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Abstract: The Monkeypox (Mpox) outbreak continues to pose a significant public health burden world-
wide. This situation necessitates a deeper understanding of the disease’s transmission and control mecha-
nisms. Mathematical modeling serves as an effective tool for this purpose. The integration of vaccination,
quarantine, isolation, and hospitalization strategies within these models highlights their critical role in
mitigating the spread of Mpox. This review presents a comprehensive analysis of mathematical models
developed to study the transmission dynamics and control of the Mpox virus, covering a broad spectrum
from basic frameworks to more advanced models incorporating vaccination, quarantine, isolation, and
hospitalization strategies. Key findings from the reviewed studies suggest that models integrating multiple
simultaneous intervention strategies better represent the dynamics, but are relatively rare. Furthermore,
few models consider bidirectional transmission routes between humans and animals; these are crucial
for accurately characterizing Mpox dynamics. The inclusion of complex features such as fractional-order
derivatives, risk group stratification, and optimal control analyses has been limited but demonstrates sig-
nificant potential for more realistic scenario analysis. By synthesizing these findings, this review aims to
inform researchers and policymakers in designing more effective intervention strategies to curb the spread
of Mpox.
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1 Introduction

Throughout human history, numerous outbreaks of infectious diseases have caused significant disruptions to public
health, the economy, society, and the environment. Among the most well-known of these outbreaks are smallpox, HIV,
Ebola, SARS, SARS-CoV-2, and, more recently, Monkeypox (Mpox). In recent years, the Mpox outbreak has emerged
as a serious global health threat. Mpox is a zoonotic disease triggered by the Mpox virus, which belongs to the genus
Orthopoxvirus in the Poxviridae family. The Poxviridae family is characterized by its double-stranded DNA genome []1].
Within this family, there are three additional viruses that are pathogenic to humans: the variola virus, the cowpox
virus, and the vaccinia virus [2]. A distinctive clinical feature of Mpox in its early stages is lymphadenopathy [3]]. The
virus can spread to humans through close contact with an infected individual’s body fluids, such as saliva, mucus, or
skin lesions. Common symptoms include fever, headache, muscle aches, skin lesions, and rashes. Swelling caused
by the virus may appear on various parts of the body. Currently, there is no specific treatment for Mpox. However,
supportive care, including medications to reduce fever and pain, can help manage the symptoms. While the smallpox
vaccine offers partial protection against Mpox, its effectiveness is not guaranteed. Therefore, early detection of cases
is crucial for controlling the spread of the disease [[1].

The Mpox virus was first identified in 1958 in laboratory monkeys used for research at the State Serum Institutes
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in Copenhagen, Denmark, and Africa [[4]. It was not recognized as a distinct human infection until 1970, during the
global smallpox eradication campaign, when the virus was isolated from a patient in the Democratic Republic of the
Congo who was initially suspected of having smallpox. This delay in recognition was due to the fact that many clinical
features of Mpox infection in humans closely resemble those of smallpox [5]]. The first outbreak outside of Africa
occurred in the United States in 2003. Since 2005, thousands of cases have been reported annually in the Democratic
Republic of the Congo. With the increase in international travel by infected individuals, the virus has rapidly spread
to different regions. In May 2022, a new outbreak of Mpox affected several countries in Europe, the United States,
and elsewhere. Between January 2022 and August 2024, over 100,000 cases were reported across more than 120
countries. On November 28, 2022, the World Health Organization (WHO) announced that the term "Mpox” would be
used as the preferred name for the disease [|6}(7].

Although the Mpox virus has been isolated from several rodents and non-primate animals in Africa, the exact animal
reservoir of the virus remains unknown. In addition to animal-to-animal transmission, animal-to-human transmission
can occur through direct contact with infected animals, including touching, cleaning cages, hunting, processing meat,
bites, or scratches. Human-to-human transmission occurs via respiratory droplets, direct contact, vertical transmission,
percutaneous exposure, or indirect contact through fomites [8]]. Furthermore, recent reports have presented evidence
suggesting that the Mpox virus can also be transmitted from humans to animals. This possibility has raised concerns
about the need to isolate pets from infected individuals and has sparked new discussions within the context of public
health [9},/10].

Mathematical modeling has become an indispensable tool in the study of infectious disease dynamics. This approach
provides a systematic framework to understand disease transmission mechanisms, evaluate the effectiveness of inter-
vention strategies, and inform public health policymaking. However, despite the increasing number of mathematical
models for Mpox, the literature has some limitations. Many studies focus on a single intervention such as vaccination,
quarantine, isolation, and hospitalization but are not yet sufficient in terms of combined interventions or the examina-
tion of richer dynamics. Furthermore, the number of complex models that consider bidirectional transmission routes
between humans and animals, which is necessary for the characterization of Mpox transmission, is quite low. Complex
structures that include fractional dynamics, discrete dynamics, and risk group stratification are also not very common.
By addressing these shortcomings and methodological limitations, the present review aims to provide a solid basis for
comparing existing Mpox models and identify aspects that are overlooked in them, as well as inform future research
directions in this area.

This study offers a comprehensive review of mathematical modeling approaches developed for Mpox, categoriz-
ing and analyzing models based on different methodological perspectives. The present review focuses specifically on
the class of deterministic models, which include classical integer and fractional order models, and does not consider
stochastic, agent-based, or purely data-driven modeling approaches. Mpox models are classified in Section [2| accord-
ing to the number of incorporated control strategies, such as vaccination, quarantine, isolation, and hospitalization,
grouped as single, double, or multiple intervention models. In Section (3} the key results and a summary of find-
ings from the reviewed studies are presented, highlighting important trends, model features and insights. Section
provides a critical discussion of the strengths and limitations of the various modeling approaches, addresses impor-
tant methodological considerations. Finally, Section |5| concludes the study by summarizing the main outcomes and
proposing specific, actionable recommendations for future research directions.

2 (lassification of Mpox Models on Implemented Control Strategies

Zoonotic diseases often serve as the origin of pathogens that can effectively cross species barriers and transmit from
human to human. In a study examining over 1400 pathogens known to cause infections in humans, it was found that
61% of them are zoonotic [11]]. Modeling zoonotic diseases generally requires addressing transmission across multiple
species. Mathematical models of Mpox typically consider both human and animal or rodent populations. Subsequently,
a system of differential equations is developed to represent the transmission dynamics within and between these
populations. Fractional-order differential equations have also been frequently employed in Mpox models.

