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ABSTRACT

Tuberculosis (TB) is a bacterial infection caused by Mycobacterium tuberculosis that
typically affects the lungs, but can also impact other organs. Globally, tuberculosis (TB)
remains a significant cause of mortality from infectious diseases. In this paper, we
developed a nonlinear deterministic model which incorporates vaccination, treatment
and public awareness to study the dynamics of tuberculosis. The analysis of the model
establishes the boundedness and positivity of the solutions, TB free equilibrium is shown
to be both locally and asymptotically stable when R, < 1 and unstable when R, > 1.
Conversely, the endemic globally equilibrium is globally asymptotically stable when
R, > 1 and unstable when R, < 1. The most sensitive parameters for controlling TB
transmission are identified using the forward normalized sensitivity index method and
found that vaccination and treatment are the most sensitive parameters for decreasing
TB transmission. Numerical simulations that shows vaccination, public awareness and
treatment of infected individuals are crucial strategies for the effective control of
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tuberculosis in the population.
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INTRODUCTION

Tuberculosis (TB) is a bacterial infection caused by
Mycobacterium tuberculosis that typically affects the lungs,
but can also impact other organs (WHO, 2023). Globally,
tuberculosis (TB) remains a significant cause of mortality
from infectious diseases. According to the latest report from
the World Health Organization (WHO), TB has once again
become the top infectious disease killer in 2023, exceeding
COVID-19 due to a notable increase in cases (Suvvari, 2025).
Despite being preventable and curable, tuberculosis (TB)
remains a devastating global health problem, claiming the
lives of 1.5 million people every year and causing illness in
an estimated 10 million people worldwide. This makes TB the
top infectious killer on the planet, despite the availability of
effective treatments and interventions to prevent the spread of
the disease (WHO, 2023). In 2023, an estimated 10.8 million
people globally contracted tuberculosis (TB), with 6 million
men, 3.6 million women, and 1.3 million children affected.
This disease continues to have a significant presence in every
nation, emphasizing the need for continued efforts in
diagnosing, treating, and preventing this deadly disease
(WHO, 2023). The global TB data for 2023 showed that 6.1%
of new cases were among people living with HIV. Regionally,
nearly half (45%) of all TB cases were reported in South-East
Asia, followed by Africa (24%) and the Western Pacific
(17%), with the remaining cases distributed across the Eastern
Mediterranean (8.6%), the Americas (3.2%), and Europe
(2.1%) (WHO, 2025).

Tuberculosis (TB) is primarily transmitted from a person with
infectious (active) tuberculosis to susceptible (and potentially
latently infected) individuals through airborne droplets
produced when the person with active TB coughs or sneezes.
These droplets can remain suspended in the air for a
prolonged period, allowing for the transmission of the disease
to others through inhalation (Castillo-Charvez and Song,
2004). Approximately 25% of the global population is

thought to be infected with TB bacteria. However, only 5 —
10% of those infected will progress to active TB disease,
exhibiting symptoms (WHO, 2023). TB symptoms can be
mild, making it easy to unknowingly infect others. Some
patients with TB may not exhibit symptoms. Common
symptoms of TB include prolonged coughing, often with
blood, chest pain, weakness, fatigue, fever, and night sweats
(WHO, 2023).

Tuberculosis (TB) is largely a preventable disease. TB
preventive treatment (TPT) can be administered to individuals
at risk, preventing progression from TB infection to disease.
Additional Population-based measures, such as TB screening,
addressing poverty, malnutrition, HIV, diabetes, and tobacco
use, can reduce the burden of TB (WHO, 2025). The currently
licensed vaccine, BCG, provides protection against severe
forms of TB and mortality associated with TB, particularly in
young children (WHO, 2025).

