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Abstract

Objective: For the purpose of evaluating the potential for outbreaks of
monkeypox (MPX) in a metropolitan region and defining necessary public
health measures to restrict the spread of the virus through the use of a
model of its dissemination, the preventive interventions have a critical role
in the management of infectious diseases. The objective of this study is
to assess the feasibility of managing and eliminating MPX through the use
of voluntary vaccination and treatment measures. Methods: We developed
two equilibriums for the model, endemic and disease-free, via standard
methods. Using the comparison theorem and the next-generation matrix, it
was demonstrated that the DFE is both locally and globally asymptotically
stable if Ry < 1. By using linearization approach, the endemic equilibrium point
only occurred when Ry > 1. Through the utilization of model and sensitivity
analysis techniques, we are able to discern the pivotal public health elements
and afterwards show several scenarios based on distinct transmission
assumptions. Findings: Based on the findings of the study, implementing
measures to isolate individuals with diseases from the wider community
can effectively mitigate the transmission of diseases. A comprehensive
examination of the model parameters using sensitivity analysis indicates that
when the treatment and vaccination control parameters are augmented,
there is a decrease in the fundamental reproduction numbers of the model.
These reproduction numbers serve as a crucial threshold for identifying
new infections within host populations. Novelty: Our research highlights
the importance of treatment, vaccination, and public understanding as the
exclusive preventive measures in the context of monkeypox. Furthermore,
our analysis led us to the determination that disease can be managed and
controlled, but achieving lasting immunity is not yet possible, given the absence
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of definitive treatments and vaccination for monkeypox infection.

2010 Mathematics Subject Classification: 81799, 93A30.

Keywords: Monkeypox; Basic reproduction number; Comparison theorem;
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1 Introduction

The monkeypox virus, which belongs to the Orthopoxvirus genus and family of
Poxviridae, is the infectious disease that causes monkeypox (. It mostly affects animals,
especially rodents, squirrels, and monkeys. Direct contact with wild animals, especially
rodents and primates, is the primary route of monkeypox viral transmission to humans.
However, it should be noted that transmission between humans occurs quite regularly
as well. Human-to-human transmission is linked to respiratory droplet inhalation, skin-
to-skin contact, exposure to contaminated surfaces or objects in the environment of an
infected patient, and scratching an infected wound ®. While incidences of infection
can be discovered worldwide, the majority of cases are found in isolated communities
near tropical rain forests in Central and West Africa, where people frequently come
into contact with sick animals®. Following the successful eradication of smallpox, the
monkeypox virus has emerged as the leading orthopoxvirus. In humans, monkeypox
virus infection causes symptoms that are similar to but milder than smallpox®). Some
people who may have monkeypox have reported experiencing symptoms like fever,
headache, lumbago, muscle aches, lymph nodes, rigours, and exhaustion. Monkeypox,
a mild disease with a 7-14 day incubation period, can cause severe symptoms in
individuals with weakened immune systems.

In 1958, outbreaks in a group of monkeys used for research led to the discovery of
the first human case of monkeypox. There have been a total of 89,581 cases of infection
documented worldwide, including 30,767 cases in the United States®. In May 2022,
there was a massive outbreak of mpox (®. There have been 6106 confirmed cases and
51 suspected cases of mpox in over 30 non-endemic countries as of June 6, 2022, and
this figure is steadily increasing”). Nguyen et al.(®) estimate that monkeypox infection
has a 10% fatality rate, with a greater risk in children under 10. Due to shared clinical
features®), smallpox and human monkeypox are closely related. Primate, rodent, and
pet bites and sneezes are the most common routes of transmission for monkeypox
to people. There is currently no approved and effective treatment for monkeypox
virus infection; however, noval antivirals such as Tecovirimat, Brincindofovir, and
vaccinia immune globulin can suppress the infection. Due to a decline in smallpox
herd immunity, the prevalence of monkeypox has rapidly increased during the past
ten years!?), The smallpox vaccine is 85 % effective in preventing monkeypox !,
Most newborns are now at risk for mpox 12 because vaccination against smallpox was
discontinued in 1980 and there is no medical cure for it. Therefore, it is important
to anticipate mpox outbreak trends and implement efficient prevention and control
measures.

