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ABSTRACT Inthis study, we conducted a thorough and in-depth investigation into the existence and stability of the boundary equilibria of a deterministic
mathematical model for Mpox transmission to gain a deeper understanding of the disease dynamics. The investigation begins with the identification and
analysis of the Mpox boundary equilibria, which include the rodent-only boundary equilibrium, the human-only boundary equilibrium, and the coexistence of Mpox
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the rodent and human boundary equilibria. Using center manifold analysis, it was demonstrated that both the rodent equilibrium and the human equilibrium Stability

exhibit backward bifurcation when the basic reproduction number of the Mpox transmission model is less than unity. This backward bifurcation phenomenon

complicates the control and eradication of Mpox in both rodent and human populations, even when the basic reproduction number is below one. To evaluate Bifurcation

the robustness of the model results, uncertainty and sensitivity analyses were performed using Latin Hypercube Sampling and Partial Rank Correlation Optimal control
Coefficient methods. The results indicate that the basic reproduction number is most sensitive to the human-to-human and rodent-to-rodent transmission

rates, as well as the proportion of quarantined humans who progress to active infection, while increases in the treatment rate of infected humans and Simulation

the rodent death rate significantly reduce the transmission potential of Mpox. Additionally, to underscore the importance of community education, public
awareness, and enlightenment campaigns in curbing the spread of Mpox, we introduced two time-dependent control measures to the Mpox model, namely,
precautionary actions taken by susceptible individuals to hinder the spread of Mpox (these actions include regular handwashing, wearing gloves when
handling rodents, and avoiding direct contact with the open sores of infected humans), and the use of disinfectants (for washing clothes and cleaning of
surfaces) and proper sanitation practices to increase the decay rate of the Mpox virus in the environment. Our numerical simulations indicate that each
control measure is effective in reducing the spread of Mpox. However, the combined implementation of both control measures proves to be particularly
effective in significantly reducing the prevalence of the disease.

INTRODUCTION divided into two subclades, Ila and IIb. Clade I has been linked to

Mpox, previously referred to as monkeypox (World Health Or-
ganization et al. 2022), is a zoonotic infection resulting from the
monkeypox virus (MPXV), a double-stranded DNA virus clas-
sified within the Orthopoxvirus genus of the Poxviridae family.
This viral family also includes the variola virus, responsible for
smallpox, and the vaccinia virus, associated with cowpox (Branda
et al. 2024). Mpox, an orthopoxvirus, is endemic to Central and
West Africa. It was initially identified in captive monkeys in 1958
and subsequently detected in humans in 1970 in the Democratic
Republic of the Congo (DRC), during the concluding phase of the
global smallpox eradication campaign (Branda et al. 2024; Subissi
et al. 2024). Since that time, sporadic outbreaks have occurred in
various countries within West and Central Africa, predominantly
impacting children residing in rural, rainforest areas. MPXV is
classified into two genetically distinct clades: Clade I, formerly
known as the Central African or Congo Basin clade, and Clade II,
previously referred to as the West African clade. Clade II is further
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more severe clinical outcomes, increased human-to-human trans-
missibility, and a higher case fatality rate compared to Clade II
(Branda ef al. 2024). MPXYV is broadly distributed among various
small rodents and primates in Africa, including dormice, squirrels,
Gambian pouched rats, non-human primates, and other species.
Nonetheless, the specific natural reservoirs of the virus and the
mechanisms underlying its persistence in wild populations remain
uncertain (Branda et al. 2024). Global attention was drawn to the
MPXYV outbreak in 2003, when the virus was reported outside of
Africa for the first time, including in the United States (Reed et al.
2004; Larkin 2003; Stephenson 2003). Following the World Health
Organization’s (WHO) declaration of the outbreak as a "Public
Health Emergency of International Concern” on July 23, 2022, a to-
tal of 91,123 confirmed cases and 663 probable cases were recorded
by September 30, 2023, along with 157 reported deaths across 115
countries and territories. More recently, the resurgence and rapid
increase in reported MPXV cases have raised significant public
health concerns (Sun et al. 2024).

MPXYV is a zoonotic virus capable of transmission from animals
to humans, as well as between individuals. Infection typically
occurs through breaches in the skin or via mucous membranes
during activities such as physical contact, kissing, or sexual inter-
actions. The virus may also be transmitted through contact with
contaminated materials, including clothing, bedding, or needles,
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as well as through prolonged inhalation of respiratory droplets.
Additionally, exposure to lesion exudates, blood, or other bodily
fluids from infected humans or animals can facilitate transmission.
Handling infected animals, processing contaminated meat, or sus-
taining bites or scratches from infected animals are also recognized
routes of transmission (Sun ef al. 2024; Kumar ef al. 2022; Kaler et al.
2022). The MPXV outbreak in July 2022 was primarily associated
with close physical contact, particularly sexual activity, with the
majority of cases occurring among men who have sex with men
(MSM) (Sun et al. 2024; Thornhill et al. 2022).

Cases of vertical transmission have also been documented, in-
cluding transplacental infection, wherein the virus is transmitted
from an infected pregnant individual to the fetus via the placenta
(Sun et al. 2024; Schwartz et al. 2023). The incubation period for
human Mpox ranges from 5 to 21 days, with a typical duration of
7 to 17 days (Banuet-Martinez et al. 2023; Lum et al. 2022). This
is followed by a prodromal phase lasting approximately 1 to 4
days (Banuet-Martinez et al. 2023). MPXYV is genetically and clin-
ically similar to the variola virus but usually leads to milder dis-
ease compared with smallpox (Araf et al. 2024). Nevertheless, the
clinical severity can vary considerably among individuals and is
influenced by underlying health conditions and contextual factors
(Islam et al. 2023). Individuals affected during the 2022 MPXV out-
break presented with a wide spectrum of clinical manifestations,
including high fever, skin rash, fatigue, headache, lymphadenopa-
thy (particularly inguinal), sore throat, chills, nausea, shortness
of breath, dysphagia, chest pain, myalgia, and, in some cases,
genital necrosis. Additional symptoms included gastrointestinal
disturbances such as diarrhea and vomiting potentially leading
to dehydration as well as conjunctivitis, corneal involvement re-
sulting in ocular damage, tonsillitis, pharyngitis, encephalitis, and,
in rare instances, bronchopneumonia (Islam et al. 2023). Previous
smallpox vaccination is estimated to confer approximately 85%
protection against Mpox; however, the duration and long-term
efficacy of this vaccine-induced immunity remain unclear (Mitja
et al. 2023).

Over the past two decades, mathematical modeling has become
essential in the study of infectious diseases. This approach has
a long history and is increasingly utilized to understand trans-
mission patterns, design studies and public health interventions,
assess the effectiveness of interventions, and prepare for and re-
spond to outbreaks and epidemics. Epidemiology of infectious
diseases is fundamentally multidisciplinary, as the spread of infec-
tions among a community is influenced not only by the biological
characteristics of the pathogen and its host, but also by factors
such as the interactions between hosts (and vectors, when applica-
ble), environmental conditions, and, for humans, their healthcare
utilization and reactions to health interventions (see, for example
(Boubaker 2024; Yilmaz and Aydimner 2024; Wiraya et al. 2024)).
Mathematical frameworks are utilized to illustrate the complex in-
teractions among these factors and to incorporate information from
a range of sources, such as social sciences. Various mathematical
models have been created to analyze the dynamics of Mpox (see,
for example (Alharbi et al. 2022; Ahmad et al. 2024; Sweilam et al.
2024)). For instance, Peter et al. (2023) formulated and examined
a deterministic mathematical model to investigate the transmis-
sion dynamics of Mpox, integrating an optimal control framework
alongside a cost-effectiveness analysis. Their model incorporated
four control interventions: prevention of zoonotic transmission
from rodents to humans, mitigation of human-to-human trans-
mission, isolation of infected individuals, and treatment of those
isolated. The study concluded that among these interventions,
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preventive measures targeting the reduction of transmission from
rodents to humans were the most cost-effective.

Al-Shomrani et al. (2023) developed and conducted a compre-
hensive analysis of a deterministic SEIR-based model that accounts
for the prodromal phase, variable infectivity levels, and hospital-
ization, to investigate the transmission dynamics of Mpox. El Man-
souri et al. (2023) developed and analyzed a discrete-time mathe-
matical model to characterize Mpox transmission dynamics within
a human population. Their model was extended to include three
control interventions: increasing awareness among at-risk groups
via media campaigns, civil society engagement, and educational
programs; implementing quarantine measures for infected indi-
viduals either at home or in hospital settings when necessary; and
encouraging vaccination among susceptible individuals. Their
findings indicated that all these strategies effectively reduce Mpox
transmission, with the optimal choice of intervention depending
on the specific objectives outlined in the model’s control frame-
work.

Aly et al. (2024) introduced a novel mathematical model em-
ploying fractional-order differential equations with the Caputo-
Fabrizio derivative to simulate the transmission dynamics of the
Mpox virus. Qureshi et al. (2022) developed stochastic models to
simulate and forecast Mpox incidence. Their research included a
comparative evaluation of a machine learning approach—namely,
the multilayer perceptron (MLP) model against a conventional
time series technique utilizing the Box-Jenkins methodology, specif-
ically the ARIMA model. The findings revealed that the machine
learning model outperformed the traditional time series method in
terms of predictive accuracy. Okongo et al. (2024) developed and
thoroughly analyzed a deterministic mathematical model to study
Mpox transmission dynamics within an age-structured human
population. Their findings indicated that reducing contact rates
between susceptible and infected individuals both among chil-
dren and adults can effectively lower infection rates. They further
concluded that controlling the spread of Mpox relies heavily on
strategies such as early diagnosis, prompt treatment, and hospital-
ization of severely ill patients. Omede et al. (2026) developed and
conducted a qualitative analysis of a deterministic mathematical
model to examine the influence of environmental reservoirs and
host interactions on Mpox transmission dynamics. Their model
incorporates all potential transmission pathways, including di-
rect contact, vertical transmission, environmental exposure, and
zoonotic (animal-to-human) transmission. Furthermore, they val-
idated the model by fitting it to empirical data, using weekly
confirmed Mpox case reports from Nigeria.

