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Decoding the transmission and
subsequent disability risks of
rabineurodeficiency syndrome
without recuperation
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This study presents a novel approach focused on extensively addressing the dynamics of
Rabineurodeficiency Syndrome by developing a mathematical compartmental model without
recuperation. The equilibria of the rabies-free and present states are analyzed locally and globally.
Real-world data on annual rabies cases are integrated to confirm and enhance the model’s accuracy.
Likewise, a parameter estimation technique is employed to optimize the model, aiding in calculating
the basic reproduction number. Sensitivity analysis examines the impact of critical parameters on
transmission dynamics, providing a deeper understanding of the determining factors influencing
disease spread. Visual representations of the relationship between essential parameters and the
reproduction number offer valuable insights into factors influencing disease control. Advancing the
understanding of Rabineurodeficiency Syndrome dynamics, the inclusive control actions to mitigate
infectious diseases are evaluated, emphasizing the importance of accounting for individuals with
disabilities.
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The Rhabdoviridae lineage exhibits RNA structure recognized by a negative strand orientation under the
Mononegavirales taxonomic classification, which is the source of the highly contagious disease rabies caused by
the Lyssavirus'. The terminology rabies is presumed to have sourced from either the Sanskrit “rabhas” (which
means an act of aggression) or the Latin “rabere” (which conveys a state of Wrath). At the same time, in antiquated
Greek, it was pointed out to as “lyssa” (Indicating an act of violence)®. The first recorded occurrence of rabies can
be obtained in the “Zuozhuan” text, marked over the 11th year of Xianggong, detailing interactions with rabies
carrying dogs in Lu around 556 B.C., underscoring the presence of rabies for around two and a half millennia®*.

Rabies is usually known as a zoonotic disease frequently transmitted to humans by bites of animals. The most
important animals are dogs among animals globally®. In the rising world, human rabies cases are nearly always
spread by rabid dogs®. The economically developing nations, notably those in Asia and Africa, like India, exhibit
the maximum occurrence of loss of human lives caused by rabies. In these countries, domestic canines endure
as the main carriers of the disease’. In 1908, Zinke was the first to confirm the first recognized proof that saliva
is a substantial spread carrier of rabies virus®°.

Despite the convenience of operative vaccines, dog rabies is still responsible for the deaths of a minimum
of 59,000 lives annually'. China is considered second only to India globally in the number of people killed
by rabies annually!!. In 1993, the WHO recorded 31,223 deaths, with a likely additional 10,000 unreported
cases, mainly in China, Bangladesh, and Pakistan. The majority of loss of life occurs in counties where rabies
is endemic, and healthcare admittance is limited. Even in the USA, which practices endemic rabies in wildlife,
the number of deaths was moderately low, with fewer than three loss of life per 100 million people in 1994,
compared to up to 3500 cases per 100 million in India!2 Less than 1% of all rabies cases worldwide are caused

by non-rabies viruses in humans!?.
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Rabies is considered one of the 17 globally ignored tropical diseases. Currently, the world is characterized
by three main zones regarding rabies: areas with endemic canine rabies and regions where animal rabies
persists. In contrast, canine rabies is managed or eradicated in so-called rabies-free areas. Endemic canine rabies
residues are dominant in most countries in the Middle East, Africa, and Asia, exposing inhabitants to dog-
mediated and animal rabies risks. The United States, Canada, and Western Europe fall into the second category,
where transmission through dogs and other canids like coyotes, jackals, foxes, and wolves has been organized
or eliminated'!. However, wildlife such as bats still carry the danger of rabies spreading in these regions and
others. Wide-ranging rabies eradication has been attained only in partial areas, largely due to the topographical
separation of many places, such as New Zealand, Hawaii, Bahrain, Japan, and much of Oceania, reflected in
rabies-free regions. On the other hand, areas that have never had a confirmed human case of lyssavirus infection
nearby are considered rabies-free zones'®.

Rabies induces viral Encephalic inflammation, resulting in the Fatality of approximately 70000 individuals
annually on a global scale. Viral Encephalic inflammation is transmitted to humans through the saliva of afflicted
animals. Rabies, as an affliction, holds historic signification, with cases tracing back four thousand years ago. All
through most of human presence, a bite from a rabies-infected animal was widely fatal. In previous times, the
populace exhibited such overwhelming anxiety towards rabies that, after being bitten by a potentially rabies-
infected critter, numerous individuals would resort to self-inflicted death’®.

