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ABSTRACT

Monkey-pox disease is recognized as pathogens, disturbing animals and humans, it is among the family of
orthopox virus and the disease causes lymph nodes to swell. In this paper, we developed a deterministic model
system for Monkey pox infection by incorporating public awareness parameter and vaccination individual. The
study verified the feasible region of the system equations and non-negativity of the solutions is achieved. The
disease free and endemic equilibrium states have been obtained. The study computed and analyzed the
reproduction number, R, of the system equations. The study presented and analysed, the global stability of
disease free equilibrium and endemic equilibrium state, it has been found that when there is no transmission
between human and non-human (apz), thenG (. X1, X,). = 0 meaning it is globally asymptotically stable (GAS)

at DFE and using nonlinear lyapunov function, the study shows that the endemic equilibrium state is GAS if
P < Mand unstable if P > Mby comparison method of lyapunov functions. Numerical Simulations were done,
it was found that the effective reproduction number decreases as vaccination of individual increases, varying
the public awareness, the effective reproduction number reduces to zero and becomes stable as public
awareness increases. It was discovered that effective reproduction number decreases as public awareness

increases.

Keywords: Disease free equilibrium, Effective reproduction number, Endemic equilibrium,
Mathematical Modeling, Monkey Pox Disease, Global Stability, Vaccination

INTRODUCTION

Pox disease is a family of orthopox viruses, which are monkey
pox, small pox and cow pox diseases (Lasisi, Akinwande and
Oguntolu, 2020; Bhunu and Mushayabase, 2011). Monkey
pox cause infection in nonhumans and humans and causes
lymph nodes to swell. The symptoms include fever, headache,
muscle aches, and a feeling of discomfort. The infection
spread to humans from an infected animal (rodents) through
direct contact, animal bite and eating infected animal meats
without proper done or cook. The disease also spread from
infected person to person, less infectious than small pox virus,
communicated through contact with body fluids of an infected
individual, unclean and contaminated objects and sexual
intercourse. The hazard factors for communication include
sharing a room and bed, using the same tools as an infected
person (Kantele, et al., 2016).

Monkey-pox (MPX) epidemic was first discovered in 1958,
which was later found evidence of monkeypox infection in a
number of African rodents (\Von Magnus, Andersen, Petersen,
et al.,, 1959). In 1970, the virus was reported in humans
(Alakunle, Moens, Nchinda et al., 2020; Jezek, Marennikova,
Mutumbo, et al., 1986). The incubation time is from 7—
14days, the infection lasted for 2 to 4 weeks according to
Centres for Disease Control (2003) and the fatality is 1% to
10% according to Rimoin, Kisalu, Kebela-llungam, et al.
(2007). Monkeypox is endemic in Nigeria and in Congo
Republic. The virus has been recounted in several countries
in Africa, including Nigeria. At the start of the outbreak in
2017 to 2018, where 269 cases were suspected and 7 deaths
were verified. In year 2018, there were 76 cases reported, 37
cases were confirmed and 2 deaths. In year 2022, Nigeria
reported 558 suspected cases, where 231 were confirmed and
No deaths were documented in 2022. Until year 2023, where
the total confirmed cases is 988 from September 2017 to
January 1, 2023 out of total suspected cases of 2635 (NCDC,
2023).

Deterministic models played a fundamental role in the disease
transmission (Lasisi, et al., 2018; Lasisi, and Adeyemo, 2021;
Lasisi and Suleiman, 2024). The objective of this paper is to
the development and analyzed the stability of a modelling of
transmission of monkey-pox virus in human and effects of
public awareness and vaccination in Nigeria. Therefore, a
mathematical modeling for monkey pox disease was
developed by (Lasisi, et al., 2020; Bhunu and Mushayabase,
2011) with six (6) compartments. The study complements the
work of the aforementioned author by having nine (9)
compartments.

Model Formulation

The study formulates a model for the transmission of
Monkey-pox infection in nonhuman and human population.
The model is divided into epidemiological group see figure 1.
The human populace is subdivided into five classes, namely;
Susceptible class, Sn, Vaccinated class, Vh, Exposed
asymptomatic class, En, Infected class, In, and Recovery class,
Rn. The Nonhuman population model is subdivided into
Susceptible class, Sp, Infected nonhuman class, Ip, Exposed
asymptomatic class, Ep and Recovery class, Rp. As specified
in the flowchart diagram in figure 1, individuals enter

Susceptible class through birth and immigration (Hh),
where a fraction of vaccinated human immigrants (f) enter
class of vaccinated and proportion of unvaccinated
immigrants (1-f) enter class of susceptible. The study does not
consider the immigration of infection individual, because the
study assumed that individuals coming from infection
endemic zones have to be vaccinated. The susceptible persons
vaccinated at the y rate and loss the vaccination w rate.
Susceptible human, Sh are exposed to infection a;, rate and
infected B, rate, the natural death rate is y;, and death due to
the monkey pox disease is at rate of §,, and recovery at the
rate of p,, @ is rate of public awareness. The Susceptible
nonhuman class, Sp is produced from the daily recruitment of
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persons through birth and immigration at the rate of IT_, and

natural death at u,, rate. The nonhuman exposed to monkey-
pox virus at the rate a,,, and move to infected class at the rate