A key limitation of the study by Omede et al. (2026) was the
absence of an investigation into the existence and stability of the
Mpox boundary (endemic) equilibria. To address this gap, the
present study extends their work by performing a comprehensive
analysis of the existence and stability conditions of these equilib-
ria. Additionally, we enhance the model proposed in Omede et al.
(2026) through the incorporation of two time-dependent control
measures designed to highlight the impact of community educa-
tion, public awareness, and enlightenment campaigns in mitigat-
ing the transmission of Mpox. The structure of this paper is as
follows: Section 2 outlines the development of the model; Section
3 provides the analytical findings; Section 4 examines the extended
Mpox model with the integration of optimal control strategies; and
Section 5 offers concluding observations.
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MODEL DEVELOPMENT

In the work of Omede ef al. (2026), they designed a deterministic
mathematical model for Mpox co-circulating within human and
rodent populations. The total human population at time ¢, denoted
by Ny (t), is stratified into six compartments of susceptible indi-
viduals denoted by Sy (), exposed individuals denoted by Eg(#),
quarantined individuals denoted by Q(t), infected individuals
denoted by Iy(t), treated individuals denoted by Ty (t), and re-
covered individuals denoted by Ry (). Similarly, the total rodent
population at time ¢, denoted by Ng(t), is divided into three com-
partments: susceptible rodents denoted by Sg(t), exposed rodents
denoted by Eg(t), and infected rodents denoted by Ir(t). The
dynamics of the Mpox transmission model in Omede et al. (2026)
are governed by the system of nonlinear differential equations
presented in equation (1), with the descriptions of model variables
and parameters provided in Table 1, 2, and 3.

ds
TtH = (1—¢Iy) my — AuSy — wuSH + (1 — &) 0Q,
dE
TtH =AySy — (v +¥ +wy) Eg,

aQ

I =9Ey — (c+wpy)Q,

dl

Tf = IPEH +acQ+ Cryly + (p/\HRH — (T+(5H +a)H) Iy,
dT,
TtH =1ly — (9+¢(5H +wH) Ty,
dR
TtH =0Ty — (pAg +wph) Ry,

45 _ 7R — ARSR — WRSR,

dt

dE

TtR = ARSR — (7 + wg) Eg,

dl

le =nER — wrlg,

% =1 g +1roly — weM.

M
Where
_ Bulg +Brulr | BenM _ BrIR | BerM

)‘H* NH +K+M,and /\Kf NR K+M

With initial conditions Sg(0) > 0, Eg(0) > 0, Q(0) >
Ty(0) > 0, Ry(0) > 0, Sg(0) > 0, Eg(0) >
M(0) > 0.

It can be shown in Omede et al. (2026) that the feasible region

0=y UORU O € RE xR xR %)
Where
QH = {(SH/EHIQ/IH/TH/RH) S §R§r : NH S Zi}'
H
Or = {(SR,ER,IR) c §Ri :Ng < %}/
R

and

*
QMz{Mem:M§L<3+"—H)}.
we \WR  wy

Consequently, the dynamics of the Mpox model are analyzed
within the positively invariant region Q).
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Figure 1 Schematic Diagram of the Mpox model

Human-rodent transmission is modeled through direct zoonotic
contact and indirect exposure via environmental contamination,
reflecting established Mpox spillover pathways. These interactions
are assumed to occur at low but non-negligible rates, consistent
with sporadic wildlife contact in endemic settings.

ANALYTICAL STUDY OF THE MODEL

Asymptotic Stability of the Mpox Disease-free Equilibrium
The Mpox model (1) disease-free equilibrium is given by
to = (Sk B, Q" Iy, Ty, Ry, Sk, Bk, Ir, M)
3
:{@,0,0,0,0,0,@,0,0,0} ©
WH WR
The basic reproduction number of the Mpox model (1) was com-
puted in Omede ef al. (2026) using the next generation operator
method described in Van den Driessche and Watmough (2002),
and it is given by
oM _ B (yac+9Ps)  &my | Bry
P2P3P4 P4 PéwR
Berimtura (yao + YP3) | Per7RYTY
KP2P3P4aJHwe KP(,w]%wg
Ber7rY (Y20 + ¢P3) (BruT2 — PHT1) )
KP; P3Py Pow w,
Bri (yao + ¢P3) (Bertrra + PrKwpwe)
KP2P3P4P6(UH(UR(4JE
¢t (BRKwrwe + BerTRT1)
KPyPswhwe

Jr

Where
P = (1—0()(7,1)2=’Y+l/)+wH,P3:(T+(UH,P4=T+§H+
wy, P5s =0+ ¢y + wy, and P = 1 + wg. Thatis

R = R+ A+ Ty + TG+ TGN+ AT ©)

Where
ZH = %}Tpm represents the basic reproduction number
: 2P Py .
attributable to human-to-human transmission.
RY = gp% denotes the component of the basic reproduction
number resulting from vertical transmission of Mpox from mother

to child.
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Table 1 Interpretation of the state variables associated to the Mpox model (1)

Variable Interpretation Initial Value Unit

Su Number of Susceptible Humans. 217000000 Person

Ey Number of Exposed Humans to 5000 Person
Mpox.

Q Number of Quarantined Humans. 100 Person

Iy Number of Mpox Infected Hu- 50 Person
mans.

Ty Number of Treated Humans with 10 Person
Mpox.

Ry Number of Recovered Humans 0 Person
from Mpox.

SR Number of Susceptible Rodents. 6000 Person

ER Number of Exposed Rodents to 800 Person
Mpox.

Ir Number of Infected Rodents with 80 Person
Mpox.

M Environmental Concentration of 100 Virion
Mpox.

BY = Pﬁ; 'ij represents the portion of the basic reproduction 2. Human-only boundary equilibrium,

number that arises from transmission occurring between rodents.

eH _ Permura(yao+yPs) ; i
x5 = KB Ponw, - Yepresents the portion of the basic re-

production number that results from environmental transmission

to humans.
gpeR — PerTriIM
<0 KPsw3w,
number that results from environmental transmission to rodents.

reflects the portion of the basic reproduction

gpeRH — Bermry (Y20 +Ps) (Brir2—Prr)
0 KP2P3P4P6(U%<LUE
Bri (yac+9P3) (Ber a2 +BuKwpw.) Ertpn (BRKwWRrWe+ Ber TTRT1) cap-
KP, P3Py Pewywrwe KP4 Psw? we p

tures the portion of the basic reproduction number that results
from indirect transmission, beginning in the environment, moving
to rodents, and ultimately reaching humans.

A detailed investigation of the local stability of the disease-free
equilibrium was conducted in Omede ef al. (2026), from which the
following theorem is derived.

Theorem 1. The disease-free equilibrium (£y) of the Mpox model (1) is
locally asymptotically stable if %} < 1, and unstable if Z} > 1.

Analysis of Boundary Equilibrium: Existence and Stability

In this part, we will investigate the presence and stability of the
steady states of the Mpox model (1), which occur when the vari-
ables representing Mpox infections are non-zero. Therefore, by
applying the method in (Omede et al. 2023b, 2024b), the possible
steady states of the Mpox model (1) are presented as follows

1. Rodent-only boundary equilibrium,

Cr = (0,0,0,0,0,0,S%", EX*, I}*, M**) (in this case, Mpox is
present in only the rodent population).
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Cu = (Si Eff, Q" Iy, T, R}f,0,0,0, M*) (here, Mpox
is present in only the human population. This is possible
through travel-associated Mpox cases).

3. Coexistence of Human and Rodent boundary equilibria,
Cur = (Si EY, Q% I, Tif Ry, SiL EfL I, M) (in this

case, Mpox is co-circulating in the human and rodent popula-
tion)

The Mpox model (1), evaluated at steady state, yields the following
expressions in terms of the infection rates:

Bulif + Bruly’ = BeyM™
)\}k_l* = N;I* Ke+ M ,ﬂnd
(6)
A5 — :BRIE* ,BeRM**
RN T K+ M
Where
N =S +Eff + Q" + Iif + Tif + Ry, (7)
and
Ng* = S§" + Ef* + Iz". (8)
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Table 2 Interpretation of the parameters associated to the Mpox model (1)

Parameter

Interpretation

Baseline value

Unit

Reference

TH

TR

¢

BH

BrH

Br

ISEH

,BeR

wWH

WR

We

OH

Human recruitment rate.
Rodent recruitment rate.

Proportion of individuals
who were infected with
Mpox at birth or migrated
while carrying the Mpox in-
fection.

Transmission probability
between infected humans
and susceptible humans.

Transmission probability
from infected rodents to
susceptible humans.

Transmission probability
from infected rodents to
susceptible rodents.

Transmission probability
from the environmental
concentration of Mpox to
susceptible humans.

Transmission probability
from the environmental
concentration of Mpox to
susceptible rodents.

Natural death rate for hu-
mans.

Death rate for rodents.
Mpox virus decay rate.

