MUST Journal of Research and Development (MJRD) Volume 7 Issue 3, July-September 2026

e-ISSN: 2683-6467 & p-ISSN:2683-6475

Mathematical Analysis of Mpox in Human Population: The Effects

of Vaccination Strategies

Mlyashimbi Helikumi?, Philipina Shayo? and Herman Trazias?

9Department of Mathematics, Mbeya University of Science and Technology, Mbeya, Tanzania
bDepartment of Earth Science,Mbeya University of Science and Technology, Mbeya, Tanzania

DOI: 10.62277/mjrd2026v7i30003

ARTICLE INFO

Keywords:

Article History:

Received: 20" November 2025
Revised: 10t" February 2026
Accepted: 10" March 2026
Published: 30t" August 2026

Keywords:

Monkeypox virus

model formulation

Disease transmission

parameter estimation

first and second-dose vaccination

ABSTRACT

In this research work, a fractional-order model of monkeypox disease transmission within the
human population is formulated and studied. The formulated model incorporates two control
strategies namely; vaccination and health education campaign. In model analysis, the disease
free-equilibrium and basic reproduction number, are computed. The existence and unique-
ness of model solution using fixed point theorem have been analyzed. Meanwhile, the global
stability of the model have been performed using well formulated Lyapunov function and the
results showed that the model is stable when R, < 1 and unstable when R, > 1. In model sim-
ulations, parameter estimation using reported cases of monkeypox disease from Democratic
Republic of Congo have been performed to compare the results for fractional (z = 0.5) and
integer (z = 1) order derivatives. The results showed that fitting the model at z = 0.5 had
good results compared to when z = 1. Implying that fractional model presented good results
compared to integer-order derivatives. Besides, we performed Sensitivity analysis of the basic
reproduction number using computed partial rank correlation coefficients to investigate the
impact of each parameter on the disease transmission. Furthermore, we performed numerical
simulation of the model to assess the impact of memory effects on the spread of monkeypox
virus transmission in the population. Additionally, numerical simulation to investigate the
effects of health education and vaccination was performed. Overall, the results showed that
when the efficacy of first-dose vaccination was changed from 75% to 95% and the rate of health
education campaign retained at 0.1 the threshold quantity R, remained greater than unity. In
contrast when the efficacy of first-dose vaccination was changed from 75% to 95% and the rate
of health education campaign changed from 0.1 to 0.9 the threshold quantity R, was observed
to be less than unity. The results have implication that the efficacy of first-dose vaccination
must be greater than 95% and rate of health education campaign must be greater that 0.9 for
the disease to eliminated in the population Monkeypox virus (MPXV) transmission remains
an important public health concern, particularly in populations where vaccination coverage,
disease surveillance, and access to effective preventive measures are limited. Mathematical
modelling provides a valuable framework for understanding MPXV transmission dynamics
and assessing the effectiveness of control interventions by describing the interactions among
susceptible, vaccinated, exposed, and infectious populations. In particular, incorporating first-
and second-dose vaccination into transmission models allows the differential protection pro-
vided by successive vaccine doses to be examined, together with vaccination rates and vaccine
efficacy. Parameter estimation using reported MPXV cases is essential for calibrating the
model and improving its ability to describe observed disease patterns. Such models can also be
used to determine key epidemiological quantities, including the basic reproduction number,
and to evaluate the effects of vaccination and other interventions on disease transmission.
Therefore, integrating MPXV model formulation, parameter estimation, and first- and second-
dose vaccination provides a useful mathematical framework for identifying effective control
strategies and establishing conditions under which MPXV transmission can be reduced and
potentially eliminated from the population.
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1. Introduction

The Mpox virus (MPXV) causes the zoonotic disease
Mpox, infecting both humans and animals Mandja et al.
(2019). The virus is naturally endemic to Central and
West Africa, with countries like the Benin, Cameroon,
the central African republic, the Democratic Republi-
can of the Congo, Gabon, Ivory Coast, Liberia, Nigeria,
Sierra Leone, and South Sudan being the most fre-
quently affected Hatami et al. (2023). Historically, most
human Mpox infections were zoonotic, meaning they
resulted from contact with infected animals like ro-
dents and non-human primates Banuet-Martinez et al.
(2023). Human-to-human transmission was usually lim-
ited, mostly occurring within households or small local
groups El-Mesady et al. (2022). However, this estab-
lished pattern shifted dramatically in May 2022, when
the first infections of a new multi-country outbreak
were reported in the United Kingdom, Portugal, and
Spain Farman et al. (2025). The Mpox outbreak quickly
spread around the globe, first appearing across Europe
and North America, and then rapidly moving into South
America, Asia, Oceania, and the Middle East Alakunle
et al. (2020). This massive expansion meant that by
July 2023, confirmed cases had been reported in over
108 countries, representing a spread far beyond the
disease’s historic boundaries Mandja et al. (2019). Af-
ter a person is infected with Mpox, the time before
symptoms begin (the incubation period) generally falls
within 7 to 17 days Ayeh et al. (2024). When the ill-
ness manifests, the typical symptoms include fever,
headaches, body aches, and chills. These often precede
or accompany swollen lymph glands and the signature
skin rash Di Gennaro et al. (2022). The transmission
cycle of MPXV is presented in Figure (1):