(l—f)H
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of 5,. Nonhuman infected death due to the infection at the
rate of &5, and recovery at the rate of p,. Below is the
flowchart representation of the model:

Ly

T

ﬁh #h

j’_"z @’. ﬁ)ﬁh .

h

Figure 1: Flowchart representation of the Monkey-pox infection model

From the flow chart representation of the disease in figure 1
and assumptions, the dynamics of the monkey pox disease is
described by ordinary differential equations below:

ds

—h =1 - fIl+oVy—ySy — Sy — Sy (1)

73

= = Sy — (1= @IBLE; — wiEy, 2

di

_h = (1 = @)BLEy — puly — tndy — Sply (3)

&

—h = fIl, +yS, — oV, — V) 4)

dR

T = Puln — iRy (5)

ds, _ B

E—.H ap.Sp up.S_ (6)

d_tp = apSp — Ppkp Ep ™

di

d_fzﬁp ~Pp p_/‘plp = 6ply (8)

dr,,

F = pplp — upRy 9)

Where,

Nh=5h+Eh+Ih+Vh+Rh (10)

N,=S, +E, +1, +R, (1)

@y = (rpl(EZ]EpHp) + Jh(shlf\;‘hﬂk) (12)
14 h

ap = 2 (13)
P

Sy Becomes infected from both I, and I, where g, is
effective contact product rate and probability of S;, becomes
infected from I, and oy, is effective contact product rate and
probability of S;, becomes infected from I,,. Correspondingly,
the Sp becomes infected from infected nonhuman, where
oy is effective contact product rate and probability of
nonhuman is becomes infected per contact with an infected 1,
(Bhunu and Mushayabase, 2011). The adjustment parameter
&y, is the assumption that exposed human transmits at a rate
lower than symptomatic humans. The adjustment parameter
&p is for the assumption that exposed nonhuman transmits at
a rate lower than symptomatic nonhuman and Monkey pox
mortality is negligible due to human hunter

Analysis and Results of the Model

Theorem 1: The following biological feasible region of the
equations 1) - 9) Q=
{Sn Ens In, Vo Rn,Sp, Ep, L, Rp) €RI:{Sp+

I1 IT

h p .
Eh+1h+Vh+RhS—h;sp+Ep+Ip+RpS } IS

Hp
absolutely invariant and attracting.

Proof; The addition of all the model equations in (1) - (9) give
dNy

ar Iy — unNp — Splp
And _m, -5, 1
dt ~ HpNy
Sothat X <N, — and 22 < 11, — 1, N,
(14)

It follows from (Bauch and Earn, 2003), the gronwall
inequality, that

1_[h
Ny (t) < Np(0)e#r®) 4 —— - e~Hr(D)}
h

IT
AndN, (t) < N,(0)e #® + Tp {1-e®} (15)
P

IT, IT,
In specific, N, (t) < o if N,(0) < o if only N,(t) <
h h

Hp Hp
——, also N,(0) < —.
by p T oW

Therefore, it is enough to consider the model equations
dynamics (1) - (9) in Q. In this region, the model system can
be considered as been mathematically and epidemiologically
well posed.

Theorem 2: (Non-negativity Solution of the Model system).
Let t, > 0, the initial conditions satisfied S.;, (0) > 0,
En(0) >0, 1., (0) > 0, V,(0) > 0, Rp(0) > 0,
5,.(0) > 0, E,(0)> 0, I,(0) > 0,R,(0) >0, then the
solutions Sy, Ep, Iy, Vi, Ry Sp, Ep, I, R, Of the model
systems (1) - (9) are all nonnegative for t. > 0.

And Q is positively invariant.

Proof:
To show that for all t€][0,ty] , Swn EwnIn Vi Rn ,
Sy, Ep, I,, R, are nonnegative in R2, note that the parameters
used in the model are nonnegative. Thus, it is clear from
model equation (1) that

dsh =1 - Oy +wV—yS, — apSp —

an + Un)Sh
So that,

nSn=—(r +
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Sp(t) = S, (0)e &/ r+antunasy (16)
Similarly, we can apply the approach to show that E,, > 0,
I,>0,V,>0, Rp>0,5,>0,E, >0,I,>0,R, >0 .
Hence, for all t € [0,¢0], Sp, En, Iny Vi Rp, Sp, Ep, I,
R,will be nonnegative and remain in R 2

The Equilibrium State
At equilibrium point, we setting the model equations to zero,

we have
dsy _ dEh _ dlh _ th _ dRp _ dsp __dE, _dl, _dRy

dt. dt dt dt dt
From (1) (13) we have the foIIowmg

(onen(Pntin+6n)+0nBr)Sn _ (Butin)(Pntintbn)
I, =00r - =
h ( BnNp Bn )
0 17)
and
I, = 0 or (9p2ep(Ppt+ip+8p)+apBp)Sp (Bo+ip) (pp+up+8p) =0
BpNp Bp
(18)