Rabies transmits through the saliva of infected animals via bites, replicates in the body before infiltrating the
central nervous system, and causes disabilities in behavior and brain function. The virus then migrates to the
salivary glands, shed through saliva, facilitating further transmission as depicted in Figure (1). Initial symptoms
include pain and numbness near the bite, often delayed for 20 to 50 days but can vary widely. Facial or neck bites
may prompt quicker symptom onset. Fever, headaches, malaise, restlessness, and agitation follow, progressing
to hallucinations, insomnia, and increased saliva production. Muscle spasms in the throat hinder swallowing,
speaking, and breathing, causing disabilities in these functions, with pain even with gentle stimuli. Rabies-
induced aversion to water, or hydrophobia, is common. As the disease worsens, it causes “Rabineurodeficiency
Syndrome,” which is characterized by increasing symptoms including anxiety, agitation, and disorientation. This
condition finally leads to unconsciousness, exhaustion, and death!”%. The neurological impairments brought on
by a rabies infection are known as “Rabineurodeficiency Syndrome”.

The backgrounds of modern and current mathematical epidemiology, which rely on compartment models,
were established and utilized in the early 20th century'®-!. The use of mathematical modeling?>** has become
significantly crucial in the field of epidemiology. It benefits in comprehending observed epidemiological
configurations, managing diseases and stability, and gaining insights into the mechanisms that drive disease
spread, potentially and possibly suggesting effective control policies. One can assess sensitivity and compare
different states and scenarios through model formulation, simulation, and parameter estimation.
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Fig. 1. Rabies transmission cycle.
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The study of rabies has a rich history knotted and related with mathematical models, reflecting the broader
development of mathematical methods in analyzing and studying infectious disease ecology over the past 30
years?%. Several models have been employed to explore various sides of rabies in wild animal populations or
inhabitants, such as>?®. Guedri et al.®> developed a model, studied the dynamics of rabies with healing, and
devised intervention strategies to reduce the virus transmission. Wen Gao Lu et al.? established a mathematical
framework to study how the canine rabies virus infects people and suggested some approaches to control virus
spread. However, delivering an inclusive portrayal of their findings is still necessary. Further, Zainab et al.?’
worked on the fractional ordered single-population model for rabies transmission, but in this study, the zoonotic
(multi-population) model is utilized, which makes it different from existing literature.

The mathematical model developed analyzes different classes without recovery, providing the basis for the
novelty of this study. The positive invariance of the system is verified, and the local and global stabilities of
rabies-free and endemic states are analyzed to check stability. Utilizing real-world data, a parameter estimation
technique is employed to calculate the reproduction number, which helps estimate the ratio at which the disease
spreads from infectious to susceptible individuals. After sensitivity analysis, various control parameters are
utilized in the model to simulate the specific properties of different interpolation approaches. Graph analysis
shows how these control parameters influence the spread of rabies, providing insights into effective disease
control and management strategies.

Mathematical framework

The mathematical model considered is an improved version of the framework outlined in?$, which incorporates
and integrates six distinct classes to capture the complex and difficult dynamics of rabies within two species,
humans and animals. The total host population is distributed into four sub-compartments susceptible
compartment Sy (t), Exposed Ej(t), asymptotic Ay (t) and infectious I;(t). In contrast, the population of
animals is apportioned into susceptible S, (¢) and infected animals I, (¢). The spontaneous medium of virus
spread among humans and animals arises through the bite of rabid animals. Further explanation of the model
can be seen in the flow diagram Figure (2).

The individuals are added into susceptible humans S, directly by the birth rate A, while transmission
resulting from infectious animal-human interactions with susceptible hosts occurs at different rates marked
as ay and ag. It is assumed that some individuals may transition directly to the infectious category as a
consequence of immediate or acute exposure, while others may initially enter the exposed category to signify a
latent phase prior to developing infectiousness. The natural mortality of the human population is denoted by fi.
The compartment E, represents exposed individuals in the early stage of potential infection, awaiting symptom
manifestation. They undergo infection due to animal-human interactions at o1 and transition to infectious at o
. The compartment A, denotes asymptomatic humans, where individuals spread the disease without showing
symptoms, with the rate {2 governing the transition to asymptomatic or infected states, where susceptible
individuals directly transition into infectious with the rate aea.

The compartment S, represents susceptible animals, which are influenced by the birth rate ¥. Transmission
among animals occurs with rate 5 and between human-animal with rate 32, where animals natural mortality
is pto. The interpretive expression for the model is described in a flow diagram, and here is the mathematical
framework of the compartmental model.

Ay

Fig. 2. Flow diagram of compartmental model.
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dsS
cTth = A — (o1 + a2)SpIy — pnSh,
dE
T: = a1Snly — (0 + pn)En,
dA
Tth =0(1-Q)E, — unAp,
a (1)
d—th =o0QFEn + asSpl, — Nh[hv
div =V — 15,1, — B2SuIn — o So,
dl,
g = B1Selu + B2Suln — polo.

These equations abridge and summarize the dynamics of rabies transmission and progression within both
human and animal populations, providing a basic foundation for studying the effectiveness of different control
measures and interventions in justifying the spread of the disease. To evaluate the development and qualitative
properties of the model, it is imperative to analyze stability, encompassing examination of equilibrium points
and sensitivity to parameter variations.