Over the years, researchers have utilized mathematical
models to study the dynamics of tuberculosis and develop
effective strategies for its control and eradication. Some of
these models includes. Study by (Ojo et al,. 2023) suggested
that reducing effective contact with infected individuals, as
well as increasing vaccination rates for susceptible
individuals with high efficacy vaccines, will effectively lower
the incidence of tuberculosis within a population. (Oshinubi
et al,. 2023) indicated that by increasing the availability of
vaccination, especially for infected individuals, and
increasing treatment availability, the prevalence and burden
of tuberculosis on the human population can be effectively
reduced. (Athithan, and Ghosh, 2013) demonstrated that
sustained treatment strategies and improved case detection
could significantly increase the effectiveness of tuberculosis
control efforts. (Simorangkir et al., 2021) revealed that even
though vaccination is more effective in reducing the basic
reproduction number compared to observed treatment.
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Considering the aforementioned studies, in this research we
proposed a mathematical model to assess the impact of
vaccination, awareness campaign and treatment in the
dynamics of tuberculosis

MATERIALS AND METHODS

Model Description

The dynamics of tuberculosis was study in this model by
incorporating vaccination, treatment and awareness. The total
population denoted by N(t) is divided into six mutually
exclusive compartments. Susceptible S(t), this class
comprises all individuals who are at risk of acquire the
infection. Vaccinated V/(t), comprises all individuals that are
vaccinated but few can acquire the infection slower rate.
Exposed E(t), this class comprises of susceptible and
vaccinated individuals come in contact with infectious
individuals. Infected I(t), this class consists of individuals
who developed active TB symptoms. Infected under
treatment I, (t), this class comprises of all receiving treatment.

Abubakar et al.,
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Recovered compartment R(t) those are individuals who
acquired TB immunity.

The recruitment into susceptible compartment is by birth at a
constant rate z. The class is decline through the infection rate
A and vaccination rate ¢. Vaccinated compartment is created
via vaccination rate ¢, the class is decline through the vaccine
wine rate y and infection rate A. Exposed population is
created through the infection rate A, the class is diminish via
progression rate ¢ to I(t) and I.(t) , it further decrease by
recovery rate t;. Infected population is created via
progression rate o, the class is further decline to I:(t) at rate
y. Treatment population is generated through progression and
treatment rate y, the class is diminish by recovery rate t,.
Recovered population is created through treatment rates of I(t)
and I;(t). The TB induced death rate &,, &, only occurs in
infected and treated compartments, while the natural death
occurs in all the six compartments . The total population will
therefore be N(t) = S(t) + V(t) + E(t) + I(t) + I.(t) + R(®).
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Figure 1: Schematic Diagram of the Model (1)

ds

a=n+¢v—(?\+¢+u)$,

dv

E=¢S—(1—6)7\V—(IIJ+H)V,

S=AS+(1- AV - (o +WE, (1)
%= oc(1-pE—-(y+1 +un+87)],

% = opE +yl — (12 + u+ &)1,
— =1l I — uR.

FTai! + Tl —p

Where

, — Ba-o)a+iy)

N

Table 1: Interpretation of the State Variables and Parameters Used in the Model (1)

Variables Descriptions

N Total population

S Susceptible individuals

%4 Vaccinated individuals

E Exposed individuals

| Infected individuals

Iy Infected under treatment individuals
R Recovered individuals

Parameters Descriptions

T Recruitment of susceptible individuals
p Treatment rate of exposed individuals
0 Natural mortality rate

B Effective contact rate

T Recovery rate of Infected individuals
T Recovery rate of treated individuals

¢ Vaccine rate

€ Reduction rate of infection due to vaccine
o Progression rate

0 Awareness rate

Y Vaccine reversion rate

y Treatment rate

& Parameter for decreasing the infection of treated individuals
31,82 TB induced death rate

FUDMA Journal of Sciences (FJS) Vol. 10 No. 9, May, 2026, pp 168 — 176

169



Mathematical Modeling of Tuberculosis Dyna...

Theoretical Analysis of the Model

Boundedness and Positivity of Solution

The solution of model (1) is restricted to a manifold (or state
space) Q, denoted by

Q =59, v(®, B, 10, LO,RO EREN<T],  (2)
Theorem 3.1

The set Q is positively invariant and acts as an attracting
region.

Proof

Our objective is to show that RS is positively invariant, which
means that all solutions to system (1) that start inside Q
always stay inside Q. Suppose R(0) > 0 and that S(0), V(0),
E(0), 1(0), and I, (0) > 0. If S(0) and V(0) are not both
positive, then S(t) > 0 and V(t) > 0 for t € [0, £) exist at some
time £ > 0 and S(t) = V(t) = 0. Using the system (1) third,
fourth, and fifth equations, we now get,

L2 —(o+WE® fort€ [0, ), 3)
2 —(u+y+u+s)I®forte0 ),
di;

= —(t, +u+8) I(t) fortelo ),

Thus, E(0) >0, 1(0)>0and I, (0)>0forte€ [0, ). Asa
result, using the system (1) first and

second equations, we’ve obtained

B> —@A+o+ws® forte [0, 7,
L2 —(A- A+ + VO fort € [0, ©).

