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Background: Monkeypox is a zoonotic infectious disease transmitted between
humans and animal reservoirs that poses a growing public health and biosecurity
concern. Its transmission dynamics involve both human-to-human interactions
and cross-species transmission, which may contribute to sustained outbreaks.
Mathematical modeling provides a systematic framework for analyzing these
dynamics and supporting strategic intervention planning.

Aims: This study aims to develop and analyze a deterministic compartmental
model describing monkeypox transmission dynamics between human and
rodent populations and to evaluate the impact of key epidemiological parameters
on disease spread.

Methods: A system of nonlinear differential equations is formulated to represent
the transmission process. The human population is classified into seven
compartments (S’ V» E» I Q» H» R), while the rodent population is divided into four
compartments (S’ E» I' R). The basic reproduction number Ryis derived using the
next-generation matrix approach. Equilibrium analysis is conducted to
determine the stability of disease-free and endemic states. Sensitivity analysis
and numerical simulations are performed to assess the influence of model
parameters.

Results: The analysis shows that the disease-free equilibrium is locally stable
when R, < 1, indicating that the infection will die out, whereas endemic
transmission persists when Ry > 1. Sensitivity analysis reveals that transmission
parameters, particularly fSy,f;,and f,, have the strongest influence on R,.
Numerical simulations demonstrate that reducing transmission rates and
increasing intervention-related parameters (7 6, 85 v €)significantly decrease
the number of infected individuals and the epidemic peak. Control measures
targeting rodent populations (y,)also contribute to reducing sustained
transmission.

Conclusion: The proposed model emphasizes the critical role of integrating
human health interventions with zoonotic reservoir control in mitigating
monkeypox outbreaks. The findings provide a mathematical basis for supporting
public health policy and strengthening national defense preparedness against
emerging infectious diseases. Future research may incorporate optimal control
strategies, spatial heterogeneity, and real outbreak data calibration to enhance
model applicability and predictive performance.
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INTRODUCTION

Monkeypox (mpox) is a zoonotic infectious disease caused by the Monkeypox virus (MPXV),
a member of the genus Orthopoxvirus within the family Poxviridae. Clinically, mpox presents with
fever, lymphadenopathy, and characteristic vesiculopustular skin lesions, with varying severity
depending on host immunity and viral clade (Kannan et al., 2022; Wang & Lun, 2023). Early large-
scale observations across multiple countries also highlighted the global clinical spectrum and
transmission patterns of the disease (Thornhill et al., 2022). In recent years, mpox has attracted
increasing global attention due to its evolving epidemiology and expanding geographic distribution
beyond traditionally endemic regions (Bunge et al., 2022; Chen et al., 2026). Evidence from recent
outbreaks indicates that mpox is no longer confined to Central and West Africa but has been reported
in multiple non-endemic regions, highlighting its broader transmission potential (Cordeiro et al.,
2025; Li et al,, 2025; Zhang et al,, 2025). Global surveillance reports have further confirmed the
continued spread of mpox across multiple regions, emphasizing its status as an emerging global
health concern (WHO, 2024)

The transmission dynamics of mpox are complex, involving both human-to-human
transmission and zoonotic spillover from animal reservoirs. Additionally, evidence suggests the
presence of asymptomatic or subclinical infections, which may contribute to undetected
transmission chains and complicate outbreak control efforts (De Baetselier et al., 2022; Rossotti et
al., 2023). Small mammals, particularly rodents, are considered important in maintaining the virus
in nature and facilitating cross-species transmission (Bolaji et al., 2024; Demir, 2025). In humans,
infection typically begins with nonspecific prodromal symptoms followed by the appearance of
characteristic skin lesions, although clinical severity may vary depending on viral and host-related
factors (Nilasari et al., 2025; Tenrisau et al., 2025). Experimental and virological studies further
suggest that differences in viral pathogenicity and transmissibility can influence outbreak dynamics
and control efforts (Chen et al., 2026; Prévost et al., 2026; Tian et al., 2026).

Recent epidemiological developments indicate a shift in the global distribution of mpox.
Increased human mobility, urbanization, and intensified human-animal interactions are among the
factors associated with the spread of zoonotic diseases into new regions (Bolaji et al., 2024; El
Moujaddid et al., 2025). In Southeast Asia, including Indonesia, mpox has emerged as a potential
public health concern, with reported cases and indications of possible local transmission (Nilasari et
al., 2025; Tenrisau et al., 2025). National reports have also documented mpox cases and response
strategies in Indonesia, highlighting the need for strengthened surveillance and control measures
(Kemenkes, 2024). Demographic characteristics such as high population density and mobility may
further increase the risk of disease transmission (BPS-Statistics Indonesia, 2024). These conditions
highlight the importance of understanding transmission dynamics, particularly the interaction
between human and animal populations, to support effective control strategies.

