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Abstract

Covid-19 and tuberculosis (TB) are two significant infectious illnesses that may pose
significant threats to the public health and their co-infection aggravates the issue. Through
the use of a set of nonlinear ordinary differential equations and contaminated surfaces from
SARS-CoV-2 in the environment, we developed and investigated a mathematical model in
this study for the dynamics of the co-infection of Covid-19 and TB transmission. The free
equilibrium point of the disease was determined and its stability was investigated. The next
generation matrix approach is used to determine the model’s basic reproduction number.
The disease-free equilibrium point is not globally asymptotically stable, but it is locally
asymptotically stable if R <1. We found key model parameters for disease dynamics
spread using normalized forward sensitivity analysis. From the numerical simulation
results, we conclude that government stakeholders should work in reducing the transmission
mechanisms of both diseases. In addition, they should look on mechanisms for removing
SARS-CoV-2 contaminated surfaces from the community.
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1. Introduction

The coronavirus infection (Covid-19) has been deemed a global public
health emergency since it was first found in Wuhan, China in 2019 [1].
Covid-19 is a single-stranded ribonucleic acid (RNA) virus that is caused
by the severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) [1,
2]. The SARS-CoV 2 can be transmitted directly by droplets that escape
the lungs through coughing or sneezing from an infected humans [3].
Additionally, when a person touches a surface that has been contaminated
by the virus, they could get sick [4]. The WHO situation report states
that since the Covid-19 outbreak, more than 245,310,625 persons have
been infected globally, 4,979,526 have died and about 222,399,916 have
recovered [2].

According to WHO health statistics, tuberculosis is one of the top 10
major causes of death worldwide, annually infecting nearly one-third of
the global population[5]. From a report by the WHO [5], millions of people
worldwide die from tuberculosis each year and millions more develop the
disease [5, 6]. Globally, it is predicted that 10 million individuals would
contract tuberculosis (TB) in 2020 of which 3.6 million women, 1.1 million
children and 5.6 million men[5]. Mycobacterium tuberculosis (MTB) is
responsible for tuberculosis (TB) infection which primarily affects the
lungs (pulmonary TB) [6]. Tuberculous meningitis (TBM) is an extra-
pulmonary form of tuberculosis (TB) characterized by sub-acute or chronic
inflammation of the meninges as a result of invasion of the sub-arachnoid
space by the bacilli M. Tuberculosis [7]. It is the most severe form of TB and
has the highest mortality and morbidity rate compared to other forms of
TB [8]. The highest risk populations are children under 5 years of age, the
HIV co-infected and immuno compromised [8, 9].

Coinfection with severe acute respiratory syndrome-associated
coronavirus 2 (SARS-CoV-2) and Mycobacterium tuberculosis has been
reported in various parts of the world [10]. The TB patients with Covid-19
are at higher risk of developing severe disease and may become critically
ill requiring mechanical ventilation [11]. The rate of severe Covid-19
is higher among TB patients, the program needs to focus of primary
prevention measure and preferable airborne control measures needs to
be maintained in all TB care centers to reduce the risk of transmission of
SARS-CoV2 infection [12]. The TB treatment centers and hospitals need
to be prepared for early identification and management of Covid-19 in
TB patients [13]. Additionally, the HIV/TB co-infected group has the
highest risk in the Covid-19 mortality rate and poor recovery rate [14].
Although it is rare, coinfection with severe acute respiratory syndrome-



DYNAMICS OF TB-COVID-19 CO-INFECTION 75

associated coronavirus 2 (SARS-CoV-2) and Mycobacterium tuberculosis
(MBT) has been reported in various parts of the world[10-12]. The first-
ever global cohort of 49 cases of TB-Covid-19 co-infection from 8 countries
were reported [11]. Mycobacterium tuberculosis (MTB) and Covid-19
coinfection have been documented. In addition it has been researched that
SARS-CoV-2 is seen on tuberculous meningitis (TBM) patients, which is
most fatal form of TB that occurs in 1-5% of those with TB [15].