In the literature, Mpox models typically include compartments representing the different disease stages within hu-
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man and animal populations. These compartments generally consist of susceptible, vaccinated, exposed (infected but
not infectious), infectious, quarantined, isolated, hospitalized, and recovered individuals, denoted respectively by the
classes S,V, E,I,Q,J, H, and R. Subscripts h and a denote human and animal populations, respectively (e.g., .S;, or
S,). Additional compartments have been incorporated in some studies based on further assumptions. In subsequent,
the Mpox mathematical models from the literature are examined and categorized according to their number of control
strategies included. Descriptions of frequently used parameters and compartments in these models are provided in
Table 1l Parameters not included in Table [1| are either defined within the corresponding model descriptions or are
used contextually in a self-explanatory manner. In particular, deterministic compartmental models will be presented.
The characteristics of the models reviewed are summarized in Tables and[4] This table allows a comparison of the
models in terms of the compartments used, modeling approach, the control strategies implemented, and conducted
analysis. The control strategies column considers vaccination, quarantine, isolation, and hospitalization. Since treat-
ment strategies are addressed in most studies, they are not specified separately. On the other hand, the conducted
analyses column includes the identification of the feasible region, the calculation of Ry, stability analyses of equilib-
rium points, sensitivity analyses, bifurcation analyses, numerical analyses, and optimal control studies. As various
simulations are provided in all studies, these are not specified separately. There, Fy, E*, and E** denotes disease-free,
endemic, and animal-disease-free equilibrium points, respectively.

Parameter Description Compartment Description

Ay Recruitment rate of human Sh Susceptible humans

Aq Recruitment rate of animal Shy Low-risk susceptible humans
Ik Natural death rate of human Shs High-risk susceptible humans
Lha Natural death rate of animal Vi Vaccinated humans

On Disease-related death rate of human Ey, Exposed humans

da Disease-related death rate of animal I Infected humans

51 Animal-to-human infection rate Ip, Asymptomatic infected humans
Bo Human-to-human infection rate I, Symptomatic infected humans
B3 Animal-to-animal infection rate Qn Quarantined humans

Ba Human-to-animal infection rate JIh, Isolated humans

D Proportion of successful vaccinated human Hy, Hospitalized humans

q Proportion of unsuccessful vaccinated human R Recovered humans

a1 Transition rate of humans from exposed to infected class Ty, Treated humans

a2 Transition rate of animals from exposed to infected class B Contaminated environment
Qs Transition rate of humans from exposed to quarantined class Sa Susceptible animals

Yh Recovery rate of infected human E, Exposed animals

Ya Recovery rate of infected animal I, Infected animals

0 Recovery rate of quarantined human R, Recovered animals

T Transition rate of humans from infected to quarantined class

Table 1: Descriptions of the parameters and compartments included in the models.

2.1 Single-Strategy Models

This subsection discusses Mpox models that incorporate only a single control strategy, highlighting the key features
and findings of the relevant studies.

Vaccination

Smallpox vaccines play a significant role in combating the Mpox outbreak. However, the effectiveness, side effects,
and practical limitations of these vaccines restrict their protective function within certain populations. Therefore, there
remains a need for safer and more effective vaccines [12]]. Vaccination reduces the susceptible population by inducing
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immunity. Therefore, in the long run, it reduces epidemic spread and potential and contributes to herd immunity.
Numerous mathematical modeling studies have investigated the impact of vaccination programs on the dynamics of
the Mpox virus within populations. The first mathematical modeling study examining Mpox dynamics, which includes
vaccination and treatment interventions, was conducted by [[13]]. They developed the following model to analyze the
transmission dynamics of the Mpox virus:

ds), dS,

o = A — 5111\}:5%, _ ﬁ?]l\;lh‘sh — (un + p)Sh, 7 =A, — % — aSa,
dV; dFE,

7dth = pSh — thhy 7dt = Bsflea - (,LLa + OéZ)Ea7
dE, dl,

dth — /BIJI\;laSh, + BQJI\;LhSh _ (/’Lh + al)Eha ar = O(QEQ — (Ma + 6@ + 'Ya)la) (21)
dl, dR,

d7th :OélEh_(,Ufh +'7h+5h)-[h7 W :'YaIa_/JfaRaa
dRp
W Ty — R

dt Yhi} Hhith

In this model, vaccinated susceptible individuals move to the vaccinated class V},, where they are assumed to acquire
permanent immunity against the disease. The reproduction numbers for the human and animal populations are
respectively computed as

S a1 Bapin pa _ a3
(o + 0 =+ 0n) (pn + 01)(p + pn)’ O (ta + 60+ 7a) (Ha + a2)’

and the overall basic reproduction number is given by Ry = max{9R} Ra}. The study concluded that if Ry < 1,
the disease can be eradicated from both human and animal populations. Sensitivity analyses were performed on the
parameters within %Ry to quantify the positive impact of vaccination and treatment strategies in reducing the value of
reproduction number. It has been stated that with treatment and vaccination measures, it is possible to eliminate the
disease from both human and animal populations over time.

Another vaccination-included mathematical model was proposed in [14], where exposure states in humans were not
considered:

%:Ah—w—(wruhﬁwm, djfa:Aa_%zla_““Sa’

% = pSh — (¢ + pn)Vh, % - %7(%+5a+uaﬂa’
ddlth — M%)Sh — (Yn + ptn + n) In, dza =Yala — paRa,

% = uIn + (1= q)Vi — Ry,

Here, the successful vaccination rate among vaccinated susceptible individuals is represented by 1 — ¢, with a fraction
¢ failing vaccination and reverting to the susceptible class. The basic reproduction number is derived as

_ BaBsApNa(q + pr)
NiuNapr, (Va4 ptn + 61) (0 + g + p1) (00 + ta) (Vo + 1a)’

Ro

where N, and N, denote the total human and animal population sizes, respectively. The model concluded that
when Ry < 1, eradication of the disease from both populations is achievable. Sensitivity analyses of parameters
were also conducted. It is suggested that individuals with a strong immune system are likely to recover more rapidly
than those with a moderate immune system, while individuals with a weak immune system may recover much more
slowly. Moreover, it is emphasized that individuals can play an active role in strengthening their immune system by
maintaining a healthy weight, engaging in regular physical exercise, ensuring adequate sleep, and consuming healthy
food and clean water. Consequently, it was noted that governments have a crucial role to play in supporting these
aspects of public health.
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A more complex model examining the effect of vaccination was introduced in [|15]:

dSh dS, )
dt} =(1—f)Ay — (51(60,£:+1a) + 52(%5:-&-%)) Sy, o = A, — ﬂs(apE;fj‘Ia)Sa — 110Sa,
dE, )
- (p + ,LL}L)S}L + qvh7 T; = [33(5%:1«1)5@ - (QQ + /J’CL)EU/?

dvy, dl,
Zh kA, _ 7 Gla
7 fAL +pSh— (g + pun)Va 7

o _ bieabyenis, | biaBenise (a4 p)p,, e

dly,

dt

dRp

dt

Unlike the previous models, this one considers the possibility of transmission via interactions between susceptible and

exposed individuals. Parameters ¢;, and ¢, represent the reduced infectiousness of exposed humans (F}) and animals

(E,) compared to infectious individuals (I, and I,). Furthermore, a fraction f of recruits entering the population

are assumed to be vaccinated and thus enter directly into the vaccinated class V},. The basic reproduction number of

this model is considerably more complex to compared to the previous ones. It is concluded that reducing the basic
reproduction number below one will eliminate the disease from the human population.