Positively invariant region
To verify the positive invariance of the rabies model, the study begins by defining two populations N, and
N, representing the total human and animal populations, respectively, within the system. These populations
encapsulate the sum of individuals across various compartments, including susceptible, exposed, asymptomatic,
and infected individuals for hosts, respectively, as well as for animals susceptible and infected animals,
respectively. The initial conditions needed to simulate Eq. (1) are as follows.

Sn(0) >0, En(0)>0, Axp(0)>0, I,(0)>0, S,(0)>0, I,(0)>0.
The expression N = Sp + En + An + I elucidates the entire human population, including individuals at
different disease stages, where N, = S, + I, signifies the animal population, with susceptible and infected
stages. To ensure the entire population Ny, (¢) at non negative levels and it remains bounded for all ¢ > 0, it is
necessary to check that:

dNy,
M
dt HhiVh,
dN,
=V — uyN,.
dt a

Using suitable integration, finally, determine the feasible region for the model 1).

A 0\
w:{(S}ME}UA}UI}US’LHI’U)GRE» ‘ Sh+Eh+Ah+IhS?a S’U+I’US/L} (2)
h v

The set w is well defined as the region in the population space where the total number of individuals in each
compartment remains below certain thresholds determined by humans’ and animals’ birth and death rates. The
positively invariant solution specifies that within the defined area w, the dynamics of the rabies disease model
lead to a steady and stable state where the total number of individuals in each compartment does not exceed
maintainable levels determined by birth and death rates. This steady and stable state is desirable as it suggests
that the disease does not lead to uncontrolled population growth, and the system maintains steadiness and
stability between births, deaths, and disease transmission.

Rabies free equilibrium

The rabies-free equilibrium in the model represents a state without any infected individuals, indicating the
cessation of transmission dynamics. All infected compartments are reset to zero to reach this equilibrium. Its
existence suggests that the disease may be completely eradicated, which denotes stability and the lack of recent
infections. A rabies free equilibrium point eg in model (1) can be articulated as:

eo = (Sh, B, An, In, 80, 1) = (A,0,0,07W,0>. 3)
Uh Ho
Basic reproduction number
The average number of secondary infections one sick person causes in a susceptible society is signified by the basic
reproduction number (Ro). The next generation matrix approach?” is utilized to determine Ry mathematically
for the rabies model (1).

5 _ [00i(e0)) and W — d(Wi(eo))
U[ o) } @ { o(e,) ]
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Whereas W; indicates the rate of transmission from one compartment to another, U; depicts the secondary
infections brought on by a single person in one compartment to another. The infected compartment
xj = (En, An, In, I,,) yields:

A
0= 0 0 0 0 W= —o(1-Q) pwn 0 0
100 0 ez |7 = o 0 wn 0 |7
00 Bl AL 0 0 0 m
then
0 0 0 i
fa g 0 0 0 0
oW = 0 0 0 Ap
B2 B2 B
\PQGMU(N;"L+0ML) 0 \ij‘hﬂv \PM%

Ry is the maximal eigen value of UW ~?.

1 1
Ry = S <\/U ™ (\IIZBfM% + \1120,6’%“% + 4UABop2 (oas + aspun + Qoar)) + qfﬁum) . @)

Parameter fitting and estimation

Accurate mathematical models of natural biological systems rely on precise parameter fitting using differential
equations. This process ensures models closely match observed data and aids in predicting biological phenomena.
In infectious disease modeling, parameter fitting optimizes parameters for accurate predictions, informs public
health interventions, and enables evidence-based decision-making and epidemic forecasting.

The parameters are fitted and estimated by examining the yearly reports of rabies occurrences in China as
documented in the Table (1). The evaluation of calibrated parameter values is detailed in Table (2), which is
based on real rabies case data. These values of parameters are assessed concerning the average human lifespan
1996 — 2020 stands at 73.64 years according to available information®. Figure (3) depicts a tally between the
observed and estimated numbers of confirmed rabies cases. The line represents the estimated cases, while the
scatter plot depicts the actual occurrences of rabies.

The estimated reproduction number lies between [0.0405409, 3.75046]. It is calculated by incorporating
estimated parameter values provided in Table (2) and the result after applying the next-generation matrix
method.

Theorem 1 If Ry < 1, then the rabies-free equilibrium of model (1) attains local asymptotic stability within the
positive invariant set w.

Proof Analyzing the Jacobian matrix’s eigenvalues at point (3) is necessary to study the Rabies Free Equilibrium
(RFE) and gain an understanding of the systent’s local stability around this equilibrium?’. Understanding the
behavior of the disease in the absence of the virus requires an analysis of the short-term dynamics of the Rabies
virus, which becomes feasible by this evaluation.