Mathematical modelling has become an essential tool for understanding infectious disease
dynamics and supporting evidence-based decision-making. Classical compartmental models, such as
SIR and SEIR frameworks, provide simplified representations of disease transmission processes and
enable the estimation of key epidemiological parameters (Brauer et al., 2019; Keeling & Rohani,
2019). These approaches have been widely used to evaluate intervention strategies and explore
outbreak scenarios (Allehiany et al,, 2023). In the context of mpox, various modelling studies have
incorporated fractional-order dynamics, intervention strategies, and data-driven approaches to
better capture disease complexity (Agbata et al., 2025; Onifade et al., 2025; Pesantes-Grados et al.
2025; Qian et al., 2025). Other modelling approaches have also examined the role of co-infections
and population heterogeneity in shaping mpox dynamics (Omame et al., 2025), as well as the impact
of border control strategies on reducing disease importation risk (Jin et al., 2025). Machine learning
techniques have also been explored to enhance prediction and detection capabilities (Nivetha et al.
2025; Joshi et al., 2025; Ernest-Okonofua et al., 2025), although these approaches are generally
complementary to mechanistic modeling.

Behavioral and social factors also influence mpox transmission dynamics. Studies have
highlighted the role of vaccination uptake, public awareness, and behavioral responses in shaping
outbreak patterns (Halder et al., 2025; Xu et al., 2025; Wu et al., 2025; Merad et al., 2025). Empirical
studies have demonstrated the effectiveness of vaccines such as JYNNEOS vaccine in reducing mpox
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transmission and disease severity (Azeez et al., 2022; Deputy et al., 2023). Advances in biomedical
research continue to support the development of antiviral treatments and vaccines, contributing to
improved prevention and control strategies (Albericio etal., 2025; Herate et al., 2025; Su et al., 2026).
Many existing models primarily focus on human-to-human transmission and do not explicitly
incorporate the role of animal reservoirs or bidirectional interactions between species. This
limitation may reduce their ability to represent the complexity of zoonotic transmission systems.

From a national health security perspective, mathematical modelling of mpox transmission can
support biosecurity threat assessment, inform preparedness planning, and contribute to the
protection of populations operating in high-risk environments, including military personnel
deployed in endemic or border regions. This study develops a deterministic compartmental model
that integrates both human and animal populations in describing mpox transmission dynamics. The
model incorporates key intervention strategies, including vaccination, quarantine, and treatment.
Analytical methods include the derivation of the basic reproduction number, equilibrium stability
analysis, and sensitivity analysis. The proposed framework is expected to provide insights into mpox
transmission dynamics and support preparedness efforts in both public health and national defense
contexts.

METHOD

Mathematical Model

This study develops a deterministic compartmental model describing the transmission
dynamics of monkeypox between human and rodent populations. The proposed model is a
modification of the model introduced by Bolaji et al. (2024) with the addition of a vaccination
compartment. The total human population N,(t)is divided into seven epidemiological
compartments Sy (t), Vi (t), Ex(t), [n(t), Qn(t), Hn(t), Ry (t) representing susceptible, vaccinated,
exposed, infectious, quarantined, hospitalized, and recovered individuals, respectively. Rodents are
considered potential zoonotic reservoirs of the virus and are modeled using an SEIR framework
consisting of S,-(t), E,-(t), I, (t), R,-(t) which denote susceptible, exposed, infectious, and recovered
rodents. The total populations are given by N, = S, + Vy, + Ej, + I, + Q + Hy, + Ry,
andN, =S, +E. + 1, +R,

Transmission occurs through contact with infectious humans and infected rodents.
Vaccination is incorporated through two parameters: the vaccination rate vand the vaccine efficacy
€. Because vaccines are not perfectly effective, vaccinated individuals may still become infected with
reduced probability 1 —e. The schematic diagram of the proposed model based on these
assumptions is presented in Figure 1.

ﬁ:"’r + rBJ‘:Ih

(1—e) iz

Bl + BzIy

Figure 1. Schematic diagram of the SVEIQHR-SEIR monkeypox transmission model.
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The differential equations system for human population is as follows:

% =Ap — (ﬁ—rlr I-\I]_hﬁhlh> Snp — VSp = UnSh (1)
= vs - -0 (T ) - @
d(ih = (ﬁrlr ;hﬁh1h> Sp+(1—¢€) (W) Vi — (01 + pp)En (3)
% = 0,E, — (0, + 03 + pp + 6, + DI, (4)
% = (03 + DIy — (05 + up + 6,0 (5)
% = 021y — (04 + O + pp)Hy (6)
% = 0,Hp + 05Qn — pnRp (7)
For rodents:

= ne - (B s s, ®)
ddb;r = (ﬁl]r ;rﬂzlh) Sy = (r +V1)E, 9)
% =y1Er — (ur + 6 +v2)Ir (10)
d;;r =yl — uR, (11)

Total population:
Ny, =S, +V,+E, +1,+Qn,+ H, + Ry, (12)
N. =S8, +E.+1I.+R, (13)

Based on the model system and the accompanying table, the parameter values corresponding
to the SVEIQHR-SEIR model are presented in Table 1.