To better understand the dynamics of communicable disease
transmission and to give public health policy makers guidance on how to
choose effective intervention programs to combat infections, mathematical
models for infectious diseases can be employed. Various dynamical
models have been established and evaluated to distinguish the most
crucial variables that aid in predicting the trends of infectious diseases and
their preventative measures of TB and COVID 19 disease transmission. For
illustration, to understand the Covid-19 epidemic, mathematical models
with different aims were created and examined by [19, 21-28]. Similar to
this, numerous TB dynamical models are investigated and proposed by
[16-20]. Also, some co-infection models for TB and HBV [29], HIV-TB can
be found in [30]. The coinfection of Cholera-Covid-19 in [31], Dengue-
Covid-19 in [32], Malaria-Covid-19 in [33] and coinfection Covid-19 with
other disease [34, 35]. Recently a fractional-order model for Covid-19 and
tuberculosis co-infection using Atangana-Baleanu derivative has been
studied by [36]. They assumed the susceptible individuals were infected
following successful encounters with Covid-19 infected exposed and co-
infected persons. However, in our proposed model, we presupposed that
susceptible people become infected after having direct encounters with
Covid-19 infected or co-infected individuals as well as getting contact
with contaminated surfaces or objects in the environment.

The following is how the paper is arranged: The mathematical model
of the TB-Covid-19 coinfection is described in Section 2 along with a
list of definitions and some fundamental underlying assumptions. The
mathematical model of TB-Covid-19 co-infection is presented in Section 3.
Section 4 shows the investigation of the mathematical model and explores
its fundamental features. Numerical simulations were given in Section 5
to strengthen the information from analytical results. The discussion and
conclusions are covered in the final Section 6.

2. Baseline Model Formulation

To achieve the main aim of this study, we develop, analyze and
simulate an epidemic model that describes the transmission dynamics
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of TB- Covid-19 coinfection. According to human disease status, the
total human population into seven different epidemiological classes
depending on individuals health status: susceptible humans S, infectious
individuals with TB Z , individuals who have recovered from TB R ,
infectious individuals with Covid-19 7 _, individuals who have recovered
from Covid-19 R_, infectious individuals with co-infected with TB and
Covid-19 Z . Individuals who have recovered from co-infected with TB
and Covid-19 R _,. The contaminated surfaces by the SARS-CoV-2 virus in
the environmental is given by P is considered in the disease transmission
dynamics. The model has the following assumptions:

(i) People who are susceptible can get Covid-19 if they come into
contact with infected or co-infected people and they can contract TB
if they come into contact with infected or co-infected people.

(ii) Persons with Covid-19 infections are vulnerable to TB infections
and vice versa.

(iif) Co-infected patients can spread either TB or Covid-19 but not both
illnesses simultaneously.

(iv) People who are co-infected can recover from Covid-19, TB and
mixed infections all at once.

(v) It is presumed that both co-infected persons and those who are
infected alone have the same rate of transmissibility.

Q istherateat which individuals are introduced into the population
through birth or immigration.

Following successful interactions with Covid-19-infected persons
who are either single or co-infected, susceptible humans, S, acquire
Covid-19 at the rate of

B(Z +Z,,+€P)
A A

Similarly, the population is reduced due to infection with TB at the

rate: Similarly, TB infection reduces the population S at a rate of
o(Zy+ZLyy)
e

Following the assumptions above, we present below deterministic
systems of nonlinear ordinary differential equations, to study the
transmission dynamics of TB-Covid-19 co-infection.
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% = Q+6,R +0R +0,R —(A +1,)S-uS

dif = AS-AZ -(n+o,+u)T,

% = AS-AZ -(n,+0,+u)I,

dﬁ% = LT +AZ —(p+o+Uu)T o
dZC = 0,1 +epl —(0,+U)R

B = 6,T,+(1-0)9kZ,, ~(5,+WR,

B = p(1-e)1-K)T,, -6, + MR,

‘%’ = NI +T,)-1-P

with initial conditions

7(0)>0,Z.(0)20,Z,(0)>0,Z, (£ >0,R.(0)>0,R, (0)>0, R (0)>0,P(0)>0.

cm

3. Basic properties of the model

The mathematical model (1) describes the rate of change of different
compartments of human populations and it will be epidemiologically
significant if all of its state variables are non-negative for all time > 0.
Hence, we establish the following result.

3.1 Positivity of Solutions

Theorem 3.1 : If §,>0, 7,>0, Z >0, 7 >0, R,>0, R >0,
R, >0, B, >0, then the future time solutions of the TB-Covid-19 coinfection
population is positive .