Mathematical models are essential tools because
they allow researchers to investigate and answer com-
plex questions that would be too difficult, costly, or
impractical to investigate using real-world methods
Lusekelo et al. (2023); McKenzie et al. (2012). A recent
example of this is the development and study of Mon-
keypox disease models, which have been used to ex-
plore the potential impact of control strategies like vac-
cination, health education campaign, and quarantine
Peter et al. (2022). Mathematical models of Monkeypox
disease transmission and control strategies have been
formulated and studies, for more information can refer
the readers to Adel et al. (2023); Adepoju & Ibrahim
(2024); Alshehri & Ullah (2023); Helikumi et al. (2025);
Musafir et al. (2024); Rashid et al. (2025); Soni and
Sinha (2024) and the references are therein. Despite ef-
forts to control the spread of Mpox, several challenges
remain. One major limitation in mathematical modeling
of Mpox disease transmission is a knowledge gap con-
cerning the effectiveness of vaccination in controlling
human-to-human transmission Helikumi et al. (2023).
This is compounded by the fact that most published
models have focused solely on the impact of other
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measures, such as quarantine, health education, and im-
proved hygiene practices transmission.(see,Adel et al.
(2023); Algahtani et al. (2023); Biswas et al. (2023); Liu
et al. (2023); Venkatesh et al. (2024); Yaga (2025); Yuan
etal.(2022)) and references are therein. Algahtani et al.
(2023) Vaccination is a critical strategy for controlling
Monkeypox, as it provides both pre-exposure and post-
exposure prophylaxis, effectively preventing infection,
significantly reducing disease severity in breakthrough
cases, and helping to contain outbreaks by establish-
ing herd immunity within targeted risk populations
Khan et al. (2022); Spath et al. (2022). To curb the
global transmission of Mpox, three vaccines have re-
cently been authorized for public use: JYNNEOS (MVA-
BN), LC16M8, and ACAM2000 Helikumi et al. (2025).
While these tools are essential for disease control, their
specific recommendations vary; JYNNEOS (MVA-BN)
and LC16M8: Both received approval from the World
Health Organization (WHO) and played a vital role in
managing outbreaks between 2022 and 2025 Alshehri
& Ullah (2023). Because of their safety profiles, they are
the preferred options forimmunocompromised individ-
uals. The ACAM2000 vaccine was approved in Japan
and is specifically prioritized for children under the age
of five years Khan et al. (2022). Despite the availability
of these medical interventions, achieving total elimi-
nation of the virus remains a significant challenge. A
primary obstacle is waning population immunity, which
complicates long-term prevention efforts and leaves
communities vulnerable to resurgence Helikumi et al.
(2024). Following the global cessation of routine small-
pox vaccination around 1980, the population’s histori-
cal cross-protection against orthopoxviruses like Mon-
keypox has steadily declined Helikumi et al. (2023);
Khan et al. (2022). This diminishing level of herd im-
munity has created a large, growing pool of susceptible
individuals worldwide in using vaccination as mpox con-
trol measure, and hence poses a growing public health
threats Brand et al. (2023); Spath et al. (2022).
Recently, Mathematical models incorporating frac-
tional order differential equations have gained signifi-
cant attention (seeGhanbari & Atangana (2020); Nisar
et al. (2024); Rakkiyappan et al. (2019)), and offer accu-
rate results in disease modeling compared to integer-
order derivatives. The most common fractional-order
derivatives used in dynamical systems include Caputo,
Caputo-Fabrizio and Atangana-Baleanu derivatives He-
likumi and Lolika (2022). These fractional calculus differ
mainly in the way how they employ memory kernel
which govern how the past states influence the present
state in the biological systems Podlubny (1999). It is
worth mentioning that, fractional order derivatives have
several advantages over classical-order operators, as
they effectively capture hereditary properties, long-
range interactions, and memory effects present in bi-
ological systems Nisar et al. (2024). Additional, in dy-
namical systems the present state of populationis often
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Figure 1: Transmission cycle of monkeypox disease dynamics Mandja et al. (2025)
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influenced by not only its current state but also its
entire history of interactions Rakkiyappan et al. (2019).
In contrast, classical integer-order derivatives assume
that the system’s future depends only on the current
state, and thereby ignore the long term effects Yaga
(2025).

Motivated by the above discussion, this study aim to in-
vestigate the effects of vaccination strategies on mon-
key pox transmission dynamics. To the best of our knowl-
edge non-of fractional-order model for monkey pox
transmission formulated and incorporated human aware-
ness, early and post-vaccination strategies. Therefore
in this study, we propose afractional-order model using
Caputo derivatives and assess the effects of health
education campaign and vaccination on minimize the
spread of Monkeypox disease in the population.

The rest of the paper is organized as follows: in Section
2, mathematical model formulation is presented, in Sec-
tion 3, model analysis presented; positivity of variables
and boundedness of trajectories are presented, compu-
tation of reproduction number and existence of model
solutions are presented in section 4, results and discus-
sion is presented in section 5, and conclusion remarks
complete the paper in Section 6.

2. Model Formulation

In this section, we stratify the human population into
seven mutually exclusively based on the health status of
states: we denote the Maternally new born babies from
first day to six months by M (¢), susceptible individuals
who are at risk of contracting the smallpox disease S(¢),
exposed individuals E(¢), individuals who have received
first dose vaccination ¥ (¢), individuals received second

dose vaccination V,(¢), infected individuals and infec-
tious I(¢), and recovered humans R(¢). Thus, the total
population of human at time ¢ is denoted by N,,(¢) given
as:

NO=M@®D+SO+Vi@)+Vo,)+ EQ)+ 11+ R@) (1)

Furthermore, we considered all parameters and vari-
ables of the proposed model to be non-negative, and
the parameters are defined as follows: A denotes the
new recruitment rate of maternally immunized babies,
and we assumed that new inborn neonates are born
with immune system joining the group of vaccinated
individuals who have received first dose vaccination at
the rate 6. The parameter p (with 0 < p < 1) denotes
the proportional of new born babies who migrate to
vaccinated class and (1 — p) represent the group of new-
born babies who have lost immunity within six months
and migrate to naiver susceptible class. Susceptible in-
dividuals receive the first dose vaccination at the rate
of w; and join vaccinated class, while individuals who
receive second dose vaccination at the rate w, develop
permanent immunity and join recovered class at the
rate y,. Naive susceptible, individuals received first and
those who received second dose vaccination decrease
through infection at the rate gSI, gV,1, and pV,I re-
spectively. The parameter g represents the probability
of disease transmission following successful contact be-
tween healthy and infected individuals; Despite the fact
that, both naive susceptible, individuals received the
first and second dose vaccination have the same prob-
ability of getting the Mpox infection whenever they
contact with infected individuals, the parameters ¢; and
e, denote the reduction factor on the disease trans-
mission for individuals received first and second dose
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vaccination. # denotes the health education campaigns
on smallpox disease transmission. Besides, humans who
exposed to the Mpox virus disease become infectious
at the rate a, and those with clinical symptoms receive
treatment and recover at y,. Furthermore, individuals
who have received their second vaccine dose possess
a comprehensive understanding of Mpox transmission
and the necessary precautions to take when interact-
ing with infected persons. Consequently, it is assumed
that some of humans who received second dose vac-
cination join in recovered class at the rate y,. Based
on the above assumptions, we have assumed the fol-
lowing flow chart and non-linear differential equations:
From the flowchart diagram in Fig.(2), the dynamics of

Figure 2: Model flowchart illustrating the dynamics of Mpox
disease transmission

M iy

A .Ml(f—p}ﬂM

pIM

interaction between humans is given by the following
system of fractional differential equations:

fODfM(T) =A-0O+nwM(Q),
cDISn =1 =pOM@) — (1 =mpSOI1N)-
(@ + W)S(),
£ DiVi(0 = pOM (1) + 0, S(t)—
(I = epViOI@) — (1 + )V (1)
Jdsi,DiVa) = o0 = (L= e)fVo0I 0~ ),

VN0

1 DrE®) =1 =-mpSOHOI)+

(I —eppViOI0)+

(1 = e)pV,(O)I(1) — (u + @) E(1),
dstDfI(t) =dsaE(t)—(u+y)IQ),
i, Df R() =1 Vo(0) + v L(1) — uR(®).

3. Model Analysis
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3.1. Preliminaries on the Caputo Fractional
Calculus
We begin by introducing the definition of Caputo
fractional derivative and state related theorems (see,
Caputo (1967); Diethelm (2010); Vargas-De-LeAsn (2015))
that we will utilise to derive important results in this
work.