Table 1. Population variables and descriptions.

Variables Description
N, (t) Total human population
Sp(t) Susceptible individuals
V,(t) Vaccinated individuals
E,(t) Exposed individuals
I, (t) Infected individuals
Qn() Isolated individuals
Hy,(t) Individuals treated in hospital
R, (1) Recovered individuals
S.-(t) Susceptible animals
E.(t) Exposed animals
I.(t) Infected animals
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Following Table 1, the parameter values corresponding to the SVEIQHR-SEIR model structure
are presented in Table 2.

Table 2. SVEIQHR-SEIR model parameter values.

Parameter Description Value Source / Assumptions

Ay Human population growth rate 10 (Brauer etal., 2019)

A, Rodent population recruitment rate 20 (Bolaji et al., 2024)

B Human to human transmission rate 0.35 day™ (Lietal. 2025; Zhang et

al,, 2025)

By Rodent to human transmission rate 0.15 day™ (Bolaji et al., 2024)

By Rodent to rodent transmission rate 0.25 day™ (Demir, 2025)

B Human to rodent transmission rate 0.2 day™ (Chen et al., 2026)
g . i . . ;

0, Rate of exposure of individuals to infected 1/14 day™* (Bolaji et al., 2024

individuals (incubation period ~7-14 days) Nilasari et al., 2025)

The rate of infected individuals admitted to

-1 s
& hospitals (for severe cases) 1/5 day (Bolajietal, 2024)
0 Rate of individuals infected to quarantine (mild 1/7 day* (Bolaji et al., 2024;
3 isolation) y Onifade etal., 2025)
. 1 (Bolaji et al., 2024; Merad
0, Recovery rate from hospital (H, = Ry) 1/14 day et al.. 2025)
65 Recovery rate from isolation (Q;, — R},) 1/10 day™™ (Bolaji et al., 2024)
Rate of animals exposed to infection (animal 1
Y1 incubation ~8 days) 1/8 day (Chen et al., 2026)
Rate of infected animals recovering (rodents -1 .
V2 recover in ~10 days) 1/10 day (Prévost et al., 2026)
. . . 1 (Bolaji et al., 2024; E1
T Human detection (I;, — isolation) 1/3 day Sharif et al., 2025)
Un Natural death of humans 1/70-365 day™* (Braucr etal, 2019; BI%S,
2024)
Uy Natural death of rodents 1/365 day™ (Demir, 2025)
. -1 (Bolaji et al., 2024; Bunge
én Deaths due to monkeypox in humans 0.003 day et al.. 2022)
o Deaths due to monkeypox in rodents 0.001 day™™ (Chen etal., 2026)
. . . (Herate et al., 2025; Su et
€ Vaccine effectiveness (if used) 0.85 al. 2026)
v Vaccination rate 0.01 day™* (Wu et al., 2025)
RESULTS AND DISCUSSION

Feasible Region
Theorem 1 (Feasible Region). Suppose the solution of the SVEIQHR-SEIR human and rodent
population dynamics model with non-negative initial conditions. Then, the model solution will
remain bounded and non-negative for all time ¢t = 0, and will lie within the following region:
¢ = wp X w, c R (14)

with,

A
(l)h = {(Sh' Vh' Eh' Ih' Qh' Hh'Rh) € RZ_ Nh(t) < ,Ll_:} (15)
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A
wr = {(5,, B, I, R,) € RN, (8) < 2} (16)
Ir
where,
Nh(t)=Sh+Vh+Eh+Ih+Qh+Hh+Rh (17)
N.(t)=S,+E.-+1.+R, (18)
Proof. For human population,
W = Ah - ,uhNh - 6h(1h + Qh + Hh) < Ah - /J.hNh = Nh(t) < ‘u—,Vt =0 (19)
h
For rodent population,
dN, A,
P Ay — Ny — 61 < Ay — u-Ny. = N,.(t) < .H_'Vt =0 (20)
T

and because all compartments originate from non-negative initial conditions, and the model does not
contain purely negative terms for all ¢ > 0, x(t) € R}!, and x(t) € ¢, Vt = 0, the ¢ region is a closed
non-negative invariant region of the system, which guarantees that the solution of this
epidemiological model remains biologically meaningful (the population is non-negative and does not
explode to infinity) for all times.