It is evident that S(0) > 0 and V(0) > 0, which defy our
presumption that S(f) = V(f) = 0. S(t) and V(t) are hence
positive. As an alternative, we may think about a subsystem
of (1) that does not include the first and second equations.
This subsystem can be represented in matrix form and clearly
shows that the remaining state variables in the model are
positive.

dx(t) _

= MY(®) +B(®) (4)
With Y(t) = (E, 1,1, ,R)T
—k; n né 0
_[o(Q—=p) —ky 0 0
0 T T2 —H
Where,
n=w,k3=o+u,k4:y+rl+u+81k5:r2+

u + &, .). Subsystem (4) is a monotone system since both S(t)
and V(t) are non-negative, indicating that M is a Metziller
matrix (Ibrahim et al., 2025). R% is hence invariant under the
flow of subsystem (4). Consequently, under the flow of the
system, RS becomes positively invariant (1).

TB Free Equilibrium Point

The model (1) has a TB free equilibrium, €® which occurs
when E =1 =1, = 0. Mathematically, it can be expressed
as:

€ = (59, VOEC, 19,19, RY) (6)
0 _ mk,
- klkz;w 0
0 _ A
T ko= ®)
E°, 19,12, R®) = (0,0,0,0). 9)
Where
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Basic Reproduction Number

Following (Abubakar et al., 2025, Andrawus et al., 2024 and
Ibrahim et al., 2025) the basic reproduction number R, is
obtain via the next-generation approach p(N; Ny 1), where N;
captures for new infection terms linearized at the TB free
equilibrium and N, describes all other transition within the
system:

0 B-9)(S°+(1-€)V®)  BA-6)§(S'+(1-e)V°)

0 0
Ni=1o 0 b Na =
0 0 0
ks 0 0
—o(1-p) ks 0} )
—op =¥ ks
And
= 0 0
B
_ a(1-p) 1
Nyt = ok, k_4 0 [, (10)
o(up+pTi+pdity) vy 1
k3K4Ks Kyks ks
Multiplying Nyand N; %, we have
N,N; ' =
[B0-6)("+1-OV ) (=PI ks trE)+peks)  FA-O)Ek)(S+00-OVD)
NOkzksks NOk4ks
0 0 0}
0
(11
We obtained the eigenvalues of N;N; 1 as
[ 0
0
Bo(1-6)(S°+(1-)V ) ((1-p) (ks +¥E) +péks) | ' (12)
NOKksksks

The dominant eigenvalue from (12) is
—1y _ Bo(1-0)($°+(1-)VO)((1-p) (ks +¥§) +pEks)
p(NyN; 1) = NOkskeks

(13)

Substituting S, V and N at TB free equilibrium in (13), we
obtained control reproduction number

_ Ba(1-0)[(1-€)p¢ +k,1((1-p) (ks +¥§)+Epky)

Re Kakaks(d+ky) (14)
Where

ky=v+puks=0+u ky=y+1+u+dand ks
=T, +u+6,.

Interpretation of Control Reproduction Number R,

The control reproduction number R, is the number of new

tuberculosis cases generated by TB infected individuals in a

population comprises of susceptible and vaccinated

individuals.

When there is no vaccination, treatment and awareness in the

environment (i.e ¢ = P =y =6 = 0) we obtained the

basic reproduction number as

RO — Bol(1—p)(za+u+85)+pé(T1+u+81)]
(o+u) (T1+p+61)(T2+u+62)

(15)

Interpretation of Basic Reproduction Number R,

The basic reproduction number R, is the number of new
tuberculosis cases generated by tuberculosis infected
individuals in a population with no vaccination, awareness
and treatment in the community.