Definition 3.1. Suppose that z > 0,t > a, za,t € R. The
Caputo fractional derivative is given by

"(€)
zt)/ (t—é‘)z"'l‘" & (3)

Definition 3.2. (Caputo derivative of a constant Diethelm
(2010)). The fractional derivative for a constant function
f(t) = cis zero, that is,

BDF SO

n—1<¢,neN.

¢Dic=0, ze€(0,1) (4)

Definition 3.3. The Caputo-fractional derivative in Liouvile-
Caputo sense is defined as
q (5)

SWOFNw/fU [

where by N(z) is normalized function such as N(0) =
N() = 1.

Definition 3.4. The Caputo-fractional integral of order
q(0 < z < 1) of the function f () is defined as

2(1 - z)
2-2)N(2)

t
(Z_iﬁ/of@)ds, >0, (6)

where by N(z) = Z%Z

oI f f@+

0<z<Ll1.

3.2. Existence and Uniqueness of Solution

In this section, we present the existence and unique-
ness of solution of the model system (2) using the
techniques of fixed point theorem. First, we denote
the Banach space of all continuous real-valued function
equipped with the norm by B = #([0,T], R), defined as:

[IM,S. V1. V5, E. L R|| = [[M]|[ + |V ]| + |IV2ll
+HIEl+ [ +[[R]]

where:

IM®|| = sup [M()],

t€[0,T']
ISl = sup [S®)I,

t€[0,T']
(Vi = sup V1),

t€[0,T]
V2Ol = sup [V,

t€[0,T]
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|EIl = sup |E],

1€[0,T]
HIO[l = sup [I®)],
€[0T

[IRI| = sup R,
€[0T}

next, we apply the non-integral operator Clg’+ on both
sides of the system and we get the following (2):

M@ - M©0) = Clg+{A—(0+ﬂ)M(t)},
S-S50 = CI§+{(1—p)9M(t)—

A =mpSOI(1) — (w; + M)S(t)},
o -no = CI§+{p0M(t)+wIS(t)—

(I —eppViDI@®) — (u + C02)V1(f)},
M -10) = cIéJr{szl(f) -

(I =e)pVa(O1(1) — (u + Yz)‘ﬁ(t)},

E(H) - EQ) = c,é+{(1 - mBSHI®) +
(1 = eV (OI() +
(1 = e)BV> (01 (1)
—(u+a)E@) }
I -10) = CI(;{aE(r) —(u+ mlm},
R - R(0) = CI§+{YZV2(1) +
7 1(1) — uR() } (7)
Which implies that, for k = 1, 2, 3..8 we have:
M@® = MO+ TEECND)
+3575 o Filt. M(D)dr,
S = S0+ G SO+
| wes fo R sor o
o =10+ FEECOH+
v Jo Bt Vio)dr,
N = V0 + SR ECVAO)+
515 Jo Fult. Va(t)ds,
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E() =Ry + 2 (F (. Eo)+

4 1 t
m% /6 Fk(t, E(t))dT,

_ (1-2)
1) _ZS,(?) + NG (F(t, 1)+ 9)
~& e Jo Bt 1)z,

R(t) = RO)+ E2(F,t, R+

I
NGTE Jo Fi(t, R(t)dr,
Where:

F@&M@) =A-0+pM@),

F,@S@®) =0-podM@) -1 -mpSHIH—
(0 +)S@),

F @, V@) =pOM(1)+ @ S() — (1 —e)pVi(DI1)—
(U + )V (1),

F (&, V@) = Vi(0) — (1 —e)pV,(0)1(1)—
(1 + 7))V (D),

F@M®) =A—-(0+uwM(@),

JE@S@) =1 -poM@) -1 -mpSOI@)-

() + W),

=pOM(t) + 01 S{t) — (1 —e)pVi(OI()—
(1 + 0V, (1),

= w1 (1) = (1 — e) Vo (DI (1)—

(u+ V1@,

=1 =mMBSOIWN + 1 —e)pVi(OI()+
(1 — e)Vo(OI(t) — (u + @) E(),

= (aE@) — (u+yDIQ),

= (V2 +7,1(1) — uR@),

F. @, v,®)
F @, V()
Fi (1, E(1))

Fi (@, 1(0)
Fy (2. R(1))

The kernels N with 0 < Q, < 1, satisfy the The
Lipschitz condition in equation (10) holds if and only if
the functions (M(t)), (S(t)), (V, (1)), (V2 (1)), (E(t)), (I(t)), and
(R(t)) are bounded above. In general, suppose that (M(t))
and . M*(¢) are two functions, we have:

|1 F(t, M (D)) = Fi.(t, M* ()] A =6+ M)

—(/\ -0+ M)M*(t)>ll,

= <(9+/4)>||M—M*||,
< ( sup ((9+/4))>

t€[0,T']
1M — M|,
= @+ wlIM - M7|. (11)
Where Q; = aj, sup,cjo1 (A — (0 + w)). Thus:

|| Fyt, M(1) — Fi(t, M*O)|| < Qi lIM — M| (12)

(10)
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Following the results in (11) we have:

(|| Ft, M(0) = F(t, M* )| < QlIM — M*|],
[Fot, S() — Fi(t, S* )| < OIS — S*],

IF Vi) = F@ VO <O lIVy =Vl
MEL VA0 = F@. VDIl < QulIVy = V5l (13)
|Fyt, E(t) — Fy(t, EX@)Il - < Q4IIE — E¥|],
|Fot, 1(t) — F(t, QDI < Q1T = I*]],
|1Ft. R0) = F ROl < OlIR - R¥]],

Whereby Q, is the Lipschitz constant for the function
F, () Indeed, equation (8) in recursive form as follows:

(1-2)

(M) —M(0)+ NG bt M, D)+
N(z) r(z) /olt_7)¢ le(T n—1(0))d,
SO =500 SRS, o
N(z) F(z) fO(t_T)¢ L (z, 8,1 (2))dT,
@ =10+ (Ji,(z))Fk(t Vi1 (O)+
N@n@k? D (@, Vi (1),
Va0 = V20 + TEE Vi) ”
NoTm b =Dz, Vs, (1),
E@) —E(0)+(]‘V(Z)>Fk(t E,_ )+
N(z) F(z) fO(t ) F(z, E,_ (1))d,
O Y
N(z) F(z) Jo@ =7 Bz, 1,y (2)d,
R@®) = R(O) + S Felt Ry (0)+
N(z) F(z) Jot =P F(z, R, (2))d7,

Suppose ¥,, k = 1,2,..7 be the difference between
successive components in (14), We have the following:

vk =M, - M, (1) = Mgna a1 (D)=
Fk(f 2(1)))
N Jo = (e My ()=
Fi(r, M,_»(1)))dr,
¥ = 8,00~ 5,0 = 55 (Bt B,y (0)-

Fk(t Sn 2(’)))