Due to previous neglect, less is known about the transmission pathways of the
disease. However, few studies have utilised mathematical models to investigate the
dynamics of the monkeypox virus. A deterministic mathematical model'® was
developed for the monkeypox outbreak, suggesting that isolating diseased individuals
from other populations may reduce the disease incidence. The authors of'*) used
nonlinear differential equations to study how monkeypox spreads. They found that a
person’s immune system has a big effect on how well they get over an orthopoxvirus
infection. The game theoretic model case study of the dynamics of the monkeypox virus
is used to evaluate vaccination approaches!®). Using a fractional order mathematical
model, Olumuyiwa J. P. et al.!®) examine the dynamics of monkeypox transmission.
Recently, in !”), the authors developed a mathematical model with environmental
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transmission to examine the dynamics and potential controlling methods of the monkey pox outbreak in 2022. TeWinkel '),
Somma et al.(1?), Mesady E.I et al.?”), and Grant et al. ?) all made significant additions. Having researched the details of
monkeypox viral transmission, we intend to analyse the various elements that can slow the disease’s spread and how those
effects trickle down to the population’s basic reproduction rate.

This study developed a multi-group model based on mpox’s natural history to understand transmission and prevention in
humans, aiding in estimating transmission risk, evaluating treatment and vaccination efficacy.

2 Methodology
2.1 The Model’s Description

The model in this research splits the population into two groups: non-human primates, or some wild rodents, and humans.
Rodents were further classified into sub-classes, i.e., Susceptible (S,,), Exposed/Latent (E,,;), Infected (I,,), and Recovered (R,).
The rodents are added at a constant birth rate (A,,) into the Susceptible class(S,,) and they are exposed to the monkeypox virus
at a rate A, after entering into contact with an infected rodent with

lm - ﬁml Iillm

where f3,, is the product of the effective contact rate and infection probability per contact. The exposed primate travels
towards the infected class (I,,) at b, after incubation. Infected animals can transfer the disease to others, die at a rate of d,;,, or
recover spontaneously at a rate of €,, and enter the region of (R,;). All rodents in the model experience a natural mortality rate
of Wy,.

Moreover, the overall human host population was subdivided into the sub-populations of Susceptible (S;,), Vaccinated (V,),
Exposed (Ep), Infected (I,), and Recovered (R;,) humans. By birth and migration at a constant rate Ay, the susceptible population
is recruited into S;. A susceptible person either receives a monkeypox vaccine at a rate o, and progresses to (V) with lifetime
immunity, or they are exposed to the virus after coming into contact with an infected person or rodents, i.e., a non-human
primate, at a rate A, with

A«h = Bleillm +ﬁh/%

where 3,2 is the product of the effective contact rate and the probability that a human will contract the disease after coming
into contact with an infectious non-human primate animal, and the product of the effective contact rate and the probability of
contracting monkeypox after interaction with an infectious human is 8. The exposed individual in class (Ej) dies at a constant
rate dj, and this was taken as a novelty of the research work. This death rate was due to the extremely low immunity (which
may be due to old age or infection of another disease) of the exposed person. Due to virus infection, it moves at a rate of by,
to the infected class (I;) after the incubation period. As a result of the virus, people in (I;) either pass away or recover after
getting treatment at a rate of €h into (Ry). There is no permanent immunity, since some of them eventually lose it in (R;,) and
start to become susceptible once more at a rate §. The natural mortality rate u, is the same for every member of the human
subpopulation. All model parameters are non-negative and will be assumed to have the table values during simulations and
sensitivity analysis. Below is the model’s schematic diagram, used in this description.

2.2 Model Equations

We generated the following model equations from the model’s description and the schematic picture shown in Figure 1.