—h 0 0 0 0 —(a1+az)>
0 —(oc4p) O 0 0 ay
50 0 c(1-9Q) —un 0 0 0
- 0 o} 0 —pn, 0 QMA
0 0 0 —foot —ho —B1
0 0 0 2% 0 Bigs—Ho

The characteristic equation of this matrix is given as det(J® — AI). Expanding this determinant into a
characteristic equation, the resulting equation is as follows:

(A = ) (A = ) (=X = i) (A% + A + ma X+ mg) = 0,

where

v

my = <0’ + 2un + po — \I/é> =1.011 > 0,

(uh (o + pn) + (Nv - q/@) (o + 2un) — \I/Aazﬁ> =0.114 > 0,
Nv Nhliv

ma

ms = <Nh (o + pn) (,uv - \P%) + \I/é (Aag — QO’A%) — UAas M/BQ (o + 2Mh)> = 0.001 > 0,
v v h h v
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when

Ry =0.0685 < 1.

It’s obvious that the eigenvalues pn and fi,, are negative. Three eigenvalues remain, which are solutions to a
certain equation. Extensive computations reveal that these roots are negative if and only if Ro < 1. The necessary
and sufficient conditions for local asymptotic stability are established by the Routh Hurwitz criteria as described
in3!, so that for i = 1,2, 3, mymsa > m3 and m; > 0.0

The local asymptotic stability of the rabies-free equilibrium in the model (1) is addressed by Theorem 1, holding
significance for rabies virus control and eradication efforts. If the condition Ry < 1 holds, each infected
individual transmits less than one secondary infection on average, leading to a decline in disease spread.
Understanding long-term dynamics and evaluating control measures against rabies hinge on global stability, a
pivotal factor. This is accomplished by utilizing Castillo-Chavez conditions®?, which offers valuable insights into
system behavior and the effectiveness of control strategies.

Theorem 2 If Ry < 1, then the rabies-free equilibrium of model (1) attains global asymptotic stability within the
positive invariant set w.

Proof The global stability can be analyzed by incorporating Castillo-Chavez conditions outlined in®2 The state
variables utilized in model (1) are P = (Sh, Sv) and Q = (En, An, In, I,). The model (1) can be written as:

dSh

doh _p
i HiSh
dSy

=U — 1y,Sy
dt oS

solving the system at the RFE point yields

K fh
Sy :E _ <\D — S, (0)) —put
i T

when ¢ — oo, Si(t) — ﬁ and S, (t) — % irrespective of initial conditions. Thus, the RFE point is globally

asymptotically stable. Next, we have

al(Sth —) (0 + pn)En

_ o(l— Q Eh — /J,hAh

V(PQ) = oQER + a2Sply — pnln
ﬂlSv[v + BQSv[h - Mvjv

define
—(o + pn) 0 0 alﬁ —(U—i-,uh)Eh-i-alﬁIv
Z _ 0’(1 — Q) —HUh 0 0 d Z _ 0'(1 — Q)Eh — MhAh
- o) 0 —h agﬁ an Qi O'QEh—/j,hIh—i-aQﬁIU
0 0 Bk —p+ AL BagteIn + (Bijt = ) I

The off-diagonal entries of the Z matrix are non-negative, so it's M-Matrix. We have
A
( Hh Sh) o1 Iv
0

ﬁ - Sh) ozl

B (L —Su) Iy + B2 (3= — Su) In

I m

V(P,Q)=2Q -V (P,Q)=

This completes the proof with the clarity that 1% (P,Q) > 0,where 0 < S}, < Np,and0 < S, < N,.O
Theorem 3 A unique endemic equilibrium point exists if Ro > 1.

Proof In compartmental models, endemic equilibrium points represent stable disease occurrence in a popula-
tion, attained by solving a system of differential equations describing disease dynamics. For rabies, these points
indicate a steady state where susceptible, exposed, asymptomatic, and infectious individuals among humans and
animals reach equilibrium, signifying disease persistence. Mathematically, this is achieved by setting the deriva-
tives of the model’s equations to zero and solving for steady-state compartment values under specific conditions.
For Ry > 1, consider e* = (S}, E},, A, I}, Sy, I;) such that.
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Si = A
((e1 +a2)I5 — pn)’
E; _ AOQI:;
(0 +pn)(ar + a2) I — pn)’
s Aaro(l — QI
pn((en + )13 — pn)(o + pn)’
N (cQa1 A + asA(o + )}
I, = )
pn((ar + a2) 5 — pn) (o + pn)
5t _ (BI; +C)U

(BI5 + C) (115 + pw) + B2 AL
by solving for I, following expression is obtained:
A’ + BIF +C =0,

where

A= Brpnp (01 + o2) (pn + o),
B = pnpio ((pn + 0) Brpan + (01 + a2) (pn + 0) po + Aarz2B2)
+ (a2 + Qo) oABapry — VP (01 + a2) (pn + o),
C = phtss (pn +0) = U (Bigh (un + 0) + Aazfa (0 + ) + QoA fz) .

It isn’t easy to check the signs of the coefficients, so proceed with numerical values when Ry = 3.782 > 1

A=8.096x10"2% B=2728x10"", C=-1.782x10""".