N(z) r(z> fO(t_T)Z N Fi(z, S,y ())-
Fk(T Sn 2(7)))d7
= Va0 = Vi 0 = N(z)(Fk(t Vin-1(0)=
Fk(t I/1 n 2(0))

N(z) F(z) Jo &= N (Fi(z, Vy g (0)-
Fk(T’ I/I,n—Z(T)))dT’
= V240 = Va0 = 535 (Fut, Vo (0=
Fu(t, Vapa(1)

o7 ot = D (Fe Vyua ()=
Fi(z,V,,(2)))d7

336

=E,W0)-E,_ ()=

Fk(’ E, 2(1)))
N(Z) F(z) fO(t_T)z Nz, E,_y(0)=

F (7. E,_ 2(7)))d7

=1L, - 1,.,()= N( vo (Bt I, ()~

Fi(t, I,5(1)))

(15)

=R (t) n l(t)
Fk(t Rn Z(I)))

N(Z) r(z) Jot =07 (F(@, Ry ()~
Fy(z, Rn—2(7)))

N( )(Fk(t R,_()—-

(16)

Considering that

s

M) = 3 Yo,
p=1

S, = 3Pk,
p=1

Via® = X ¥,
p=1

<%m>=§wm

E, (1) —Zwm
=t
Z%m

p=1

—Zwm

p=1

I,

R, (1)

\

Taking the norm on both sides of the equation and using
equations (16) and (14), we have:

IR MOl

Qkamm+
Lo =0 0k (o)lldr,
(18)

N (a)

N(a) F(a)

In what follows, we state and prove the following theo-
rem based on the results in (18).

Theorem 3.1. The model system (2) has a unique solution
fort € [0, T'] if the condition below satisfies.

1—2z 1 &
N(z) N(2)T'(z)

Since the function M), S(), V,(1), V,(), E(?), I(t) and
R(t) are bounded and satisfy the Lipschitz condition,
and using (19), we have:

0, + 7%) <1, k=12,.8 (19
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s

n
X0l <||M(0>||<N(Z)Qk+N1(z)% :
n
okl <lis, <0>||<N() Nl@%T‘Z)’ (20)
k@l <||V1n<0>||(N(z) N
IEOI < 11Va, Ol 350+ mm 5T
n
0
kol < 1O 42 L—kTZ>,
) n N() N(z) I'(z) . (21)
Kol < 11,0 L Quz
ekl < ILON( 350+ 750577 ) -
n
koIl <IIR, <0>||<N(Z)Qk+ N;z)%w) :

Therefore, the sequence in (21) exist, and ||Q,’§|| - 0as
n — oo, k = 1,2,..7. In addition, using the triangular
inequality in (21), for any s we have:

-

||A4ﬁ+s

n+s

p _
Y 4=
p=n+1
n+s

p _
Y 4=
p=n+1
n+s

p _
Y 4=
p=n+1
n+s

p _
Y 4=
p=n+1
n+s

p _
Y 4=
p=n+1
n+s

p _
Y 4=
p=n+1
n+s

< Y q=

p=n+1

- M,||

||S}+s_'5h”

”Lqm+s__vﬁm”

”L§m+s_'vam”

||1§n+ﬂ —-lan

1

n

||In+s_ ”

||12n+ﬂ —-lan

L

Where g, k = 1,2,...7 are the terms inside the brackets
in(21). Thus, M(z), S@), V,(1),

V,(t), E@), I@) and R,(t)arethe Cauchysequences
in B. Therefore, one can note that asn — oo in (14), the
limit of these sequences is the unique solution of the
model system (2). This completes the proofs of unique
solution of the system (2).

3.3. Euler Approximation Scheme of Model (2)
Using Caputo Derivative Sense

In this section, we investigate the numerical scheme for

Euler fractional approximation method for the model

system (2) in the sense of Caputo fractional derivatives
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as used in Diethelm (2010). The proposed model equa-
tions can be presented in the following form:

(CDzM() =G,(t. M),
CDES(1) =G, (. ),
€ DiV;(1) = Gy(t, 1),
16 DiVL () = Gs(1, Ry), (23)
CDIE() =G5, W),
CDEI(r) = Gy(t.S)),
(CDZR(1) = G,(t. E,),

Next, we present the equation (23) for G,(¢, M) which
satisfies the Lipschitz condition and the M (0) is the ini-
tial conditions. Now applying the non-integer operator
to equation (23) one can the following:

Mty = M©0)+€ IPG, (1. M) (24)
Where Clg’ denotes the fractional integer operator
with respect to the Caputo derivatives. For the pro-
posed numerical method, we consider aninterval length
[0, d] with time step size h = % wheren € N Let M, be
the numerical approximation of M(¢) at+ = ¢,, where
t, =0+ khand k =0,1 2 3;...n. Applying Euler method
in (24), we have the following Caputo operator formula:

1-z

My ()= MO) + 35

— G, (M
1 (M ppje)+ (25)

hZ
m Zp=0 zk+1,p I(Mp)’ k = 0, 1, 2, .n—1
Wherez,,, ,=(k+1-p)*—(k=p*p=0, 1,...k. The

stability analysis of the proposed model is given by the
following theorem:

Theorem 3.2. The numerical approximation scheme (25)
is conditionally stable

Proof 3.1. Let M and M, be approximations of M, and
M,, p=0,....k+ 1. From equation (25) we have:

St + My = Mo+ Mo+ = N
h? k
Z 0 2k+1,,G1(S, +M)

N@I(2)
Using equation (25) in (26), we get:

( ) Gy (Myyy + My )+

|Mk+1| = |M0 + N( )[ ](Mk+1 + Mk+1)_
ohn* k
G (M, )] + N@L+) Zp:o Ziy1,plG1 (M),
+M),) = Gi(M))|

(26)

Applying the Lipschitz condition and triangular inequality,
one get the following:

(1 Z)Vl
N(z)

zh* Vl

My 1] < e+ NTGID

Zk Zk+lp|M|
(27)

| hk+1|
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~ zh*Vizo | ¥ .
Where ¢y = maxox<, {1Mol + Forz7 Mol } Equation

(27) can be further simplified and we get the following:

ZhZVI I/l
z

-~ k
|Mk+l| < I/ll/lze() + N(@)I(z+1) Zp:()

zk+1’p|Mp| (28)

— N(2)
Where v, = el

Finally, we have |[M, | < CV,_¢, and this complete
the proof.

4. Basic Properties

4.1. Positivity of Solutions

In this section, we investigate the asymptotic behav-
ior of orbits starting in the non-negative cone R}. Ob-
viously, system (2), which is a C* differential system
admits a unique maximal solution for any associated
Cauchy problem. In what follows we claim the following
theorem:

Theorem4.1. Lett, =0,
(Xo(to) = (M(0), S(0), ¥;(0), V5(0), E(0), 1(0), R(0)) ) € R,
andforT € [0, +o0],

([0.T1, X (1) = (M), S@), V1(1), Vo(0), E(), [(1), R(1)))

the maximal solution of the Cauchy problem associated to
system (2). Then, forallt € [0, T[, X(t) € R?, vt € [0,T].