S = Am— (L + Am) S (1)
E, = AwSm— (U ~+bm) En )
I, = buEm — (Un + d + ) In 3)
R, = &l — Ry (4)

https://www.indjst.org/ 3425
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Fig 1. Transmission model of Non-human primates and Human

Sy, = An— (W + A+ 0,) S+ SRy, (5)
V}Z = au Sy — UV, (6)

E, = A4S — (W +dy, + by) Ej (7)
L, = buEy — (W, +dy, + &) I ®)

R, = euly — Ry, — SRy, ©)

Additionally, we have the total population of both humans and non-human primates i.e.,

Nn(t) = Sy + Epb + I+ Ry, (10)

Nh(t)ZSh-‘th-f—Eh-‘rlh—‘rRh (11)

With the following non-negative initial conditions:

Sm(0) > 0,E,(0) >0,1,(0) > 0,R,(0) >0 (12)
Sn(0) >0,V (0) > 0,E,(0) > 0,1,(0) > 0,R,(0) > 0 (13)
Sm(0) + En(0) + 1 (0) + R (0) < Nu(0) (14)
and
Sn(0) + Vi (0) + E5(0) +1,(0) + R, (0) < N (0) (15)
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Table 1. Model parameter values

Parameter Value Source
AL 0.2 Assumed
Ay, 0.029 (22)

Um 0.1 Assumed
Up 0.02 22)

d;n 0.2 Assumed
d, 0.1 (22)

Em 0.3 Assumed
g, 0.83 (22)

b 0.3 Assumed
by, 0.095 13)

ay, 0.1 Assumed
Bumi 0.0027 (22)

B2 0.00252 @2

B 0.000063 (22

2.3 Model Evaluation

The model analysis starts by demonstrating that all of the model’s feasible solutions are uniformly bounded in the proper subset
of Q. Hence, the feasible area

A
(Sm7 Emv Im7 Rm) € Ri, Nm S il
@ = ¥ (16)
(Sh7 Vh7 Eh7 Ih7 Rh) S Ri, Nh S ,u—
h

is considered. Therefore, following appropriate substitution and differentiation of Equations (10) and (11), we derived

Nyp(t) < A — tnNo (17)
and

N, (t) < Aj— Ny (18)

Now that we have applied the values of Equation (10) to the above mentioned differential in- equality, we obtain

A — it
Ny < Ny (0)eHmt 4 2 (1 — o)
A" (19)
Ny <Ny (0)67“‘”4"7(1—‘3 )
h

Here, N,,,(0) and N, (0) are the initial populations of the rodents or non-human primates and the humans respectively. Hence,
0<N, < %andOSNhg %ast—wx.

Aslong as N, (0) < 2—: and N, (0) < %, it follows that ﬁ—"”n and % are upper bounds for N, and N}, respectively. As a result,
the region €, a positively invariant set, is where the model equations’ feasible solution enters. The system is therefore properly
presented both mathematically and epidemiologically.

2.4 Model Equilibrium Points

The model’s disease-free (Eg) and endemic (E*), which only occurred when Ry > 1, was determined using standard approaches,
and its equilibrium points are as follows.

DFE points (disease free equilibrium) are steady state solutions to the model equations. Furthermore, at this point, rodents
or non-human primates and humans do not have the monkeypox virus. Equilibrium points are obviously the solutions to the
model equations that fulfill the conditions, i.e.

https://www.indjst.org/ 3427
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/

S;n:E;n:[r/n:Rm:S;:Vé:E;z:I;z:R;:O

It may be produced by applying these conditions to the model (Equations (1), (2), (3), (4), (5), (6), (7), (8) and (9)) system of
nonlinear differential equations. Furthermore, the presence of no sickness indicates that I,, = 0 and I, = 0, as these belong to the
afflicted classes of both the human population and non-human primates. These circumstances allow us to get the disease-free
equilibrium points.

Therefore, the disease free equilibrium points i.e.

Ey = (Sh7VhaEh;Ih7Rh,Sm7Ema]m,Rm)

A A A
n S % 60,027 0,0,0 (20)
e

Lot e o

Now, for endemic equilibrium points E*, put all the differential equations of the model is equal to zero and then solve, i.e.