Treatment rate of infected
individuals.

Mpox disease-induced
death rate for humans.

Quarantined rate of ex-
posed individuals.

Progression rate from ex-
posed class to infected
class for humans.

Human progression rate
from quarantined class to
either infected or suscepti-
ble class.

Fraction of quarantined
humans that progressed
to the infected class.

36.61

0.2

1x108

0.0334

0.0052466

0.0003

2.4901 x 108

1x10°8

12.43

0.002
0.35

0.01

0.003286

0.4

0.016744

0.1

0.3

Per 1000 persons

Per week

Per week

Per week

Per week

Per week

Per week

Per 1000 persons

Per week
Per week

Per week

Per week

Per week

Per week

Per week

Per week

(Statista 2025a)
(Peter et al. 2022)

(Omede et al. 2026)

(Omede et al. 2026)

(Omede et al. 2026)

(Adepoju and Ibrahim
2024)

(Omede et al. 2026)

(Omede et al. 2026)

(Statista 2025b)

(Peter et al. 2022)
(Omede et al. 2026)

(Omede et al. 2026)

(Peter et al. 2022)

(Omede et al. 2026)

(Peter et al. 2022)

(Omede et al. 2026)

(Omede et al. 2026)
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Table 3 Continuation of the Interpretation of the parameters associated to the Mpox model (1)

Parameter Interpretation

Baseline value

Unit Reference

1—«a Remaining fraction of 0.7

quarantined humans that

progressed back to being
susceptible again.

N Rodent progression rate  0.34
from exposed to being in-
fected with Mpox.

0 Recovery rate of treated 0.83
individuals.

¢ Modification parameter  0.01
representing the de-
crease in Mpox-related
mortality due to medical
treatment.

@ Modification parameter 0.014

that accounts for re-

infection after recovery

from Mpox.

r1 Shedding rate of Mpox in 0.1
the environment from in-
fected rodents.

0 Shedding rate of Mpox in  0.07

the environment from in-

fected humans.

K Carrying capacity. 10000

Per week (Omede et al. 2026)

Per week (Omede et al. 2026)

Per week (Elsonbaty et al. 2024)

Per week (Omede et al. 2026)

Per week (Omede et al. 2026)

Per week (Omede et al. 2026)

Per week

(Omede et al. 2026)

(Omede et al. 2026)

With
o Py P3Ps (@AY + wh)(Py — ) — Aff TPy P3

°H = (PAYf +wh)By — Aff @T0A ’
Y iy P3Ps (Al + wy)(Py — Emtyy) — A2ty pTOPs
H (PASF + wi) Dy — A5 1O ’
o = Afi e yPs (@AY + wr) (Py — §mtn) — A mugtéy
(CPA}:I* +CUH)A2 —Af{*(preAl !
IR — A}?HHP5((PA?—I* +wp)(yao + PpP3)
H (PA% + wp) By — A3 @TOA
T — A;—fﬂHT((PA?—[* + wH)(’)/DCU— + IPP3)
H (A% + wh) By — A3 @TOA
RY A THTO(PAY + wi) (yao + ¢P3)
H (QA%F +wh) Dy — A3 @TOA
P S .
R AT +wr”™® 7 (A +wr)Ps’
o ARTRT
R (W + wr)wrPs’
M = )‘TQ* TIRNT]

(AR + wr)wgrwePs

Aff a2 Ps (@AY + wpr) (yao + ¢P3)
(pAFf + wH)weDy — AT @TOw A
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Where

P=1-a)o,b=v+¢p+wy Ps=0+wy PL=1+6y+
wh, P5s =0+ ¢dy +wy, Po =1+ wr, A = ()\ﬁ + wy)PrP3 —
AffyP, and Ay = Ps (Al (Py—Cmty) + AﬁéT[H(’}/(XU + IPP3)).
The equilibria of the Mpox model (1) can be found by inputting
the steady-state components into the equations in (6) and solving
for the fixed points of the system as outlined below

)L**,/\** AEE
<00 =[S PHA) here = [ M), o)
&2 (AF %) AR

both g1 and g, correspond to the right-hand sides of the equations
for A}j and A%* in (6), respectively.

Rodent-only Boundary Equilibrium: This equilibrium character-
izes an ecological scenario where Mpox remains endemic in the
rodent population without spillover to humans. Such a situation re-
flects the recognized role of rodents as natural reservoirs of MPXYV,
where sustained transmission can occur independently of humans.
In this state, environmental contamination may remain non-zero
due to continuous viral shedding by infected rodents. This equi-
librium therefore captures the enzootic maintenance of Mpox in
wildlife, which serves as a persistent source of potential spillover
to humans.
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Thus, the rodent-only boundary equilibrium denoted by (g, is
given by

Zr = (0,0,0,0,0,0,Sx", EX", I, M*™), (11)
with
gx TR *x /\E*HR sk /\E*HR”
RfA** ’RfA** P’Rf()\**+ ) P’
R T WR (AR +wr)Ps R T WR)WRs
M = AR TtRIIN

()\T{* + wR)waeP6 !
(12)
By solving the fixed-point equation g, (0,A%") = A%", one may
ascertain whether the rodent-only boundary equilibrium exists.
Solving this fixed-point equation A" leads to the following poly-
nomial:

LK) =2 (PR + @A +@3) =0 (13)
Where

1 = rPs (KwrwePs + mrYT1),

@,y = rwr P ((Kwrw,Ps + mtriry) + Kwrwe Ps) —
14
Br7rY (KwrwePs + TtR1r1) — Ber RN 11 P, (14)

®3 = pKwkweP? (1— (2§ +45%) ).
We can express @3 as
®; = mpKewgweP? (1- 2 ),

with
YR = A5+ 7GR

The solution to . (A%") in (13) are A" = 0 and ®1A52 + DA +
@3 = 0. Specifically, A" = 0 stands for the Mpox disease-free
equilibrium point, and its stability has already been investigated.
In contrast, ®1A§*2 + OHA + P3 = 0 denotes the rodent-only
boundary (endemic) equilibrium. The polynomial . (A%") in (13)
suggests the presence of backward bifurcation, which is frequently
observed when a stable endemic equilibrium and a stable disease-
free equilibrium point coexist, provided that the basic reproduction
number is below one (see, for instance (Gumel 2012; Omame ef al.
2022; Omede et al. 2024a; Jose et al. 2023b; Omame et al. 2021; Jose
et al. 2023a)). The Mpox model’s backward bifurcation feature
makes it biologically challenging to effectively control Mpox infec-
tion in rodent populations when the basic reproduction number
is less than one. Backward bifurcation necessitates the existence
of multiple boundary (endemic) equilibria. Hence, we need to
consider three cases for the equation ®; A}‘{*z + O + P53 =0,
determined by the sign combinations of ®;, and &3, while noting
that ®; remains strictly positive. The cases are;

1. When &; < 0 and &3 = 0 or CD% — 491 P35 = 0, the equa-
tion . (A%*) has exactly one positive root, and a backward
bifurcation cannot occur.

2. When &, < 0, 3 > 0 and <I>% — 4P P3 > 0, the equation
£ (Ay") yields two boundary equilibria (i.e., two positive
solutions), indicating the potential for a backward bifurcation.

3. Otherwise, none exists.

Nonetheless, it is important to be aware that ®3 > 0 if ,%’(])VIR* <1,

and &3 < 0if ,@(])VIR* > 1. As a result, the following theorem
follows from the investigation above.
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Theorem 2. The rodent-only boundary equilibrium of the Mpox model
(1) has;

1. Exactly one distinct boundary equilibrium if 3 < 0 (i.e. ZYR* >
1)

2. Exactly one distinct boundary equilibrium if &, < 0, and &3 =0
or @3 — 4®1P3 = 0.

3. Exactly two boundary equilibria if ®3 > 0 (ie. Z)R* < 1),
@, < 0and 3 — 49, P53 > 0.

4. Otherwise, there would be no boundary equilibrium.

Multiple boundary equilibria exist, indicating a backward bifur-
cation, if and only if %(])VIR* < 1, as seen in case 3 of the rodent-only
of the Mpox model (1).

Human-only Boundary Equilibrium: The human-only boundary
equilibrium corresponds to a transmission regime in which Mpox
circulates within the human population while rodent infection is
absent. This situation is consistent with outbreak settings dom-
inated by human-to-human transmission, such as close-contact
networks or healthcare associated spread, where zoonotic spillover
is limited during the outbreak period. Environmental viral contam-
ination may still play a role through indirect transmission mecha-
nisms. This equilibrium allows assessment of Mpox persistence
driven primarily by human behavioral and contact patterns.