=al, — ('Ya + g + 5a)laa

= ’YaIa - ,UaRm

= a1 Ep — (yn + pn + 6n) 1,

= Ypdn — pnRp.

Recognizing that susceptible individuals may vary in their defense mechanisms and susceptibility to infection, [[16]
proposed a model that stratifies susceptible humans into low-risk(S}, ), and high-risk (S;,) groups:

% = A~ % = (P + p0)Shy + @1 Va, dj;a = Ag — B35.14 — 11aSa,

% =Ap, — % — (p+ pn)Shy, + @2V, % = B38ula — (Yo + fta + 0a)1a,
d;;h = P(Shy +Shs) = (01 + G2 + 4w ) Vi, dza = Yala = ptaRa,

ddith — (ﬁllaliﬁ/\gfg)shl n (B5Ia1++6;{£)sh2 (o + i+ 00,

% =vIh+ (1 —q —q2)Vi — unRp.

This model also incorporates imperfect vaccination, with ¢; and ¢, representing the failure rates of vaccination among
low-risk and high-risk groups, respectively. The infection rates from animals to low-risk and high-risk humans are
denoted by §; and 5, respectively. Additionally, the incidence rate is assumed to be of the form %, where the term
1+ AI? captures the inhibitory effect-often referred to as a ”psychological effect’-induced by government interventions
such as isolation, quarantine, and public transportation restrictions. The study conducted a detailed dynamical anal-
ysis, examining the existence, uniqueness, positivity, boundedness of solutions, and dependency on initial conditions.
The basic reproduction number is computed as

i)‘io:max{ B2 + B4 Bs }

Yo+ th + 0n Yo + fa + 0q

Stability and bifurcation analyses were performed, and numerical simulations were presented. It was predicted that
an increase in vaccine imperfection rates would lead to a significant decrease in the number of immune individuals
capable of resisting the disease. In general, it is found that vaccination programs help establish high immunity levels
within populations and reduce the number of individuals susceptible to the disease.

Numerous other studies have investigated the impact of vaccination as a single control strategy on Mpox population
dynamics. For instance, [|17]] extended model to include temporary immunity. The same model was also analyzed
with fractional derivatives in [[18]]. Game-theoretic approaches to evaluate vaccination strategies were explored in [[19].
Additionally, several studies focused exclusively on the transmission dynamics of Mpox within human populations and
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the role of vaccination [[20,21]l. The environmental contribution to Mpox transmission has been investigated in [22].
In addition, an age-structured modeling approach was applied in the study [23]].

Quarantine

Several countries have implemented quarantine measures to mitigate the spread of Mpox. Belgium was the first
to enforce a mandatory 21-day quarantine for infected individuals. The United Kingdom, on the other hand, has
recommended that individuals who have had direct or household contact with confirmed cases self-isolate for 21
days [[24]. Quarantine (and isolation) practices immediately break the chain of transmission by isolating infected or
exposed individuals from the community. Therefore, a rapid decrease in the number of cases can be achieved in the
short term. The effects of quarantine interventions have been incorporated into numerous mathematical models of
Mpox transmission. In [25]], a model that accounts for quarantined individuals was proposed as follows:

dSh (B1 Lot B211)S dS, B35l
WZAh_G_f)#—MhSh’ o7 =N — ZF* — faSa;
dl dl, )

7: = (]‘ - 5) (Bl]a";\?}?lh)sh - (;u‘h + 5}1 + T)Iha E = 63]?[310 - (,U/a + 60,)](17
d

% =7Ip — (un + (1 = §)6n + 0)Qn,

dRy,

0 _ 9Qp — pnRa.

7 Qn — pn Ry

In this model, 0 < & < 1 represents the effectiveness of awareness campaigns, while 0 < £ < 1 captures the efficacy of
quarantine and treatment. The reproduction numbers for humans and animals are computed as:

1—¢)B B3
o = L= g :
O+ T 0T e+ 04

The disease is expected to be eradicated when both R < 1 and ¢ < 1. It was concluded that public awareness
campaigns and the isolation of infected individuals from susceptibles can significantly reduce the spread of the disease.

The model presented in [26]] incorporates the saturation effect in disease transmission:

dasy, Brla+Ba21n)Sh ds, Sala

o M (Pl bt — S, o= Do — B3 — S,
dIy To+B211)S) dl, ala

T = PR e 0t I = R (0,
d
% =71, — (up + 0n + 0)Qn,

dRy,
— =0Q, — upRy,.

7 Qn — pnlin

The parameter ) reflects the strength of government interventions such as public restrictions. A detailed dynamical
analysis of the model was conducted. Human and animal reproduction numbers were given as:

R BaAn o _ B3Aq
0= T s o 0= 7 v
pon(pen + O +7) ta(Ha + 0a)

and the basic reproduction number defined as max{9R}, R¢}. Three possible equilibrium states were identified: dis-
ease eradication in both populations, persistence in the human population only, and persistence in both populations.
A comprehensive stability analysis performed, and the presence of forward bifurcation at R} = 1 and RZ = 1 estab-
lished. Sensitivity analysis quantified the influence of parameters on Ry, and all theoretical results supported with
simulations. The effectiveness of government interventions in reducing the number of infected humans and animals
was highlighted. Moreover, it was emphasized that minimizing contact with infected humans and animals, as well as
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implementing strategies to reduce migration rates into the population, can have a significant impact on controlling the
disease.

In most of the models existing in the literature, Mpox virus transmission has considered thorough human-to-human,
animal-to-human, and animal-to-animal routes. However, as previously noted, there are several reports and studies
indicating the possibility of human-to-animal transmission of the Mpox virus, particularly from humans to domes-
tic pets [9,/10]. Based on these facts, some mathematical models have been developed to incorporate all possible
transmission routes. For example, in [27]], the following mathematical model was proposed:

dsy, dsS,

e Ay — (Bl + Baln)Sh — pnSh — @Qh, a0 Ao — (B3ly + Baln)Sa — paSa,
dIy, dl,

T (Bl + Balp)Sn — (pn + 0n1 + aa + vu + ve) In, e (B3l + Baln)Sa — prala,

d

T — a4 512+ 0+ 90,

dR

7; = (Yo +v)In + 0Qn — ppRy.

In this model, infected individuals recover either through natural immunity at rate 5, or via treatment at rate ;. A
fractional-order dynamical analysis performed, and results validated through numerical simulations. With this model,
which includes all routes of transmission, the authors aimed to prove more realistic predictions about the spread of
the disease.