Proof 4.1. Let:

A = [e[0,TM®) > 0,5 >0,V,(t)> 0, V(1) > 0,

E®) > 0,1() > 0, R(t) > OVt €]0,7[}.

By continuity of functions M(t), S(), V(1) Vo), E(t) >
0, I(¢) and R(t), one can see that A # 0. Let T = sup A.
next, show that T = T. Suppose T < T , then one has that
M), S@), V,(1), Vo(1), E(t), I(t) and R(z) are non negative
on [0, T[. At T at least one of the following conditions is
satisfied M(T) = 0,S(T) = 0,V{(T) = 0,V,(T) = 0,
E(@) = 0,I(T) = 0and R(T) = 0. Then, from the last
equation of system (2) one has that:

dM(t)

u A=@O+uwMQ.

(29)

Integrating Eq. (29) from O to T yields
_ T
M(T)= M(QO)+ / A=O+ pM@)dt > 0.
0

Similarly, one can show that M(T) > 0, S(T) > 0,V{(T) >
0,Vy(T) > 0,E(T) > 0, I(T) > 0,and R(T) > 0. This
is the contradiction then, T = T and consequently the
maximal solution (M (1), S(1), Vi (1), V4(1), E(t), (1), R(1))
of the Cauchy problem associated to system (2) is positive.
This completes the proof.

4.2. Boundedness of Trajectories

In this section, We have the following result about the
boundedness of trajectories of the model system (2).
Lemma 4.1. Each non-negative solution of system (2) is
bounded on R’ ..

Proof 4.2. First of all, we separate model system 2 into
three parts: the human, environment and the rodent pop-
ulations. Adding the first six equations of model system (2)
and using equation (1), yields the following:

dN(?)
t

<A—-uN@®) (30)

Applying the Gronwall Lemma in (30) one get the following:

N@) < Ay <N(0) - é> exp —ut.
H H
With this result, one has that N(t) < A forallt > 0if
U
N©O) < A This means that: M < é, S < é, Vv <
H U H
A V, < é, E < é, I< A and R < é. This completes
U U 7 U U
the proof.

Corollary 4.1. Theregion

Q:{M,S,Vl,Vz,E,I,R)EW,MSé,
H

s<2 vl p<tr<cl R
H H H n H H

is invariant and attractive for system (2).

Thus, system (2) is mathematically and ecologically well
posed and it is sufficient to consider the dynamics of the
flow generated by system (2) in Q.

4.3. Basic Reproduction Number and Existence of
Equilibrium

In this section we use the next generation method as
presented in van den Driessche & Watmough (2002) to
compute the threshold quantity R, which determines
the persistence and extinction of disease in the popu-
lation. It is believed that when the basic reproduction
number R, > 1 the disease persists in the population,
and dies out when R, < 1. The model system (2) always
has a disease-free equilibrium &° given by:

g0 - (MO,SO, VIO,VZO,EO,IO,RO> _

<M*,S*, Vi V50,0, 0>.

338



MUST Journal of Research and Development (MJRD) Volume 7 Issue 3, July-September 2026
e-ISSN: 2683-6467 &  p-ISSN: 2683-6475

g* (I1-p) the disease transfer among compartments evaluated at
(@) +6)(O + u) &Y are defined as follows;
AO (I-pw
M= o Pt e )
2 ! 0 (1=mpS*+ (1 —e)Vy + (1 — eV
A Aea)Z ( + (1 _p)a)l) F= 0 0 (31)
2 T 0@t wutn L wta
Following the next generation matrix approach as used o |H +a 0 (32)
in van den Driessche & Watmough (2002), the non- | e opty
negative matrix F that denotes the generation of new ) ) )
infection and the non-singular matrix ¥ that denotes  Using (31) and (32) one gets the following matrix:
o [(1 —mBS*+ (1 —e)pV+ (1 - ez)ﬂVz"‘] A =mBS*+ (A —e)pV + (1 - )V
M= (4 + @) +11) ut (33)
0 0

Thus, the basic reproduction number R, of the model
system (2) is given by:
afAf

Ro = 1—=n)(1 -
0 (H+0()(M+J/)(y+9)(ﬂ+w])<( m(l —p)+

(1 - €2)(D2 )>
(@ + )+ 12)

(pu + 601)((1 —€))+

The basic reproduction number R, is defined to be
the expected number of secondary cases produced in
a completely susceptible population, by one infectious
individual during its lifetime.

Theorem4.2. If R, < 1, then the DFE of system (2) is
globally asymptotically stable in Q otherwise it is unstable.

Proof 4.3. To prove the theorem (4.2), we evaluate the
model system (2) at disease free equilibrium point E° and
one get the following;

(1),

_ (1=-p)OM* ;| M S*
¢ DFS(1) —S<’;—*(W;—l)—(l—n)ﬁl>,

-

;DfM )

y D Vi)

7\

2
_‘il %
N
12
sbs

|

—_
~— -

|
N
—
|

o
N~

=

~
\,/

yDiVa(0)

(1=e)(5=75)) = (u+ ).

DII(t) =aF - <,4 + y1>I.

‘DIE(1) = E((l —n)(S—=S*)+(1—¢) (Vi -V}')+

In what follows, we consider the following Lyapunov func-

tional
{M@_Mo_MOmM}+
MO

S(@)
{S(t)—SO— SolnF}

Vit
+{Vl(t)—V10—VlOln—1()} +
VO

1

2

Lo =

+E®) + (”TM)I(t). (35)
Lyapunov functionals have wide applications in mathemat-
ical modelling and dynamical systems, including (i) stability
analysis of dynamical systems, (ii) stability and disease-
control analysis in epidemiological models, and (iii) stability
analysis and controller design in engineering systems. In
epidemiological modelling, Lyapunov functionals are widely
employed to establish the stability of disease-free and en-
demic equilibrium states and to investigate disease per-
sistence or eradication. They can also be used to assess
the effectiveness of vaccination and other disease-control
interventions. Beyond epidemiology.

(34) Taking the derivative of L (t) in (35) one gets the follow-
ing:

C M* Z
tODf[,O(t) < (1— M) D M) +

To

s\
(l_m)ol)t%”
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) D{v (1)
fo

% c
) vaz(t) +
fo

¢ DZE(t) + ( ) DZI(t) (36)
Substituting (34) in (36) and making simplification, we have

the following:

M M*
yDiLo) < A<2_M*_ M>+
; M S S* M
1-p)oM*( 1 —-= =
(1= p)onr (144 - 2 - S M)
. M Vi MY
oM*( 1 2L
+p <+M* Ve MY, +
v, V;
os (1420 1 M
v, W vy
+a)2V1*<1+—*——*———* +
i vy v
uta)(u+y
(1 + ) 1)<R0_1> 37)
a

Since all the parameters and variables in system (37) are
non-negative, it follows that { D7 L(r) < 0 holds if R, < 1.
Moreover, ; D7 L (1) = 0 lfand onlyif M(t) = 0, S(t) = 0,
V(1) = 0, Vz(t) =0,E({) =0,1() =0,forallt > 0. Thus,
L, (1) is Lyapunov function on Q. Using Lasalle Invariance
principle ?, implies that every solution of the system (2)
approaches the DFE £° ast — oo. Therefore we conclude
that the DFE of system (2) is globally asymptotically stable
whenever R, < 1. This completes the proof.