The coefficients of I> and I, are positive, and constant term changes its sign concerning Ry. There is one sign
change, so by Descartes’ Rule of Signs, I., has one positive and one negative root. Hence, a unique Endemic
equilibrium occurs. [J

Theorem 4 The model is a globally asymptotically stable state for endemic equilibrium if Ro > 1.

Proof Considering Lyapunove function:

8255 I " w1 Sh B2S3 1,0 QE;, " « En
L=—""—""" _[5,—S,—SpIn— L En—FE, — E;In—
(@SiT; +ansiTs) \" o T O e | S T (0QE;  anSiTz) \ T T P e

B2S, 1 w  geq In ( " " Sv) ( - I«;)
S () (s s st ) 4 (- - )
(@2S: 15 +oQE;) \\ " T ) "o )t "I

taking derivative of L with respect to time

I B2S, 1, 1— Sh Sl + B2Sy 1, 0QE;, 1 E; E;L
(

(alS;jI:; -I—OZQSZ.U;) Sh 041SZI$)(JQEZ+C¥QS;;IS)
BQS:IZ _ L; / _ i: / _ 5 /

T s+ 0B \' T I ht({t-35 S+ (! 7, )"
h h

substituting the expressions from model (1)

Scientific Reports |

(2025) 15:17322 | https://doi.org/10.1038/s41598-025-01066-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

i1 Sl Sp I SnS;
Lo BSly e S bk gi[o_5n _ Sk
@Sl +assiyy |\ T, T ) (e e b (2- 5 - g
5,57 I;0QE;, .
SiI: _En
T ST (0QE; + a28i 1) M\ il T B T EwSi I

v

B2S,1;; «(En In ILE, wos [ Sule  In  IpSply,
LIRS oY (U 1 spre((2nke In 1
(@S s +o0Ey |7\ B T T nE )T \en T T s T

* Tk Ith I:;( Ih * Tk Sv Iv S: Iv * SU S:;
p(1-ee e G(1-2ee_Zv g o)y, (2—20 -2
+{BIS“( I; S Sv+1;>+'325“h( S: I S,U+1;)+“S ( S s)}

* Tk IhS'u Iv I:; I':Ith * Tk ]’US’U Iv S’u
e v v 1)+ 8871, v Pvag
+ {&S” v <1;s: I L LIS + ) + 0250 <I:;5;; st )] '
S T Sn S; S, I
p = SelumnSn (o Sh_Sh) e ygsiry (2= 2k
(1S Ti + 0283 13) S; Sk (e BrSuli) Sy I,
. BSiLi0QB;mS;T; s Sh_ EiSule I IiIhS, 1B,
(0 S;I5)(0QE} + 02 Sy T3)

e ISiI, IS0, Sp I
SilF|4—chery  wrv A Ph v )
1S ( S LS:,  Sw 1

Snlo _ En _ EpSuly 1)

Since the arithmetic mean is always greater than or equal to the geometric mean, it follows that,
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Hence, it shows that L’ < 0. Its also holds when Sy, = S}, En = E}, Ap = A}, In = I}, S, = S} and
I, = I};. Thus, by the LaSalle invariance principle®, the system is globally asymptotically stable. [J

Sensitivity analysis
Sensitivity indices provide a quantitative measure of how variations in model parameters affect the key outcome
variable, Ro. Chitnis et al.’” presented a precise method using partial derivatives to compute sensitivity indices.
The expression for sensitivity indices, 86% X RLO, measures and quantifies the effect of individual parameters p
on Ry. Sensitivity indices are presented in Table (3) and visualized in Figure (4).

The sensitivity analysis highlights key parameters A, ¥, 81, B2 and az in rabies transmission. Ro directly
correlates with these parameters, while mortality rates (pn, and p,,) inversely affect Ro. The parameters o, €2,
and a1 show lower sensitivity.

Optimization of control strategies

Optimal control theory offers a solid foundation for optimizing processes in these kinds of systems. To improve
understanding and effectively modify the dynamics of the system, nine time-dependent control variables y;
,where ¢ =1,2,3,...,9, are presented. These variables are introduced by applying optimal control theory to
the model given by Eq. (1). The dynamics of the controlled system are governed by the model (5), which shows
how different variables change over time. This approach simplifies the process of examining control optimization
solutions for complex systems. The challenges and strategies to mitigate rabies, as depicted in Figure (5) are
articulated below:

« With a focus on exposed individuals, the Parameter y1 denotes determinations to lower the interaction rate
between susceptible individuals S, and infected animals I,,. It entails public awareness campaigns that use
Al-powered teaching materials to alter human behavior and prevent interaction with possibly diseased ani-
mals.

« With a focus on symptomatic infections, the Parameter y2 denotes determinations to lower the interaction
rate between susceptible individuals S} and infected animals I,,. This involves utilizing customized drug
delivery, applying artificial intelligence for predictive modeling, and building barriers to keep people and
animals apart.