In [28], different disease-induced mortality rates for infected and quarantine individuals (d5; and dj2, respectively)
considered. The proposed model is given by:

dSh BilaSn _ BalnS dSa BsTaSa
o A TR R S, g = Da = URT — taSe,
dF dE,
dth = Bljl\}lash + ﬁzjl\,’lsh — (01 + as + pn)En, a % — (Mo + 2) Eq,
drI, dl,
LA E. — ) I - = Ea - aIaa
o = B = (0 4 ) I, pralacr: I
d
% = agEp — (0 + Spa + pn)Qn,
dR,
dith = ypdn +0Qn — prRp.

The study used actual Mpox outbreak data from the United States. Human and animal reproduction numbers calcu-

lated as:
h B2 u Bz

- b m - b
(1 + a3 + pn) (pn + 61 + Va) O o (pa + a2)

and the basic reproduction number defined as R}y = max{9i", Ra}. Stability analysis of the equilibria performed, and
backward bifurcation observed at YRy = 1. Sensitivity analysis also conducted. Results indicated that reducing contact
between humans and animals by eliminating their food source, water, and shelter, regularly disposing of trash, and
decreasing human-to-human transmission can all lead to a decrease in future cases. Avoiding contact with infected
animals and humans, washing hands with soap and water after any contact, and separating infected patients from
healthy individuals are recommended.

Since individuals quarantined due to suspected Mpox infection may or may not be actually infected, [29]] proposed a
model that incorporates the diagnostic process. Some suspected cases may test negative and return to the susceptible
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class: s is
b= Ay — BBl S QD = A — 25 — S,
dE dE,
= P oy g ) By, 2t = BRel — (o + a2) B,
dl, dl,
=k :alEh_ (,U/h+5h+’yh)-[h7 . :a2Ea_ (Na+6a)ja»
dt dt
d
% = azEp — (o + 0+ 6p + pn)Qn,
dR
cTth = Yudn +0Qn — pin R

The rate at which individuals in quarantine return to the susceptible class after testing negative is denoted by ¢. The
basic reproduction number is given by:

o132

Ro = .
* 7 (o1 +ag + ) (un + O + )

The stability of equilibria investigated, and a backward bifurcation identified at 53y = 1. Sensitivity analysis demon-
strated the impact of various parameters on Ry, highlighting the importance of isolation in controlling disease trans-
mission. It was emphasized that the isolation of infected individuals plays a crucial role in reducing disease spread
and in helping to keep the virus under control.

Several other studies have explored the impact of quarantine measures on the transmission dynamics of Mpox.
In [|30], four different control measures that can be used to prevent the spread of the virus were considered. It was
found that an optimal control scheme can help reduce the number of infected, quarantined, and exposed individuals
while increasing the number of susceptible and recovered individuals. In [31], it was discovered that the speed at
which humans and animals progress from the exposure stage to the infectious stage is also important factor and may
pose a significant risk by increasing the overall level of Mpox infection. In [32]], a fractional order mathematical
model was developed to investigate the co-infection dynamics of Mpox and HIV/AIDS. The findings suggest that an
optimal vaccination strategy combined with improved HIV management could significantly reduce co-infection rates.
In [33], the importance of reducing contacts not only among susceptible and infected humans but also between
rodents is emphasized. The study highlights the necessity of encouraging treatment and medical interventions. The
same model was revisited in [34]], where an approximate solution was obtained using a mathematical technique
known as the Laplace Adomain Decomposition Method. This method enables the prediction of outcomes for various
disease management strategies. Additional studies that consider quarantine as a single control strategy can be found
in [35H44].

Hospitalization

Hospitalization is another important control strategy that has been incorporated into several mathematical models of
Mpox transmission. This subsection summarizes representative studies that have explicitly considered hospitalization
as a single control measure. The study given in [45]], the following extended model, considering the human-to-animal
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transmission, was analyzed:

% A, (511a+621?,vlh+ﬁ31h2)sh S, dZa A, - 5411\&5,1 _ (leh,lJ;\[ﬁ:I,Q)sa S
dﬁih = OlutBaly +5alna)Sh (1) 4 on) By, % = fagpe  elndgulbalie — I,

di;“ =o(1—€)E — (up +wi + as)Ip,,

di};Z = i€l +wilp, — (pn + as + 0p)In,,

% = aslp, +aslp, — (pn +n)Hy,

% =nHp — pupRp.

This model investigates the impact of awareness programs and effective treatment strategies aimed at reducing the
risk of Mpox transmission. The study focused on optimal control strategies designed to reduce the number of exposed
and infected individuals. The effectiveness of the proposed strategies validated thorough numerical simulations, high-
lighting their critical role in controlling the spread of the virus. The study highlights the importance of the model for
key factors in virus control, such as public health interventions and proactive treatments.

In [46], the human population was divided into high-risk and low-risk groups. Additionally, infection stages were
distinguished by asymptomatic, mild symptomatic, and severe symptomatic phases:

% = (Gl 4 PP (15, 4 S1,) — (s + a6) B, % = 0280 = (pta + 0 + 7a)
% = agEy — (pun + ar)P, dj;a = Yolo — paRa,

dCIi;“ = a7 P — (un + w1 + as +71) 1,

dgt” = wiln, — (pn + 0n1 + ag +v2)In,,

% = aslp, + agly, — (tn + Op2 + 1) Hy,

dc% =Y11n, +v2dn, +nH — ppRp.

In this model, Sj; and Sjo represent the low-risk and high-risk susceptible humans, respectively. P denotes the
asymptomatic infectious class, while I;, and I, represent mild and severe symptomatic individuals. A dynamical
analysis, including stability, bifurcation, and sensitivity, conducted. Numerical simulations demonstrated that high-
risk regions without adequate intervention face elevated outbreak risks. Contact tracing and early detection in these
groups shown to be effective in mitigating Mpox spread. The importance of surveillance in animal populations also
emphasized. Additional Mpox models that focus exclusively on hospitalization as a single control measure can be

found in [47H49].

Isolation

Isolation is another relevant control strategy that has been incorporated into Mpox transmission models. It aims to re-
duce human-to-human transmission by identifying and separating infected individuals from the susceptible population.
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To date, the only mathematical model that exclusively considers isolation is presented in [50]:

dsSy, 3 o L dS,

o = A, — B Ia+ﬁ2(§<;:'9 Jn))Si — 1 Sh, o = A, — Bs]l\asa — 1aSa,
dE}, dl,

dt = (Blla—‘rﬂ?(%:_emljh))Sh - (/*Lh + al)Ehv dt = 53]1\7{15'0’ - /j’a-[aa

dl},

o a1 Ep — (pn + 0p +dOy, + k)1,

dJ

cTth =kl — (d+ pn)Jn,
dR
Tth =dbyI, +dJ;, — /J,th.

