271§> 7 (0705070707050707070)

Having produced an acceptable equilibrium points, we need to verify whether these equilib-
rium points are stable or not. But first we need to generate the basic reproductive number for our
studied disease, then we would study the per capita disease growth rate, stability of the disease
free and endemic states of the studied disease at the equilibrium points stability: the local and

global stability of the disease states

3.3. The Basic Reproductive number (R) for the study. To derive the basic reproduction

number for our proposed model system as described in equations (2.2 - 2.11). We then form the
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next generation matrix whichis F V™ I where F is the new infection term and V is the matrix of
all the transferred terms. Also, F is the rate of appearance of new infection; V is the difference
between the transfer rate of individual out of compartment by other means and the transfer rate

of individuals into the same compartment by other means Shah et. al [15].

dly Jdlyr JdIp  Jdlpr Odlp
odfs 9fa 9fr 9fr 9fr
dly Jdlyr JdIp Jdlpr Odlp

= | 9s 9 9fs 9fs 9fr
(19) F dly Jdlyr JdIp  Jdlpr Odlp
o Of s Of fs
dly  Jdlyr JIp dlpr dIp
9fs 9fs 9fs I9fs 9fs
L dIy Jdlyr JdIp OJlpr Jlg |

Vi 9V Vi Vi Vi
oly olyr dlp dlpr dlp
W 9V, IV, IV, IV,
dly olyr dlp dlpr dlp

= | 9 9z 9IV5 dV; IV
(20) 4 dly olyr dlp dlpr dlp
Ve IVa IV IVy IVy
dly olyr dlp dlpr dlp
Vs Vs JVs  IVs IVs
| Jdly dlyr dlp dlpr dlp

[ ﬁl[’\l,(l);H 0 13113;;11 0 Bl;l]iISH i
0 0 0 0 0
- B B
@ F=| o o Bme o Bo
0 0 0 0 0
B
|0 0 0 0 %ZSB |
Then, we let

M+ T+ ua+QOu+ 01 =i, [+ U+ Qu+ &) = b, [13+ T+ Up+ 83] = bs,

(22) [V + Up + 8a] = ba, [ + Os] = bs
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by 0 0 0 O
-1 bp 0 0 O
(23) V= 0 0 b3 0 O

OO—T2b4O
0 0 0 0 bs

We then computed FV~!, and evaluated all its eigenvalues. Where we got the following to be

the Ry, and it is the same as computed by Abang et. al [6]

BinoAn
[+ 71 + un + @u + 61 Nu (U + ou)

(24) Ry =

3.3.1. Infected population per capita growth rate. In this section, we try to show the relation-
ship between R( and the rate at which the product of the proportion of susceptible individuals
in the population who are yet to be infected or have not been vaccinated times the transmission
rate of the disease (this is known as per capita growth rate for the disease). From equation (3),
we have that:

dly _ ﬁl [n()IH +nylp +nle]SH
dt Ny

— M+ + U+ oy + 6]l

this equation is simplified, thus, the following:

1 dly . Bln()AH
Iy dt Y47+ U+ oy + 6

(25)

we then have (25), which is the rate at which infections occur in the community per infected
individual. It helps us determine whether the disease will spread and grow in the population or

eventually fade away.

3.4. Local stability. Here, we conduct the local stability analysis for our proposed model.
Local stability analysis helps us to determine whether an equilibrium point of a dynamic system
is stable or unstable Tyagi et. al [16]. We have the local stability analysis in the disease free and

endemic state. In the disease-free state.
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3.4.1. Local stability for Nipah virus single variant disease free state.

Theorem 2. Given a matrix J(E %) and all of its eigenvalues have negative real components, we
say that the virus-free equilibrium at the point E is locally asymptotically stable; otherwise, it

is unstable.