Sincel, = 0, then we haveE, = R, =0
Finding V}, from the equations (4) and (1), we get

(19)

— fMnt¥Sh _ ¥Spt@nShtHnSh—(1-HMy (20)
RG] ®
Implies,
0 _ Nhw+ypup—fMhup
Sy’ = —hhbA_hbh (21)
YUrtHRO+HR

As w =y = f = 0 (no vaccination) then S,° = %

h
Making substitution of equation (25) into equation (4), gives
Vo = _ fOpppo+fThup? +yTho+y Tz, (22)
h (Yint+pro+up?) (@ +iy)
Sincel,, = Othen, we haveE, = R, = 0

From (6), we haveS) = %
P
The DFE state is given byEy, = {S,", Ex*, V", 1", Ry",

* * * *
Sp 'Ep Ip 'Rp }
— {th"'nhﬂh_fnhﬂh ST ppw+fThitn > +y T o+yThpg 0.0
" Yin+upo+up? (Yuntupw+pn®) (+up) L
P
M_'O' 0,0} (23)
p

Effective Reproduction Number (R,)
We compute the effective basic reproduction number
according to (Van den Driessche and Watmough, 2002), using
next generation matrix. Therefore, effective basic
reproduction number is the spectral radius of FV/ 1

AF;(E®)] [0V (E® -1
Fv=t = agc,» )][ aii )] (24)
Where, ECis the disease free equilibrium F; is the new
infection in compartment i and V; is the movement of
infection from one compartment i to another, so, Ry =
p(FV~1) is spectral radius (p) of the next generation matrix
FV-1 | the linearization of system (1)-(9) give
F and V, obtained from the Jacobian matrix with the disease
free equilibrium. Vector F isthe inflowandV is the
outflow from compartments Ey, Ey,, I, and Ip. We get

Ip1(&pEp+lp) | on(EnEn+in)
[f1 ( Np * Nn )Sh
_|f]_ BrEn
f= fs - 0p2(epEp+Ip)Sp (2%)
L f4 Np
ByEp
[0nesSE  OuSE  Op1pSh  OpiSh ]
Ny N Np Np
B, 0 0 0
F = 26
0 0 Opy P Tp, 5| (26)
Np Np
o o B 0]
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£ QlEh
V2| _ [Qzlh ]

V= vy T QsE, (27)
Vs Q41p
Where, Q1 = B, + up s Q2 = pr + tin + 6y Q3 = Bp + iy
Q4=pp+ﬂp+6p
Q.0 00
_|[ 0Q.00
V=1 070, 0 (28)
0 0 0@
From (28), we have
2 0 0 0
o
L 0 o0
_1= QZ 1 (29)
0 0 — 0
Q3
1
lO 0 0 EJ

At disease free equilibrium point, and since N, < % and
h.

b < “” we get

0 0
Uhfhllhsh Uhﬂhsh Ip1 EpHpSi Tp1 PpSh
1, 1,
F =

Bh 0 0 0 (30)
| 0 0 Op,&p- Opa.
l 0 0 By, 0
—1 _ |oFi(E®] (oVi(E®) -1
Multiplying (29) and (30), we have
ouEntnSE  OanSE  OpiEplpSi  TpyHpSi
M,Q: m,Q2 T,Q3 TyQs
By 0 0
Fvi=| & . e . (32)
0 0 p2°p. _p2.
Q3 Q4
0 0 5—” 0
3.
Characteristics Equation of (32), gives /FV~1 —AI/=0
LiSY— A L,SY L3SP  LaSP
Ls -1 0 0
=0 33
0 0 Lg—21 L, (33)
0 0 Lg -1
ThERMSS — Onbn — %pi®pHp )
where, Ly == o k2 = 7,0, L3 mos "4 T e,
B Op2€p Ipy. bp
Ls=orle =g, L1 =%, Le =4, (34)

Determinant of (33) gives
(A2 — LA — LyLg) = 00r(A? — L1SPA — LoLsSY) = 0
(35)

To solve (35) with completing the square method, we have

Ipaep. | (OpyEp)? 40p2 Fp.
(Bp.+up)— (/”p,*#p,)zT(/”p,+#p.)(ﬂp+llp.+5p)

A= (36)
A4is the Spectral Radlus of p(FV~1) and The reproduction
number is given below

Tp2fp | (patp) 49p,Pp
Bp+ip) " | Bp+up)? " (Bp+up)(Pp+itp+8p)
p= 2 (37)
And
(A2 = L1SPA — LyLsSY) = 0
19h 2Ls0op
2
. LySP+ |L2SP” +4L,LsSP
Implies, Ay = —M— (38)

2

0 02 0
ThERHRSH | "’/x.zshzﬂhzsh. ) 403, 1 BiSH

L T
Hy(Bp+1p,) \} Ilﬁ(ﬂhﬂth)z 1 (Bp+up) Py + 1y +8p)