Thus, the human-only boundary equilibrium represented by
CH, is expressed as

Cu = (Sy, Ef, Q" I, T, R},0,0,0, M*™), (15)
with

grx _ tuPaP3P5(pAff + wp)(Py — Emy) — A my@T6Po P3
H (A5 + wp) Dy — A 10 ’

_ )\ﬁHHP3P5((p/\ﬁ + wH)(P4 — CTL’H) — AﬁzﬂH(pTQP3

E**
H (PA%F +wh) Dy — A3 @TOA
g = M TP (@AY + wn) (P = G7tn) APy pToy

(A} + wH) Ay — Aff T0M
v _ A 7THPs (A + wn) (yao + ¢P3)

I
H (PASF +wn)Dy — A3 10

e _ METHT(QAY + wh) (700 + YPs)
H (PAlF +wn)Dy — A3 10

R+ = AT} + wi) (720 + YP3)
g

(QAY + wH) Ay — Aff @T0M

we _ Mt PS (@AY + wn) (v + $P3)
(A} + wH)weDy — Aff @TOWe A

(16)

Where

PP=01Q-a)o,h,=7v4+¢+wy, Ps=0+wy Py=17+y+
wy, Ps = 0+ ¢dg + wy, Ps = 1+ wr, A = (/\}k_l* + wy)PPs —
)\ﬁ’)/Pl, and Ay = P5 (Al (P4 - C:,(TL’H) + /\}:I*CEHH(’)/DCU' + l/JP3))
The presence of a boundary equilibrium corresponding exclusively
to the human population is established through analysis of the
fixed-point condition g1 (A}f,0) = Aj}. Solving this fixed-point
equation for the unknown A}f leads to the formulation of an asso-
ciated polynomial equation

T (M) = VIAFH + VoA 4 VaA 2+ VA + Vs (17)
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where
V1 = D3Dg,
V2 = D3Dy7 + D4Dg — D1 (B + Benr2D3),
V3 = D3Dg + D4D7 + D5Dg — D1 (ByD7 + Berr2Dy) —
D3 (BuDes + Benr2Ds3), (18)
V4 = D4Ds + D5D7 — By (D1Ds + D, D7) —
Benr2 (D1Ds + DaDy),
Vs = muwhwePPEPPEK (1 - 2!M)
with
F"M = A+ A + A, Dy = moPs (yao + Py,
D, = mywyPs(yao + ¢Ps),
D3 = my@(Ps(Py — §rtyg) — 10) (7 + P3)+
@ (yao + YP3)(Ps + 10 + 1),
Dy = mywy ((yao + $P3)(t0 + T+ P5) + Ps(Py — Gty ) (7 + P3))
+ 7ty @PaP3(P5(Py — Erryy) — T6),
Ds = mtywy P P3Ps(Py — {rty),
D¢ = mty@raPs(yao + P3) + KweZy,
Dy = mywytro Ps(yao + P3) + KweZy,
Dg = Kw,Z3,
Zy = @P5((P2P3 — vPy)(Py — {rty) + Gy (yao + ¢P3)) —
@TO(PrPs — vPy),
Zy = wyPs((P2P; — yP1)(Py — $my) + Gy (yao + ¢ P3))+
wy@PP3(Ps5(Py — {rtyy) — T6),

Z3 = wiPyPsPs(Py — Emtyy)

(19)
As seen from equation (17), V is strictly positive due to the non-
negativity of all model parameters. In addition, V5 remains pos-
itive provided that 2} < 1. Under these conditions, the ad-
missible positive roots of (17) are governed by the sign configu-
ration of the coefficients V,, V3, and V4. The root structure is
examined by invoking Descartes” sign criterion on the polynomial
T (x) = Vix* + Vox® + V3x2 + Vax + Vs, with x = A%, leading
to the results stated below.

Theorem 3. The human-only boundary equilibrium of the Mpox model
(1)

1. Has only one boundary equilibrium if ZY* > 1 and any of the
following conditions are met

(1) Vo, >0,V3>0,Vy>0;
(ii)) Vo, <0,V3<0,Vy<0;
(iii) Vo >0,V3<0,Vy <0
(iv) Vo >0,V3>0,Vy <O0;

2. Could have 2 or more boundary equilibria if %’éiM* > 1and any of
the following conditions hold

(i) V,<0,V3>0,Vy<0;
(i) Vo <0,V3<0,Vys>0;
(iii) Vo, >0,V3<0,Vy>0;
(iv) Vo, <0,V3>0,Vy>0;

3. Could have 2 or more boundary equilibria if Z}H* < 1 and any,
orall, Vy, V3, and V4 are less than zero.
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As established in the third statement of Theorem 3, the coex-
istence of more than one boundary equilibrium when %’é\AH <1
reveals the possibility of complex dynamical behavior, suggesting
that stability transitions may occur below the classical threshold
value.

Coexistence of Human and Rodent Boundary Equilibria: This
equilibrium describes a coupled endemic state in which Mpox
persists simultaneously in both human and rodent populations,
with the environment acting as a shared viral reservoir. Biologi-
cally, this scenario reflects repeated spillover and feedback between
wildlife reservoir and human hosts, a hallmark of Mpox ecology in
endemic regions. The presence of environmental MPXV further re-
inforces persistence by sustaining indirect transmission pathways.
This equilibrium captures the full ecological complexity of Mpox
transmission across multiple hosts.

Here, the coexistence of human and rodent boundary equilibria
represented by (R, is expressed as

Cnr = (S, B, Q™ Iy, Ty, Ry, Sy Ef I, M™), - (20)
Substituting (7) and (9) into the expression A}; in (6), we obtained
polynomial

Wi (Al AR) = OIA;PAR? + @A PAR + O3+

ONTAINE? + @AY 4+ @A+
O7NPAR? + @AY + @At 3+
O ZAR? + OPAIAY 4+ OpAL2+
OuAAR? + @A AR +O1sAf —
O1AR? — @R = 0.

21

Where
©1 = asys,
©, = azys + asy7,
O3 = azyy,

Oy = agye + aeys — aeY1 — PeHA1Y6,

Os = agye + agy7 + azys + agyYo — azy1 — AgY2 — Perr1Y7—
BeH%2Ys6,

O = agy7 +azyys — azyz — Bera2yz,

Oy = a10Ye + asys + AcY10 — 48Y1 — A6Y3 — Per1Y8 — PeHA3Y6,

Og = a11Ye + a10Y7 + a9y + agyo + azy10 + deY11 — A9Y1 — AgY2
—azys — agYs — BeHA1Y9 — BeHA2Ys — BeHA3Y7 — BeHA4Y6,

Og = a11y7 + agyg + azy11 — agy2 — azys — Per2Y9 — PeHAsY7,

O19 = a10Ys + agy10 — 410Y1 — 48Y3 — A6Y5 — PerrA1Y10—
Bera3ys — Berasye,

O11 = a11ys + d10y9 + A9y10 + AsY11 — A11Y1 — A10Y2 — A9Y3—
agys — azys — PerA1Y11 — BeH%2Y10 — Ber3Y9 — Perifays
— Benasay,

O12 = a11Y9 + agy11 — a11Y2 — A9Ys — BeHA2Y11 — PeHA4Yo9,

O13 = a10¥10 — A10Y3 — A8Y5 — PeHA3Y10 — PeHA5YS,

©14 = a11y10 + A10¥11 — 111Y3 — A10Y4 — A9Y5 — PeHA3Y11—
BerA4Y10 — BeHA5Y9,

15 = s 12411_%5:2) (1 (@ + 2 +wesh)),
O16 = a10Y5 + BeHa5Y10,
©17 = a11Y5 + Benasy-
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With
a1 = RN Z1 + WrWePsZy,

2
ap = (URUJeP624,

a3 = RN Zy + WrwePsZs,
g = whwePsZs,
a5 = RN Z3,
ag = KwrwePsZy + mrnr1Z; + wrwePsZy4,
ay = Kw%w€P621 + w%weP6Z4,
ag = KwrwePsZy + mryr1Zy + wrwePsZs,
ag = Kw%{weP6Z2 + w%{weP6Z5,
a19 = Kwrw,ePgZ3 + mtrNr123,
a] = lezzweP6Z3,
v1 = BumtH9wrPsPs (yao + YP3) + PruTtRN Z1,
Y2 = Bu7tpwr PsPs (yao + YP3),
Y3 = BurtnwnwrPsPe (Yoo + YP3) + BruTRN Za,
Y4 = ButwHWRPsPs (yao + $P3),
Y5 = BRHTTRNZ3,
Y6 = wrPeD3,
y7 = wiPsDs,
yg = wrPsDy,
Yo = wkPsDy,
Y10 = wrPsDs,
y11 = Wi PeDs.
And
Dy = tyPs(yao + ¢Ps),
Dy = mtywy Ps(yao + P3),
D3 = iy @(Ps(Py — §rryy) — 10) (v + P3)+
g @(yao + P3)(Ps + 0 + 1),
Dy = mpwy ((yao + $P3)(t0 + T+ P5) + Ps(Py — Gty ) (v + P3))
+ 7ty P2 P3(P5(Py — {rty) — 16),
Ds = mwy P P3Ps(Py — Srty),
D¢ = mty@roPs(yao + P3) + KweZy,
D7 = mtywyry Ps(yao + $Ps) + KweZy,
Dg = Kw,Z3,
Zy = @P5((P2P3 — vP1)(Py — {rty) + Gt (yao + ¢P3))
— @T0(PyPs — v Py),
Zy = wyPs((P2P3 — yPy)(Py — ) + e (yao + $Ps))
+wp@PaP3(Ps(Py — §mty) — 76),
Z3 = wi Py PsPs(Py — Emyy),
Zy = g @ro Ps(yao + Ps),
Zs5 = tywyty Ps(yao + PPs).
Substituting (8) and (9) into the expression AR* in (6), the resulting
polynomial is
Wi (Aff,AR) = UIA2ARS + WA AR + UsA AR —
U2 + UsAFARS + U A AR 2+
Uz AR — UgAlf + UgAR™ 4 UppA 2+
Up AR =0.