Here k denotes the isolation rate based on surveillance and contact tracing efforts. The parameter d represents the
natural recovery rate of infected individuals as well as recovery rate of isolated individuals through treatment. 6, is a
modification parameter for the recovery rate of infected individuals, while 6,,, is a modification parameter that adjusts
the transmission rate of isolated individuals. The fundamental dynamics of the model were analyzed basically. An
optimal control study also carried out by incorporating four control variables aimed at preventing Mpox transmission
from animals to humans and from human to human, through preventive measures, isolation of infected individuals
via contact tracing, and treatment of isolated individuals. Furthermore, a cost-effectiveness analysis was performed
to identify the most-effective control strategy among all possible combinations of these control measures. The results
suggest that strategies to prevent animal to human transmission are the most economical and effective approach.

2.2 Double-Strategy Models

In many studies, models have been proposed that incorporate two or more of the control strategies discussed in the

previous subsection. For example, in [|51]], a model is proposed that includes the control strategies of both vaccination
and quarantine:

ds), dS,
dt} = Ah — (ﬁlla + 621h)5h - (/J’h + Tlul)sh + UR}L? dt = Aa - 535’@[@ + EIG - /f"aS )
dE dl,
= (Bula+ B2D1)Sh — (o + s + ur) B, gt~ PaSala = (£ pa - 00) o
dI
dith = OélEh — ("}/h + rous + Hh + 5h1)1h7
dQn
(Z} = a3k, — (9 + pn + 5h2)Qha
dRp
g = r1urSy + (Vn + r2u2) I + 0Qn — (0 + pp) Rp.

Here, u; and uy are control variables representing vaccination and treatment, respectively. The parameters r; and r
denote the effectiveness of these two controls. It is assumed that recovered individuals gain temporary immunity, and
a fraction o of them return to the susceptible class after losing immunity. A fractional-order version of the model is
also developed and analyzed. The basic reproduction number R, is computed, and its role as a threshold parameter
in determining system stability is demonstrated. It is shown that transcritical bifurcations may occur at R = 1 and
ME = 1. Optimal control theory is employed to derive strategies that minimize both disease prevalence and the cost of
implementing controls. Sensitivity analysis reveals the influence of key parameters on fR. All findings are supported
by numerical simulations showing that treatment and vaccination, as well as quarantine measures, significantly reduce
Mpox transmission in the human population.
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In [52], a mathematical model including vaccination and quarantine compartments is proposed:

B _ gy oot _y ypys, Bo_y _ssn s,
% = pSh — pnVh, % = SN~ pala,

dﬁh _ (ﬂllatvﬁhz[h)sh, — (a1 + ) Ep,

ddith =a1Ep — (pn + 0p + yn + ag) 1y,

% = auly — (0+ i + 62)Qn,

% =0Qn +nIn — pnLRn.

A fuzzy fractional-order analysis of this model is conducted. The significance of fuzzy fractional differential equations
stems from their capacity to more accurately describe transmission dynamics by accounting for non-local effects, which
capture the memory and hereditary characteristics inherent in the spread of infectious diseases. This study highlights
the significant role of vaccination in reducing disease transmission, demonstrating the practical usefulness of fuzzy
fractional techniques in epidemiological modeling.

In [53], a model is proposed in which susceptible humans can become infected not only through contact with
infectious individuals but also through environmental contamination caused by infected humans and animals:

ds,, dS, )
7dt = Ah - ﬁl]I\;:LSh - Bz]I\?aSh - B;(_Bi_séh - (,Ufh + p)Sh + th + @Qh, dt - Aa - ﬁd}?}zla - :LLaSaa
th dIa 5 ST
_— = Sl— VL, 7:?’@&_@[‘1’
pral (tn + Vi at N, H
dE}, dB
= Bndn _ DofaBn _ BB — (qy + g + i) En, o = Pntpela = psB,
dl
cT: = a1 B, +(Qn — (pn + 0n + ) In,
dQ
Tth =azBn — (¢ + ¢+ pun)Qmu,
dRy,
S Iy — R
dt Yhlh — fpLip

Here, B(t) represents the environmental contamination compartment. The parameter K denotes the concentration
of Mpox pathogens in the environment, which increases the transmission rate by 50%. The environmental virus con-
centration increases when infected humans and rodents shed the virus at rates p; and p», respectively. The model’s
equilibrium points and basic reproduction number are derived, and it is shown that Ry serves as a threshold for sta-
bility. The sensitivity analysis revealed that environmental parameters, such as the environmental transmission rate,
the decay rate of Mpox virus in the environment, and the shedding rate of infected humans, play an important role
in the spread of Mpox. These findings indicate that quarantine measures alone are insufficient and should be comple-
mented by additional interventions to effectively control the disease. It also suggests that healthcare practitioners and
policy-makers should focus on increasing the environmental decay rate of the monkeypox virus while reducing both
the environmental transmission rate and the shedding rate of infected individuals.

In [54]], vaccination is examined in a broader context. A portion p; of new recruits to the human population is
assumed to be vaccinated at entry and directly enters the vaccinated class. Additionally, both susceptible and recovered
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individuals can be vaccinated at rates ps and ps, respectively. The model equations are given by:

ds, dS,
T: = Ap(1—p1) — WV#)S} — (pn + p2)Sh + qVi + ¢Qn, 7 Aa = Bsflea — HaSa,
dV; dE,
= Aup1 +paSh + psBu — (un + @)V, G = R e+ a2)B,
dE dl,
dth = (BII“%?I’I)S” — (a1 4+ as + pn) Eg, - a2 Eq — (Ha + 0a)la,
dl
dilfl =a En +(Qn — (Nh + o + 'Yh)lfw
d
Tcifh = a3Ep — (0 + (4 pn + 0n)Qn,
dR
7; = Yndn — (pn + p3) Rp.

It is also assumed that quarantined individuals become infected at a rate ¢. The equilibrium points are determined, and
their stability behavior is analyzed. The basic reproduction numbers is computed, and sensitivity analysis is conducted.
The findings demonstrate that vaccination, quarantine, and avoiding contact with infected animals are effective strate-
gies for reducing the spread of the virus. Overall, the study indicates that, within the proposed mathematical model,
enhancing vaccination coverage, implementing quarantine measures, and minimizing contact with infected animals
can lead to the eradication of the virus. The transmission dynamics of the human population were the focus in [55],
with considering the vaccination and quarantine strategies.

In [56]], a compartmental model was proposed incorporating individuals under quarantine and those hospitalized:

%:Ah—w_ﬂh‘sh"‘@Qh» djta=/\a—%ih_“a5a’
dih = Bl Boli)Sn () + g + +pin) B, % = B = (1o + a3)Es,
% =1 Ep — (va + pn + 0 + as)In, % = a3y — (o + pta) a,
% = azEp — (un +0n + ¢ +0)Qn,

% = a5l — (pn + 0n +1)Hy,

% = nHp + I + 0Qn — (n + 6n) R

In this model, infected individuals may be hospitalized at a rate «, and recover at a rate 5. A fractional-order dynami-
cal analysis conducted, emphasizing the effectiveness of hospitalization in reducing disease transmission. An in-depth
analysis of intervention strategies and their potential impact on disease control was conducted. It was demonstrated
that hospitalizing infected individuals significantly reduces disease transmission.