Disease Free Equilibrium
Disease free equilibrium (DFE) is the equilibrium point when there is no infection in the
population, namely:

En=Ih=Q,=H,=E.=1,=0 (21)

This means that only the susceptible (S), vaccinated (), and recovered (R) compartments have
positive values. DFE g, point of the system:

g = (S VY, ER =01 =0,Q) =0,Hp = 0,Rp, SX,EX = 0,12 = 0,R?) (22)
where,
s, Ay,
W=Ah—v5h—uh5h=0$52=v+uh [23)
dt iR Hp wp (v + 1y
— =0~ Ry, =02 R =0 (25)
ds A
d—[=Ar—urSr=0=~S£=u—: (26)
dR
~=uR, =0=>R=0 (27)
dt
So that the point DFE:
A vA A
g0 = (5°,79,0,0,0,0,0,52,0,0,0) = ( h h 000,00 —, o,o,o) 28
0= (SeVi r ) R TIRRTIN GO ™ (28)
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Endemic Equilibrium
The endemic equilibrium represents a steady state where the disease persists in the
population with non-zero infected compartments. Let ®* = (S;,V},, Ep,, I, Qn, Hp, Ry, Sy, Er, 1Y, RY)
denote the endemic equilibrium of the system, where all state variables are positive. The endemic
e . : . . . . dx
equilibrium is obtained by solving the nonlinear algebraic system obtained by setting P 0 for all

compartments X. Thus, the system:

Ah(92 +93 +/J.h+6h+T)

- 29
T uT 4 vy, + vy + 10, + V03 + Ty + Spup + 12 + 10, + 103 (29)
" UAh(T + 8h + ,Llh + 92 + 93)2
Vh = 2 (30)
EU(T + 6}1 + HUn + 92 + 93) + G‘Llh(ﬁhgl + ﬁT(T + 8}1 + Un + 92 + 93))
Br + U
Ef = (S:+ VY 31
O Ay F e AU (31)
I = 6. 32
h_02+93+ﬂh+6h+‘[ ( )
Qr = el 33
(T 034 0,)8, + 0s(T + Sy + wp + 82+ 0, +605) + (8 + 605 + 0, + pp + Dty (33)
6,0
Hj = = (34)
(T+2up +6,+0,+05+0,)0,+ (T +pu,+06,+05+0,)u, + (t+6,+65)0,
s 0,E .\ 0,0,
R RO ey + O + T yl(r+93+92)6h+95(r+6h+uh+6§+62+63) 35)
0,0,
e (T4 2up + 8, + 0, + 05 + 6,)5,
5.+ 71+ v, + w)A
5;=( r vt ve i, (36)
Vl(ﬁh + ﬁr - 6r - }’2)
o _ _Bryi+ By = 8iv1 = St — V1¥2 = Viltr — Valty — 42Dy (37)
" viBnya + Bubty + Brva + Britr — 8,V1 — Srlly — ViVa2 — Valy)
o (Bnys + Brvs — 8rv1 — Valty — F)A, 38)
" BuBr6:v1¥2(8rva + Bubrttr + Br¥aVz + BuVilty + Bn¥abty + Bri?)
. Y2Bry1 + Brvs — 6r¥1 — Valtr — HE)A, (39)
T

B (6;¥1 + Bnbrity + Br¥1Va + BnVilr + Br¥ally + ﬂr.urz’)lir

Basic Reproduction Number Point (R,)

The basic reproduction number, symbolized by R, is an important parameter that it indicates
the average number of secondary infections transmitted by one infected individual to a completely
susceptible population. This value determines whether a disease can spread in a population or not.
The R, value is calculated using the next-generation operator approach under the free infection
equilibrium (DFE) condition, through the next-generation matrix method. In this method, two
matrices are formed: one to describe the rate of new infections, and another for transitions between
other compartments. We focus only on the compartments that play a role in the spread of infection,
namely: For humans: Ey, I, and rodents: E,, I..

So, the infectious status vector is:

x = (40)

International Journal of Applied Mathematics, Sciences, and Technology for National Defense | 43



International Journal of Applied Mathematics, Sciences, and Technology for National Defense

Lusiana et al. A human-animal interaction model for monkeypox...

Next, the form of the new infection rate vector F and the transition rate V:

_(,Brlr ;hﬂhlh) S, +(1—¢) (.Brlr;h.ghlh) Vh_
F= <,811r +0[’)21h) S “D
N, r

0
(01 + up)Ep
—01Eh + (92 + 93 + Un + 6h + T)Ih
(Y1 + .ur)Er
_VlEr + (.ur + 6r + Vz)lr

Y= (42)

In DFE: (E, =1, =Q, =H, =R, =0) and (E, =, = R, = 0), all populations are only in the
susceptible and vaccinated compartments, N, = S + V; and N,. = S?.
Definex = [E, I E, L]T

'0 BnSh + (1 — &)V 0 BrSp + (1 — €)B V)
Ny, Ny,
0 0 0 0
F = (43)
. X . X
N, N,
X 0 0 0
01 + uy, 0 0 0
_ —91 92+93+:u'h+5h+7'— 0 0
V= 0 0 y1 + Uy 0 (44)
0 0 Y1 U+t

Since F and V are 4 X 4, we can take the non-zero part of F and V to calculate the largest eigenvalue
of K = FV 1, which is the value of R,,. However, because it is block diagonal, we can separate it into
two sub-populations:

Human population (R}),

) _ Prb1(up +v(1 —¢€))
R0 = G 7 06, + i) (s 1 65 pin S0 T D) (45)

Rodent population (Rg),

) _ Biv1
O (v + 6+ 1)

(46)

If cross-infection between humans and rodents is considered, the total basic reproduction

number cannot be expressed as a simple sum of R(()h)and R(()T). Instead, it is defined as the spectral
radius of the next-generation matrix:

Ry =p(FV~1)

1 2
Ro=7 [Rg") +RO 4 \/ (RO —RY) + 4than] (47)

with cross-infection terms:

_ Br61(up +v(1 —€))
(un +v)(O1 + pp) (02 + 03 + up + 8y + 1)

Rir (48)
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_ B2v1
(- + vy + 6, +v2)

Rrh

The explicit form of the basic reproduction number shows that the overall disease dynamics are
governed not only by within-population transmission but also by cross-species interactions, which
may significantly amplify the epidemic potential.