Proof: We let v =sup{t>0:S,(t)>0, Z (t)>0, Z (t)>0, Z . (t)>0,
R,t)>0, R (t)>0, R, ,(t)>0, R(t)>0 for all ¢t €[0,t]}. Since
s =0, 7,20, 7,20, 7,20, R,20, R 20, R, ,20, B, =0,
hence v>0. If v<w, then S(t), Z,(t), Z,,1), Z,,t), R, ), R, (1),
R,,t), F(t) are zero at t,. To show solution of the model is positive,

first we take % from equation (1).

s
= Q+6,R +6R +6,R —(A, +A,—u)S (2)
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Using the variation of constants formula, the solution of equation (2)
at v is given by:

S(v) = S(O)exp[— [ 0”((2,1 +A, - u)S(dS)}

+J‘0V(Q +0,R +6R_+ @R)exp[—j(?(/ll + A, —u)t, )dtl}

Moreover, since all the variables are positive in [0,v], then S(v)> 0.
It can be shown in a similar way thatZ (v)>0, Z (v)>0, Z_ (v)>0,
R.(v)>0,Z (v)>0, R, (v)>0, P(v)>0, which is a contradiction. Hence

V = 0.

3.2 Invariant region
The sum of all the human population in (1) is given by:

% =Q-uN-(0,Z. +0,7, +0Z,)

If disease specific induced death rates assumed negligible (f=0= )
and no contaminated surface. It is considered that all variables and
parameters are nonnegative because model (1) monitors the human
population. Hence 0 < N < % Moreover, for the contaminated surfaces

in the environmental variable P, we have

iP o 0
ﬁ—ﬂ(IEJrIm) TPST T-P

By applying the Gronwall inequality, for 0 <P < % Therefore, the

system (1) will be analyzed in the following invariant region:

n ={(S,IC,Im,Im,RE,Rm,Rm,P)eRf :0,< Ns%,osps%}

Therefore, the model in equation (1) is well-posed mathematically
and epidemiologically meaningful.

4. Mathematical analysis of the model

In this section, we analyze model (1) by determining the disease-free
equilibrium and basic reproduction the coinfection. We also examines the
local and global stability of the disease-free equilibrium. Additionally, we
look into the type of bifurcation the model shows and the sensitivity of the
parameter values.
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4.1 Disease free equilibrium & Basic reproduction number

The TB-Covid-19 co-infection has a disease-free equilibrium (DFE)
point, which is determined by setting the right-hand sides of the equations
in model (1) to zero, which is represented by

& =(Q/u,0,0,0,0,0,0,0).

In a completely susceptible population, the number of secondary
cases that one case would produce is known as a basic reproduction
number and denoted by R,. It is obtained using the next generation
approach (see [37, 38]), Using the approach in [37], the associated next

generation matrices are given by

o8 g 98 pe

u wooon g 0 0 0
Qo Qa 0 0 0
F, = 0 TR 0 | and Ve = 0 %2 0
0 0 0 0 o g;
- - T
0 0 O 0

where

G, =0+nN +0,+U,G,=N+0,+U,G, =0+Q+0,+0,+ U

QpT+Qpedy 0 QPpr+Qfed  PeQ

HTG ucs ut

. 0 o o 0
FV™ = UG uGs

0 0 0 0

0 0 0 0

Then the spectral radius of the next generation matrix FV
determines the basic reproduction number corresponding to system (1),
which is calculated as

QpB(ev+7) oQ

0c = wr(d+m+ oy +u) 0m " (1 + 0+ )

It might additionally be provided as R, = p(FV ') =max{R,_, R, }-
For Covid-19 only models, R, is the basic reproduction number,
while for TB only models, R, is the reproduction number.
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4.2 Stability of the disease-free equilibrium
4.2.1 Local Stability of DFE

Theorem 4.1 : The DFE of system (1), &, is unstable in 11 if R, >1 and
locally asymptotically stable if R, <1.

Proof: The Jacobian matrix the model (1) around DFE point &, is given by:

Q a2 +a)Q eQ
R L 5 8 5 M
0o 2o o a 0 0 0o e
u i u
aQ aQ
0o 0 g “ 0 0 0 0
Is=lo o0 0 ¢, 0 0 0 0
0 o, 0 £Q -6, - U 0 0 0
0 0 o, 0 0 -8-u 0 0
0 0 0 el-g)1-k 0 0 -8,-u 0
0o v 0 » 0 0 0 -t

Here some of the eigenvalues of the matrix ] ; are A =—U,
;]’2 =_(63 +/J), ;]‘3 =_(52 +[J.), )’4 =_(51 +,LL), 2'5 =—C3/ A’é z%_g

the following characteristic polynomials can be used to get the remaining
eigenvalues.