In the model proposed by [57], the dynamics of infected individuals transitioning to quarantine, hospitalization, or
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recovery were simultaneously considered:

% = Ap — (Bl + BoIn)Sh — 1 Sh, djta = Ao — 831454 — 1aSas
b _ (a1, + )1 — (o + ) i D = 531,50 — (05 + pa) B
% = a1 Ep — (Y + pin + 0n1 + g + as) I, % = asko — flala,

% = aulh — (jtn + Opa + v+ 0)Qn,

% = a5y +vQn — (ptn + Sn3 + 1) Hp,

d(% = yudn + 0Qn +nHy, — pnRy.

Individuals in quarantine may either recover or be hospitalized. A fractional-order dynamical analysis performed,
and both human and animal reproduction numbers derived. The model was calibrated and validated using weekly
Mpox case data from the human population in the United States. It was concluded that simultaneously increasing
quarantine and hospitalization rates has a significant impact on reducing the basic reproduction number. The model
later extended in [|58] using different fractional modeling frameworks.

In another study that simultaneously considers both quarantine and hospitalization strategies [59]], the impact of
a contaminated environment on the transmission dynamics was also investigated. In addition, readers may also
find it useful to look into [60,/61] for models that deal with vaccination and isolation, [[62}63] for models that include
quarantine and isolation, and [|64-67]] for models that examine the combined effects of vaccination and hospitalization.

2.3 Multiple-Strategy Models

Models incorporating more than two control strategies can provide a more comprehensive framework for analyzing
Mpox transmission dynamics. Such models aim to capture the combined effects of multiple interventions, which can
lead to more realistic predictions and support the design of integrated control policies. This subsection highlights
representative studies that simultaneously implemented three control measures. Only a few studies exist that include
three control strategies. In [68]], a model introduced including a compartment for severe complications, along with
awareness, vaccination, quarantine, and hospitalization as control measures:

dsy, dsS,
7; = Ah - (1 - H)(ﬁlla + ﬂQIh)Sh - (Hh “"p)Sh + qVh, dt = Aa - BSSaIa - ,UfaSaa
dvi, dl,
— = =nS; — \% Y, = SaIa_ alaa
o = PSh (pen + @)V, o B3 0
dF
— = (L= R)(Bila + Baln) S~ (i + a1) En,
dIp, > 5
o = bh— (e + 0n1 + cu + a5 +w1)Ip,,
d
% = aulp, — (pn + On2 + v+ 0)Qn,
dH
dith = aslp, +vQn — (i + O3 + wo + 1) Hp,
dlp, 7 5
o wilp, +woHp — (ptn + Ona + ve) In,,
dR
dith =0Qn +nH + vcIp, — prRp.
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Here, I;,, represents individuals with severe complications, such as those affecting the lungs. The awareness level is
represented by x. The model demonstrates multiple pathways for infected individuals, including quarantine, hospital-
ization, and progression to severe illness. Human and animal reproduction numbers are derived as:

Rh — 1B An(1—k)(pn+q) sRa — PPl
0 pn(pr+q+p) (prtar)(pr+dn1 +oatas+wr)? 0 wn(pn+a+p)

and Ry = max{RE, R2}. Transcritical bifurcations observed at the thresholds R = 1 and R% = 1. Simulation
results confirmed that awareness, vaccination, quarantine, and treatment significantly reduced Mpox transmission. For
additional modeling studies that incorporate three or more of these control strategies, readers may refer to [[69,(70].

3 Results

This review identified and analyzed a diverse range of mathematical models developed to study the transmission
dynamics and control strategies of Mpox. These models vary in structure and complexity, incorporating features such
as vaccination, quarantine, isolation, hospitalization, awareness interventions, risk-group stratification, and optimal
control measures. More studies still focus on single or double intervention strategies, whereas models that integrate
multiple simultaneous interventions are relatively rare but demonstrate a stronger capacity to capture the complex
dynamics of Mpox transmission. While animal-to-human transmission widely modeled, only a limited number of
studies explicitly incorporate bidirectional transmission routes between humans and animals, which is crucial given
the zoonotic nature of Mpox. In summary, while the existing literature provides valuable insights, it remains relatively
limited in combining multiple interventions, bidirectional transmission pathways, and advanced modeling approaches.

In addition to the studies summarized far, several other Mpox modeling studies demonstrate unique approaches that
do not directly include the control strategies specified above but still provide important insights. For example, in [[71]],
both exposed and infected human compartments were stratified by risk-groups and incorporated into the model.
Control measures representing healthy lifestyle behaviors and antiviral treatments were included to demonstrate the
effectiveness of these interventions in reducing Mpox cases. In the thesis presented by [[72]], an in-depth analysis of
a basic model was conducted, and the results support the prediction that if Mpox becomes endemic in the animal
population, it will likely become endemic in the human population as well. In [73]], a separate 7} compartment
representing treated individuals was added to the model. An optimal control problem was formulated to minimize
the number of infected individuals and reduce the costs of prevention and treatment strategies, demonstrating their
impact on disease spread. The study [74]] considered an age-structured and meta-population model, revealing that
removing the age structure increases the estimated basic reproduction number in humans and raising concerns about
interventions such as culling. Finally, in [[75]], a fractional-order model was proposed and analyzed. The existence
of an optimal control strategy that minimizes both the number of infected individuals and the costs of treatment
and prevention was established, showing that implementing these strategies together is necessary and effective in
preventing outbreaks.

4 Discussion

Obtaining analytical solutions for nonlinear differential equation systems are often difficult or even impossible. Con-
sequently, various numerical methods are used to understand the behavior of solutions. In the mathematical epidemi-
ology literature, the most commonly used methods are the standard Euler and Runge-Kutta methods. However, some
nonstandard finite difference schemes can also be developed and applied. In addition, a model can be constructed
directly as a difference equation system. Discrete-time approaches can be particularly advantageous when data are
collected at regular intervals or contact patterns. Continuous models generally assume that changes in the population,
such as births and deaths, occur continuously. However, many plant or animal populations have discrete generations
and reproduce at specific times of the year, with population counts therefore conducted at certain times. Moreover,
discrete models can also be used to approximate continuous dynamics in numerical simulations, providing computa-
tionally efficient solutions while preserving the key properties of the continuous model. For these reasons, continuous
models can be discretized, or models can be developed directly in discrete form to better capture the transmission
dynamics of Mpox. To the best of the author’s knowledge, the existing Mpox modeling literature consists entirely of
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continuous models. Thus, the development of discrete-time Mpox models represents a promising avenue for future
research.