(22)
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Where

Uy = mrPsag,

Up = 1irPs(wrag + az) — mr(BRNA6 + PerPoar),
Us = mirwr Peaz — R (Br1A7 + PerPe(wrar + a2)),
Uy = mrwRr Ber Lo,

Us = mrPsag,

Us = mrPs(wRrag + ag) — mr (Br1ag + Ber Pod3),
Uy = mrwrPeag — 7R (Br1A9 + Per Po(wraz + ag)),
u8 = ﬂRwRﬁERP6a4/

Uy = rirPsaro,

Uso = rwr Psaio (1 — A ) + wrPoant (1 - %gR) )

U1 = mrwrPsary <1 - (%’} +%SR)) .

By adding the polynomial Wy (A}f, A%") in (21) and the polyno-
mial Wy (A5, A%) in (22), we obtained

Whr (A AR = O1ATPAR? + @2A7AR" + @301+
QNN L OsATIAE + @A+
O7AINE? + OgAEBAR 4+ @A+
WUARPARS + (O10 + U) i 2AR+
(O11 + U3) AF2AR + (O — Uy) Aj2 4+ (23)
UsATAR? + (@13 + Us) Aff AR+
(@14 + U7) A AR+ (©15 — Us) A +
UgAR + (Ugp — O16) AR+
(U — O17) AL =0.

The nature of the polynomial Wyg (A}, A%") is indicative of the
backward bifurcation phenomenon.

Chances of Backward Bifurcation Existence

The potential for backward bifurcation is investigated through
the Center Manifold Theory, a method extensively developed and
applied by Castillo-Chavez and Song (Castillo-Chavez and Song
2004).

Castillo-Chavez and Song theorem

Theorem 4. Assume a general system of ordinary differential equations,
influenced by the parameter 0;

% =h(z,0),h:R" xR = R"he C>(R" xR), (24)
where the system’s equilibrium point in equation (24) is z = 0.
In other words, h (0, ¢) = 0 V 9. Consider the following assump-
tions:
% : The linearisation of the system about the equilibrium at
the origin, given by equation (24), is represented by the matrix
A =D;h(0,0) = [% (0,0)} , where ¢ is evaluated at zero. This
matrix has a simple eigenvalue at zero, and all other eigenvalues
lie in the left half of the complex plane, indicating they have nega-
tive real parts.
%,: Corresponding to the zero eigenvalue of A, the matrix ad-
mits a left eigenvector v and a right eigenvector w, where w is
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non-negative. Let /1 be the k'’ component of 1 and

n

9%h
Og = Z vkwiwjik (0,0),

ki j=1 9z;0z;
(25)
Oy = i g (0,0)
b — krl:l k 182180 7 .

The local dynamics of equation (24) in the vicinity of the equi-
librium point 0 are entirely dictated by the signs of of O, and
Op.

1. In the case where both O, > 0and O}, > 0,

(i) For ¢ < 0 with |#| < 1, the system admits a positive
unstable equilibrium, while the equilibrium at the origin
is locally asymptotically stable.

(ii) Intheregime where(0 < ¢ < 1, anegative locally asymp-
totically stable equilibrium emerges, and the equilibrium
at zero loses stability.

2. If both O, < 0and O, < 0:

(i) When ¢ < 0 and |¢| < 1, the equilibrium at the origin is
unstable.

(ii) In the regime 0 < ¢ < 1, the origin remains locally
asymptotically stable, and a positive unstable equilib-
rium emerges.

3. If O >0and O, < 0O:

(i) When ¢ < 0 with |¢] < 1, the system possesses a locally
asymptotically stable negative equilibrium, while the
equilibrium at the origin is unstable.

(i) When 0 < ¢ < 1, a positive unstable equilibrium
emerges, while the equilibrium at the origin remains
locally asymptotically stable.

4. Under the conditions O, < 0 and O, > 0, a change in ¢
from negative to positive causes a stability shift at the origin,
from stable to unstable, and gives rise to a positive, locally
asymptotically stable equilibrium, while the previously exist-
ing negative equilibrium becomes unstable or disappears.

The type of bifurcation is determined by the signs of the coeffi-
cients: it is forward when O, < 0 and O, > 0, and backward
when O, > 0 and O, > 0. Employing this approach allows us to
establish the corresponding theorem.

Theorem 5. The Mpox model (1) undergoes backward bifurcation at
A = 1.
0

Proof. We use center manifold theory (Castillo-Chavez and Song
2004) to examine the bifurcation’s nature. The following change
of variables must be introduced for this theory to be applied effec-
tively: LetSy =21, Eg =20, Q =23, Iy = 24, Ty = z5, Ry = zg,
Sgr = z7, Eg = zg, IR = 29, and M = z13. So that

6 9
NH:ZZi and NR:ZZi
i=1 i=7

Additionally, by introducing the vector notation z =
(21,22,23,...,210)T and % =H (Z), where H = (hl,l’lz, I’l3,..., ]’llo)T,
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the Mpox model (1) can be equivalently expressed as:

% =hy = (1—z4) my — Agzy —wyz1 + (1 —a)oz3,
d
% =hy = Aygz1 — (’Y+1P+UJH)22,
d
§ =h3 = vz — (0 +wp)z3,
d
% = hy = Pzp +a0z3 + {myzy + pAgze — (T+ 0y + wy) 24,
d
% Eh5 = TZ4 — (9+¢5H+UJH)ZS/
% = he = 0z5 — (pAn + wh) Z6,
dz
d—: = hy = g — ARZ7y — WRZy,
dz
thS = hg = Arz7 — (7 + wr) zs,
% = hg = 1z3 — WRZ9,
% = th = 1129 + 2Z4 — WeZ1(-
(26)
Where
Ay = Brzs + BrHZ9 Berz10 and
Z1t+z+z3t+zatzs+z6  K+zy
__ Brz Berz10
z7 + 28 + 2Z9 K—f—ZlO.

We considered the transmission rate Sy to be the bifurcation pa-
rameter. Upon determining By = B}; from %! = 1, we obtained

. KwpwkwePyP3Pg(Py — Ertyy)

Pit = Cyua + §P3) (Keopyoreoe (@rPs — Brr) — Perl redr)
72 (BRBeHTHWRY — BeRBRHTRWH — Ber THWS P )
KwlezzwePG —1(BertrwyT1 — BrRKWHWRWE)
wpiPyP3 (BRORWeK + Ber7TRT1) (P — G7TH )

(yao + ¢Ps) (Kwywrwe(WrPs — BRY) — BeRNTTRWHTT)

The Jacobian matrix of the modified system (26) at the Mpox
disease-free equilibrium (o) when By = B7;, is represented by:

T (o) lpy=p;, =

H

_—wH 0 P -¥ 0 0 0 0 —Bru -Y3
0 - 0 By O 0 0 0  PBru ¥
0 y =Py 0 0 0 0 0 0 0
0 ¢ ac ¥, 0 0 0 0 0 0
0 0 0 T  —-Ps 0 0 0 0 0
0 0 0 0 6 —wy O 0 0 0
0 0 0 0 0 0 -—wg 0 —Br -4
0 0 0 0 0 0 0 -P PBr Y4
0 0 0 0 0 0 0 " —wg 0
L o 0 0 0 0 0 0 no —we
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where From (30), we obtained
Pp=(1-a)o, P, = y+¢+wy P35 = ct+wy, Py =
T+ +wh, Ps = 0+¢dg +wp, Ps = 1+ wr, Y1 = (Bu +¢7H),

T R o _ (yPs+yao)oy - aovy

Y, = ¢y — B, ¥3 = BKZ)H”,andT‘h = ﬂ'KKTRR Let w = 01—05—06—07—0,02—T,03— B,/
(w1, wo, w3, Wy, W5, We, Wy, Ws, Wy, w1o) " denote the right eigenvec- 109
tor associated with the simple zero eigenvalue. It can be obtained vy =04 > 0,08 = PO T 0, @1
by solving J (o) |g,=p;w = 0, and is represented as follows:  Bermr($Ps + a0)0s  PerTRIVS

Y10 = Kw, CUHP2P3 + Kw wRP(, ’

HTTHW10 € €
— wywy + Pyws — (B + §7th)ws — PrREWY — IBEKTH =0,

Determination of O, and O,
, Sincev; = 0,v5 = 0,06 = 0,and vy = O foreachk € {1,2,3,...,10},
the remaining non-zero partial derivatives are as follows:
Phy  Phy  Phy Phy Py Py
02zp0z4  0z40zy  0z30z4  0z40z3  0240Z5  0250Z4