, and

AT A+Y,=0 3)
where

Yl _ QﬁfﬂT(ﬂ+T]]+O'1) — (u+19+,’,’1 +O_1)|:[£l[;:—TjROC _1 T :|,

u T
v, = SPEHDIUIN) _ 41y g1y +6,)(R,, ~1),
Therefore, whenever R, <1(i.e A, <0 mean % -(n,+0,+u) =

(n,+o0,+u) (R, —1) and R, <1 applying the Routh-Hurwitz criterion
Y, >0 and Y, >0 the DFE becomes locally asymptotically stable. This
result agrees with result of the research by [36]. a

4.2.2 Global Stability of DFE

We explore the global asymptotic stability of the DFE of the model
using Castillo-Chavez et. al. [39] approach. Let’s recast the model in
equation (1) as
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ax
S =F(X,2),

% —gx,2), 9(x,0=0.
where X' =(S, R R,,,) denotes the number of uninfected components
and Z:(IC,I CM,P) denotes the number of infected components.
Let & =(X",0) represents the DFE point of the system. Whenever the

conditions (H,) and (?,) below are met, the DFE point & is a globally
asymptotically stable equilibrium for the model [39]:

H, : For = F(X,0), X" is globally asymptotically stable.

H,: Tf - ng(x*,O)z ~G(X,2),6(X,2)=0 for all (X,2)ell

Now considering H,, = F(X,0), the reduced system is given by:
Q-usS
F,0=|

0
Therefore, the DFE of system (1), & =(X",0) to be globally
asymptotically stable. This is because the solution is given by
S(t)=%+(5(t)—%)e"” which converges to % as t > . From the Next
condition H,, the matrix D_G(X *,0) is calculated us
BQ

e R 0 % [’STQ
. aQ aQ

ng(X /0): 0 u n,-o0,-H " 0

0 0 ~u-9-9-0,-0, 0

0 o _

Then column vector C;(X ,2) is given by
(=T, +(-SeT, + BT +T, +eV)I,
Q Q Q
G(X,2)= C=9BL +(C = SBL,, +( - S)BeP+ (T, + T, )T,
~(u+@+0+0,+0,)I +o(Z +I )I +B(I +Z  +€eV)L))
0

4)
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From equation (4) the third entries of Q(X ,2Z) are negative if all
the parameters and the state variables in those entries are taken strictly
positive. As a result, the second criterion (,) stated above is not met
and it can be deduced that the DFE might not be globally asymptotically
stable. Thus, the following conclusion will be drawn.

Theorem 4.2 : The DFE point & =(X",0) of system (1), &,, is not globally
asymptotically stable.

4.3 Possible existence of backward bifurcation

It is possible to demonstrate the occurrence of backward bifurcation
on systems (1) with the use of the center manifold theory [39-42]. We
specifically used Castillo-Chavez and Song’s theory [39]. First, making a
transformation of variables of the system (1), we have x, =S, x,=17,
x,=2Z , x,=1 , x;,=R, x,=R,, x,=R,, x,=P with vector
representation of x=(x,,x,,X,,X,,X;,X,,X,,X, ). If the model is denoted

by Z—’:—f(x) with f(x)=(f,(x), £,(x), f,(x), f,(x), f;(x), f(x), f,(x),
f,(x)))". Hence

% =fi= Q+6,x, +0,x,+6,x, —(A +A,)x, —ux
%2 =f,= Ax,—Ax,—(O+n +0,+ )X,
'%3 =f,= Ax, —Ax,—(n,+0,+ux,
%“ =f,= Ax,+Ax,—(O+Q+0+u)x, -
Bs —f= ox,+epx,— (5, +px,
%"’ =f. = ox,+(1-€)pkx, — (5, + u)x,
B~ f = p(-e)1-k)x, ~(5, + )X,
ddif =fi= O(x,+x,)-T-x,
Let

be the bifurcation parameters solved at R,_=1 and R, =1 (ie R, =1).
Then the Jacobian of system (5) at DFE is given by:
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_u _/3#9 o Q (B +a)e 5 5, 5, B e
n u u

o fe_. o po 0 0 0o P2
u u u
0 o 42 . o Q 0 0 0 0

I, = u u

0 0 0 -, 0 0 0 0
0 o, 0 £Q -6, —u 0 0
0 0 o, 0 0 -8,-u 0 0
0 0 0 ol-g)1-k 0 0 -8,-u 0
0o v 0 0 0 0 0 -

Computing the right eigenvector w = (w,, w,,w,,w,, w,,w,,w,,w, )
it is obtained that

__ LedQ + Q2

w, ut Wy =

(6)

And the left eigenvector v =(v,,v,,v,,v,,7,,7,,0,,0,) is given as
v,=v,=0,=0,=0,=0,