Theorem 4.3. The Model system (2) has endemic equilib-
rium E* point which is globally asymptotically stable for
Ry > 1.

Proof 4.4. To prove the theorem (4.3) we consider the fol-
lowing Lyapunov functional:

Lot) = BI{M(I)—M* M*In %}+
1 S(t)
BZ{S(I)— =S In = }+

i@

l

}+
Vz(t)}
Vz*
vy E@

— E*In —= T }+

133{1/1(0—1/* Vi

{
Bs { E@®t) -

-V
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o 1(:)

B { 1) - I* —

B7{R(t)—R R*In ﬁ} (38)
Differentiating L () one gets the following
¢ DALY < Bl<1 - M7> D M)+
v
S
132<1 - %> D*S(H)+
0
v .
B3<1 - Vll(t)> Div, (1)
toc
+134<1 - %) Dy (+  (39)
c t()
B (1 - %) DZE(t)+
C’o
I z
B(J(l—m) D?I(t)
ty ¢
R
+137<1 - m) DR().

In what follows, we substitute (2) in (39) and we get the
M*

following
131(1 - M(t)> <A -0+ ,u)M(t)>,

+Bz(1 - ><a’s(1 — P)OM(t) —

A =mpSOI®) — (0 + M)S(l)>,

+B3<1_

A —eppViOI@®) — (u + wz)V1(t)>,

+B4(1 -

(I =)V, I(1) — (u + VZ)Vl(t)>,
E*

+135<1 "0 ) <(1 - mBSHI () +
(I =epViI@) + (1 = e)pV2(DI (1)
—(u+ a)E(t)> +

B6<1 - ><aE(t)—(ﬂ+h)I(t)>,

<

¢ DEL(H)

S*
S()

*

1

*

V.
_2> <a)2Vl (1) —

V()

*

1(t)




MUST Journal of Research and Development (MJRD) Volume 7 Issue 3, July-September 2026
e-ISSN: 2683-6467 &  p-ISSN: 2683-6475

R*

(40)

Let set the system (2) at the endemic equilibrium point, that
is

A
(@ +p) =1=pog —1-mpI,
@+ 1) =pO3= + 5= — (1 — eI,
*1 1
(u+r) =4
< Vv (41)
(1 +7) =602V—'*—(1—€2).31*,
2 £ £
(u+a) =0-mnE+
(1_16/1*) =+ (1= e)—7>,
I*
G =Nty

Substituting (41) in (40) and solve the constants BB; withi =
1,2,3...,7 using re-scaling method one gets the following
after simplifications:

A M M
ELN (L +
S M+ M
(-poM*(, S M _MS*
T Tor L AN M ©

oM :
42 <3 M

o DiLo() <

v M VEMTY,
nVy (VR
R* V2* R
nw% _Rr
ViV, R
1—pOM*
hms _ sW
ViM*S  S*V
oV, oM MV
vy M M*V,
v, Vi V.
1 "2 2
LU-mpS I M* M St
E* M M* S
EI*_ SE I
E* I S* E I*
nVy (o oMt MV
R* M M*V,
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v, vy
[z
* * V

Err_1TERWY (42)
E*I1 I*EV}
Since the arithmetic mean is greater than or equal to the
geometrical mean, it follows that; from (42) one can note
that fODfEO(t) < 0 whenever R, > 1. Therefore by using
Lasalle Invariance principle LaSalle (1976), the system (2)
have global asymptotically stable equilibrium point for all
R, > 1and this completes the proof.

5. Results and Discussion

Adam-Bashforth-Moulton scheme and Euler algorithm
have been used in numerical simulation of fractional-
order systems. We use the same approach to perform
the numerical simulation of the studied fractional model
and investigate the solution behavior of the system.
For simulation purpose, we set the initial condition of
variable to be: M(0) = 10, S(0) = 500, E(0) = 2,
1(0) = 1, 5,(0) = 1, ¥,(0) = 1, and R(0) = 20. Additional,
some of the model parameters used in simulations have
been estimated using real data of Monkey pox disease
reported in the literature and some have been drawn
from published documents as shown in Table 1.

5.1. Model Parameter Estimations

In this part, we conduct the model fitting and parameter
estimation using the root-mean square error (RMSE)
and assess the validity of model in predicting dynamics
of disease in the population. We fitted the model using
real data from Democratic Republic of Congo (DRC)
and estimated the parameters using the formula pre-
sented in (43):

28
RMSE = J % Z(I(k) — T2, (43)
k=1

Where n denotes the number of infections reported for
28 months. For simulation purposes, we set the initial
value of variables to be: M(0) = 10, .S(0) = 500, E(0) =
2,100) = 1, 5,0) = 1, ¥,(0) = 1, and RO) = 20.
Furthermore, we use the following formula to gener-
ated the new number of infections for both fractional
model at z = 0.52 and classical integer modelatz = 1:
IO = mSE®) + (1 — )V, (1) + (1 — e)V(1)) and the
results are presented in Figure (3).
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Definition of model parameters and values

SymbolDefinition

Value

Units Source

p Disease transmission from7.45 x 10~19day~"Bhunu & Mushayabasa (2011)
human to human
u Natural mortality rate of hu-0.01428 day~'Bhunu & Mushayabasa (2011); Peter et al. (2022)
man
[on First dose vaccination for0.002 [0,1] Varied
susceptible humans
w, Second dose vaccination for0.002 [0,1] Varied
susceptible humans
a Progression rate from incu-0.25 day~!Peter et al. (2022)
bation to infectious
7 Progression rate of vacci-0.99 day~! Peter et al. (2022)
nated humans to recovered
7 Progression rate from infec-0.94 day~!Peter et al. (2022)
tious to recovered
A Recruitment rate of humans0.029 day~'Bhunu & Mushayabasa (2011); Peter et al. (2022)
n Rate of human awareness [0, 1] day~'Fitted
€ Efficacy of first dose vacci-[0, 1] day'Varied
nation
€ Efficacy of second dose vac-[0, 1] day~'Varied
cination
Uy Natural decay of virus in en-0.0939 day~! Peter et al. (2022)
vironment
0 Proportion of newborn ba-[0, 1] day~'Fitted
bies
p Newborn babies with immu-[0, 1] day~!Fitted

nity

Figure 3: Single-column presentation of model fits and numerical
results for monkeypox.