« The transition rate from exposed individuals E}, to asymptomatic individual infections Ay, is decreasing, as
indicated by the parameter ys. It incorporates delivering immediate immunity post-exposure through target-
ed nanoparticle vaccines that enhance immune response.

 The parameter y4 characterizes the process of reducing the incidence of disease transmission from asymp-
tomatic people A, to symptomatic people I5. It involves using nanoparticles to deliver antiviral drugs that
effectively reduce viral load in asymptomatic carriers, preventing further transmission.
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o The parameter ys indicates the decrease in the number of persons experiencing symptoms, marked as 5.
This step includes Utilizing nanoparticles to transport antiviral treatments directly to infected neural tissues,
enabling effective action across the blood-brain barrier.

« The rate of interaction between susceptible animals .S, and infected animals I, is decreased by the parameter
y6. Alternative approaches to manage fauna include using diversionary tactics and GPS collars to monitor the
movement of domestic and wildlife populations to detect rabies spread.

« Reducing the interaction rate between susceptible animal populations S, and infected human beings I}, is the
target of parameter y7. Artificial intelligence-driven monitoring systems can place barriers and deterrents to
lessen the likelihood that people will come into contact with animals.

« The shifting of susceptible individual animals S, to different compartments is minimized by the parameter ys
. The paradigm of disease prevention and management is revolutionized by employing AI-driven approaches
in developing vaccines in conjunction with nano-scale delivery systems and concentrating immunization
efforts on animal reservoirs.

« The y9 parameter represents the move taken to lower the I, number of infected animals. Public health efforts
to minimize animal exposure to infectious diseases and vaccine programs that target animal reservoirs.

The controlled model is articulated as:

ds

T: =A—((1—y1)a1 +ry2a2)Snls — unSh
dE

Tth =(1—wy1)a1Sply — (0 + pn + r2y3) En
dA

Tth =0(1—Q)Ep + roysEr — (ur + 73y4) An

dIy, (5)
0QEn + r3ysAn + riy2a2Sely — (n + rays) In

dt
das,

= = U — r5y601Sv v — T6y782SvIn — (po + r7Ys) Sv
dl,

7 r5Y651Sv v + 16y78250In — (o + T8Y0) Ly

To decrease rabies transmission and minimize the counts of infected animals and humans, the main concern is
applying nine specific strategies. The final purpose is to achieve these goals or objectives while certifying that our
efforts remain cost-effective and reasonable. For this purpose, an objective function is defined:

t 9
1
J(yi) = / D1Sp + DoEp + DsAn + Daly + DsSu + Dol + 5 > Buyit) | dt. (6)
0

1=1

Let t represent the final time controls are executed inside the interval [0, ¢]. The constants B; fori = 1,2,...,9
and¢ = 1,2,...,6 represent the total costs associated with control measures ¥;. The main aim is to determine
the optimal control from nonuplet y* = {y; | ¢ = 1,2,..., 9} that effectively reduces the overall incurred cost.

T () =min{J(y:) | yi €Y, i=1,2,3,...,9}. %
A non-empty set is described as:

Y ={y;:0<y(t)<1, te[0,t, i=1,23,...,9}

Pontryagin’s ultimate principle simplifies optimizing the control parameters into a problem of optimizing the
Hamiltonian function. In®, this effective transformation has been thoroughly examined, with the Hamiltonian
function H defined as follows:

9 6
1
H = DiSy + D2Ey, + D3Ay + Dalp + DsSy + Dol + 5 Y Byl (t) + Y 0:Xi. 8)
2 —

i=1

The complementary functions associated with the system (5) are characterized by 6;, while the expressions
governing the state variables described in the control system (5) on the right side of the above ODEs are denoted
by X such thati =1,2,3,...,6. The following format can be used to express the Hamiltonian function:

1 1 1 1 1
H =D1S), + D2Ey, + DsAj, 4+ Dalj + DsS,, + Del, + §Blyf + §B2y§ + §Bsy§ + 5B4yi + 5B5y§

1 1 1 1
+ §Bﬁy§ + §B7y$ + ngyg + 539115 +01(A — (1 — y1) a1 + r1y2a2)Splv — prSh)
+02((1 —y1) rSuly — (0 + pin + r2y3)En) + 03 (0(1 — Q)En + roysEn — (un + 13y4) An)
+ 04 (6QE + r3yaAn + riy2a2Sily — (un + 1ays) In)
+ 05 (U — r5y681Sv Ly — 16y7 8250 In — (o + T7Ys) Sv) + 06 (1596 81Sv v + 16y7 82w In — (po + T8Y9) Iv)
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The subsequent theorem summarizes the optimal approach, denoted as y*, targeted at minimizing the problem
(7). Notably, the approach used in this framework is based on the work as presented in®.