Bermtrwio _ 0

— Pywy + Blywy + BREW9 + Kon

ywp — Psws =0,
Ypwy + aocws + ({rty — Py)wy =0,

Twy — Psws =0,

321’12 _ 82h2 _ 7/5}‘_!(4][.[
Ows — wywg =0, 0z40z¢  0z40Z4 g
ﬁeRT[Rwlo _ 32]’12 _ 82]’12 _ azhz _ 82h2 _ azl’lz _ azhz _
— WRW7 — lBRw9 - Kwg =0, 022029 - 02902o o dz30z9 o 029023 n 024029 B 029024 n
BeRTTRW10 ?hy _ Phy _ BruwWH
— Pews + Pruwy + Kwr 0, 0z50Z9  0z90z5 g 32
s — wgws =0, P Pho _praon P Ph
0z¢0z9 0290z gy 0z10z19 0219921 K’
oWy + 1MW9 — WeW1g = 0.
(28) 62h8 _ azhg _ 7,BRWR
solving the above equation (28), we obtained Jz0z9 0290z 7R
82h8 _ azhg _ ﬁLR 32& _ 72‘3}}wH
wy = ((Pl’)/ — P2P3)(P4 — CTCH) — CT[H(P31/1 + ’)/DC(T)) wo aZ73210 BZ10327 K’ azﬁ TH !
wHP3(P4 - CT[H) ’ 82h8 o 2BRWR 82h2 _
P 022 " 0z40B;
Wy = wy > 0,w3 = L2,y = (P & 780)10; 'yw)wzl & TR 9P
Py P3(Py — ¢mp) but
T(YP3 + yao)w, OT(PP3 + yao)w, 1 92hy
= , = , 29 O == Wy 010
T Pabs(Py—Grp) " T wiPsPs(Py — &yy) *) ! kijz;l ki 0z;0z; ©.0)
_ Pewg  wrwy <0
Ty T Ty T o _ _ 204BBHwn(YPs +700)% (P +7)
=
w 1’1P3(P4 —§'7TH)w9+72(1pP3+fytx¢7)w2 npng,(P4 _énH)
0= . %
wgP3(P4 — CTL’H) 2U4w%‘5HT(¢P3 + ')/IXU)3 (9 + ]lH) B
3 2
Similarly, the left eigenvector v = 7Py P3Ps(Py — {7th)
(v1,v2,v3,v4,05,06,07,08,09,0109), corresponding to the sim- 2vwowofruwn (PP + yao) (P +y)
ple zero eigenvalue and satisfying the normalization con- P, p32
o\ w = 1 . i h .
dition v.w _,Can be determined by solving the equation 20450 Bris (P + 7ac ) (T(60 + i) + wpiPs)
vJ (Lp) \5}1:% =0, as follows 5 —
PPy Ps(Py — {7ty)
—wpop =0, 209wgBer (r1P3(Py — G7tH)wo + 12 (PP + yao)ws)
— Pvy +yv3+¢pvy =0, KwePs(Py — ¢rtyy)
P1vy — P3u3 +acvy =0, 2?}9@05‘31{(01{(11 + wg) (33)
— (By + &mty)vr + Broz + (St — Py)og + T05 + 12019 = 0, R Ps
— Psvs + 0vg =0, 204wowg eyt (YPs + yao) (Pry — PaP3)
— Wi =0, KwpwP>Ps
— wgoy =0, 204wywoPer1E7tH (PP3 + yao)?
— Pgvg + o9 = 0, KwpweP,P3(Py — &mpy)
— Bruv1 + PrHV2 — PRU7 + PRUS — WRV9 + 11010 =0, 204w5Benr2 (PPs + y00)* (Pry — PaP3)
Ber7tHY1 | BeHTTHV2  BeRTRV7 | BeRTIRUS w,010 = 0 KwpwePo P (Py — Erpy)
_ _ — Wevyy =
Kwy Kwy Kwg Kwg ‘ (30) 204w3Bent28H (PP + yao)?

KwpweP,P§ (Py — &y )?

2040385, wp (YP3 + yao)®
PP (Py — Gy )?
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and ; 5
- oMy
Ob = kﬂgl VWi W (0, O)

_ vawo (YP3 + yao)?
PyP3(Py — riy)

Thus, according to Theorem 5 in Castillo-Chavez and Song (2004),

the Mpox model exhibits a backward bifurcation at ! = 1 when

O, > 0, accompanied by a non-negative bifurcation coefficient
Oy. O

A >0 (34)

Epidemiological Interpretation of the Bifurcation Point

The center manifold analysis reveals that the system undergoes
a backward bifurcation at Z)! = 1if a > 0, indicating that this
threshold does not guarantee disease elimination. Epidemiolog-
ically, this means that Mpox can persist in the population even
when the basic reproduction number is reduced below unity, due
to the coexistence of a stable disease-free equilibrium and a stable
endemic equilibrium. Consequently, disease outcomes depend on
initial levels of infection in the human population, rodent reservoir,
and environmental viral concentration. This result underscores
the importance of early and comprehensive control measures, as
reducing %’6\’1 below one alone may be insufficient to eradicate
Mpox without simultaneously lowering infection prevalence and
environmental contamination.
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Figure 2 Bifurcation Diagram for the Rodent-only Boundary equi-
librium of the Mpox model, with g = 0.0077 and B,g = 0.7. The
critical value of Z)R* is 23R+ = MR+ = 0.16.

Figures 2 and 3 depict the phenomenon of bistability between
the mpox disease-free equilibrium and the boundary (endemic)
equilibrium in the proposed model. The presence of a backward
bifurcation suggests the coexistence of a locally stable disease-free
equilibrium and a stable boundary endemic equilibrium, even
when the basic reproduction numbers for both the human and ro-
dent populations are less than one. Figures 2 and 3 were obtained
by numerically simulating the polynomials .Z(A%*) and 7 (A}})
in equations (13) and (17), using the parameter values fr = 0.0077,
By = 0.18, B.r = 0.7, ¥ = 0.6744, and the remaining parameter
values from Table 2 and 3 to determine the possible number of
positive roots. It is shown that, although the associated basic re-
production numbers (%gAR* and %’éVIH *) are less than one, and the
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Figure 3 Bifurcation Diagram for the Human-only Boundary equi-
librium of the Mpox model, with 7 = 0.18 and ¢ = 0.6744, The
critical value of Z2MH* is ZMH* = gMH* = 0.43,

disease-free equilibrium is stable, there might still be another stable
boundary (endemic) equilibrium that coexists simultaneously. This
means that even if the associated basic reproduction numbers are
less than one, a population may still resides at an endemic (bound-
ary) equilibrium at which the Mpox persists indefinitely. In Figure
2, it is important to note that three equilibria coexist when 218
lies within the range 0 < ZMR* < ,@(])VIR* < 1 (where ZMR* g
the critical value, %NR* = 0.16). These equilibria include a stable
disease-free equilibrium, an unstable boundary equilibrium, and
a stable boundary equilibrium. Thus, when %318 < %#MR*, only
the stable disease-free equilibrium exists. Similarly, in Figure 3,
when Z}1H* falls within the range 0 < ZMH* < zMH* < 1 (with
#MH* being the critical value and ZMH* = 0.43), a stable disease-
free equilibrium, an unstable boundary equilibrium, and a stable
boundary equilibrium coexist. Therefore, when %(Z)VIH* < %’?AH*,
only the stable disease-free equilibrium exists.

Biologically, the implication of backward bifurcation is that
when the associated basic reproduction numbers (Fiévm* and
%é\AH *) exceed one, reducing them to below one is no longer suffi-
cient to guarantee the elimination of Mpox. In the proposed Mpox
model, this phenomenon occurs because;

1. Multiple infection sources (direct human-to-human transmis-
sion, rodent to human spillover, and environment-mediated
transmission) allow the virus to persist even when each indi-
vidual pathway is weak.

2. Environmental persistence of MPXV creates a memory effect
in the system where by past infections continue to influence
current transmission through contaminated surfaces or mate-
rials.

3. Rodent reservoir dynamics sustain low-level infection that
can continuously re-introduce the virus into the human popu-
lation, preventing extinction at low reproduction numbers.

4. Nonlinear incidence and feedback between host and environ-
ment compartments introduce strong coupling effects that
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generate multiple endemic equilibria.

Hence, backward bifurcation in this Mpox model reflects the bi-
ological reality that Mpox control requires more than threshold
reduction, necessitating simultaneous interventions targeting hu-
man transmission, rodent reservoirs, and environmental decon-
tamination.

Uncertainty and Sensitivity Analysis

The effects of model parameters on the spread and progression
of Mpox shall be examined through uncertainty and sensitivity
analyses based on Latin Hypercube Sampling (LHS) and Partial
Rank Correlation Coefficient (PRCC) (Gumel et al. 2018). LHS is a
statistical sampling technique that efficiently explores the parame-
ter space by generating a large number of parameter combinations
that span the full range of each parameter while ensuring that all
regions of the parameter space are adequately represented. This
approach allows modelers to account for natural variability and
uncertainty in parameter estimates without the need for exhaustive
simulations of all possible parameter combinations. The sampled
parameter sets are used to simulate the model, and the resulting
output, specifically the basic reproduction number (%6\4 ), is ana-
lyzed to determine which parameters exert the greatest influence
on model outcomes. Following the simulations, PRCC analysis
is applied to quantify the relative influence of each parameter on
the model output while controlling for the effects of all other pa-
rameters. PRCC measures the strength and direction of monotonic
relationships between input parameters and model outputs, mak-
ing it particularly suitable for nonlinear and complex dynamical
systems. The combined LHS and PRCC framework not only identi-
fies the parameters that most strongly contribute to uncertainty in
the model output but also highlights those parameters for which
accurate estimation is critical. As such, this approach provides
valuable guidance for future data collection efforts and the design
of effective intervention strategies.

For each LHS run, a total of 1,000 simulations of the Mpox
model (1) were conducted using biologically plausible ranges for
the twenty-one parameters appearing in the expression for the
basic reproduction number (%é\/I ). Parameters with PRCC values
greater than 0.5 or less than —0.5 were classified as highly influen-
tial, indicating that small variations in these parameters can lead to
substantial changes in model predictions. In general, PRCC values
approaching —1 or +1 indicate a strong influence of the associated
model parameter on %(I)VI. A negative PRCC value indicates an
inverse relationship with the response function, whereas a pos-
itive value reflects a direct relationship (Gumel et al. 2018). The
sensitivity analysis results of the Mpox model (1), using %éw as the
response function, reveal (as shown in Table 4 and Figure 4) that
the top-ranked parameters positively correlated with Z2}! are the
transmission rate between infected and susceptible humans (By),
the transmission rate between infected and susceptible rodents
(Br), and the proportion of quarantined humans who progress
to the infected class (¢). Increases in these parameters lead to
higher values of ,%’éw . Conversely, the parameters most strongly
negatively correlated with %(I)VI are the treatment rate of infected
humans (1), the rodent death rate (wg), and the natural death rate
of humans (wp). Increases in these parameters result in a reduction
of the basic reproduction number.