—ug Dy 0 0 0 D, O 0 0 D;
0 Ds O 0 0O —-D, O 0 0 —Dj
0 Tn Ds O 0 0 0 0 0 0
0 i v —ug O 0 0 0 0 0
0 0 0 0o - D 0 0 0 D
26)  J(E®) = He T !
0 0 O 0 0 Dg O 0 0 —-Dy
0 0 0 0 0 T Do 0 0 0
O 0 0 0 0 % % —w 0 0
0 0 O 0 0 0 0 0 —up Dio
0 0 0 0 bs by 0 0 0 D1y
D; where i=1,2,3,4,5...11
BinoAn BiniAn BinaAn BinoAn
Dy =— » Dy=-— v Dy=-— s Dy=-— —n+n+un+6l;
! Ny Uy 2 Nyuy : Nyuy ! Nyug 14T+l + 0]
BoniAp BonoAp BoniAp
Ds=—[p+Un+0); De¢=— ; Dr=— ; Dg=-— —|B+nt+ur+03);
5 [72 + ug + 0] 6 Nplir 7 Noiip 8 Npitp (13 + T2 + Up + 03]
BiniAg BoniAp
Do =—[ya+up+64]; Dio=— ; Dyjy=—"———|ugp+9o
9 [7a + tp + 84] 10 Nollp 1 Nolip (s + 8]

Using a Python program, we evaluated the Jacobian matrix J(E®). We obtained the following

eigenvalues: §; where i = 1,2,3,4,5,...,10.

C1=—Us
Dy 471, Dg —l—Dg
=2 V0
2 2

Do 41,Dg + D%
G- VIR

2 2
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84 = Ds

G5 = Dy

6 =D

& =—up

s = — (s + on)
Co=—up

€10 = —(un + on)

From the obtained eigenvalue results, it can be seen that all the eigenvalues have negative real

parts, which implies that the disease-free equilibrium state is locally asymptotically stable.

3.4.2. Local stability for Nipah virus single variant Endemic Equilibrium. For the disease-
endemic state, we studied the local stability using the Centre Manifold theorem by Castillo-
Chavez and Song [12].

We define the transformation of equations (1) to (11) as

do

2 — F(9)

such that
Fi(9) = (fi, /2, f3,---, f11)(9)
and

(SHaSV7IH71HT7RH7SP7IPalPTaRvaB7IB) = (¢17%7¢37¢47¢57¢67¢77¢87¢97¢107¢11>

Then, we can further define equations (1) to (11) as:

(27) %:AH_ﬁl‘Pl_(.uH‘i‘(PH)(pl f
(28) W2 At Out s
(29) % = 0101 — o3 f3

(30) L Ny

dt
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(31 % = N3+ V204 — UH s fs

(32) W — Ap—Outs— i

33) W1 — tats— 0507

(34) % =P — Vs f3

(35) dditg = V307 + V408 — PP : fo

(36) dﬁ% = Ap— D7¢10 — U910 : f10

G37) WU 10— 05011 s

where

) = ﬁl(”OIHJr;:PHzIB), =[N+ +pr 8], =1+ Hu+ 8,
By = ﬁz(nll;:nle), Os=[p+n+up+8), B=[nu+up+8,

oy = Pls o s

Np '’
Next, we applied the central manifold theorem and obtained the bifurcation coefficients a < 0
and b < 0 Ahman et. al [17]; Atokolo and Mbah et al [18]. This shows that the endemic equi-
librium state is locally asymptotically stable and at the same time exhibits forward bifurcation.
This implies that we can reduce the reproduction number to be less than one by increasing our
educational campaign. This is enough to restrain the spread of the Nipah virus disease, irre-

spective of the initial sizes of the infected populations. Now we can study the global stability.

3.5. Global Stability Analysis for our Nipah virus disease model.

Theorem 3. If W > 1, the non-negative equilibrium point (EY) of the model (1) to (11) is

globally stable and convergence to the equilibrium point (E°).
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Proof. In order to establish the global stability of this equilibrium point (E?), we construct the

Lyapunov function Weingartl et. al [11]; Ahman et. al [17]; Atokolo and Mbah [18].
W(S?-DSO 711(217II(-)IT7R0HvS9”InggT?Rg?SgJBQ) -
0 0 S?{ 0 0 S?/
S — Sy —Splog—= ) + | Sy =Sy — Sy log ——
SH SV
0 40 1191 0 0 IIO{T
H It
0 0 R?J 0 0 S?,
H P
0 40 12 0 0 I?’T
P PT
RY 59
+(Rp—RY—R%log =L ) + ( S5 — 5% — % log =2
Rp Sg
IO
+ <IB — 1 —Iglog—B)
Ip
But at the Nipah virus-free equilibrium,

