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Abstract

Tuberculosis (TB) is a major threat to human health particularly in most of developing
countries. In this article, we formulate and analyze a deterministic model for the transmission
dynamics of pulmonary and extra-pulmonary tuberculosis. The next generation method is
employed to find the basic reproduction number R, which helps to determine whether TB
clears or persists in the human population. Global stability of model equilibria is done through
Lyapunov functions whereas the normalized forward sensitivity index method is adopted to
determine parameters that drive tuberculosis. Analysis shows that both TB free and endemic
equilibria exist. The TB free equilibrium is globally asymptotically stable whenever the basic
reproduction number Ry < 1 whereas the endemic equilibrium is globally asymptotically
stable whenever R, > 1. Sensitivity analysis shows that the TB infection rate, the fraction of
individuals who progress to pulmonary tuberculosis and its induced death drive TB. Numerical
results indicate that when there are no interventions, susceptible humans decline significantly
with time until when they are attracted to the steady state whereas latently infected, pulmonary
and extra-pulmonary TB individuals increase until when they settle at the equilibrium states
supporting the analytical results for existence of the endemic equilibrium. In light of these
findings, we recommend treating humans infected with pulmonary TB who are carriers of the
disease.
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Introduction

Tuberculosis (TB) is an airborne disease
caused by Mycobacterium tuberculosis
bacteria. Humans contract TB through
breathing in tuberculosis germs released in
the air by an infected person during
coughing, sneezing, speaking or singing
(Lopes et al. 2014). There are two forms of
TB, namely pulmonary tuberculosis and
extra-pulmonary tuberculosis. Extra-
pulmonary TB happens when Mycobacterium
tuberculosis germs infect organs other than
the lungs, whereas pulmonary TB arises
when the bacteria infect the lungs. TB occurs
in two different stages which are latent TB

and active TB. Usually, latent TB individuals
harbor the Mycobacterium tuberculosis
germs, but they are not contagious (WHO,
2023). Active tuberculosis arises when TB
germs evade the immune system and start
growing within the human body (Marino et
al., 2015). Though individuals with weak
immunity get active TB immediately after
infection, those with strong immunity acquire
active TB later when their immune systems
weaken (Lopes et al. 2014). Symptoms of TB
include fatigue or weakness, weight loss,
fever, chills, loss of appetite and night sweats
(Halim 2013).
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Despite the fact that TB has been
controlled to some extent, the disease still
poses a threat to human health, particularly in
many underdeveloped countries.
Tuberculosis ranks as the ninth most common
cause of death worldwide. For instance, in
2016 a total of 10.4 million individuals, 2.5
million of whom were African, contracted
tuberculosis. Globally, 1.7 million people
died from TB in the same year, with 417,000
deaths occurring in Africa (Floyd et al.,
2018). In 2021, the World Health
Organization categorized Tanzania to be
among 30 high-burden countries for TB
whereby approximately 13,300 TB new cases
and 26,800 deaths occurred in 2019 (WHO
2023). Despite the presence of various
interventions such as treatment of infected
individuals, vaccination, patient education,
financial and psychological support to
patients with tuberculosis, TB remains a
major challenge to human health particularly
in developing countries due to the existence
of multidrug resistance, delay in tuberculosis
detection, undernourishment, HIV infection,
alcohol use, smoking and diabetes mellitus
(WHO 2023). Therefore, to design effective
TB control strategies, it is necessary to
understand how TB is transmitted.

Mathematical modeling has proven to be
an effective tool in the study of infectious
diseases transmission dynamics. Numerous
mathematical models have been formulated
over time to investigate TB dynamics.
Nonetheless, most of them failed to take into
account the two types of tuberculosis:
pulmonary and  extra-pulmonary  TB.
Therefore, this work attempts to study and
analyze a mathematical model for
transmission dynamics of both extra-
pulmonary and pulmonary tuberculosis, and
identify the factors that contribute to the
spread of tuberculosis disease.