Time (Mot

(a) Fractional model fit to the real data of monkeypox at z = 0.52

Time (Morihs)

(b) Classical model fit to the real data of monkeypox at z = 1.0

msec

% os o0s oss o7 o7 08 o0ss o8 0%

(c) Numerical results of varying order of derivatives versus
cumulative Mean Square Error

Numerical results in Figure (3) show the fractional
and classical model fit o the real data of monkey pox
disease in Democratic Republic of Congo. The param-
eter values used in simulations are estimated and pre-
sented in Table (1). Note that the order of derivative
is denoted by z € (0,11 with 0 < z < 1 represent
the fractional model and classical integer when z = 1.
Overall, the results showed that model fit with z = 0.52
had accurate results compared to z = 1, implies that the
fractional model had best fit to real data of monkey pox
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compared to classical integer model. Additional, results
in Figure 3(b) show that as the order of derivatives
increase from 0.52 to 1 the mean square error com-
mutative increases imply that classical integer model
had higher mean square error compared to fractional
model.

Figure 4: Sensitivity analysis of the R, to the model parameters

o, W w, P g 1
Model parameters

Figure (4) shows the relationship between model model
parameters and R,. We generated the numerical re-
sults using Partial Rank Correlation Coefficient (PRCC)
and investigate the effects of model parameters on the
R, The numerical results show that parameters such
as: A, B, a, 0, p, ; and w, have positive indices with
Ry. On the other-hand, model parameters such as: d,
M, Y1, Y2, €1, €5 and 5 have negative indices with R,,. Im-
plies that increase one the new recruitment of humans
and new born babies with less immunity increases the
spread of disease in the population. In contrast, the re-
sult demonstrated that increase on sensitization cam-
paigns of health education and vaccine efficacy reduce
the spread of disease in the population.
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Figure 5: Numerical simulation of: (a) Latin Hypercube sampling of R,, and rate of disease transmission between humans, (b) Latin
Hypercube sampling of R, and efficacy of first dose vaccination, (c) Latin Hypercube sampling of R, and efficacy of second dose
vaccination, (d) Latin Hypercube sampling of R, and rate of human awareness on monkeypox disease transmission, (e) Latin Hypercube
sampling of R, and first dose vaccination, (f) Latin Hypercube sampling of R, and second dose vaccination.

(@)

(b)

()

(d)

(e)

In Figure (5), we Simulation of Latin Hypercube sam-
pling of R, versus the key parameters of the model
and investigate their influence on spread of disease in
the population. We generated the results using param-
eters presented in Table (1). We observed that param-
eter such as probability of disease transmission g, rate
of first dose vaccination @, and second dose vaccina-
tion w, correlated positively with R,. On the other-
hand, model parameters such as rate of human aware-
ness 7, efficacy of first dose vaccination ¢; and effi-
cacy of second dose vaccination ¢, correlated nega-
tively with R,,. In disease mitigation, increase on human
awareness, efficacy of first and second dose vaccination
lead to decrease on the disease transmission to human
within the population. In contrast, increase on the con-
tact rate between susceptible and infected individuals
lead to increase of disease transmission in the popula-
tion. Numerical simulation in Figure (6) demonstrates

Figure 6: Contour plots of R,: (a) as a function of efficacy of first-
dose vaccination (e;) and health education campaigns (); (b) as
a function of efficacy of first-dose vaccination (e,) and efficacy of
second-dose vaccination (e,).

(@) (b)

Contour plots of R, (a) as the function of efficacy of first
dose vaccination (¢;) and health education campaigns 5
(b) as the function of efficacy of first dose vaccination
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)

(¢;) and efficacy of second dose vaccination (e,). Over-
all,One can note that implementing first dose vaccina-
tion with high efficacy (¢,) along with health education
campaign (n) reduce the size of R,. The results have
imply that policy markers and other stake holder must
put effort on health education campaigns and allocate
enough resources for implementing vaccination to sus-
ceptible humans. Additional, the results showed that
implementing first and second dose vaccination with
high efficacy the disease dies in the population In Figure

Figure 7: Dynamical solution of model 2 at R, < 1. The values
of model parameters used in generating the results are presented
in Table 1, and the orders of derivatives were selected within the
reasonable range and set to be z = 0.3, 0.5, 0.7, 0.9, 1:(a)
shows the dynamical solution behavior of susceptible humans, (b)
describes the dynamical solution behavior of recovered humans,
(c) shows the solution behavior of individuals receiving second-
dose vaccinations, (d) shows the dynamical solution behavior of
humans receiving first-dose vaccinations, (e) shows the numerical
solution behavior of infected humans, and (f) shows the numerical
solution behavior of exposed humans.

(@) (b)
| i il
| , A
(c) (d)
E
(e) )
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(7) we performed numerical simulation of model system
(2) and investigate the impact of memory effects on the
spread of disease in the population. We varied the order
of derivatives z € (01] with 0 < z < 1 represent
the fractional model and classical integer model when
z = 1. We have observed that as the order of derivative
z approaches O (in particular z = 0.3) the solution
behavior increases at beginning and converge to the
equilibrium point after 20 months of infections. On the
other-hand, as the order of derivative z approaches
1 the model solutions increase at the beginning and
converge to the disease after 200 months of infections.
Implies that as the order of derivative approaches 0
the system retain the memory for long time and loose
faster when the order of derivatives approaches 1. In

Figure 8: Numerical solutions of model system 2 at R, > 1. The
values of model parameters used in the simulations are presented
in Table 1, and the order of derivatives was selected within the
reasonable range and set to be z = 0.3, 0.5, 0.7, 0.9, 1:(a)
solution behavior of susceptible humans, (b) dynamical solution
of recovered individuals, (c) solution behavior of individuals re-
ceiving second-dose vaccinations, (d) solution behavior of humans
receiving first-dose vaccinations, (e) numerical solution behavior
of infected humans, (f) numerical solution behavior of exposed
humans.

(a) (b)

(c) (d)

(e) )

Figure (8) assess the impact of memory effects on the
spread of monkey pox disease R, > 1, we performed
the numerical simulation of the model system (2) by
varying the order of derivative within the reasonable
range and wassettobez =03, z=0.5, z=0.7, z =
0.9, z = 1. It was observed that, the numerical results
increase at the beginning, followed by sharp decrease

and converge to the unique equilibrium point. In partic-
ular, we noted that the model solutions fractional-order
attain its stability much faster compared to the solution
of integer derivative. The results have implication that
as the order of derivative approaches 0 the biological
species retain its memory for long time compared to
when the order of derivative approaches unity.

5.2. Effects of Human Awareness on the Disease
Dynamics

Figure 9: Numerical results of the model system (2) to assess
the effects of health education campaigns on Monkeypox disease
transmission: (a) solution behavior of infected humans, (b) dy-
namical behavior of exposed individuals, (c) solution behavior of
individuals receiving first-dose vaccination, (d) solution behavior
of humans receiving second-dose vaccination, (e) numerical solu-
tion of susceptible humans, and (f) solution behavior of recovered
humans.