EXTENSION OF THE MODEL WITH CONTROL STRATE-
GIES

To highlight the critical role of community education, public aware-
ness, and enlightenment campaigns in curbing the transmission
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Figure 4 Partial rank correlation coefficient (PRCC) bar chart show-
ing the sensitivity of %’6‘4 to the model parameters.

of Mpox, two time-dependent control strategies were incorpo-
rated into the Mpox model (1). The first control captures the
preventive measures adopted by susceptible individuals to re-
duce the risk of infection. These precautionary behaviors, repre-
sented by u4 (t) € [0,1], include regular handwashing, the use of
gloves when handling rodents, and avoiding direct contact with
the open lesions of infected individuals. The second control, de-
noted by u;(t) € [0,1], involves the application of disinfectants
(e.g., for laundering clothes and cleaning surfaces) and adherence
to proper sanitation practices aimed at accelerating the decay rate
of MPXV in the environment. With the integration of these two
time-dependent control measures, the Mpox model (1) is reformu-
lated as follows:

ds
= (=8l iy — (1= m (D) AnSy — wpSw + (1 - ) 0Q,
dE
TtH = (1—uy(t))AuSy — (v + ¢ +wn) Eg,
d
(T? =9Ey—(c+wy)Q,
dly
—i = YEn +a0Q + &7l + (1 — w1 (1) pAuRi—
(T4 6y +wn) Iy,
dTy
—p = Tl = (04 ¢ou + wn) T, (35)
dR
TtH =0Ty — (1 — uy (1)) pAg + wp) Ry,
ds
TtR = 1Tr — ARSR — WRSR,
dE
TtR = ArSr — (17 + wr) Eg,
dl
Tf = ﬂER — (URIR,
dM
o= IR + 12l — (we + up(t)) M.
Where
Brly+ Brulr . BerM BrIR | BerM
Ay = sand AR = —— :
H Ni Trem M RTN, TRkeM
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Table 4 PRCC analysis of the response function %’6‘4 for all model input parameters

Input parameter Parameter range PRCC (%6”)
TH [0.02746, 0.04576] 0.0538
z [7.5 x 1072,1.25 x 10~8] 0.0048
wy [0.00932, 0.01554] -0.5879
® [0.225, 0.375] 0.8766
o [0.075, 0.125] 0.2231
v [0.3, 0.5] -0.1565
P [0.012558, 0.02093] 0.1708
St [0.0024645, 0.0041075] -0.1149
T [0.0375, 0.0625] -0.8600
TR [0.15, 0.0025] 0.0270
wR [0.0015, 0.0025] -0.9156
we [0.2625, 0.4375] -0.0476
K [7500, 12500] -0.0275
1 [0.255, 0.425] 0.0128
" [0.075, 0.125] 0.0176
2 [0.0525, 0.0875] 0.0193
Bu [0.02505, 0.04175] 0.9048
BrH [0.003935, 0.006558] 0.0461
Betr [1.8676 x 10~8,3.1126 x 1079] 0.0355
Br [0.000225, 0.000375] 0.9074
Ber [7.5x1077,1.25 x 10~8] 0.0183

Accordingly, we define the following objective functional:
b 1 2 2
T, u2] = /0 Pl + (223(t) + 233(1)) | dt - (36)

Here, tf denotes the final time, and %, %5, and %3 are the weight
function to help balance the intergrand (36) so that no term will
dominate the other. The term %Iy quantifies the cost associated
with monitoring infected humans at all stages, while Z,u3(t) +
933u%(t) represents the expenses incurred in implementing the
control strategies.The objective is to minimize both the number of
infected individuals and the overall cost. To achieve this, we aim
to determine an optimal control pair uq (t) and u;(t) that satisfies:

Jui,uy] = min_ J(uq,us] (37)

uy,u €D
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where the admissible control set (D) is defined by

D ={(m (1), u2(t) € L1(0,t5) x L1 O, tf)lar < () = by,

ay <up(t) > b}
(38)
with each control function being Lebesgue measurable over the
interval [0, ].

Analysis of the Extended Model with Controls

Pontryagin’s Maximum Principle (Pontryagin 2018) is employed
to derive the necessary conditions for optimal control. Utilizing
this principle, the system described by equations (35) and the
objective functional (36) are reformulated into an optimization
problem aimed at minimizing the Hamiltonian H with respect
to the control variables uq(t) and u,(t) at each instant in time.
To establish the optimality conditions, the Hamiltonian is first
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constructed by combining the objective functional (36) with the
system dynamics (35), yielding the following expressions:

1
H= il + (%’zu%(t) + %’w%(t)) +

Aq {(1 —CIg) g — (1 —uq(t)) (ﬁHIH;]_HﬁRHIR n I’igf]]\\/[/l) 5y

—wySy+ (1—a)oQ] +
I I M

Ao (1= o) (Bt P o sty s, -
(v +v¥+wy) Eg] + A3 [yEg — (0 + wp) Q] +
Ay [IPEH+DCCTQ+I§7IH1H—(T+(SH+LUH) Ig+

I I M
R e L]
+ As [TIH*(G‘F(P(SH‘FWH) TH}+A6 [GTHf

(1= ey (BrrliePrnli y Pt 4 )

_ (BrIR | BerM _

+ Ay |:7'L'R ( Nr + K+ M Sr — wWRrSR| +
BrIR | BerM -

As{( Ne TRaM Sk — (7 + wgr) Er | +

Ag [nER — wrIR] + Ao [r1Ir +12lp — (we + uz(t) ) M] )
39
Here Al/ A2, A3, A4, A5, A6/ A7, Ag, Ag, A10 denote the adjoint
functions associated with the state variables Sy, Ey, Q, Iy, Ty,
Ry, Sr, Er, Ir, and M, respectively. The associated system of
adjoint equations is derived by taking the partial derivatives of
the Hamiltonian (39) with respect to both the state and control
variables.

Theorem 6. The control pair uj and u3, and the solutions S;, Ef;,
Q*, If;, Ty, Ry, Sk, Ex, Iy, M* of the corresponding state system (35)
that minimizes J [uq,up] over D, then there exists adjoint functions
Al, Az, A3, A4, A5, A(,, A7, Ag, Ag, AlO/ such that

dny  dNy _ dAy  dAy  _ dAs

dt 7%1/ dt *%2/ dt *%3/ dt *%4/ dt - g5/ (40)
dhg . dA; _ dAg _ dAg _ dAy

i e g~y ~ %y %y ~ o

The definitions of €1, ¢, €3, 64, €5, 66, 67, 63, 69, and €1 are listed
in the Appendix section.
In addition, the transversality conditions can be stated as:

Ai(tf) =0, i=1,2,3,..,10. (A1)

The subsequent characterization is valid;

u] = max {O,min (1, A (A2 = M1)Sh + (Mg — Aé)(PRH)) } )

)
()
u5 = max<0,min | 1,
2 { ( B3

where

(42)

Ay = <5HIH +Brilr | .BEHM) .
Ny K+M

Preposition 1. According to Corollary 4.2 of Fleming and Rishel (1975)
(Fleming and Rishel 2012), the existence of an optimal control pair
(uq (£),un(t)) is guaranteed under the conditions that the integrand of
the objective functional [J is convex with respect to the control variables,
the state solutions remain bounded, and the model system (35) is locally
Lipschitz continuous with respect to its state variables.
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Proof. Following Pontryagin’s Maximum Principle, we have ob-
tained:

% —%, Ailty) =0,
”’% - —%, Aalty) =0,
% = —%, As(ty) =0,
% = —%/ Ay(tf) =0,
s Mo N
"% - _B%[’ Aelty) =0,
s _ —%, Arlts) =0,
dﬂ% = *%, Ag(tr) =0,
% = *%, Ng(tf) =0,
d%lo = —%, Aqo(tf) =0,
and taking the optimality conditions into account;
g% =0,and g% =0. (44)

The optimal control functions u1 () and uy(t) can be expressed in
terms of the state variables. Taking into account the constraints
on the control variables, the optimal controls are characterized as
follows:

For uy (t), we have

STZ =% — (A2 — A1) (ﬁHIH;\]rfRHIR + Ilief]]\\/l/l) SH
~ (Mg~ D)@ (ﬁHIH;r'IfRHIR n Iéef]]\\/f/l) Ry =0 )
Solving the right hand side of (45), we obtained
(B Pl Bt (1)
For uy(t), we get
gTZ = Uy B35 — ApM, A7)
which yields
w3 (t) = A;;VI. (48)

Differentiation of the Hamiltonian with respect to the control vari-
ables yields the optimality conditions, valid throughout the interior
of the admissible control set, concluding the proof. O
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Numerical Simulation

The optimal control solution is obtained through the forward-
backward sweep method, an iterative procedure initiated with an
initial guess for the control functions. The state equations are first
integrated forward in time using the fourth-order Runge-Kutta
method. Subsequently, the computed state variables, together with
the initial control estimates, are employed to solve the adjoint
equations (40) by integrating backward in time from prescribed ter-
minal conditions, also using the fourth-order Runge-Kutta scheme.
Following this, the control functions u; (t) and u, (t) are updated
based on the newly calculated state and adjoint variables.