When we think about the early stages of an outbreak, it’s clear that transmission events can be pretty random.
That’s why using stochastic modeling approaches can really enhance the realism and predictive accuracy of Mpox
transmission models. These methods are especially useful in small populations, emerging hotspots, or situations
where spreading occurs, as randomness plays a huge role in these scenarios. Stochastic models are really useful for
estimating the changes of an outbreak occurring, the odds of a disease fading away, and the unpredictable nature of an
epidemic’s trajectory, things that deterministic models often miss. It would be fantastic for future research to combine
deterministic frameworks with stochastic simulations. This could really enhance public health preparedness and risk
assessment in uncertain situations.

Beyond these methodological considerations, there is clear potential for further development of models that explic-
itly incorporate human-to-animal transmission pathways of Mpox. Given the complex interactions between humans
and animals, including domestic pets, such models can provide a more comprehensive understanding of the disease
dynamics and help design more effective control strategies. Finally, extending models to include age-structured pop-
ulations remains essential, but there is also a clear opportunity to develop gender-structured models. Such models
can capture differential susceptibility, contact patterns, and behavioral factors that influence transmission dynamics
between different demographic groups, thereby refining intervention strategies.

Despite the richness of existing models, several gaps and avenues for future research remain as discussed in pre-
vious section. This review not only synthesizes the existing mathematical modeling studies of Mpox but also lays
the groundwork for advising modeling efforts that are more comprehensive, realistic, and aligned with the nature of
Mpox transmission. These enhanced models will be effective in guiding government and health policies, as well as
control strategies, aimed at mitigating the impact of Mpox outbreaks globally. By addressing these methodological and
structural gaps, future models can provide more robust insights that support the design of effective, evidence-based
intervention strategies.

5 Conclusion

This review has provided a comprehensive synthesis and classification of mathematical models developed to under-
stand the transmission dynamics and control strategies of Mpox. While significant progress has been made, the find-
ings highlight clear ares for improvement. Models that combine multiple intervention strategies, include bidirectional
human-animal transmission, and use advanced techniques such as fractional calculus, optimal control, discrete-time
frameworks, and stochastic approaches remain under represented but hold significant potential.

Future modeling efforts should prioritize:

Combining multiple simultaneous interventions in unified frameworks.

Developing discrete-time and stochastic models to better capture real-world uncertainty.

Explicitly modeling bidirectional transmission routes between humans and animals.

Expanding demographic structures, such as age and gender stratification.

Environmental factors as well as risk groups based on awareness levels or immune status can also be incorporated
into models to better capture the complexity of real-world dynamics. Addressing these directions will advance the
understanding of Mpox dynamics and provide a stronger scientific basis for designing effective public health policies
to mitigate the impact of future outbreaks. This review not only synthesizes the existing mathematical modeling
studies of Mpox but also lays the groundwork for advising modeling efforts that are more comprehensive, realistic,
and aligned with the nature of Mpox transmission. These enhanced models will be effective in guiding government
and health policies, as well as control strategies, aimed at mitigating the impact of Mpox outbreaks globally.
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Reference Compartments Modeling Approach Control Strategies
Conducted Analysis
Sk Vh,EnIn,Rp s Feasible region, Ry, Fo LAS and GAS,
[13] SuFurls Ra Integer Order Vaccination Sensitivity
S, Vi, In,Rn . Feasible region, Ry, Fo LAS and GAS,
[14] Su,La)Ra Integer Order Vaccination Sensitivity
[15] SEV}E‘E’}’I’}%’R}L Integer Order Vaccination Feasible region, Ro
ShysShasVhyIn,Rh . Feasible region, Ry, Fo LAS, Bifurcation,
[16[ SuTu R Integer Order Vaccination Risk-group
Su, Vi, EnIn, Ry .. Feasible region, Ry, Eo LAS and GAS,
1171 SuEula)Ra Integer Order Vaccination E* LAS, Sensitivity
SnyVa,EnIn, Ry . . Feasible region, Ro, Eo and E* LAS,
[18] Su Eu L Re Fractional Order Vaccination Sensitivity
Sh,Vi,En,In,Rp . . Existence of equilibria, Herd immunity and
(1] SayFa,la,Re Game-theoretic Vaccination Nash equilibrium vacc. rates, Sensitivity
. . Vacc. game, Analysis of Nash equilibria,
[20] Sty Vi, EnIn,Rp Game-theoretic Vaccination Sensitivity, Numerical Analysis
.. Feasible region, Ry, Fo LAS and GAS,
[21]] SnVi,Endn, Iny Rn Integer Order Vaccination Bifurcation
(220 ShéVhJ’EEhI’Ih’BRh Fractional Order Vaccination Feasible region, Ry, Fo LAS, E* GAS
STSZ VA VA EL LN T2 -
23] howho Sho Sho o Zhothe “hy - Agestructured Vaccination Ro, Fo GAS
I}, 12, Ry R: SedoRa "% 0, o
ShyIn,Qn,Rn .
[25] g7 Integer Order Quarantine Ro, EFo LAS and GAS
Shodn,Qn,Rn . Feasible region, Ro, Eo, E* and E** LAS
[26] Sa,la Integer Order Quarantine and GAS, Bifurcation, Sensitivity
1271 Sh’lg’%h’Rh Fractional Order Quarantine Feasible region, Rg, Numerical analysis
Sh,En,In,Qn,Rn . Feasible region, R, Eo LAS, E* GAS,
[128]] So Bl Integer Order Quarantine Sensitivity
ShyEndn,Qn,Rn . Feasible region, Ro, Eo GAS, E* LAS,
[129]] S Ea.l, Integer Order Quarantine Bifurcation
ShyEnyIn,Qn,Ri : . Feasible region, Ro, Eo and E* LAS,
(301 So Eul, Fractional Order Quarantine Optimal control
Sty yEnyIh,Qr, R . . Feasible region, Ro, Eo LAS and GAS,
[31] Su B I, Fractional Order Quarantine Sensitivity
Sh19Sha s By s By yIny s Iho s . . Feasible region, R, Risk-group,
[32] Qe One R Ry Sl Fractional Order Quarantine Optimal control
ShyEnIn,Qn,Th, Ry . Feasible region, Ry, Fo LAS-GAS,
[133] SurBls Integer Order Quarantine E* stability, Sensitivity
(34 S B, I Qn Thy B Fractional Order Quarantine Feasible region, Ro, Eo LAS-GAS,
Sa,Fa,la Numerical analysis
S}L7E’L7I}L7Q}L7R}L . . . . . .
[135]] s BT Fractional Order Quarantine Feasible region, Ao, Numerical analysis
Sk, En,In,Qn,Rn . . Feasible region, fRo, Fo LAS and GAS,
361 Su B 1, Fractional Order Quarantine E* LAS
1370 Sh’%h’%’th’Rh Fractional Order Quarantine Feasible region, Fy LAS, Numerical analysis
[38] Sh’gh’%’%h’Rh Fractional Order Quarantine Eo LAS, Numerical analysis
(1391 S BT Qns R Fractional Order Quarantine Fea31b1§: reglon, Eﬁ.o, Eo and E” LAS,
Sa,Ea,l, Numerical analysis
[[40] Sh’gh’%’%hﬁh Fractional Order Quarantine Feasible region, E* GAS, Numerical analysis