E* = (S5, Vi B L Ry Sy B 1 R (21)

Where,

S* o Ah+6hR;; V* oy Ah+6hR;;
™ (A o)’ T Ty (WA o)
A A,,-HS,,R;
T Uptbptdy (AL +oy,)
. _ bypAp(Ap+pRy)
b (uptbptdy) (25 +04,) (W +-dp+€)

% epbpAn Ay

R =
B (u+8) by +dy) (un+A 0, ) (up+dy+er) —€nbyAsf 8,
S* — Am E* — ,:, m
M (n+Ag) T M T (b)) (R t+A)
I — b Am R — Embm AmAm
M (o) (U + ) U+ dm+€m) * T i (Uin+bim) (A ) (i +-din+Em)

With
A% = By AF = Bt 4 B, fi
m — mlN,’;l’ h — mZN’»;l hN;:’

* Am*dml;-;, * Ah_dhl;;
Ny, = = and Ny = =3

2.5 Local Stability of the Disease-Free Equilibrium (DFE) Point

Using the next-generation matrix, the model’s basic reproduction number was calculated. It is described as the largest eigenvalue

or spectral radius of characteristic equation ‘F Vvl —el | = 0. The corresponding matrices F and V for the new infectious terms
and remaining transition terms, assessed at the disease-free equilibrium, are respectively. Therefore,
0 ﬁm 1Sm 0 0
Np,
0 0 0 0
F= 0 Brn2Sh 0 BuSh (22)
N Ny,
0 0 0 0
(Hon +bm) 0 0 0
_ —bm, (M + dy + Em) 0 0
V= 0 0 (tp+ by +dy) 0 (23)
0 0 —bp (tn +dy + &)
Therefore,
ﬁmlbm ﬁml 0 0
Ym (Mo + i + Em)
0 0 0 0
-1 _
V= AhﬁmZumbm Ahﬁmﬂim ﬁhbhﬂh ﬁh,uh (24)

Amym (O + W) Am (W +din + &) (0 + 1) yu(Qn+ ) (0 + ty) (U +dn + &)
0 0 0 0

https://www.indjst.org/ 3428
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where y, = (Um +bm) (Um +dpm + €,) and

yi = (Mn + by +dp) (U +dp+&).

Hence, the basic reproduction numbers of the model are Ry = (Ro_ym, R07h}, where Ry, is the monkeypox induced
reproduction number for rodents or non-human primates and Ry 5, is the reproduction number for human. Hence,

ﬁmlbm
Rom = 25
O = o+ ) (o + s + €2 =
b
Roj = Brbn (26)

(n+ by +dp) (n +dn + €r) (0 + pa)
Theorem 2.1 The disease- free equilibrium is locally asymptotically stable if Ry < 1 and is unstable if Ry > 1 with Ry =
max (R07,n,R07h}.
2.6 Local Stability of the Endemic Equilibrium (EE) Point

The linearization approach will be used to determine the local stability. As a result, the Jacobian matrix ] of model Equations (1),

(2), (3), (4), (5), (6), (7), (8) and (9) is

— (W +x) 0 -m 0 0 0 0 0 0
X —(Wn+by) m 0 0 0 0 0 0
0 by —Jm 0 0 0 0 0 0
0 0 En  —Um 0 0 0 0 0
J= 0 0 —n 0 —([.,Lh-i-Oth +W) 0 0 z o
0 0 0 0 ay, — Uy 0 0 0
0 0 n 0 w 0 — (.Uh +by+dy) 0 0
0 0 0 0 0 0 by, —Jjn 0
0 0 0 0 0 0 0 g —(up+o) |

In ], the matrix elements are partial derivatives denoted by the notations f1S, = a L and so on, and we put some replacements

1 e.
ﬁmll _ BmlS;; _ ﬁmZSZ ﬁlem Bh[lz
ALy A Ly Ay T

/ . .
= ﬁ](l*h yJh = (#h+dh+£h) yJm = (.u-m +dm+£m)