Local Stability of the Disease-Free Equilibrium

Theorem 2. The disease-free equilibrium &yis locally asymptotically stable if Ry < land
unstable if Ry > 1.

Proof. The Jacobian matrix of the infected subsystem evaluated at the disease-free equilibrium
yields the next-generation matrix K = FV 1. The stability of the disease-free equilibrium depends
on the spectral radius of K. If Ry < 1, all eigenvalues of the Jacobian matrix have negative real parts,
implying that the disease-free equilibrium is locally asymptotically stable. Conversely, if Ry > 1, the
infection can invade the population and the disease-free equilibrium becomes unstable.

Local Stability of the Endemic Equilibrium

To analyze local stability around the endemic equilibrium point, a Jacobian matrix J is formed
from the system mentioned above, then evaluated at the endemic equilibrium point. Next, it is
assumed that:

dsy BrL- + Brly
fi =g = M= () S = S — S (49)
dav, L.+ Byl
f2= d_th =vS,—(1—e) (%) Vi = tinVn (50)
h
dE,  (BI. + Byl 8.1 + Byl
fz= dth=<rrN hh)Sh‘l‘(l—f)(%hh)Vh—(ﬂ+ﬂh)Eh (51)
dl !
fa == 0:Ep — (O + 05 + iy + 8 + Dy (52)
aqQ
fs =~ = O3ly = (05 + pn + 5,)Qn (53)
dH
fe = d_th = 0,1y — (64 + Op + up)Hy (54)
dR
fr === OaHy + 05Q — inRy (55)
ds Buly + Byl
fe = dtrzAT_( 1rN 2 _)Sr—yrSr (56)
T
dE, (Bl + Byl
fo= = (B ) S0 = G+ v, (57)
T
dl
f10 = d_; = VlEr - (#r + 57” + VZ)Er (58)
dR
fir =—7 = Vol + uR, (59)
with total population,
Nh=Sh+Vh+Eh+Ih+Qh+Hh+Rh [60)
N, =S, +E, +1 +R, (61)
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Jacobian matrix:

r X171 a12 13 A14 15 0 (1117
az1 Az, a3 A4 Uz 0 Az11
a31 as, as3s3 a34 35 0 A311
J=| %1 Gz Qg3 @Xygq  Aus o 04 (62)
ds51 as2 as3 As4 Oss 0 A511
(X111 H112 *113 H114 H115 0 01111
with,
BrintBrly BrSh BrSh
M1 =——"———TL— V=, Qs = ——; A = - ;
11 A Hps X14 N, F110 N,
(1-€)(Brin+Brly) (1-€)BnVn (1-€)BrVh
@21 =V; X2 = — N — Hps Q4 = — N y X210 = _—N ;
h h h
_ BnlntBrly | _ (1=€)(BpIp+Brly) | _ . _ BrSpt(1-€)BnVhn
A31 == 1 %32= 7 @33 = =01 — Up; A3y = - N
. (1-€)B ! "

_ BrSpt(1-€)B,Vy B _ . _ . — . —
310= 7 N %3 = 015 Qag = =0, — 03 — Up — Oy — T; A54 = O35 @55 = =65 — pup, —
6h;

Qgq = 05 agg = —04 — Op — Up; A5 = Os; Az = 045 77 = —lip;
B2Sr B1ly+PB21n B1Sr
Tan = — . = _balrtPoln L - _ .
84 , N, o %88 s N, Ur; Xg 10 N, ,
25r 11Ir+B21p 1Sr
Mgy == Ogg = ——"; Mgg = — U, —Vq; = ;
94 N, o o8 N, o %99 Uy — V15 @910 N,
Q109 = V15 @1010 = —Mr — Or — V25 Q1110 = V25 X11,11 = —lps

for other values of a;; equal to 0.