A= (39)
We have A,as spectral radlus (p) thatis R, = p(FV~1).
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Oh e ihS) | 'f,h.zgh.z w,259% 401 S0 Firstly, the condition that is GAS of X;, gives

R, = T Bu+bn) | 1 Byo+wg)®  Tn Bt )Pyt 1) (40) & =F(X,,0) = . . ,
Hence, the effective reproductlon number can be represented ((1 f)Hf:)"' “)Vho_ ¥Sh 0_ (O)Sy = 1S
as, fIL +vS, — oV —wV,
R, =R, + Rp. (41) —/lhR;? (47)

apEp S] Op, & _ 0 __ 0

11:(13,’;1 f#h,)+(ﬁ’:2+u1;)+ lnp (O)Spo UpSp J

on2en 22y 40,145, Bn. S, pz.)Ip _lprp . . . .
2 Bptin? T Bt 1) (Pn+ 07 +7) A linear differential equation solving gives,
_ Q-PI+eVY  A-DI+eVy o _pip)t.
+ |(ep2n ) 49paFp S =00 G © )
\ Bp.+up)2 " (Bp.+hp)(Pp.+ip +5p) / SO(0)*e -+t (48)
0= 2 (42) h
(t) _ Yy fIHYSE e~ (@+w)t 4 V (0)re~(@rmnt.
- (w+m) (w+m)
Global Stability of DFE State (49)
STtZSIc;r(e(r;n:S:)'I;?t;DZE ;)f the model is globally asymptotically RO(t.) = RO(0)*eHit: (50)
11 IIp _ —
Proof: ’ PO = T e PO (51)
= F(X0X2) (43) R () = RR(0)eH#t (52)
% =.G(X;,X,); G(X,,0) = 0. (44) This showed that Sp + V0 + Rp + S9 + Rp—> N:(;J:: as t0>
X, = (52,2, RY,S9, RY), AND o0 regardlefs of the Yalue of Sh,Vh,R,},S andR) .
X, = (B, I9, ES, 19) (45) Therefore_,Xll = (.N%0.). |_s_glol_)ally asxmptotlcally stable.
The DFE is now represented as, 'gcz i?onv |;‘ the second condition is true: G (. X1, X,) = AX, —
AL A2

.E® = (X;,0.)where, X; = (N°,0.)(46) Where X, = (E9, 19, £9, 19)
= \Epodp Eprlp

EnS? 5P 0p.Ep.Sh 0p.Sh,
[~ B+ am) I N .
A= B —(pn. + iy + 63) 0 0 (53)
= 0p.€p.SY p.5p.
0. 0 R ) = By + p) Chg
0 0 By —(pp + 1y, +8,)
op.(EpE+ID) | ay, (s,,Eh +10) 0
( N2 + )SE — By + n)E; 0
_ (ﬁh+Ph+#h+5h)1h — 10
G(X1,X3) = (‘Tp(SPEPHP))SO — B, +1 )EO ) (54)
— p T Hp 0
~ ﬂp p (pp + Hp + 617)117
From,.G(. Xy, X;) = A*Xo —. G (X1, X5)
s0 *g0 €SP O .SO
[(Jhgh ) - B+ ) J’;V;’)h —prg h Zgh Eh 0
B —(op. + tp. + 6) 0 0 Iol = [0‘
Op*en*SY 0p.5p ol |o (55)
0 0 4 p Py _ + PP
5 = (B + p) Cag ol lo
0 0 By —(pp +tip. + 6y )

G(X,X)=[0 0 0 0]"
It is clear that, . G (X4, X,). = 0. Therefore, the proof is complete. It implies, disease free equilibrium of the model system is
GASifRe<1.

Endemic Equilibrium (EE) State
At equilibrium state, we set (1) - (9) to zero, we have

dSh _ dEn _ dlw _ dV _ dRn _ dSp _ dEp _ dlp _ dRp _
dt. ~ dt.  dt.  dt.  dt. at, - dt. a4t~ dt. 0 (56)

; . 0y (8p*Ey + 1) op (en En +1, « *
1=y + 0V, —yS, — ( na(Ep"Ep. + 1) + n.(En. En, h"))sh. — Ur*Sh.

Ny Np
0y, (gpEp + 1) 0.(enEp + 1), o * *
=0(—= N + N )Sh. = BrEy. — unEy, = 0.
N, -Ny
) ) . BiEy — puly, — taly — 841, = 0

fI, +yS, — oV, —,V, =0
puly — 1Ry =0 (57)
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_ (Upz. (ep.Ep. + 1)

Hp. Np )Sp. — ,up.Sp. =0
Ep+1, . . .
(Jllz_(gp- - pl))*Sp._-ﬁp.*Ep. - .up.*Ep. =0

Np
Bo*Ep = pp*lp — Hp*lp = 8p*1, = 0
Pp.Ip. = kp.Rp. = 0.