Table 2: Summary of modeling features in the reviewed Mpox literature.
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Conducted Analysis
[41] Shbljh ]’EQ"I’R" Integer Order Quarantine Ro, Fo LAS
Sh1+Sha By Ehg o Iny Ing, : . Feasible region, R, Risk-group,
[[42] Ons\QnosRis Ry Sl Fractional Order Quarantine Optimal control
. Feasible region, Fy LAS-GAS,
[143]] ShyEnIn,Qn, Ry Integer Order Quarantine E* LAS-GAS, Sensitivity
ShyEnIn,Qn, R, . . Feasible region, Ro, Eo LAS-GAS,
[44] Sa,Ea,1, Fractional Order Quarantine E™ LAS, Sensitivity, Optimal control
[145]] Sh’Eh’Ig} ’IIh? Hn, B Integer Order Hospitalization Ef)?lstlrzlle region, Risk-group, Optimal
Sh1»Sho s B, PiIny Ing ,Hp, Rp o Feasible region, g, Eo LAS, E* GAS,
[46] Sa,En,a,Ra Integer Order Hospitalization Bifurcation, Sensitivity, Risk-group
ShyEnyIhy Ihy Hn R e Feasible region, Ry, Fo LAS-GAS, E*
[47] A Integer Order Hospitalization GAS, Bifurcation, Sensitivity
(48] Sh’g’“IE}“Fﬁh’Rh Fractional Order Hospitalization Feasible region, Ro, Fo LAS
[49]] Sh ’Zh "Z? 7}? A Fractional Order Hospitalization Numerical analysis
Sh,EnIn,Jn,Rp . Feasible region, RRo, Eo LAS,
(501 Sa,la Integer Order Isolation Sensitivity, Optimal control
Sty By dn,Qn, Ry . . . Feasible region, Ro, Eo, E*, E** LAS-GAS
[51] Suls Fractional Order Vaccination, Quarantine Bifurcation, Sensitivity, Optimal control
[52] Sh’Vh’gh’IIh’Qh’Rh Fractional Order Vaccination, Quarantine  Numerical analysis
Sh, Vi, Enydn,Qn, R, . . Fesabile region, Ry, Fp and E** LAS and
(53 A Integer Order Vaccination, Quarantine GAS, Bifurcation, Sensitivity
Sk Vi, En In,Qn,Rn . . Fesabile region, Ro, Fo LAS and GAS,
[54] S Eu.l, Integer Order Vaccination, Quarantine E* LAS, Sensitivity
[55] Sh"g,h ’%h ’II’“%’“R’L Fractional Order Vaccination, Quarantine  Feasible region, Ry, Fo LAS
56l S “Ehélh]’gh}Hh’Rh Fractional Order = Quarantine, Hospitalization Feasible region, Rq, Sensitivity
ShyEnIn,Qn Hp,Rp . . e Feasible region, Ro, Fo, £™ and
(570 Su Eu . Fractional Order = Quarantine, Hospitalization E** LAS and GAS, Sensitivity
Sh,En,dn,QnHp, Ry, . . . . . . .
(58]l $ BT Fractional Order = Quarantine, Hospitalization Feasible region, Numerical analysis
ShyEnyhy Ihy, Qn, Hr R, . e Feasible region, Ry, Fo and E** GAS,
[59] Su.Eala. B Integer Order Quarantine, Hospitalization Risk-group, Optimal control
Sty Vs Enodny  IhgJn, R .. . Feasible region, Ry, Fo LAS-GAS, E~*
[60] S FarLas Re Integer Order Vaccination, Isolation GAS, Risk-group, Bifurcation, Sensitivity
Shy+Shy By, Rh .. . Feasible region, RRo, Fo LAS,
le1] Su Bl Integer Order Vaccination, Isolation Risk-group, Sensitivity
ShyEnIn,Jn,Qn,Rn . . Feasible region, Ry, Fo LAS-GAS,
[62] Si I, Integer Order Quarantine, Isolation Bifurcation, Sensitivity
ShyEnyInyJn,Qn, R . . . . . s . .
[63]] I Fractional Order Quarantine, Isolation Feasible region, Stability, Numerical analysis
Sk Vh,EnIn,, Hn,Rn L . .. . Feasible region, Ro, Ey LAS and GAS,
64] Su.Eal Integer Order Vaccination, Hospitalization Bifurcation, Optimal control
[165] Sh’vhéE%[h’IHh’Rh Integer Order Vaccination, Hospitalization Ig;astsiﬁlzﬁ Ei%&g’l Fo LAS-GAS, Sensitivity
Su,Vu,En,In,Hp,Rp, . . .. .. . Feasible region, Ry, Ey LAS-GAS,
[l66] Su B 1, Fractional Order = Vaccination, Hospitalization " GAS, Sensitivity, Optimal control
1671 S}L’V’“I}E ’IIh 2 Hh B Fractional Order  Vaccination, Hospitalization gi;i;i;;gwn’ Ro, Stability,
ShyVisEnodhy  Iho Qn, Hp Ry Vaccination, Quarantine, Feasible region, Ry, Fy and E** LAS,
[68] Saila Integer Order Hospitalization E* GAS, Bifurcation, Risk-group
ShyEnIn,Qn,Hp,Rp . Vaccination, Quarantine, Feasible region, Fy, E* and E** LAS,
(601 Sa,Fa,la Fractional Order Hospitalization Optimal control

Table 3: Summary of modeling features in the reviewed Mpox literature (continued).

93



Journal of Mathematical Epidemiology, 1(1), 77-98, (2025)

Research Paper
Open Access
ISSN: 0000-0000

Reference Compartments Modeling Approach Control Strategies
Conducted Analysis
Sh, Vi, EnIn,Qn,Hn, R, . Vaccination, Quarantine, . .
[70] S, Bl Fractional Order Hospitalization Feasible region, R, Fo GAS
ShyEhy v Ehy Iy 1 Ihy s Ri Numerical analysis, Optimal control
[71] A Integer Order - Sensitivity
Sh,dn,Rp, Feasible region, Ry, Fo LAS-GAS,
[72] Sulo Re Integer Order - E* LAS-GAS
Shodn,Th,Rn Feasible region, Ro, Eo and E* LAS,
(73] Sa,la,Re Integer Order i Sensitivity, Optimal control
T 2 T 2 T 72
[74] S ]’5’1 ’52}11 éshf ’I;fi’[h’ Age-structured - Ro, Eo LAS
hydlpyPastasdla
Sh,dn,Th,Rn . Feasible region, Ko, Fo LAS, E* LAS,
[75]] SuTu.Re Fractional Order - Optimal control
Table 4: Summary of modeling features in the reviewed Mpox literature (continued).
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