Local stability will be determined using the linearization method (Keeling & Rohani, 2019).
Therefore, the Jacobian matrix J, of the model system (1) is given as follows:

[~ —p, 0 0 —dy () 0 0 0 0 —dy 0]
v —fip 0 —dy 0 0 0 0 0 —dy 0
0 0 791 — Hn l'l,"J 0 0 0 0 0 d(; 0
0 0 0 Oy~ — 7 0 0 00 0 0 0
0 0 0 0 —b5 — iy — & 0 00 0 0 0
Jo=1 0 0 0 0, 0 By—pp =0 00 0 0 0
0 0 0 0 0 0 —u 0 0 0 0
0 0 0 0 0 0 0 —p 0 —d; 0
0 0 0 0 0 0 0 0 —p-m ds 0
0 0 0 0 0 0 0 0 il —fty—0p—72 0
.| 0 0 0 0 0 0 0 0 0 2 — Uy
where
4 = Bnbn . Bebn . (A —e)fpvhn . (A —e)fvAy
1= y oy =—, Q3 =, Q3 = ——F———,
Hp +V Hp + v W (b +v) n(up + v)
de = Brbn | (A =€)BpvAy By A=Ay (But Br)A
5= ; G = ;A7 =dg =————
b tv (s +v) b tv wp(uy +v) Hr

The eigenvalues are,

M=—v—pp Ay =—pp; A3 = =01 —Wp; Ay = =0, — 03—y — 8 — T; A5 = =05 — pup — 6p;
Ao = =04 = Op — s A7 = —pip; dg = —fhr; Ao = —ty = V15 dio = My — 6 — V25 M1 = — Uiy

From the calculation of the eigenvalue, it is obtained that all real parts are negative. This means that
the equilibrium point of monkeypox transmission is asymptotically stable.

46 | International Journal of Applied Mathematics, Sciences, and Technology for National Defense



International Journal of Applied Mathematics, Sciences, and Technology for National Defense
Lusiana et al. A human-animal interaction model for monkeypox ...

Experimental Results

Sensitivity analysis assesses how changes in a model parameter affect a specific output, in this
case, the basic reproduction number R,, while other parameters are held constant (Onifade et al.
2025; Omame et al,, 2025). The normalized forward sensitivity index is the ratio of the relative
change in R to the relative change in a model parameter. If R is differentiable with respect to that
parameter, then the sensitivity index can be derived using partial derivatives. The parameter values
used in this analysis are based on literature and are shown in Table 1. Since R, provides an initial
picture of the potential spread of the disease, a sensitivity analysis was performed to identify which
parameters have the most significant relative influence on R,. For this purpose, the elasticity form.

JRy, p
R 0
Y, =—"— 63
v ap RO ( )

was used, where p denotes the parameter being tested, including the vaccination parameter v and
vaccine effectiveness €, which directly affect the human component of R,.

Table 3 shows the results of numerical sensitivity analysis of the basic reproduction number
R, to model parameters.

Table 3. Sensitivity index to parameters.

Parameters Sensitivity Value Parameters Sensitivity Value
By 0.5412 Uy -0.0466
B2 0.4329 Sn -0.00011
Y2 -0.9391 0, 0.0000101
Y1 0.0209 0, 0
B 0.0181 05 0
By 0.0078 Un 0.000546
T -0.0127 v -0.000557
0, -0.0076 € -0.14298
0 -0.0054 - J;”" 0.14298
6y -0.0094

From Table 3, we can form bar chart as shown in Figure 2.

Sensitivity of Parameters with Respect to Ry

0.6

0.4

0.2

0.0

-0.2

Elasticity £

~1.04

& & IS = o o = £ & 5 £ IS £ & & S

Figure 2. Sensitivity parameter to Ry,
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The sensitivity index values are shown in Table 2. Based on Table 2 and Figure 1, parameters
with negative sensitivity indices, such as the diagnosis rate 7, the treatment or isolation rate 6, and
65, human mortality due to infection &, and the rodent recovery parameter y,, indicate that
increasing these parameters reduces the R, value. Conversely, parameters with positive sensitivity
indices, such as the human-to-human transmission rate £, the rodent-to-human transmission rate
By, and the inter-rodent transmission rates §; and f3,, indicate that increasing these parameter values
could increase monkeypox cases by raising the R, value. To evaluate the effect of the basic
reproduction number R, on the hospital admission rate parameter 6, and the quarantine rate
parameter 83, we construct a three-dimensional surface of Ry. If an explicit analytical derivative of
R, is available, the surface can be built directly from that formula. If no analytical expression exists,
the value of R, is calculated numerically by holding all other parameters at fixed values according to
the parameter table, then varying only 8, and 65 within biologically relevant ranges.

3D Surface Plot of Ro(B1. B2)

3D Surface Plot of Ro(y2, T)

30 Surface Plot of Ry(6;, 65)

PNWwawa g

(b)
Figure 3. (a) 3D simulation of the effect of R, on the parameters 6, and 65, (b) 3D simulation of
the effect of R, on the parameters y, and 7, and (c) 3D simulation of the effect of R, on the

parameters ; and f3,.