Iy =Iyr =Ry =1Ip=Ipr =Rp=1p

AW _ (Su—Sy\dSu _ (Sv—=Sy\dSv | (lu—1I}\ dlu
dt  \ Sw dt Sy dt Iy dt

N Inr — 197 dlyr Ry —R%\ dRy  (Sp—S%\ dSp
Iyt dt Ry dt Sp dt

N Ip—1Y d£+ T deT+ Rp—RY\ dRp
Ip dt Ipr dt Rp dt

Sp—S%\ dS Ig— 10\ dI
+ B B B+ B B | %B
Sp dt Ip dt

we expand (38) and collect the positive and negative terms separately, where the positive term

(38)

is N and and the negative term is M, then

aw _
dr
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H

— [+ g + &) Iur) + (1 — —0> Y1ln + volur) +

(

(39) (1-3) Ar +(1_ B [Bintematise] |
(
(

N = (1 S_H> Ay + <1 — 5_3) (Ay + @y) + ( %) |:ﬁl["OIH+V;\|’IP+nZIB]SH n
[l

1— Ig_T) Tolp + (1 - —0> [13lp + Yalpr] +

1-— g—g) A+ ((IBIBIB)) Banl%’ngSB

( M= (SHS—,;W% (B1 [noly +nylp +nalp)) +(SHS—HS?’)ZHH+(SVS—VS3)2/.LV+
—('HT,HIT”T> 2+t + &) + ﬂu +
(40) (SPE—PS'%)ZL[Bz [n11p + nalg)] + (5rSp)° SO) S Up
<IP 10) s+ 1o+ p + 8] + (pr )’ Yo o+ 8]+
<RP£fg) pe+ (SBSBSB> A (Bt + (SBSIfO) qulg)z[ i + 8]

If N < M, then dW will be negative definite along the solution path of the sub-system. And
thus, implies that , only at Nipah disease free equilibrium (E") would dW < 0. This indicates

that the system is globally stable at the Nipah virus disease free equilibrium.

4. RESULTS

Here, we discuss our numerical results and create simulations to give a better understanding

of our model discussions.

4.1. Numerical Simulations. In this 4.1, we perform mathematical solutions for our pro-
posed Nipah virus model system from (1) to (11), using data for the model parameters presented
in 2 and 4. We conducted simulations for our system (1) to (11) using computer aided softwares
(MATLAB and Python) to test the behaviour of our control parameters in the model (1) to (11),
this is done by approximating our initial values and parameters as described by Jain et. al [21]:
Ny (0) = 1020, Np(0) = 95, Np(0) = 50, Ay =20, Ap =4, Ap = 2Sx(0) = 1000, S, = 12,
Iy =20, Iy =12, Rg =0, Sp =90, Ip =5, Ipr =3, Sp = 50, Ip = 37.
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The graphical findings below were developed through python programming software apply-

ing the parameter values in 2 and 4, with also the initial values.

TABLE 3. Numerical values for Parameters adopted for implementation.

Parameters Numerical value Sources

Ay 20 Estimated
Ap 4 Estimated
Ap 2 Shah et. al [15]

Ny (0) 1020 Estimated
Np 95 Estimated
Np 50 Shah et. al [15]
Ug 0.0000421 Zewdie and Gakhar [19]
up 0.16 Tyagi et. al [16]
Us 0.45 Estimated
Bi 0.0002 Zewdie and Gakhar [19]
B> 0.01 Estimated
B3 0.1 Singh et. al [20]
T] 0.0001 Zewdie and Gakhar [19]
T 0.0002 Zewdie and Gakhar [19]
0 0.002 Tyagi et. al [16]
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TABLE 4. Continuation of Numerical values for Parameters adopted for imple-

mentation.
Parameters Numerical value Sources
()21 20 Estimated
& 0.001 Estimated
& 0.0015 Estimated
04 0.0018 Estimated
05 0.75 Zewdie and Gakhar [19]
N 0.58 Tyagi et. al [16]
%3 0.72 Sultana and Podder [8]
%) 0.4 Assumed
Ya 0.45 Shah et. al [15]
ny 0.0015 Estimated
n 0.02 Estimated
n 0.2 Assumed
Ay 0.75 Tyagi et. al [16]; Jain et. al [21]
Ap 0.0075 Shah et. al [15]
A 0.07 Shah et. al [15]

These parameters in 2 and 4 describe the transmission dynamics of the Nipah virus disease
and the effects of different proposed control interventions. The parameters are given specific

values that are based on the characteristics of the disease being modeled.