(e) )

In Figure (9) we conducted the numerical simulation of
the model system (2) to investigate the effects of com-
munity awareness on reduce the monkey pox disease
transmission. The model parameters used in generating
results are presented in Table (1) and the initial con-
dition of variables were assigned to be: M(0) = 10,
S(0) =500, E(0) =2,1(0)=1,.5,(0)=1,¥,(0) = 1, and
R(0) = 20. Additionally, the rate of human awareness
were selected toben = 01 n = 05 75 = 009.
Overall, the results showed that, health education have
impact in reduce the spread of Monkey pox in the popu-
lation. In particular, we noted that implementing health
education below 50% the disease remain endemic in
the population. In contrast, we observed that when the
rate of human awareness become greater than 0.5 the
threshold quantity R, become less than unity. This has
implication that, to eliminate the disease policy markers
and other stake holders must allocate enough resource
to implement health education campaigns in the com-
munity.
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Figure 10: Dynamical behavior of the model system (2) to inves-
tigate the impact of first-dose vaccination and health education
campaigns on disease transmission: (a) dynamical behavior of
infected humans, (b) solution behavior of exposed individuals, (c)
solution behavior of individuals receiving first-dose vaccination,
and (d) solution behavior of recovered humans.

()

5.3. Effects of First Dose Vaccination and Human
Awareness on the Disease Dynamics

In Figure (10), we perform numerical simulation of the
model system (2) to investigate the combined effect
first-dose vaccination and awareness on minimize the
spread monkey pox disease in the population. We sim-
ulated the results using model parameters presented
in Table (1) and the initial condition of variables were
assumed to be: M(0) = 10, S(0) = 500, E(0) = 2,
1(0) =1, 5,(0) = 1, ¥,(0) = 1,and R(0) = 20. The results
showed that: (i) when the efficacy of first-dose vaccine
is 75% and rate of human awareness is 0.1, the value of
threshold quantity R remains greater than unity, (ii)
when the efficacy of first-dose vaccine changed from
75% to 95% while the rate of human awareness retained
at 0.1 the disease remained endemic in the population,
(iii) when the efficacy of first-dose vaccine changed
from 75% to 95% and rate of human awareness varied
from 0.1 to 0.9 the value of threshold quantity become
less than unity. The results have implication that, for the
disease elimination first-dose vaccination must be im-
plemented at 95% while the level of human awareness
on how to prevent themselves with monkey pox disease
must be greater than 90%. Numerical results in Figure
(11) shows the dynamical behavior of the model system
(2). We performed the simulations to assess the com-
bined effect first and second dose vaccination on mini-
mize the spread monkey pox disease in the community.
It was observed that: (i) when the efficacy of first-dose
vaccine is 75% and that of second-dose vaccination is
95%, the value of threshold quantity R is greater than
unity, (ii) when the efficacy of first-dose vaccine is 75%
and the efficacy of second-dose vaccination is changed
from 95% to 99% the value of threshold quantity, R
remained greater than unity, (iii) when the efficacy of
first-dose vaccine changed from 75% to 95% and that
of second-dose varied from 95% to 99% the value of
threshold quantity become less than unity. The results
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concur with the one obtained in figure (10), imply that
the efficacy of first-dose vaccine must be greater than
95% for the disease to be eliminated in the population.

5.4. Effects of First and Second Dose Vaccination
on the Disease Dynamics

Figure 11: Dynamical behavior of the model system (2) to
assess the effects of first-dose and second-dose vaccination
on monkeypox disease transmission: (a) infected humans, (b)
exposed individuals, (c) first-dose vaccinated individuals, (d)
second-dose vaccinated individuals, (e) susceptible humans,
and (f) recovered humans.
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5.5. Effects of Maternal Immunization on the
Disease Dynamics

Figure 12: Numerical simulations of the model system (2) to
assess the impact of maternal immunizations on disease trans-
mission: (a) dynamical behavior of infected humans, (b) solution
behavior of exposed individuals, (c) solution behavior of first-dose
vaccinated individuals, (d) solution behavior of second-dose vacci-
nated individuals, (e) solution behavior of susceptible humans, and
(f) solution behavior of recovered humans.
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6. Conclusion and Recommendations

In this research work, we formulated and studied a
fractional-order model to study the dynamics of Mon-
keypox virus transmission, and investigation the impact
of health education campaigns and vaccinations. In
model analysis the disease-free equilibrium and basic
reproduction number were computed using the next-
generation method. The Sensitivity analysis on the ba-
sic reproduction number was performed using partial
rank correlation coefficients to explore the influence of
each parameter on the disease transmission. Overall,
the results presented graphically showing both the
negative and positive indices, and it was observed that
increasing parameters with negative indices led to a de-
crease in the reproduction number, whereas increasing
parameters with positive indices the disease persists in
the population. Furthermore, calibration of the model
using real data of Monkeypox from Democratic Repub-
lic of Congo was conducted to compare the results for
fractional and integer-order model. It was observed
that, fitting fractional-order model (z = 0.5) provided
better results compared to integer-order model (z =
1). This results imply that modeling biological system
using fractional-order model provide best results com-
pared to integer models. Furthermore, we performed
numerical simulation of the model at R; < 1 and
R, > 1 to assess the impact of memory effects, we
simulated the model at the order of derivative z
03,z = 0.5,z = 0.7,z = 09 and z = 1. The results
showed that, as the order of derivatives approached
zero, the model solution attain its stability much faster
compared to when approaching unity. This suggests
that as the derivatives approaches O biological species
retain its memory for long time compared to when the
order of derivatives is close to 1. Finally, we simulated
the model to assess the impact of health education
campaigns and vaccination. Overall, the results showed
that, health education have impact in reduce the spread
of Monkey pox in the population. In particular, we noted
that implementing health education below 50% the
disease remain endemic in the population. In contrast,
we observed that when the rate of human awareness
is greater than 0.5 the disease dies in the population.
Furthermore, we numerically investigated the effects
of vaccination on spread of disease in the population.
It was observed that: (i) when the efficacy of first-dose
vaccine is 75% and that of second-dose vaccination is
95%, the value of threshold quantity R, is greater than
unity, (ii) when the efficacy of first-dose vaccine is 75%
and the efficacy of second-dose vaccination is changed
from 95% to 99% the value of threshold quantity, R,
remained greater than unity, (iii) when the efficacy of
first-dose vaccine changed from 75% to 95% and that
of second-dose varied from 95% to 99% the value of
threshold quantity become less than unity. The results
suggesting that the first-dose vaccine must be greater
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than 95% for the disease to be eliminated in the popula-
tion. However, future improvements to the model could
consider the interaction between humans, wild animals
and environment. Furthermore, the model can consider
the effects of humans and wild animal migrations on the
dynamics of Monkeypox virus transmission.
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