The three-dimensional simulation results presented in Figure 3 illustrate how several key
parameters influence the basic reproduction number R,. As shown in Figure 3(a), increasing the
hospitalization rate for severe cases (6,) and the quarantine rate for mild cases (83) leads to a
reduction in R,. However, the decrease is nonlinear, with a stronger impact observed at lower
parameter values, while the effect gradually diminishes as the parameters increase. A similar trend
is observed in Figure 3(b), where increases in the rodent recovery rate (y,) and the diagnosis or
isolation rate in humans (7) also contribute to reducing the value of R;. Among these parameters,
y,exhibits a stronger influence, indicating that reducing the infectious period within the rodent
population can significantly suppress disease transmission. In contrast, Figure 3(c) shows that
increasing the rodent transmission parameters ; and (3, leads to a substantial increase in R. This
result highlights the important role of rodent-to-rodent transmission and environmental
transmission in sustaining the spread of monkeypox.

Effect of human-to-human transmission By Effect of rodent-to-human transmission 3,
100 - Br=0.05 | 160 — B,=0.05
Br=0.15 B=0.1
Br=0.25 | 1401 Br=0.15
80 + Bn=0.35 — B,=0.25
- Bn=0.45 1201 — B=0.35
<
2 100
=]
5 604
=
[=3
S 80
=
g
£ 404 60 4
=
40
20 |
20 A
04
0 5 10 15 20 25 30 35 o 5 10 15 20 25 30 35
Time (Months) Time (Months)

Figure 4. Population dynamics infected in the 8, and S, scenarios.
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Figure 4 illustrates the dynamics of the infected human population I, (t)over a period of 36
months under different combinations of the human-to-human transmission rate () and the rodent-
to-human transmission rate (f,-). In general, higher values of §,and §,lead to a faster increase in the
infection curve, resulting in a higher peak and a larger total number of cases during the simulation
period. Conversely, lower values of these parameters produce flatter curves with lower peaks and
slower transmission dynamics. These results indicate that both transmission parameters play a
critical role in determining the speed and magnitude of monkeypox spread in the human population.
Even small increases in fpand f,can significantly amplify the number of cases and the intensity of
outbreaks. To further examine the dynamics of disease transmission, numerical simulations were
conducted by varying several key parameters while keeping the others fixed. The parameters
considered include the vaccination rate v, vaccine effectiveness ¢, the treatment or isolation
transition rate 7, the disease-induced mortality rate §;, and the transmission parameters S,and £3,..

In each simulation scenario, only one parameter was varied while all other parameters
remained constant. This approach allows the independent influence of each parameter on the
infection dynamics to be clearly observed. The simulation results provide a quantitative description
of how different epidemiological mechanisms contribute to the evolution of monkeypox outbreaks
and help identify parameters that are most effective in reducing infection levels.

Effect of vaccination rate v on /,(t) Effect of vaccine efficacy € on fy(t)
120 4 v=0.0 £=0.25
— v=0.005 — £=0.5
— v=0.01 100 A £=0.7
— v=0.02 — £=0.85

100 A

80 1
80 1

60
60

40 1

Infected population Iy

40 -

204
20 1

T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 o] 5 10 15 20 25 30 35
Time (Months) Time (Months)

Figure 5. Population dynamics infected in the v and € scenarios.

As shown in Figure 5, variations in the vaccination rate v and vaccine effectiveness e
significantly influence the dynamics of infected individuals I, (t). Higher values of both parameters
consistently reduce the magnitude of the outbreak. Under scenarios with larger vor ¢, the infection
curve remains at a lower level throughout the simulation, with a smaller peak and a slower growth
of cases. This pattern indicates that increasing the number of individuals protected through
vaccination effectively reduces the probability of transmission within the population. Conversely,
when the vaccination rate or vaccine effectiveness is lower, the infection curve rises more rapidly
and reaches a higher peak, indicating faster outbreak development and a larger number of cases.
Although the sensitivity analysis shows that vaccination parameters have a smaller effect on R,
compared to some animal transmission parameters, increasing vand € still contributes to reducing
both Ry and the overall number of infections. Therefore, improving vaccination coverage and vaccine
effectiveness remains an important strategy for controlling monkeypox transmission, particularly
when combined with other interventions such as case isolation and control of zoonotic transmission.
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Figure 6. Population dynamics infected in the &, and 7 scenarios.

Figure 6 shows that changes in the disease-induced mortality rate §, influence the infection
dynamics by altering the duration of the infectious period. Higher values of §, tend to reduce the peak
number of infected individuals because infected individuals leave the infectious compartment more
quickly due to disease-related deaths. However, this reduction does not represent an effective
control strategy, as the decline in cases occurs due to increased mortality rather than reduced
transmission. When 6§ is lower, infected individuals remain infectious for a longer period, resulting
in a higher peak and a longer outbreak duration. This increases the opportunity for transmission
within the population. In contrast, variations in the treatment or isolation rate zshow a more
desirable control pattern. Increasing zsignificantly reduces the peak number of infected individuals
by accelerating the transition of infected individuals into treatment or isolation compartments. As a
result, the duration of infectiousness is shortened, reducing the likelihood of further transmission in
the community. Conversely, lower values of tlead to a rapid increase in infection levels because
individuals remain infectious for a longer period. These findings suggest that improving early
detection, treatment, and isolation measures is among the most effective strategies for reducing
infection levels in the human population.