Where,
Ay = B+ pn Az, = pp+ pin, + 6, Az = 0 + ppAs = Byt Uy As. = .+l + O, (58)
From (57) and (58), we have the following:
© _ (pnHun+8)* L, _ Al
E, = ~EATERTOM h 22 Tk 59
h. B, B, (59)
* fAI+y.S, — [l +y.S),
" @) 45 (60)
*_ Pl
'Rh - Hi.
(61) . .
E* — (Pp.+Hp.+6p ) Iy — ﬂ
P Bp. Bp. (62)
* pp.-l;;.
R, =+
p. HUp.
(63)
Substitute (62) into exposed class in (57), we get:
epAs.dp . .
(a,,_.( I;f‘ +Ip.)).5; _ A4;5.1,, (64)
14 p.
From (64) we have:
* Iy Ay As,
P Up.(0p.&p As.+0p Bp) . (65)
From (57) we have the following:
1* _ {.ﬁpﬂp.(apgp.A5+6pﬂp.)—,8p.Hp.A4.A5} (66)
p- (0p.EpAs+0pPp).AAs
From(62) we get:
* Asl{ﬁp.ﬂp.(o'pspAsl+o'pﬁp.)—ﬁp.17p.A4.A5}
Ep = By (GpEpAs+0pfp) AsAs (67)
* {Ty.(0p-£p.-As+0y.Bp)—1Ty.As-As}
E =
p (0p-£p-Bs+0p.Bp)As (68)
Eq. (63) yield:
R’ = Pplp _ PodBp Ty (0p.£p-As+0p.Bp) — By ITp-As-As} (69)
p Hp Hp(0p-Ep-As+0p.Bp).As.As
From (69) we get:
* {pp-BpITp(0p-pAs+0p.Bp.)—Pp-Bp-Ilp-AsAs}
R, = 7
p tp(Op-Ep.As+0p.Bp).Ag.As (70)
From (57) we have:
(G'p(Sp.Ep+1p_) + Uh.(sh,Eh_Hh.))_S; = (B + ) E; — Al.*ﬂ (71)
Ny N, B
Eq. (71) yield:
I; _ { ,B,,.Bh.ﬂh.up.(ap.sp.As+ap.ﬁp.).1;,.3,: (72)

Bp Ty (B 11y Ax. Az — - By-(01-E4-Az+ 0. B1).S) ]
From (57) we get:

f Ty +v.Sh
(= )Ty + 0. (=) =

{BpTp.(op-£p.As+0p.Bp)—BpTp.As.As}
(op-£p-As+op.fp).As.As

(0p-&p-As+0p.Bp)

Iy(On-En-Az+0.Bn) * * [(A—f)TTAz+w.£.1T;)
.Sy, (73)S, = e
[y + BpNp + Bn-Nn  #nl-Sn (73) b y.By+ALAs+ A A+ Az —w.y]
(74)

Substitute (74) into (72) we have:

* Bh.Bh.ﬂh.up.(ap.sp.As+ap.ﬁp).l;,.s;;
I, = 2 75
h {ﬁp-np-[ﬁh-Hh-Al-Az_uh-ﬁh-(o'h-gh-AZ+0—h-.8h)-sh] (75)
Eq. (75) implies:

* _ ﬁ,,.H;,.up.{(op.sp.As+a'p.,8p)—A4.A5} (76)
b A4 As[TyAy A1y (0h.81.A2+01.B1)]
From (59) we have:

. _ Ay, _ Ay BiITy-tp{(0p.£p.As+0p.Bp)—As.As} 77)
h B Bin-Ay-As[I1}.Aq.Ay— 1y (04-€p-Az+04.-B)]
Implies:
E; — Aznhup{(o'pgpAS+Upﬁp)_A4A5} (78)

AyAs|IT, A1 Az~ (01, €, A2 +03,B)y)]
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Substitute (76) into (60) we have:

* [A=-)HITAs+wfIT;] (79)
h — * —
[YAs+ALA3+] ARAs+iAz =~ wy]
Implies:
[A—f).1Az+w.f.1T,]
5y = (80)
B llybp-Ag-Asz{(op-£p-As+op.Bp)—As-As} | _
[yAs+AL4s+ Ay As [Ty A1 Az~ (O£ A2+0)Bp)] FAs=w-y]
From (4) we have:
s _ LOYS) _ fAl | ¥S) 81
k (wp+i) Az Az (81)
Implies:
[, v[A-)As+wf1T;]
v, = R Aoy st A an T AR ey st oy By AT (82)
3T OLE T Ay A (11, A1 A=y (0 e Az + 01 By)] et
Eg. (61) yleld.
R hIh _ PuBuIlypp{(0p-£p-As+0p.Bp)—As-As} 83
W= = (83)
Wi AgAsTyAy A=y (04.8.Ar+04.5y)]
Implies:
* _ PpBrllpup{(0p.€p.As+0p.Bp)—As-As} 84
" Ay Ag[IT,AyA— A (84)
HiAg. 5[17,.A1. 2 Wi (Op-Ep- z"'Uh-Bh)] i i i . . .
E,={Sy" >0, E,">0,V," >0, I,’ >0, R," >0,5," > 0,E," >0,I," > 0,R," > 0} (85)