Local Asymptomatic Stability of TB Free Equilibrium
Theorem 3.2

TB free equilibrium (DFE) of the model (1) €° is locally-
asymptotically stable (GAS) in Q if R, < 1, and unstable if
R.>1.
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Proof The following procedures can be used to linearize system (1)
and calculate the Jacobian matrix at TB-free equilibrium:
[_kl 0 0 -p(1-0)G, —p(1—-0)§G, 0 ]
¢ -k 0 —B(1-6)(1 - e)G, —BS(1—6)(1 - €)G, 0
| 0 0 o(l-p) -k, 0 0
0 0 op 14 —ks 0
lo o 0 - T, —ul
Where: a5 = —ﬁf(l - 9)(1 - E)Gz,a33 = —k3,
Goo_ Mk . pd-e¢d aze = f(1—6)(Gy + (1 - €)Gy),
Tkl =Y’ kk, — ¢y azs = BS(1 = 60)(Gy + (1 - €)Gy),
a1 = =Ky, a1 = —B(1 — )Gy, a3 = 0(1 =p),ass = =Ky, a53 = 0p, a5 = v,
a;s = —B(1—6)¢Gy,az1 = @, azz = —Kky, ass = —Ks, Agq = T1, 065 = T2, Age = —U-
aze = —B(1—60)(1 - €)Gy, . . . .
Reducing equation (16) into row echelon yield
Q14 Q15 )
aqq 0 0 A11024—014021 11825~ Q15021 0
0 azz 0 ajq ;;15 0
I =00 s 0 an
0 0 0 a83 0-330-440-55—11341143055‘321311541135—&44&531135 0
0 0 0 0 33044 —0A34043 Qee
L 0

The eigenvalues are ascertained as follows using Maple
software:

A = g
Az = asz
Aa = A33044—A34043
g =2 S
a
33 (18)

/14 — 33044055~ 340430551 A43054,035— 044053035
A33044—0A34043
As = ay;
L /‘16 =aqq

Clearly 44, 4,, 45 and A, are all negatives from (18) and for
the remaining after simplification, we have.
Az is negative if and only if

_k3k4+50(1_]1’:)(G1+(1—€)Gz) <0 (19)

= —kik, +3ﬁa(1 -p)(G;+(1—-€)Gy) <0 (20)

& Bo(1-p)(Gy + (1 -€)G;) <ksky (21)

PN Ba(1-p)(G1+(1-€)G2) <1 (22)
Ksky

A4 is also negative

o ThakskstPoU-OIGH1-OGIU-DstyD¥ERk) _ o (23)

ksks—Bo(1-0)(1-p)[G1+(1-€)G4]
& —kzksks + fo(1 — 0)[Gy + (1 — €)G,]((1 — p) (ks +
¥§) +¢pky) <0 (24)
& Ba(1-6)[G + (1 —e)G]((1 —p)ks +¥§) +
¢pky) < kskgks (25)
- 60(1—9)[61+(1—e)§:]]i(k15—p)(ks+yf)+§pk4) (26)
Substituting G; and G, in (26) A3 is also negative
- Bo-O)[(1-€)p§+ka)((1-p) (ks +Y)+Epka) _ R <1 @7

k3kyks(p+kz)

This demonstrates that if R, is less than 1, all of the
eigenvalues are negative and unstable otherwise. The proof of
Theorem (3.2) is now complete.

<1

Interpretation of Theorem (3.2)

Epidemiologically, Theorem (3.2) shows that if the control
reproduction number R, is smaller than 1, a community will
continue to be free of endemic tuberculosis despite a small
number of sick people. This suggests that tuberculosis may be

efficiently controlled and kept from becoming endemic if the
number of TB cases is minimal and R, is maintained below 1.

Global Stability of TB Free Equilibrium

Theorem 3.3

TB free equilibrium (DFE) of the model (1) €° is globally-
asymptotically stable (GAS) in Q if R, < 1, and unstable if
R.>1.

Proof

Assuring that requirements (Q1l) and (Q2) as stated in
(Castillo-Charez and Son, 2004) hold true when R, < 1. One
way to express the model (1) is as follows:
doy _

W - (Ql! QZ)J

2% = G(Q1,02);6(01,0) = 0, (28)
Where Q; = (5%, V°, R% and P, = (E°, 1°,1,° ) where Q, €
R3is represent the uninfected compartments and Q, € R3
represent the infected compartments. The TB free equilibrium
is now denoted as, M° = (Qj,0).