Theorem 5 If factorsy; €Y fori =1,2,3,...,9 satisfy (7) concerning the corresponding system (5), then there
occurs always a set of associated functions 01(t),02(t), ... ,06(t) fori =1,2,3,...,6 that satisfy the following

system.
db
ar =01pun — D1+ 61001y — O201 1y — Oroaloys + O2c1loys + O100lyr1ye — 0204l r1y2,
do
d—; =002 — Dy — 003 + Oz, + Q083 — Qo4 + O21r2y3 — O372y3,
df
7; = D3 — O3pp — 0373ys + 04134,
dfy
e Oapn — Da + 0arays + B20516y7Sy — B206T6Yy7S0,
df
ths = Ospy — D5 + 0577ys + B2051nr6yr — B206Inr6yr + B1051uT5y6 — B106IuTs5ys,
df
d—f =06y — Do + 01a1Sh — 021 Sh + Os7sy9 — O11y1 Sk + O2c1y1.Sh + O1aer1y25,
— a2 r1y2Sh + B10575Y6Sw — B10675Y6 S0
confirming adherence to the rule related to the constraints, where all 0;(t) = 0 foralli = 1,2, ..., 6, then solution

for the optimal control parameters y* = (Y1, Y5,Y3, Y1, Ys, Y6, Y7, Ys, Ys ), is followed as.

77 = min {max {O, —(92 —01)only Sh } , 1} . ys =min {max {0, (01 — Oa)ora Lur1 S } , 1} ,
Bl B2
Y5 = min {max {0, (02 — 93 Enrs } , 1} ,  Yi = min {max {0, —(03 — QE)TSA’LTQ } , 1} ,
4
ys = min {max{ , 94 Inra } ,1} , Y6 = min {max {O, —(05 — 06;&]”551) } , 1} ,
6

y5 = min {max 0, (05 — 06 /62Ihr65 } ,1} ,  Ys = min {max {O, 7(952“751; } , 1} ,
8

Yo = min{max{(], W},l} .
By

Proof Identifying the approach outlined in® it becomes feasible and practical to establish the constraints for
achieving an optimal control purpose using Pontryagin’s maximum principle. This study comprises assessing
the following conditions:

[e=]

dt ~ 98S,’ dt  OE, dt  0Ay’
d9s  9H dfs  OH  dfs  OH

dt 9,7 dt 89S, dt 9l

A, OH  d9,  OH  dfs _ OH

There is an expression for the dynamics of the control factors, according to the defined transversion constraints
where 0;(t) = Oforalli = 1,2,...,6.

OH
(9yi

=0, fori=1,2,...,9.

It is confirmed that the control parameters’ goal can be accomplished by limiting their values according to
pivotal arguments.

where
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Year | Cases | Year | Cases | Year | Cases | Year | Cases | Year | Cases
1996 | 149 2002 | 1200 | 2008 | 2544 | 2014 | 950 2020 | 202
1997 | 231 2003 | 2050 | 2009 | 2282 | 2015 | 831
1998 | 231 2004 | 2733 | 2010 | 2116 |2016 | 654
1999 | 350 2005 | 2614 | 2011 | 1973 | 2017 | 531
2000 | 517 2006 | 3376 | 2012 | 1474 | 2018 | 436
2001 | 891 2007 | 3400 | 2013 | 1212 | 2019 | 309

Table 1. Yearly reported cases from 1996 to 2020%*.

Parameter | Value Description Source
A 18118334.83 Rate of humans recruitment 3536
s 0.01350641 Natural death rate of humans 3

a1 1.0 x 10712 Exposure rate from animal-human interaction | fitted
g [3.132 x 10~ 1235252 x 10~ 12] Infection rate from animal-human interaction | fitted
o [0.001, 0.1] Rate of progression from exposure to infection | fitted
Q 0.1 Asymptomatic case proportion in humans fitted
] 75000 Rate of animals recruitment assumed
B 1.0 x 10~6 Transmission rate among animals fitted
Ba 1.0x 10~7 Transmission rate among humans-animals fitted
Ly [0.1, 0.962] Natural death rate of animals fitted

Table 2. Parameter estimation for the rabies model.

w _ (02 = O1)a1luSh

m = B;
« (01 —601)aal,r1Sh
2 = By )
« (02 — 03)Eprs
T3 = T:
« _ (03 = 04)r3ApT2
Na = B,
« _ BOalpra
N5 = B: '

* (92 - 91)041[ush
= g
v (B2 —61)oal, Sy
=g
« _ (02 = O1)a1luSh
s = B
v (B2 —61)oanl, Sy
(i

The proof is now completed. [

Analyzing the efficacy of the employed techniques is necessary to achieve the goal. Using the parameter values
listed in Table 1 and an initial reproduction number of Rg = 3.31211, the task has a strategic time of 25 years. The
distribution ofauspicious weightsisasfollows: D1 = 1,D2 = 5,D3 = 10,D4 = 15,D5 = 20, D¢ = 25.Further,
B1 =3,By =6,B3 =9,B4s = 12,B5 = 15,Bs = 18,B7 = 21,Bs = 24,B9 = 27.Theinitialconditionsareset
as: Sx(0) = 1228298836, En(0) = 1000, Ax(0) =700, I»(0) =149, S,(0) = 600000, I,(0) = 15000
. The primary objective is to reduce the number of fatalities and enhance recuperation by implementing
comprehensive safety measures elucidated with visual representations.