Global Stability of EE State
This study used Lyapunov function according to Lasisi, (2021); Lasisi, (2020); Lasisi et. al.,(2018) to examine the stability of
the EE state, Lyapunov function G(E;) is defined by:

G = (S —S;-nSy) + (Ep. — Ep.nEy) + (I, — I,. In1,) + (V;, = V,.InV,) + (R, — R, InRy;,)

(Sp — Sp-InSp) + (Ep — Ep.InEp) + (I, — L. In1y) + (R, — Ry. InRy) (86)

The derivation of (86) is setting as:

dG.  .S,—S, dS, E,—E, dE, I~ L dl, V,-V, dV, R,—R, dR,
dt S, E(Eh dt. (1,, E(Vh dt+(Rh dt.
+(sp sp) dSp n (E,, Ep) dEp n (Ip Ip) de n ( Rp) dRp

Eq (87) yleld
( Sh){(l - P, + wV, — (Up(5p5p+1p) + Uh(ghEh"'Ik))Sh — A5y} + (Eh_Eh){(JP(EPEP+IP) + O"h(fhEth))Sh — BE)
Np N, E, N, N,
nbp — B2lp h h— b3V
){ﬁE Balyy + G5O +vS) — BV}
(&p.Ep+1p) E,—Ej, (&p.Ep+1y)
— R} + 2 z’) Ty =GB, 5 = iy Sy} + (Po2) (P25, = Ba By} +
I~y
G p'){ﬁp-E — Bs. I}

+(2 ”){pp Ry} (88)

At the endemic eqU|I|br|um points, we have:

(87)

Ih Iy Vi=V

(

S-S} v A4S, Ey-E,
(h h) {[(T_;) + (ap + ap)- (1 f) (lh ;)] +w.V, = (ap + ay). S, — Ay S} + (= /) {(ap + @;). S, —
(ap+ah)5h E/}
E;, g
+( ’h By — By Iy} + (2 V") (.11, + 7.5, — B3.V;}

). = i R1 + "Sps*’)-{ﬂp = (@9)-Sp = ty-Sp) + (0. ()., = Ba-Ey) + 0).16,.B, = Bi. 1)

Ry—Ry;
+( p).{pp.l — Up- Ry} (89)
Wherea — 9p-(ep-Ep, ”p)_l_Uh-(EhI-thk.)

14 h
(&p.Ep+ly)

—% pN: 2 (90)
From (89) we have:
& (S =S 2y (a, + 4 Ansh +“"—V’1 — (S —S; +ap)+Ap}+ (B, — E,
= S =Sl t (@ T an). o f)Sh s 3= (Sn = Sp)-{(ap + an) + Ap} + (B — E})- {(ap +

S *, (ap+ )S I,— 11 V, 7
@) 2= (B - By). 20y ity g, — 1, - 1B, + A2 (1T, +7S,) — W - VB + Chp,, — (R, -

R;)uh+(5”s;s’3).np—(sp Sp)-[(@p) + ] + (2 ”)( ap).Sp — (Ep — p).B4+(%).ﬁp.Ep—(1p—p).Bs+

Ry—R, *
( pRp p)pplp - (Rp - Rp)ﬂp (91)
Eq. (91) yield:
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i = S =S + @t a) = 5t o T )t G ED-(p g ety By + (Y (7. 17, +
ysp) + G R”)p I+ (2 ”)H + (2 E")( ISy + (2 "’)ﬂp E, + (222 R")ppf —(sh Sy + ay) + Ay} — (Ey —

ay+ay).S,
Eh)M} (Ih—lh)Bz — (V= V;)Bs — (R = Ry, — (Sp = Sp)- [(@p) + tp] — (Bp = Ep).. By — (I, — [3)Bs —
(Rp — p)'/‘p (92)
Eq. (92) yields:
“_p_um (93)
dt
Where

sy AyS, th =1, Vi=Vy

P=(S— Sm(l et (@ b+ ) ;)S, G 4 20 + (B — E). (ap+ah> o+ (). By + () (f 0T, +

Y- Sh)+( ”)ph I+ (2 ”) 1, + (2 p)( ap)Sy +(p p)/?p Ep + (222 ”)Pp — (S = S{(ap + @) + A} — (B, —
Eh) (“*’*“”sh} (94)
= (I, = I,)By + (V4 = V)Bs + (R, — R, + (Sp = Sp[(ap) + pp] + (B — Ep)By + (I, — 1,)Bs + (R, — Rp)ity
(95)
From (93) if P < M then %will be negative definite, meaning that % < 0. Also it follows that% = 0if and only if S, (t) =
Sp L ER(t) = Ep L 1) = 1, Vi (8) =V, Rh(t) = Rh*, S,() =S, E,(t) = E, , I,(t) =1, ,R,(t) =R, The largest
compact invariant set in {S,"Ex ", I, Vi , Ry, Sy Ep I, Ry ) € SR":% = 0} is the singleton {E;} whereE, is the EE of the

model equations (1)-(13). From the principle of Iasalle s invariant, it implies that E; is globally stable in R° ifP < M. and
unstable ifP > M This completed the proof.