This iterative process continues until convergence is achieved
for the state, adjoint, and control variables, consistent with method-
ologies reported in prior works (Lenhart and Workman 2007;
Kang et al. 2024; Oguntolu et al. 2025; Jose et al. 2022; Omede
et al. 2023a). The initial condition used for the state variables
are Sy = 217000000, Ey = 5000, Q = 100, Iy = 50, Ty = 10,
Ry = 0, Sg = 6000, Eg = 800, Ig = 80, M = 100. The values
of the weight function used are given by %4, = 1, %, = 0.5,
and %3 = 0.10. Furthermore, the parameter values used are
Ber = 0.00001, B,z = 0.000024901 and the remaining parame-
ter values are the same in Table 2 and 3.

Implementation of Control u1(t) only The impact of implementing
control uq(t) alone is analyzed in Figure 5, highlighting the role
of preventive measures in mitigating Mpox transmission. These
measures, including the use of hand gloves when handling rodents,
regular hand washing, and avoiding direct contact with open sores
of infected individuals, aim to reduce the number of infections and
lower the environmental concentration of MPXV. In figure 5(a),
when the control 1 (¢) is implemented, the maximum number of
Mpox infection in humans dropped from nearly 920 to 700 in week
22, and further decreases from around 450 to 35 within 100 weeks.
Figure 5(b) indicates that when the control u; is implemented,
the environmental concentration of MPXV decreases from 425 to
around 370 in week 20, and further decreases from 310 to around
230 within 100 weeks. Figure 5(c) is the plot of the corresponding
control profile u;.

Implementation of Control u,(t) only Figure 6 illustrates the im-
pact of the application of u;(t) only, which is the use of disinfec-
tants (in washing of clothes and cleaning of surfaces) and proper
sanitation practices to increase the decay rate of MPXV in the en-
vironment on the number of infected humans with Mpox and the
concentration of Mpox virus in the environment. In figure 6(a),
it is observed that when the control u;(t) is implemented, the
maximum number of infected humans with Mpox dropped from
around 920 to 775 in week 22, and further decreases from around
450 to 130 within 100 weeks. It is observed in figure 6(b) that when
the control uy is implemented, the environmental concentration of
MPXYV decreases from 425 to around 100 in week 20, and further
decreases from 310 to around 120 within 100 weeks . Figure 6(c) is
the plot of the corresponding control profile u5.

Implementation of Both Control 11 (t) and Control u;(t) Figure 7
illustrates the impact of the implementation of both the controls
11 (t) and uy () on the number of infected humans with Mpox and
the concentration of Mpox virus in the environment. In figure
7(a), it is observed that when the controls u(#) and uy(t) are
implemented, the maximum number of infected humans with
Mpox dropped from around 920 to 700 in week 22, and further
decreases from around 450 to below 20 within 100 weeks. It is
observed in figure 7(b) that when the controls u; (t) and u(t) are

CHAOS Theory and Applications

3 8 8
Scal
)

g

500,

Number of Infected Humans with Mpox 1, (1

400

Concentration of the Mpox Virus in the
Environment M(t)

(a)

0 60
Time(weeks)

20

Control Profile

w0 60 80 100
Time(weeks)

(b)

20 50
Time(weeks)

()

100

Figure 5 Simulation of (a) the implementation of #; on the number
of infected humans with Mpox (b) the implementation of 17 on the
environmental concentration of the MPXV (c) the control profile u1.

H

g

8

Number of Infected Humans with Mpox 1,1

g

Concentration of the Mpox Virus in the
Environment M(t)
3 a2 8 8 8 8 8

W 60 ) 100
Time(weeks)

(b)

Control Profile

40 60
Time(weeks)

(c)

100

Figure 6 Simulation of (a)the impact of implementing control 1,
on the number of Mpox-infected humans (b) the effect of 1, on the
concentration of the Mpox virus in the environment(c) the control
profile of uy over time.

implemented, the environmental concentration of MPXV decreases
from 425 to around 100 in week 20, and further decreases from
310 to around 115 within 100 weeks . Figure 7(c) is the plot of the
corresponding control profile u; and u;.

The results indicate that the most effective strategy for con-
trolling Mpox infection is the simultaneous implementation of
precautionary measures adopted by susceptible individuals and
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environmental disinfection interventions. The precautionary con-
trol, uq (t), includes regular hand washing, wearing gloves when
handling rodents, and avoiding direct contact with open sores of
infected individuals, all of which act to hinder the spread of Mpox.
The environmental control, u(#), involves the use of disinfectants
for washing clothes and cleaning surfaces, as well as the adop-
tion of proper sanitation practices to increase the decay rate of
MPXYV in the environment. The strong combined impact of these
two control measures arises from their complementary effects on
distinct yet tightly coupled transmission mechanisms within the
model. The precautionary control u1 (t) reduces direct transmis-
sion pathways by limiting human-rodent contact and decreasing
exposure to contaminated hands and materials, thereby primarily
lowering the rate at which new human infections occur. In con-
trast, the disinfection control u, () targets the environmental reser-
voir by accelerating the decay of MPXV on contaminated clothing
and surfaces, which shortens the duration of environmental infec-
tiousness. Mechanistically, these controls interact through a feed-
back loop linking infected hosts and environmental contamination:
reduced contact decreases viral shedding into the environment,
while enhanced disinfection accelerates viral removal. Together,
these effects weaken both the introduction and persistence of envi-
ronmental infection, disrupting a key mechanism responsible for
disease persistence and backward bifurcation. Consequently, the
combined implementation of both controls produces a synergistic
effect that is substantially stronger than either intervention applied
in isolation.

CONCLUSION

Understanding the dynamics of Mpox co-circulating within human
and rodent populations is critical for designing effective preven-
tion, surveillance, and control strategies. Comprehensive studies
are needed that investigate the role of rodents in the transmission
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cycle, assess the risk of cross-species transmission, and evaluate
long-term public health implications. Consequently, this study
aims to expand the understanding and clarify the complexity un-
derlying Mpox transmission dynamics in human and rodent pop-
ulations by identifying and systematically analyzing the stabil-
ity of Mpox boundary equilibria using a deterministic modeling
framework. The identified boundary equilibria include the rodent-
only equilibrium, the human-only equilibrium, and the coexis-
tence equilibrium involving both human and rodent populations.
The existence of rodent-only and human-only boundary equilibria
mathematically demonstrates that Mpox can persist independently
within each host population. From a biological perspective, this
finding supports empirical evidence showing that rodents can
maintain the monkeypox virus (MPXV) enzootically, while human
populations can sustain outbreaks through close-contact transmis-
sion even in the absence of active zoonotic spillover. Using center
manifold theory, it is shown that both the human-only and rodent-
only boundary equilibria undergo backward bifurcation when the
model-associated basic reproduction number is less than one. This
backward bifurcation phenomenon complicates the eradication
of Mpox in both human and animal populations, as disease per-
sistence may occur even when the basic reproduction number is
below the threshold value of one. Biologically, this reflects the
ability of environmental viral persistence and reservoir hosts to
maintain transmission despite reduced contact rates, highlighting
the limitations of threshold-based control strategies.

To further assess the robustness of the model predictions and
identify the key drivers of Mpox transmission, an uncertainty and
sensitivity analysis based on Latin Hypercube Sampling and Par-
tial Rank Correlation Coefficient methods was performed. The
results reveal that the basic reproduction number is most sensitive
to the human-to-human transmission rate, the rodent-to-rodent
transmission rate, and the proportion of quarantined humans who
progress to active infection. These parameters exhibit strong posi-
tive correlations with disease transmission, indicating that small
increases in human contact rates, sustained transmission within
rodent reservoirs, or ineffective quarantine measures can substan-
tially exacerbate Mpox outbreaks. Conversely, the treatment rate of
infected humans and the rodent death rate are strongly negatively
correlated with the basic reproduction number, demonstrating
that timely clinical management and reductions in the infectious
rodent population play a critical role in suppressing transmis-
sion. These findings identify the parameters that contribute most
to uncertainty in model outcomes and highlight priority targets
for intervention and improved data collection. To emphasize the
importance of community education, public awareness, and en-
lightenment campaigns in curbing the spread of Mpox, two time-
dependent control measures were incorporated into the model.
The first includes preventive behavioral interventions aimed at
reducing susceptibility to infection, such as wearing gloves when
handling rodents, regular handwashing, and avoiding direct con-
tact with the open lesions of infected individuals. The second
involves environmental disinfection, including washing clothes,
cleaning contaminated surfaces, and implementing proper sanita-
tion practices to increase the decay rate of the virus in the environ-
ment.

Numerical simulations indicate that while each control strategy
independently reduces Mpox transmission, the combined imple-
mentation of both interventions is significantly more effective in
lowering disease prevalence. Optimal control simulations further
reveal that precautionary behavioral measures alone can reduce
infection incidence but may be insulfficient for disease elimination,
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whereas environmental disinfection is most effective when com-
bined with behavioral interventions. Biologically, this suggests
that effective Mpox control requires the simultaneous reduction
of human exposure and environmental viral persistence. Over-
all, the model demonstrates that Mpox persistence is driven by
interacting biological mechanisms, including sustained transmis-
sion within rodent reservoirs, environmental survival of the virus,
and human behavioral factors. These mechanisms are captured
mathematically through coupled nonlinear dynamics, backward
bifurcation behavior, and sensitivity patterns, providing a com-
prehensive understanding of the complexity underlying Mpox
transmission and control. The combined analytical, numerical,
and uncertainty-based findings reinforce the need for integrated
intervention strategies targeting both human and animal popula-
tions, as well as environmental pathways, to achieve effective and
sustainable Mpox control.
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