Where,

Qi = (N°, 0) Now the first requirement (GAS) of Q; gives

T+ YVO — (¢ + WS’

daqQ
“L=FQuO) =| ¢S°— @ +pV° (29)
—yRO

A linear ODE solving gives,
0(p) = THVO _ THUVC (gt 4 (0 0)p—(@+I)E

SO(t) o @ + s2(0)e (30)
0p) = £5° _ 95° L~ o yo(g)e-Hmt

Vo(r) prerimen +V°(0)e (31)

RO() :i_ie_'“ + RO(0)e k¢ (32)

Now, obviously from system (1) we have, S°(t) + VO(t)+
R%(t)— NO(t)— as t — oo regardless of the value of S°(t),
VO(t) and RO(t). Thus, Q; = (N°,0) is GAS.

Next, for the second requirement, that is G (Q4, Q) = AQ, —
G(Q1,Q2) =0

FUDMA Journal of Sciences (FJS) Vol. 10 No. 9, May, 2026, pp 168 — 176

171



Mathematical Modeling of Tuberculosis Dyna...

o+ pori=an 0
A=|o(1—p) —(+r+u+ts) 0 (33)
ap y —(12+u+62)

Matrix A is of Metzler type, since its off-diagonal elements
are nonnegative.

ﬁN—S: + (1_;—)06‘10 — (o +WE°
G =| g1 -p)E' - (y + 1y +pu+ )10 | (34)
opE? +yI° — (t, + u +6,) 19

Thus,

_ 0

G(Q1. Qz) =AQ; - G(Q1. Qz) = [0] (35)
0

'[hat is

G(QuQY=[0 o ol (37)

It is obvious that G(Q, Q,) = 0.

TB Endemic Equilibrium Point
The model (1) has a TB endemic equilibrium, e** which
occurs when E, 1,1, are all nonzero. Mathematically, it can be
expressed as:
6** = (S** V** E**’ I**’ It**’ R**)
(A1 —€) — ky)

S Ao T (e —D kAt ¢v — ik
*k 7T¢
R Gy ey Yy iy e sy
B = At(Ale — 1)+ p(e — 1) — ky)
B k3((1 — €)2% + (ky(e — 1) — k)4 + ¢y — kqky)
I**

B Ano(1 —p)(A(e = 1)+ ¢p(e — 1) — k)
 kaky (1 — )22 + (ky (e — 1) — k)4 + ¢y — ki k)
I *%

*k
l¢

__ Ao - +¢e -1 —k)(p—1 —pks)
kskgks((1 — €)A% + (ki (e — 1) = k)A + ¢y — kky)
Aro(A(1—e) + ple — 1) =k )(¥(p — 1) — pky)

Abubakar et al.,
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A, = pkskeks + ¢((e — 1) — ky) + pkyks + a(1 —p)

—pku+ (1 —p)(t:1ks + 72)
Az = k3k4k5[1 - Rc]- (41)

Obviously, A; > 0 since all the parameters are positive with
0 < p < 1. Sothere are four cases to be considered depending
on the sign of A, and As.

Theorem 3.4
The system (1) has:
i. No endemic equilibriumifA, > 0andA; >0 & R, < 1.

ii. A unique endemic equilibriumif A, < 0andA; <0 &
R.> 1.

iii. A unique endemic equilibriumif A, >0andA; <0 &
R.> 1.

iv. Two positive equilibrium if A, <0and A; >0. &
R, < 1and A3—4A,A,

The following theorem was established based on items (ii)

and (iii) of theorem (3.4) for reference

Theorem 3.5
The system (1) has a unique positive endemic equilibrium if
R.>1.

Global Stability of TB Endemic Equilibrium

Theorem 3.7

Assuming vaccination rate, treatment rate of infected
individuals and TB induced mortality rate are all negligible,
then the endemic equilibrium is globally asymptotically stable
while R, > 1 and unstable when R, < 1.

Proof
The Lyapunov function of Goh-Volterra type rcan be
defined as follows.