Numerical Simulations
The calculation and estimation of the parameter values was done based on the availability of information from the Nigeria
Centre for Disease Control (NCDC), Situation Report on Monkey-pox disease from 2017 to 2023 in Table 1.

Table 1: Update on Monkey-pox Disease in Nigeria from 2017 to 2023

Cases of Monkey pox Number per year
Confirmed cases from Dec. 2017 to January 2023 988
Suspected cases from 2017 to 2023 2635
Deaths 2017-2023 15
Confirmed cases in 2017 88
Confirmed cases in 2018 49
Confirmed cases in 2019 47
Confirmed cases in 2020 8
Confirmed cases in 2021 34
Confirmed cases in February 2022 7
Confirmed cases in February 2023 762

(NCDC, 2023)

Data for 2017-2023 Monkeypox
Disease

5000

o wmm N

Total confirmed casesTotal suspected cases Total deaths

W Data for 2017-2023 Monkeypox Disease

Figure 2: Graphical Representation of confirmed cases, suspected cases and death
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Figure 3: Graphical Representation of infected monkey pox individual per year

According to United Nation 2023 to 2024 report, the life
expectancy for Nigerian at birth is 56.05 years. This gives the
Natural Death rate as inverse of the life expectancy which
isu, = ceos T = 0.01784 per year. The birth rate is 38.03
births per year per 1000 people; this gives the birth rate as

iiﬁ = 0.03803/year. However, the recruitment rate due to

birth in Nigeriais [T, = Ny, » i, = 3,568,000. According to
NCDC (2023), there were 2635 suspected cases, where total
confirmed cases were at 988, resulting in 15 deaths. This
implies, Recovery rate isy, = 2%8-15 — 0.985. Also, Death

998
rate due to the disease, it is cleared that 15 people out of 988

died of the infection of monkeypox in Nigeria between 2017
to 2023, which implies, §, = — =0.0152. We have
infection rate = (confirmed cases / Total Population)*100 =

Table 2: Symbols and Parameters Values of the Model

0.000494. The natural death rate of monkey, according to
Primate Info Net (PIN), the life span of monkeys in the forest
is 15-30 years, meanwhile,  u,, = % or % =
(0.033 0r 0.067) is the Natural Death rate of Monkey.
According to Pandrillus foundation (2008), it is about 8,000
drill monkey found in cross river state of Nigeria. However,
50,000 monkeys are estimated for Nigeria, hence, the
recruitment rate of monkeys is given by I 1 m = Nm * thn =

1,665. The vaccination rate of monkey pox infection is
10.1%, so fraction of vaccination against monkey pox (f) is

f= g = 0.0101. Vaccination last upto 3-5 years and can
also protect around 85% from monkey pox. So,¢; =
0.20r =~ =0.1and ¢, = —=0.012. Other unavailable

data have been assumed in the simulations.

Parameter  Definition Value Source
Bn Exposed Rate of Human 0.005 Assumed
ay Infection Rate of Human 0.000494 Table 1
A . Recruitment Rate of Human 3,568,000 Table 1
Yn Recovery Rate of Human 0.985 Table 1
Un Natural Death Rate of Human 0.01784 Table 1
oy Death Rate Due to Disease 0.0152 Table 1
@1 Loss of Vaccination Rate (0.1 -0.2)/year Table 1
@3 Vaccination Rate 0.012/year Table 1

f Proportion of vaccinated h immigrants 0.0101 Table 1
[0) Effectiveness of Vaccination Drug [0-1] Assumed

an Infection Rate of Monkey 0.004 Table 1
Ym Recovery Rate of Monkey 0.50 Assumed

A Recruitment Rate of Monkey 1,665 Table 1

m

Om2: Exposed Rate of Monkey 0.003 Assumed

Un Natural Death of Monkey (0.033-0.067) Table 1
Om Death Due to infection of monkey 0.020 Assumed
Th Exposed rate for human transmits lower than symptomatic humans  0.010 Assumed
Tm Exposed rate for non-human transmits lower than symptomatic non-  0.010 Assumed

humans
N, Nigeria Population 200,000,000 Table 1
N Population of Monkey in Nigeria 50,000 Table 1

The study used table 2 to simulate our model system with equation (45) and (48) by using Maple 17 Software for the graphic

representation of the reproduction numbers,
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Graphical Representation of the Model Equations for Monkey pox Disease
10

Secondary Infechion |

0 02 04 0.6 0.8
Exposed Rate| oy, )

— =011 =032 =0 44 w=0.26 w=0.62

Figure 4: Effect of exposed rate on the effective reproduction number.

It was observed in figure 4 that rate of exposed increases with
losing out of vaccination which leads to increases in effective
reproduction number (secondary infection cases). This

implies that, the two parameters increase the infection of
monkey-pox disease in Nigeria.