7
poeQip2 . pe 7)

= v =P .
0, =0 ut(d+p+oy+o,+p) 2778 ur 2

27 Y2rYy

Using Theorem 4.1 in [39], in system (5) the only crucial ones and
non-zero derivative evaluated at (£, B ,&’) are given below.
P _Th g Oh_Ph_,Fh_Fh g
0Ox,0x, 0x,0x, ’ 0x,0x, 0x,0x, Ox,0x,  Ox,0x,
Pf (O g,y Tho_ S
0Ox,0x, 0x,0x, ox,0x, 0x,0x,
O _Ph g Oh Pk g,
0Ox,0x, Ox,0x, Oxy0x,  0x,0x,

= OC*, (8)

Additionally,
of, _of _Q o&f of &f &f _Q

= =—, = =—q, = , 9
0x,0B 0Box, u Ox,0oc Oodx, ox, 0B 0Bpox, u ®)

Thus, using equations (6), (7), (8) and (9) coefficient a is obtained
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10 af . .
a= Y vww,—~— =2,w,w f -2v,wwfe

ki j=1 S axlﬁx/ 22l 10)
(e9Q+1Q)¥e  €9Q+TQ
=2 22 - 2 w,
u't u'r
and
10 6
b=>vuw, e =7J2aJ29+021089=9+g9 (11)
K ox,0p U Hoop T

It is clear from equation (11) that the bifurcation coefficient, b, is
automatically positive. Thus, it follows from Theorem 4.1 in [39] that the
TB-COVID 19 co-infection model will undergo backward bifurcation if the
bifurcation coefficient, a, given by equation (10), is positive.

Theorem 4.3 : The coinfection model (1)undergoes a subcritical (backward)
bifurcation as R, crosses unity, whenever the coefficient a >0 and b> 0. Hence,
the following result will be established.

4.4 Sensitivity Analysis

In this subsection, we analyse the effect of different model parameters
to specify the comparative impact of these parameters in the disease
transmission. The sensitivity indices of R, with respect to the parameters
are calculated, using the normalized forward sensitivity index formula
Afo , where y is the model parameter, following the technique described
in [43, 44]. These indices is a crucial tool to determine the model robustness
to parameter values. Since R, = max{R,_, R, }, we obtained the sensitivity
indices of R, and R, separately:

_ QP(ev+1) 3 aQ
pT(D+n, +0, + 1) ", + 0, + )

0c
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AR — Roc % B _ 1>0
B B Roc
Roc = Roe o € _ €0 > Ron — Rom o & _
AE 0 Rgp €V+7T 0 Aa oo Rom 1>0
AR = Roey 0 (epremeond o o) AR, _ Rowyy B __Mtoat2u )
o0 Ry  (F+mror+u)(e0+7) u o Roy Ny 0+
AT = Mo, «_ = ev <0 ARom — ORom « %2 __ %

T ot Roe EV+T 53 00,  Rom Th+0,+U
ARUC = aROC X o1 = — o1 < 0 ARum — gRﬂm X /] — P <
% 00 Ry B+1y+01+1 ™ om  Row Ny +0p+
AR = ORoc o M _ _ O+ Th+01+20 0

" o Ry B+1y+07+ 1L

Examining the sensitivity analysis, it is biologically reasonable to
suggest that decreasing B, o, € and ¥ in order to control the disease.
The other possible sensitive parameters that are important for effective
control of the disease are increasing 9,7,,0,,¢.

From Figure 1, the reproduction rates increase as the parameter
value goes up when the sensitivity index is positive. In other words, if
positive index parameters’ values rise, they have the potential to spread
the coinfection disease. Conversely, if the sensitivity index is negative,
reproduction will decrease as the parameter value increases. This implies
that as the value of negative index parameters rises, so does their potential
to reduce the burden of coinfection disease on the community. Based on
this information, decision-makers and other stakeholders are expected to
take appropriate action to address Covid-19 infection, TB infection and
their co-infection in the community.

=

parameter

7

El

parameter

u

@

m

-100 -0.75 -050 -0.25 000 025 050 075 100 -06 -04 -02 00 02 04 06 08 10
Impact on Roc impact on Rom

Figure 1

Magnitude and direction of sensitivity analysis results of parameters for (a)
Covid-19 and (b) TB explicit models.
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5. Numerical Simulations

We have explored the analytical behaviors of the proposed
mathematical model in equation (1) in the above sections. Here, we employ
the ode45 package of Maple to carry out numerical simulation of the
mentioned co-infection model. We do this by using all parameter values
mentioned in Table 1 as well as the initial values of the state variables
for the model equations S(0)=1000, Z (0)=10, R (0)=10, Z_ (0)=10,
7 ,(0)=100, R, (0)=10, R, (0)=5, V(0)=1000.