Materials and Methods
Mathematical Model and Analysis

In this section, we formulate and analyze
a basic mathematical model for transmission
dynamics of pulmonary and extra-pulmonary
tuberculosis based on the work by Fatima et
al. (2020) and Herrera et al., (2013). The

study of Fatima et al. (2020) considered
standard incidence rate, latent TB stage and
immunity status of individuals though did not
consider two types of TB whereas Herrera et
al., (2013) considered human infection due to
mass action principle, endogenous TB
reactivation and exogenous reinfection. The
human population is classified into
susceptible S, latently infected L, infectious |
and non-infectious N individuals. Individuals
with pulmonary tuberculosis (TB) belong to
the infectious class I, while individuals with
extra-pulmonary TB belong to the non-
infectious class N. The variable H
conventionally represents the total human
population whereH = S + L + I + N.
Susceptible humans are recruited through
birth at a rate r and contract tuberculosis (TB)

at a rate 1 = % through interaction with

infected individuals where g is the infection
rate.  Following infection, individuals
progress into latent, pulmonary or extra-
pulmonary TB. A proportion o of weak
immunity  individuals acquires  either
pulmonary or extra-pulmonary TB whereas
1-a remain latently infected. Parameter & is
the fraction of individuals who contract
pulmonary TB shortly after infection,
whereas 1-6 represents the proportion of
individuals who contract extra-pulmonary
TB. The rate at which individuals with latent
tuberculosis progress into pulmonary or
extra-pulmonary TB as a result of
endogenous reactivation is represented by
parameter 1. The percentage of latently
infected humans who develop into pulmonary
tuberculosis is denoted by m, while the
remaining percentage 1-n progresses to extra-
pulmonary TB. Regardless of their status, all
humans die naturally at a rate [, whereas
those with extra-pulmonary and pulmonary
TB have extra TB-related mortality rates y
and o, respectively. When formulating the
model, we take into account the standard
incidence rate and make the assumption that
there is no migration. Moreover, it is assumed
that human recruitment into the susceptible
compartment is constant through birth.
Furthermore, exogenous reinfection is not
taken into consideration and individuals with
weak immunity are not regarded to undergo
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the latent stage. Figure 1 summarizes the
model flow chart for the dynamics of TB in
humans whereas Table 1 provides
descriptions of the model parameters. Taking

dS— A+ ws
g
—=AS-(+wl, )

dat
L =S+l - (u+ ),
W AS+1(1—n)L — (u+ )N,

dat

into account the model assumptions and
descriptions, a mathematical model for the
transmission dynamics of TB is given as:

subject to initial conditions: $ > 0;L = 0,1 = 0,N > 0 where A = %.

Table 1: Description of model parameters

Parameter Description

Human recruitment rate.

Human natural death rate.

€ QAT S A LA™

Infection rate of susceptible individuals.

Fraction of individuals that progress to pulmonary and extra-pulmonary TB.
Percentage of humans who get pulmonary TB soon after infection

Latent TB progression rate to pulmonary or extrapulmonary TB.

Fraction of latent TB individuals who develop into pulmonary TB.

Extra-pulmonary TB induced death rate.
Pulmonary TB induced death rate.

H

(1 — a)BSI

(u+y)l

(1—8)aBSI

Figure 1: The flow chart illustrating TB transmission dynamics

Positivity and Boundedness of Model
Solutions

It is important to demonstrate that the
model solutions are positive and bounded for
the model system (1) to be well-posed and

epidemiologically significant.

Positivity of Model Solutions

149

To prove the positivity of model
solutions, we first establish the following
theorem.

Theorem 1: Let the initial conditions for the
model system (1) beS(0) > 0; L(0) =
0; 1(0) = 0and N(0) = 0, then the solutions
of the model system (1) with positive initial
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conditions  will
allt = 0.