40 o S —

Reproduction Number R
3=
=

10
ol
o 02 04 0.6 0.8 1
Difection Rate| By,
), = 0.0 mmm p, = 0015 p, =002 p, = 0025 p, = 0.985

Figure 5: Infection rate effect on effective reproduction number (R,)

Figure 5 shows that as the infection rate increases, then
effective reproduction number also increases, varying the rate
of recovery of human, it is observed that as recovery
individual increases, the infected individual decreases from

the monkey-pox in Nigeria because the effective reproduction
number decreases. This means that as more people are

recovery from the monkey-pox disease, the secondary
infection cases decreases.
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Reproduction Number R
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Figure 6: Effect of Loss of vaccination on the R,

FJS

It is observed from figure 6 that as loss of vaccination increases, it increases R, number. Also, Low recovery rate increases

theR, number of the infection.
0.7 P

0.6 -

=
L
|

04

Reproduchion Number B
Fd

0.3 =
e T T e IR
0.2 SR AEL TS B = —_
o 02 0.4 0.6 0.8 1
Faccination Roatey
—_— G, = 00152 &, =002 S, =003 — — &, =004 «r--- &, =003
i i) ] ] il

Figure 7: Effect of Vaccination on the R, number of human

Figure 7 shows that as vaccination rate decreases, it also
decreases R, by varying the rate of death due to monkey-
pox, it is observed that effective reproduction number monkey-pox.
decreases as rate of death due to infection increases. This
means that the higher the death due to the monkey-pox
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Figure 8: Infection rate effect of monkey pox on R,, of monkey (non-human)
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It is shown in figure 8 that as rate of infection for non-human increases, it also increases R,. VVarying the rate of recovery, we
found that the effective reproduction number decreases as recovery rate increases

Effective Reproduction Number R

0010

0.009

0.008

0.007

0.006

0.003

0.004

"5&,.‘&".»“

in

1

[y

Recovery Rate of Monksy p,,

|

s}

2l

=002

&
2l

=003

&
o

=004 —— &
D

=005

5 =[}_[}ﬁ|
o

Figure 9: Recovery rate effect of monkey pox on the R,, of Monkey

Figure 9 shows the simulation of recovery rate of non-human with effective reproduction number of non-human, it is observed
that effective reproduction number of non-human decreases as recovery rate increases.
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Figure 10: Effect of exposed rate of Monkey on the R,, of Monkey

Figure 10 shows the simulation of exposed rate of non-human
with effective reproduction number of non-human, it is
observed that R, of non-human increases as exposed
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Figure 11: Effect of Vaccination on the R,

FJS

individual of non-human increases. It is also found that the R,
decreases due to the decreases in exposed of non-human
transmit at a rate lower than symptomatic non-humans.

We found in figure 11, that R, decreases as vaccination of observed that effective reproduction number reduces to zero

individual increases, varying the public awareness, we
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and becomes stable as public awareness increases.
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Figure 12: Effect of Loss of vaccination on the effective reproduction number (R,.), varying public
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It is observed from figure 12 that, low loss of vaccination rate increases the R,, it is also shown that, the R, approaches zero

and becomes stable as public awareness increases.
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Figure 13: Effect of Public Awareness on the effective reproduction number

In figure 13, we observed that effective reproduction number
decreases as public awareness increases, varying loss of
vaccination rate, it is observed that as loss of vaccination rate
decreases, it decreases the secondary cases of the infection.

CONCLUSION

This research work have simulated and analyzed a
mathematical model of monkey-pox transmission disease, the
study incorporated Vaccination and public awareness in the
model. The analyses of the model showed invariant region
and dynamics of model equations is in the region Q, the model
was considered been mathematically and epidemiologically
well posed. The non-negativity of the solutions for the model
implies that the solutions were non-negative and remains in
R®. The global stability of the DFE was done and it was found
that when there is no transmission between human and non-
human (ay,), then G (X;, X,) = 0 implies, that the DFE would
be asymptotically globally stable. The endemic equilibrium
state was obtained and we found that the endemic equilibrium
state was globally asymptotically stable ifP < Mand unstable
if P > M by comparison method of lyapunov functions.
Simulations of the model equations on effective reproduction
number were done and the study found that the exposed rate
increases with the loss of vaccination which leads to increases
in secondary infection cases of the monkey-pox. It is found
that as recovery individual increases, the infected individual
decreases from the monkey-pox in Nigeria, it implies, that as
more people recovered from the monkey-pox disease, the
secondary infection cases decreases. It was also found that,
low recovery rate increases the R,, of the infection. The study
shown that as vaccination rate decreases, it decreases the R,.
It was observed that R, decreases as death rate due to
infection increases, this implies that the higher the death due
to the monkey-pox infection the lower R, would be. This is
because as more people die due to the monkey-pox, there will
be less to be infected of monkey-pox virus. The study noted
that R, decreases as vaccination of individual increases,
varying the public awareness it was found that effective
reproduction number (R,) reduces to zero and becomes stable
as public awareness increases. the study discovered that
effective reproduction number decreases as public awareness
increases.
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