The impact of the rate oo on the population of TB-Covid-19 co-
infection and TB-only infected individuals is demonstrated in Figure 2. It
shows that only TB infected or TB- Covid-19 co-infected increases as the
values of the contact rate ¢ rise. We can either follow good hygiene habits
or enhance ventilation to lower the contact rate. Government policymakers
should view it as a mitigation approach.

Table 1
Parameters values of TB-Covid-19 co-infection model.

Parameter Description Value day” | Source

Q Recruitment rate of susceptible 150 Assumed
humans

B Covid-19 transmission rate contact rate | 0.25 [35]

a TB transmission rate 0.065 [28]
Rate of recovery from TB-Covid-19is | 0.002 Assumed
co infection diseases

) Virus shedding rate by Covid-19 0.012 [25]
infected and coinfected people

o, Rate of recovery from Covid-19 is co 0.0025 [23, 25]
infection diseases

o, Rate of recovery from TB is co infection | 0.545 [19]
diseases

6, 6, 6, | Loss of imminity for Z,Z,, Z,, varies Assumed

m Covid-19 induced death rate 0.017 [23]

m TB induced death rate 0.575 [18]

T Decay rate of SARSCoV- 2 population | 0.85 [25]

u Natural death rate of human 0.016 [21, 22]
population

€ Modifying parameter 0.036 [25]
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Figure 2

Effect of oo on TB infectious and Co-infectious population.

The graph illustrated in Figure 3 the impact of Covid-19 transfer rates
B to the population of Covid-19 infection and TB-Covid-19 co-infection.
It was shown that an increase in the rate will decrease the number of
individuals in that class( Covid-19 infection and TB-Covid-19 co-infection).
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Figure 3

Effect of B on Covid-19 infectious and Co-infectious population.

The impact of the virus shading rate ¥ of Z, and Z  on
environmental surfaces is shown in Figure 4. It demonstrated that as the
rate ¢ increases, the contaminated surfaces or objects in the environment
with the number of SARS-CoV-2 virus increases. Therefore, it is important
to sanitizer and spray chemicals to clean contaminated surfaces to limit
the impact of disease.
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Effect of £ on Covid-19 infectious and co-infectious population.

Figure 5 illustrates how the rate of contaminated surface infection
€ affected the spread of Covid-19 only and the TB-Covid-19 co-infection
population. It shows decreasing concentration of contaminated surfaces
reduces the rate of infection of the Covid-19 only and the co-infected
population. Therefore, stakeholders should focus on disinfecting the
community’s contaminated surfaces, primarily in government sectors

where people meet for a service.
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Effect of recovery rate o, and o, on TB- Covid-19 co-infectious population.

Figure 6 demontrates the impact of TB and Covid-19 recovery rates on
the co-infected community. Co-infected individuals either recover from TB
only, Covid-19 only, or from both diseases with a different probability, as
we mentioned in the model description and then they join their respective
recovered compartment. As a result, the graph demonstrates that raising
the rate of recovery in the co-infected population has a massively important
effect on lowering the prevalence of both diseases.

6. Conclusions

We developed a transmission dynamics model for TB-Covid-19 co-
infection and the population was subdivided into seven compartments
including the effect of contaminated surfaces in the environment.
The basic reproduction number is determined using next generation
matrix method. Stability analysis of the disease-free equilibrium point
was conducted. Also it provided evidence that backward bifurcation
exists. We also demonstrated how parameters responded to the basic
reproduction number. In terms of numbers, we explored with the impact
of key parameters on the growth or control of Covid-19 only, TB only and
their co-infection. According to the findings, a significant portion of the
reduction in TB-Covid-19 infectious individuals in the community can be
attributed to an increase in the rate of TB and Covid-19 recovery (o, and
0,). We found that reducing the contact rate 8 has a considerable impact
on the infectious population that is co-infected with Covid-19 and TB-
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Covid-19. Also, reducing the contactrate « is significant in bringing down
the number of TB and TB-Covid-19 co-infected infectious population.
Therefore, government stakeholders should place special emphasis on the
aforementioned key criteria in order to stop the spread of infection in the
community for Covid-19 only, TB only and TB-Covid-19 co-infection.
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