4.2. Simulation Figures. Figure 1 depicts the Nipah virus dynamics in the human population
and that of the susceptible human population Sg, S, over a period of 100 days.

Figure la shows the various dynamics of Nipah virus in the human population, during the
disease outbreak.

In Figure 1b, the susceptible Sy decreased as time increased due to the outbreak of Nipah

virus without knowledge of the kind of virus that emerged. We discovered that the susceptible
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population never got to zero due to various factors such as natural immunity to the virus by

those that have suffered from disease similar to Nipah virus.

All Susceptible Human Variables
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FIGURE 2.

Nipah virus disease dynamics for susceptible classes and Population immunity threshold

In Figure 2, graph of non-human susceptibles and population immunity threshold are shown.
Figure 2a depicts a scenario where the susceptible bat population grows as time increases, which

is inline with our model assumptions and our model of equation 10. In figure 2b we say a
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graphical display of the level which must be vaccinated for the population to reach an immunity
threshold, where the Nipah virus disease can no longer be a threat in the observed society.

Figure 3 expresses the graphs that display the phase diagram for our proposed model 1 to equa-
tion 11 and the per capita growth for the Nipah virus disease is also shown in Figure 3. Figure 3a
indicates the extent of how serious each outbreak of Nipah virus disease would be if an outbreak
occurs, it shows that every subsequent outbreak would not be as devastating as the one before,
but the disease might be endemic in the society. In Figure 3b the graph shows that as Nipah virus
per capita growth increases, the number of susceptibles reduces, so in other for us to maintain a

better healthy society, we need the disease per capita growth to be low.

Per Capita Growth Rate Surface

Phase Diagram of SITR Model
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FIGURE 3.

Phase plot of Susceptible, Infected population and Nipah per capita growth rate

Figure 4 depicts visualization of effect of treatment and vaccine on our proposed model
of equations (1) to equation (11). Figure 4a, indicates the extent to which administering
of vaccine during outbreak of Nipah virus disease would have on both the susceptible and
infected population. It shows that if the susceptible population accepts the vaccination idea,
this singular act would reduce those that would become infected as a result decreasing the

infected population.
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Figure 4b displays a graphical visualization of the treatment effect of treatment on our sus-
ceptible population regardless of that at any point in time there must be someone infected with
the virus, but once the right treatment is administered coupled with positive vaccine penetration,

the Nipah virus disease could be control.

Per Capita Growth Rate with Vaccine Coverage

o Phase Diagram of SITR Model with Population Immunity
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From figure 5, we have the graphical picture showing the impact of (f31)

5. CONCLUSION

In our study of Nipah virus, we were able to formulate a clear mathematical model that con-

tained the majority of the disease features obtainable in Nipah virus outbreak that instigates
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the broad and rapid transmission of Nipah Virus disease within an endemic population. We in-
cluded the issue of vaccine coverage in the community as one of the major sources for achieving
population immunity and reducing contacting and spreading of the Nipah virus disease.

In the analysis of equations (1) to (11), we obtained the equilibrium points of the transmission
of the disease and further analyzed these equilibrium points to obtain the conditions for the local
and global stabilities of the disease free and endemic equilibriums of the disease transmission
dynamics.

It can be seen from our graph that early intervention and reducing the disease contact rate is
the best option for managing and treating an infectious people in order to reduce the spread and
transmission of the disease, which would further lead to a healthy and more productive society.
In addition, from our graphs, the population immunity threshold was identified in the popula-
tion for effective administering of vaccine to a large number of the vulnerable community as it
has a great effect on the disease spread and control.

In our further publications, we are going to include the susceptible population of palm-wine
drinkers, how they can alter the disease dynamics and carry out sensitivity analyses to see the
effect of the control, transmission, and treatment parameters on the spread of the disease in the

population.
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