Implication to Health Resilience

The simulation results demonstrate that variations in key epidemiological parameters
significantly influence the dynamics of infected humans [,(t). Transmission parameters
(Br’ By’ B1’ B2)play a dominant role in determining the magnitude and timing of the epidemic peak.
An increase in the human-to-human transmission rate 8 leads to a rapid rise in infection cases, while
rodent-related transmission parameters pS,,f;,and f,highlight the important contribution of
zoonotic reservoirs in sustaining disease spread. These findings indicate that both within-human and
cross-species transmission pathways are critical in shaping outbreak dynamics, which is consistent
with previous epidemiological and experimental studies (Americo et al., 2023; Dou et al., 2023).
Intervention-related parameters show an inverse effect on disease transmission. Increasing the
detection and isolation rate 7, as well as treatment and quarantine rates (8,’63), reduces the
infectious period and lowers the number of secondary infections. Higher vaccination rate v and
vaccine effectiveness econtribute to decreasing infection levels, although their impact on R;is
relatively smaller compared to transmission parameters. The rodent recovery rate y, also plays a
significant role in reducing R,, emphasizing the importance of controlling infection within animal
populations.

The findings are consistent with previous modeling studies that identify transmission rates
and control measures as key determinants of monkeypox dynamics (Onifade et al., 2025; Qian et al.,
2025; Pesantes-Grados et al.,, 2025). Many existing models focus primarily on human-to-human
transmission. This study extends those approaches by incorporating bidirectional transmission
between humans and rodents, allowing the identification of zoonotic feedback mechanisms that can
amplify disease spread (Bolaji et al., 2024; Bunge et al., 2022). Similar patterns have also been
reported in epidemiological investigations highlighting the role of zoonotic interactions and
transmission networks (Yinka-Ogunleye et al., 2023; Thornhill et al., 2022). Several limitations
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should be acknowledged. The model does not include age structure, which may influence contact
patterns and susceptibility. Spatial heterogeneity is not considered, so geographic variation in
transmission is not captured. Parameter uncertainty is not explicitly analyzed, since fixed parameter
values are used. These assumptions may limit the ability of the model to fully represent real-world
conditions.

The results provide important implications for public health policy in Indonesia. Reducing
transmission rates, particularly those associated with rodent populations, is essential for controlling
disease spread. Public health strategies may include improving environmental sanitation,
strengthening rodent control programs, and increasing awareness of zoonotic transmission, which
is consistent with studies highlighting the importance of public awareness in mpox prevention (EI
Sharif & Ahmead, 2025). Early detection and isolation strategies, represented by 7, remain critical for
reducing transmission in the human population. Vaccination programs also contribute to outbreak
mitigation when combined with other interventions. A coordinated approach across human health,
environmental management, and community sectors is necessary to enhance resilience against
zoonotic diseases, in line with global and national public health recommendations (WHO, 2024;
Kemenkes, 2024).

CONCLUSION

This study developed a compartmental mathematical model describing monkeypox
transmission dynamics between human and animal populations. The model incorporates key
epidemiological processes, including natural birth and death, human-to-human and animal-to-
human transmission, as well as intervention measures such as vaccination, isolation, and treatment.
The human population is divided into the compartments S,V,E,I,Q,H,and R, while the animal
population consists of S,E,l,and R. Analytical investigation of the model was carried out by
determining the disease-free and endemic equilibrium points. The basic reproduction number Rywas
derived using the next-generation matrix method to evaluate the potential for disease transmission.
The analysis shows that when R, < 1, the disease-free equilibrium is locally stable, indicating that
the infection cannot persist in the population. When R > 1, the endemic equilibrium exists and the
disease may persist.

Sensitivity analysis indicates that transmission-related parameters have a substantial
influence on the value of R, particularly those associated with human-to-human transmission and
zoonotic transmission from animal reservoirs. Intervention-related parameters, including
vaccination and isolation processes, also contribute to reducing transmission, although their relative
influence is smaller compared with the main transmission parameters. Numerical simulations
further illustrate how variations in key parameters affect the number of infected individuals.
Reductions in transmission parameters, especially S5, 81,and f3,, lead to a noticeable decrease in
outbreak magnitude. Increases in detection, isolation, treatment, and vaccination rates
(7 6, 65 v €)contribute to lowering the infection peak and slowing disease spread. Interventions
targeting animal reservoirs, represented by y,, also play an important role in reducing sustained
transmission.

The results emphasize the importance of integrating human health interventions with
strategies targeting animal reservoirs in controlling monkeypox transmission. The model provides a
theoretical framework for understanding the interaction between human and zoonotic transmission
pathways and offers insights that may support public health decision-making. Future research may
extend this work by incorporating optimal control theory to determine cost-effective intervention
strategies, introducing spatial structure to capture geographic heterogeneity, and calibrating the
model using real outbreak data to improve predictive accuracy and policy relevance.
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