F:(S_S**_S**ln%*)_l_(v_v**_v**ln%**)_l_
(E — E* — E* ]n%ﬂ)+@ (I R ln?) i

 kakgks((1 — €22 + (ky (e — 1) — k)4 + ¢ — k1 ky)
R** o

Aoty (1-p)(A(e—-1D)+¢p(e—1)—-k3) N
iksky (1022 +(ky (e~ 1) —k,)A+ph—kykp)

Anot,(1-p)(Ale—1)+¢@(e—1)-k3)
sk ks ((1-€)A2+(ky (e~ 1)—k)A+p—k, k)
Where
ky=¢+tuky=9¢+pu ks=oc+puky=y+n+u+
51 andk5:T2+,U.+52

(38)

Existence of TB Endemic Equilibrium Point
The Descartes rule of sign was used to confirm the existence
of the endemic equilibrium point of the suggested model (1).
According to this rule, the number of positive roots in a
polynomial equation with real coefficients and degreen = 2
is either equal to or less than the number of sign changes in
the equation’s terms. In this instance, the endemic state's force
of infection was symbolized by:
1o = 3(1—9);1?51: ) (39)
Where

N™ = S™ + V™ + E* + I" + I," + R*™.
When (38) is substituted into (39), the following quadratic
equation in terms of A** is obtained: When R, <1, the TB free
equilibrium of equation (6) is equivalent to A** = 0
A*2A1+ A, + A3 = 0. (40)
Where
Ay = (e = D[uksky + o (1 = plpky + o((p — Dy — pky)

+ (1 = p) (ks + 13)]

+ + Kok Kk I
+ ”;;V B -1~ 1, ln;—t). 42)

Differentiating (44) with respect to time yields
F= (153 (1) () 2 1)

(o+1)(y+u) ™ r
) (1- ;T) I, (43)
With
s
N=-
u
As the infection’s force_is alt_ered, we have
A=BI+ElL)
Where
F=p
u

When (1) is substituted with (43), we obtain

F=(1—Ss)(n—/15—(¢>+u)5)

+(1—VV)(¢)S—(1—6)AV—;1V)

+<1— E)(AS+(1—6)/1V—(J+#)E)

[
(J:#)(l—T)(oE— (y+mwD

+ I (1 1) (1 = (x + 01, (44)
With relationships
T=A"S"+(¢p+n)S™

+

¢S** — el**v**_'_ Hv**’
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(0 +WE™ =A™ + (1 — e)A™V™, (45)
(y _I_“)I** — O'E**,
(r2 + W1 =y17,

The relations in (45) can be changed to (44).

” *k S s *% 14 v

F<@+mSiQ@— -0+ uSs 22— )

- s* SE*™ EI"™ 1" I
+8 (5 - S~ pm i i) (46)
o v*  VE*™ EI*™ II.” I
R (e R )

Applying the relation of geometric to arithmetic means to
each yield the inequality

2 5 S <0,(2 4 **<0
@-m =" S0Q2 g5 <0
(-5 o is) <O @7)
S S™E E*I I*l; I
(- - - -t -X) <o
vV V™E E*™I I*I, I

Hence,

Table 2: Forward Normalized Sensitivity Indices

Abubakar et al.,
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F<0.0OnlyatS=8",V=V* E=E*, I=1"*and I, =
I.™ is strict equality F = 0 true. The endemic equilibrium ex
is the only invariant set shown in the model (1). Applying
Lasalle invariance principle (Lasalle, 1976) the TB endemic
equilibrium is (GAS).

RESULTS AND DISCUSSION

Sensitivity Analysis

In this section, we examined the suggested tuberculosis model
in connection to the reproduction number R, with respect to
the biological factors included in the model using the forward
sensitivity index approach. This procedure was used to
determine each parameter's sign; negative values indicate that
the parameter is most susceptible to lowering R., while
positive values indicate that the parameter is most sensitive to
raising R, (Abubakar et al., 2025, Andrawus et al., 2024).
The normalized local sensitivity index of the R, with respect
to the parameters is given by,

Parameters Elasticity Indices

Values of the Elasticity Index

P o 0.4521
o ofe -0.7641
b o -0.7413
¥ o 0.2421
o ke 0.3143
B ol 0.9935
y af; -0.6462
T1 aff -0.3614
Ty aff -0.4501
5 ke 0.3211
5, o 0.2045
€ ofe -0.1753
& (X?C 0.5790

PRCC Values

Parameters

@)

PRCC Values

8 ] N o 1] 62

Parameters
(b)

Figure 2: Figure Showing the PRCC Values of R, Versus the Parameters of Model (1)

Numerical Simulation

Numerical simulations of the proposed model (1) provide
valuable insights into the transmission dynamics of
tuberculosis by capturing the interactions among key factors
influencing its spread and control. Some model parameters

are derived from existing literature, while others are assumed,
and two are control variables bounded between 0 and 1. These
simulations enable visualization of how parameter variations
affect the transmission and control of tuberculosis within the
population.
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Table 3: Ranges and Baseline Values of Parameters of Model (1)