Effectiveness of control strategies
Figure (6) signifies the efficacy of controls applied to the model to minimize the rabies spread.

« The susceptible human population grows due to preventive measures taken to stop them from moving into
other zones, as seen in Figure (6a).
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Fig. 3. Comparison of estimated rabies cases (depicted by the red line) and actual rabies cases (depicted by

stars).
Parameter | Description Sensitivity Index Sign
A Rate of humans recruitment [4.10562 x 1073, 0. 199649] +ve
h Natural death rate of humans [—0.399878, —8.21964 x 10~ 3] ve
aq Exposure rate from animal-human interaction. | [9.01659 x 10~ 6 4.86792 x 10~ 3] +ve
oo Infection rate from animal-human interaction | [4.0966 x 1073, 0.194782] +ve
- Rate of progression from exposure to infection [8.39503 x 10*5, 5.79246 X 10*4] +ve
Asymptomatic case proportion in humans [9.01659 x 1079, 4.86792 x 10—3] +ve
] Rate of animals recruitment [0.800351, 0.995894] +ve
B1 Transmission rate among animals [0.600701, 0.991789] +ve
B2 Transmission rate among human-animal 4.10562 x 10~3,0.199649] +ve
Ly Natural death rate of animals [=1.99179, —1.6007] -ve

Table 3. Sensitivity indices.

The results shown in Figure (6b) demonstrate that after control implementation, the number of exposed hu-
mans decreased, indicating that people are not moving into the exposed class.

Figure (6¢) illuminates that the asymptotic human population gradually decreased after applying control
measures.

The population of infected humans eventually begins to decline, as seen in Figure (6d), demonstrating the
effectiveness of all measures in halting the spread of rabies.

As can be shown in Figure (6e), the susceptible animal population moves into other zones or is eliminated
when controls are used.

Following control measures, the infected animal population significantly declined, as shown in Figure (6f).

Percentage effectiveness
The effectiveness of each control is shown over time in Figure (7), which is explained below.

Control y; initiates with an initial effectiveness of 78%, which then decreases with the passage of time.
Control y2 starts with 100% efficacy when applied, and it starts decreasing and shows stability for 16 years.
Control y3 exhibits an initial efficacy of 83%, then followed by significant stability with an efficacy 75% till
24 years.

Control y4 initiates with an initial effectiveness of 11%, gradually it decreases and becomes ineffective after
one year.

Control ys initially achieves 89% efficacy, which starts decreasing till the end of the year. It remains effective
with the stability of 11% years, then its effectiveness diminishes.
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Fig. 4. Visualization of sensitivity indices.
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Fig. 5. Challenges and Strategies.

« Control ys gradually loses efficacy after one year of application, which was 18% at first.

« Control y7 has an efficacy of 19% at the time of implementation, but after a year, it starts to lose its effective-
ness.

« Control ys exhibits 48% initial efficacy which slightly decreases, increases again after 7 years, and ultimately
stabilizes at 76% efficacy for the next 24 years.

« Control yg starts with a 5% efficacy when applied, and within one year, it loses its effectiveness.

Conclusion

This study employs a novel methodology known as Sans Recuperation for the mathematical formulation,
statistical analysis, and strategic examination to comprehend and control rabies disease. This innovative approach
aims to enhance the understanding of dissemination and develop efficient eradication strategies.

The dynamics of rabies spread are examined using the Rabies sans recuperation model, and the model’s
accuracy is confirmed by calibrating real-world data on rabies. Moreover, locally and globally, the stability of
endemic and rabies-free states is examined. Estimating factors and calculating the basic reproduction rate are
also conducted. Sensitivity analysis is carried out to measure and assess how critical parameters influence rabies
propagation.
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Fig. 6. Use of controls with the estimated values of parameters.

Further, a controlled model is developed based on sensitivity analysis. Several approaches have been
suggested, and their effectiveness is envisioned, emphasizing the uniqueness of this study in abolishing rabies.
Most importantly, based on the control profile, strategies can be developed while keeping an eye on the efficacy
of each control. The main objective is to develop early diagnosis, cure, and remediation endeavors, firming up the
ability to react onsets successfully to decrease the neurological impacts and fatalities linked with rabies disease.
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Figure 6. (continued)

Future research in this field explores leveraging nanotechnology and artificial intelligence to integrate more
inclusive epidemiological data and enhance data collection and scrutiny systems. The focus is on developing
cost-effective strategies to mitigate the spread of rabies and address disabilities resulting from the disease.
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