Next, we solve the matrix by row-reducing in an upper triangular matrix using simple row operations, and we get the following
eigen values such that
— (M +x), 2= — (tn +x) (lm + bim)
€3 = —rp, €4 = —Fplln
es = —rm (U + 0 +w), e6 = —MpTm (U + O +w)
— 1 (U + 0y +w) (g, + by + dp)
eg = *Jhr (Mn + ap+w) (s + by +dp,)
€9 = — jur, (n + 6y) (Un + 0 +w) (W + by, +dp)
where 7y = [jm (Um + %) (Um + b)) — MUybp)
Hence, all the eigen values e; for i = 1,2,...,9 are real and negative. Therefore, endemic equilibrium is locally asymptotically
stable from the below theorem:
Theorem 2.2 The endemic equilibrium (E*) is locally asymptotically stable if Ry > 1 with Ry = max {Roﬂm,Ro_,;,}.

2.7 Global Stability Analysis of Disease Free Equilibrium Point

Theorem 2.3 The disease- free equilibrium is locally asymptotically stable if Ry < 1 and is unstable if Ry > 1.
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Proof: The following inequality uses the comparison theorem to compare the rate of change of the model’s variables that
reflect the infectious classes

E‘,m Em En'l E’n Em
I’n Inl In’l Im Inl

T <(F=V — M6 — M0 -0 27
E,h <( ) E, 10| g 202 | 5 | g, (27)
I, I I, I I

0 0
where F and V are defined in Equations (22) and (23) respectively,and M| = 1 — %7M2 =1- %, 01, 6, and 03 are non-negative
h h

matrices. And also S2 < N/? then Vh0 < N,?. Therefore, from the Equation (27), we have

/

E;m Em
I I,
nl<(F-=V
Eh - ( ) Eh
1,; Iy
Hence, from Equations (22) and (23), the value of matrix (F — V) is
- (Hm + bm) Bml 0 0
bm - (I»Lm 'Edm + Em) 0 [3 O
(F-V)= AnBm2tim ) (29)
0 R — (W +by+4d —
Ap (04 + W) (bt b+ dy) (0t + 1)
0 0 by — (U +dn + &)

The characteristic equation of the matrix inEquation (29) is |(F — V) — el| = 0 and the eigen values e are obtained, such that
Bt = — (W + dm + €m) (Wm + bim) — Bru1 bm] , e11 = = (tm +dn + &n)
en=— [(,Uh +dp+ &) (ty+bp+dn) — %} 13 =—(Un+dy+&n)

As a result, all four eigenvalues of the matrix (F — V) have a negative real part, implying that the matrix is stable if Ry < 1 .
Hence, using the system equations in Equations (1), (2), (3), (4), (5), (6), (7), (8), (9), (10) and (11), (Ep,, In, En, 1) — (0,0,0,0)
as t — oo, Therefore, by the comparison theorem as used before, (Ey, I, Ep,Iy) — (0,0,0,0) as t — oo. Now, examining the
model system Equations (1), (2), (3), (4), (5), (6), (7), (8), (9), (10) and (11) at E,,, = I,, = E, = I, = 0 gives

A A o A
0 h 0_ An " 8O =2 and (R Ry) — (0,0) ast — oo

S = T N
" (0, + 1) " (o + ) Hm

for Ry < 1. Therefore, disease free equilibrium is globally asymptotically stable for Ry < 1.

2.8 Numerical Simulations for the Model

Using the parameter values in Table 1, numerical simulations for the model were run in this section. Some of these parameters
were taken from existing literature when it was accessible, and when it wasn’t, they were assumed for the sake of examples to
match the model analysis. To simulate the model system using the parameters, we utilized MATLAB encoded with an ODE45
solver and an initial population of S, = 250, E,, = 125, I, = 75, R, = 50, S, = 8000, V}, = 5000, E;, = 3000, I;, = 2000 and R, =
2000.The computed basic reproduction number of the model for both human and non- human primates were

Rom =3.375x1073 (30)

Roj =4.884x107° (31)

2.9 Sensitivity Analysis of Parameters in the Model

Sensitivity analysis’s objective is to determine qualitatively which parameters have the most impact on the model’s output. The
normalized forward sensitivity analysis index of a variable to a parameter is the ratio of the relative change in the parameter.
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Definition: The normalized forward sensitivity index of a variable 7 that depends, differentiable, on a parameter p is defined
as