Parameters Ranges (Baseline) Unit Reference

A 0.0006 per year Fitted

T 0.0012 per year Fitted

p 0.06 per year Fitted

0 0.76521 per year Fitted

o 0.2007 per year Fitted

v 0.20 per year (Kuddus et al., 2025)
o 0.01432 per year Fitted

B 0.55 per year Fitted

y 0.0002 per year Fitted

z'l 0.129 per year (Peter et al., 2025)
7 0.2 per year Fitted

ot 0.055 per year Fitted

& 0.0353 per year Fitted

u 0.0142 per year (Peter et al., 2025)
€ 0.7914 per year Fitted

Vaccination Strategy

The impact of vaccination on the susceptible and vaccinated
compartments is shown below. Figure 3(a) illustrates the
effect of vaccination on susceptible individuals. As the
vaccination rate increases, the number of susceptible
individuals decreases significantly. This shows that
vaccination has a strong impact on reducing the susceptible

Impact of Vaccination Rate ($) on Susceptible Population
uuuuuu — ¢=00

¢-023
— =05
8000 1

Time idays)

@)

population and limiting disease transmission. Figure 3(b)
illustrates the effect of vaccination on the vaccinated
population. As the vaccination rate increases, the number of
vaccinated individuals rises substantially. This indicates that
vaccination has a significant positive impact on the vaccinated
compartment.

8000 |

Vaceirated Individuals S1t;

4000 1

(b)

Figure 3: Figure Illustrating the Impact Vaccination on Susceptible Individuals (a) and Vaccinated Individuals (b) with

Different Values of ¢

Public Awareness Campaign Strategy

The impact of public awareness on the exposed, infected, and
infected-under-treatment compartments is shown below.
Figure 4(a) depicts the effect of public awareness on exposed
individuals. Increasing the level of awareness slightly
decreases the number of exposed individuals. This shows that
public awareness has a measurable impact on reducing the
exposed population. Figure 4(b) depicts the effect of public
awareness on infected individuals. The number of infected

Impact of Awareness (8) on Exposed Individuals
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individuals decreases as the level of public awareness
increases. This shows that public awareness has a significant
impact on reducing the infected population. Figure 4(c) show
the impact of public awareness on infected individuals under
treatment. The plot clearly shows that increasing the levels of
awareness campaign slightly decrease the number of treated
individuals. This shows that public awareness has an impact
on treated individuals.
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Figure 4: Figure lllustrating the Impact Public Awareness on
Exposed Individuals (a), Infected Individuals (b) and Infected
Individuals Under Treatment (c) with Different Values of 6

FJS

Treatment Strategy

The impact of treatment on the infected and infected-under-
treatment compartments is shown below. Figure 5(a) depicts
the effect of treatment on infected individuals. The results
show that increasing the treatment rate leads to a significant
decrease in the number of infected individuals. This indicates
that treatment has a strong impact on reducing the infected

Impact of Infected Rate {y) on Infected Population

population. Figure 5(b) shows the impact of treatment on
infected individuals under treatment. The plot clearly shows
that increasing the rate, the number of infected individuals
under treatment greatly increases. This shows that treatment
has a strong impact on infected individuals under treatment.
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Figure 5: Figure Illustrating the Impact Treatment on Infected Individuals (a) and Infected
Individuals Under Treatment (b) with Different Values of y

CONCLUSION

In this paper, we developed a nonlinear deterministic model
which incorporates vaccination, treatment and public
awareness for the dynamics of tuberculosis. The analysis of
the model demonstrated solution boundedness and positivity
have been ascertained, TB free equilibrium is found to be both
locally and globally asymptotically stable when R, < 1and
unstable when R, > 1. Conversely, the endemic equilibrium
is globally asymptotically stable when R. > 1 and unstable
when R, < 1. The most sensitive parameters for the control
of TB transmission are identified using the forward
normalized sensitivity index method and found that
vaccination and treatment rate of infected individuals are the
most sensitive parameters for decreasing TB transmission.
Numerical simulations that shows vaccination, public
awareness and treatment of infected individuals are very
important parameters to control tuberculosis in a society.
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