X

P
o=k 2
P T

%
aI7

We determine the sensitivity analysis of fundamental reproductive number Ry to the model’s parameters. These indices enable us
to determine the significance of each parameter values in Table 1for the spread of illness indices with positive signs demonstrate
that the value of R rises as the related parameters are raised, whereas indices with negative signs demonstrate that the value of
Ry falls as the corresponding parameters rise. To find out which factors most strongly influence the findings of our investigation,
we do this analysis. As a result, several variables are purposefully left out of the sensitivity analysis because of their comparatively
minor role in the process of disease transmission. Examples include the natural births and deaths in both humans and non-
human primates. Table 2 displays the findings of the analysis.

Table 2. Numerical values of sensitivity indices for model parameters inRg and 2/

Parameter Symbol  Sensitivity Index

dp -0.133
d, -0.089
Em -0.15
e -0.105
b 0.25
by, 0.17
o, -0.83
Bm; 1
By 0.168
B 1

Since the sensitivity indices for the control parameters are negative, it follows from Table 2 that Ry will decrease when the
values of these control parameters oy, and €, are increased.

3 Results and Discussions

Using!¥) as a framework, we examined the transmission patterns of monkeypox viral infection in the context of combined

vaccination and treatment interventions. After gaining knowledge on the incubation rates of the monkeypox virus, Olumuyiwa
et al."» proposed the addition of a novel compartment that accounts for the latent or exposed populations of both non-
human primates and humans. This article demonstrates that the latent compartment in the context of vaccination has a greater
influence. Figure 2 depicts how the human population that is susceptible to disease is reducing exponentially, but the population
that has received vaccinations has been increasing exponentially until reaching equilibrium before beginning to decline. Figure 2
also demonstrates how the effect of vaccination causes the number of exposed and infected people to initially rise up to the
threshold point before beginning to decline. This may be explained by the fact that when the vaccination is administered, the
number of humans who are susceptible to the disease will continue to decline, resulting in the majority of people in the class
receiving the vaccine. The increase in vaccinated class can be explained by the continuous vaccination being carried out on
the susceptible humans, while the population decline was caused by the fact that the compartment was only refilled by the low
vaccination rate ¢, and the class also experiences natural mortality.

The infected class continued to decline as a result of the treatment intervention, as seen in Figure 3, whereas the recovered
class grew exponentially up to equilibrium level before beginning to decline. This is because helping the diseased people
recharges the recovered person. And because of this, the recovered class dies out exponentially as the infected human approaches
to zero.

Figure 4 shows that the recoverable human class rises exponentially up to equilibrium before dying out exponentially owing
to a lack of immunity. The susceptible human population declines, although in a very slower manner. This indicates that the
affected population first recovered from the illness with the aid of treatment, but because of a lack of immunity, they were
susceptible once more and left the recovered compartment. Thus, our hypothesis is validated by the evidence that an individual
previously infected with monkeypox does not possess lifetime immunity to the disease.
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Fig 4. Effect on Susceptible and Recovered class for the variation in &,

4 Conclusion

In this study, we created a mathematical model to describe how the monkeypox virus spreads when vaccination and therapy
are used in tandem. Basic reproduction number has been estimated using next-generation matrix technique. An analysis was
conducted on the developed model. The disease-free equilibrium has been determined to have local and global asymptotic
stability when the basic reproduction number, Ry < 1, and instability when Rg > 1. We used parameter values from the available
literature to do numerical simulations and sensitivity analysis for the model and its parameters. The results of the exercise
showed that if the model’s suggested steps are taken, the disease will be eradicated from humans as well as non-human primates
in time. Sensitivity analysis showed that with an increase in the control parameter rates of vaccination and treatment, the
interventions provide the best protection against the monkeypox virus infection in the human population.

The utilization of this model is proposed for the analysis of the dynamics of the monkey- pox virus epidemic. Current
research generally supports the belief that taking measures such as strengthening vaccination efforts, imposing quarantine
protocols, establishing appropriate treatment facilities, and minimizing contact with infected rodents may effectively reduce
the transmission of the virus.
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