Proof: Let t; = sup{t >0:5S>0,L >0,] >
0,N > 0€[0,t]} so thatt; >0, then
considering the equation for the susceptible
population in the model system (1), we have:

remain non-negative for

= > —(1+ps.
Separation of variables leads to:
L2 -+ pat.
Integrating and using the initial condition, we
get:
S(t) = S(0)exp — fot(/l + u)ds = 0.
(2)
Considering the latently infected individuals’

equation in the model system (1), we have:
dL

= 1-@is-@-pl
= % >—(t+plL.
Separation of variables leads to:
% > —(7 + wdt.
Integrating and using the initial condition, we
arrive at:
L(t) = L(0)exp — [, ( + wds > 0.

3)
Using the same approach for the rest of
system (1) model equations, it can be shown
that:
I(t) = 1(0) exp [—(n + YP)t] and N(t) =
N(0) exp[—(o + wt].
Therefore, for all non-negative initial
conditions, all solutions of model system (1)
will remain positive.
Boundedness of Model Solutions
Defining H=S4+L+I+N as
conventionally the total human population,
we can show that the model solutions are
boundedness. Thus:
dH as dL dal dN
T a T ata W
Substituting the equations of the model
system (1) into equation (4) we obtain:
dH
ol pH — YI — oN,
:Z—f%— pH=r — yI— oN,
=—+ pH < 1. (5)

Equation (5) is a first order linear differential
equation whose integrating factor is e 7#¢.

Solving equation (5) and using the initial
conditions, we get:
H(t) < £+ (H(0) — i)e‘”t

Applying limit as t — oo, it can be observed
that:

umH(t) < ;

Therefore, we can analyze the model system
(1) since its solutions are positive bounded in

the regionQ = {S,L,I, N} € R, *

Model Analysis
The TB Free Equilibrium Point

A steady state solution where there is no
TB in the population is known as the TB free
equilibrium point. To get the TB free
equilibrium point, we set the right-hand side
of the equations in the model system (1)
equal to zero and solve for S when L=1=N=0.
As a result, the TB free equilibrium point T,
of model system (1) is T,(S° L% 1% N®) =
(£ ,0,0,0).

Basic Reproduction Number

The basic reproduction number R, is the
number of secondary cases that may occur
when one infectious individual is introduced
in a full susceptible population (Diekmann et
al., 1990). We use the next generation matrix
approach to determine the basic reproduction
number as applied in Diekmann et al., (1990).
Let F; represent the rates at which new
infection emerge in  the infected
compartments i and V; be the rates at which
infected individuals move into and out of the
compartments i, such that:

r (1-a)BSI
H
adpsI
H
(1-8)apsI
H

and

(T+mwl
Vil —ml+ @+l |,
|—t(1 =L+ (6 +wI

-1

_ [ 9F: Vi _ py-1

Ry = (ay]_ (To)> X (ayj (T0)> =FV™,
where y; are the infected classes in the model
system (1) and T, is the TB free equilibrium

of model system (1). Therefore, the matrices
F and V at TB free equilibrium are given as:

150



Tanz. J. Sci. Vol. 50(1) 2024

0 1-a)8 O
0

F= adf Ofand V =
0 a(1-6)B O
T+ 0 0
-t n+ g 0
|—(1 — )t 0 n+ o
The next generation matrix Fv-1=
1 (1-a)Tfn a-a)B
T+ (u+) (u+)
Tfnad adép
T+ (u+) (u+)
(1=8)tfna  (1-8)afu
L(T+H) (u+) (u+)

The basic reproduction number R, is the
largest eigenvalue of the next generation
matrix FV~! denoted byR, = p(FV™1).
Therefore, the basic reproduction number R,
is given by:

adf(r+uw)+(1-a)np
Ro=—crowm ~ ©
Global Stability of TB Free Equilibrium

Point

Theorem 4: The TB free equilibrium point
T, of the model system (1) is globally
asymptotically stable whenever R, < 1.
Proof: To prove the Theorem 4, consider the
Lyapunov function:

— ntL 1
T W oty
av _ L )d_L (; ar
= dat ((u+1|,l)(r+u) dt+ ,u+1/}) dt’
9)

Substituting expressions for % and % from

the model system (1) into equation (9), we
have:

av _ ( nt )((1—a)ﬁ51 _ (‘L’ + .U)L) +

at ~ \(e+y)(t+p H
1 afBsSI _
() (57 +meL = w+ 1),
av _ nt(1-a)BSI _ nr(t+u)L
at — HWE+WH P+
aBSSI ntL (u+P)I
(WHP)H - p+p ptp
av — nt(1-a)BSI il aBssi
at (p+PE+wWH  (w+y)  (utP)H
il
u+lpd | (1-a)B BS
v nt(l-a)ps apés
— = —-1)1
dt ((u +P)(+WH - (tP)H )

At disease free equilibrium point H = S.
av. _ ( nt(1-a)p aBé

= —-1)1,
dt k+WE+w  (u+d) )

=Y = (R, - DI.

e

Since all the model parameters are non-
negative, it follows that Z_‘:S 0if Ry <1

andl>0,whereas%=0if I=0 orR, =

1. Therefore, V is Lyapunov function on D
and the largest compact invariant set
(S,L,I,N) e Q is the singleton TB free
equilibrium T,. Thus, the TB free equilibrium
point is globally asymptotically stable when
Ry < 1.
Sensitivity Analysis

The normalized forward sensitivity index
method, as described in Chitnis et al., (2008),
is used to derive sensitivity indices. If ® is a
parameter in the basic reproduction
number R, then its sensitivity index is given

by F£° = % X %. Using parameter values in
Table 2, we obtain the sensitivity indices of
model parameters as shown in Figure 2.
Using this approach, it can be shown that the
sensitivity indices of parameters 8, u, «, &,
7, n and ¥ are respectively .0000, —0.4581,
0.5353, 0.8606, 0.0676, 0.1394 and —0.6094
as shown graphically in Figure 2. Figure 2
shows that the parameters most sensitive to
tuberculosis (TB) transmission are the rate of
tuberculosis infection in humans (f), the
proportion of susceptible humans who
develop pulmonary TB (§), and the
pulmonary TB-induced death (y). The
positive sign of the sensitivity index indicates
that increasing a given parameter value while
keeping other parameter values constant leads
to the increase in average number of
secondary infection whereas the negative sign
shows that increasing the parameter value
reduces the average number of secondary
infections. For example, as the parameter «
with sensitivity index 4+0.5353 is increased
by 10%, this leads to the increase of the basic
reproduction number by 5.35%. Similarly, as
the parameter 1 with sensitivity index
—0.6094 is increased by 10%, the basic
production number decreases by 6.09%.
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Sensitivity Indices of R0
1 T T T T

-0.8 1 1 1 1 1 1 1

Figure 2: Sensitivity indices of parameters in R,

Table 2: Parameter values

Parameter Value Source
u 0.0141 Mwasunda et al., 2023
1) 0.75 Lopes et al., 2014
T 0.015 Chong et al., 2019
Y 0.022 Hickson et al., 2012
a 0.7 Herrera et al., 2013
n 0.55 Assumed
T 2 Bowong et al., 2010
o 0.0015 Assumed
B 0.75 Assumed

Endemic Equilibrium Point

When TB persists in the human population, we obtain the endemic equilibrium point. The
endemic equilibrium is obtained by setting the right-hand side of each equation of the model
system (1) equal to zero and solving for the model variables S*, L*, I* and N *in term of force of
infection A. Thus, the endemic equilibrium is givenas T* = (S*,L*,I*, N*) where:

S = I T raAd(p+t)+(1-a)mir ., (1-a)ir « _ (=8)E+w)air+(1-n)(1-a)TtAr
T T T @@y T T @)’ - T+ (A+uw) (u+0)
Since 4 = %and H=S+L+1+ N, itcan be shown that:

A(A2+B) =0, (12)

where

A=y +lp(a(1—0()+T(1—(0(6+11(1—a)))>+u(a(1+(1—6))+r+
Y1 - 0(5)) + oadét + ont(1 — a)(13)
B=@+P)a+wu+0)—Bu+o)(ad+w+nt(1-a)) (14)
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Solving (12), we obtain A = 0and AA + B =
0. When A=0, we have TB-free
equilibrium; nevertheless, when A2+ B = 0,
then TB persists in the human population.
When we solve for A if A1+ B = 0 we get:

A=-= (15)

Substituting the value of B

equation (15), we obtain:

A==+ )T +m+ o) (R - 1).
(16)

Therefore, the model system (1) has a
unique endemic equilibrium point which is
globally asymptotically stable when the basic
reproduction number R, > 1. We summarize
this result in Theorem 5.

Theorem 5: The model system(1) has a
unique endemic equilibrium E* whenever
Ry > 1.

Global Stability of Endemic Equilibrium
Point

We employ the methodology applied by
Mwasunda et al. (2023) to prove the global
stability of the endemic equilibrium point.
Consider the logarithmic Lyapunov function:

*

= (s-5-sm() |
Hemv-rn(t)
+@_p_pm@)*

)

into

N
dL S-S*\ ds 1"\ dI
=S=5)a+ (5% ( Sat
N-N\ dN
)% L an
Substituting el and — expressmns from
dt'dt’ dt

the model system (1) into equatlon a7,

== (S 5)(r—,15 us) +

(L_TL*) ((1 —a)AS — (1 + ,u)L) +

(%) (abAS +ntl — (u +PY)I) +

(”;VN*) ((1—8)Aas + (1 — )L —

(1 + o)N).

At the endemic equilibrium point, we have:

dL S-5* * %
L=(= )(/15 + uS* — AS — uS) +

(%) (C+wWL — (T +wl)+

(55) (+w1 = @+p)1) +
(52) (+ IN" = (u+ 0IN),
=SS =Q+ws - (A+ws -
(1 +M)S* T+l =T+l -
O 4 e+ WL+ () =

R L2 )

*2
(u+a)N*—(u+0)N—%+
(M+O‘)N*

S s*

ﬁ— (/1+,LL)S ( ;—?)'F
(T+y)L*(2 LoDt ) (2-
1 N N*
EeT)H o (2= -1,

(18)
Since the arithmetic mean exceeds the
geometric mean value, it follows that:

*2
(A+w)Ss +
s

0(2-4-)<0(2-2-%) <o,

N
Since all model parameters are positive, then

%SO forRy > 1. Hence by LaSalle’s
invariance principle (LaSalle 1976), every
solution of the model system (1) approaches
the endemic equilibrium point T* as t - oo

whenever Ry > 1.

Results and Discussion
Simulation of Model System

In this section, we perform numerical
simulation of model the model system (1)
using parameter values in Table 2 and briefly
discuss the results obtained. It can be seen
from Figure 3 that susceptible humans
decline significantly within the first 20 years
following infection and then settle to a steady
state whereby only a small proportion
remains uninfected. This trend has
consequently resulted to an increase in the
number of latently infected humans,
individuals with pulmonary tuberculosis and
individuals with extra-pulmonary
tuberculosis whereby these populations grow
with time until when they attain their steady
state after the 20" year. These results show
that TB will continue to persist in the human
population as long as no control is taken to
control the disease.
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Dynamics of TB in Humans

60 Susceptible Humans
Humans with Latent TB
— Humans with Pulmonary TB
50 Humans with Extra-Pulmonary TB

D
o
T

Human Population
w
o

N
o
T

0 \ \
0 10 20

30 40 50 60

Time (years)

Figure 3:

Impact of Varying the Most Sensitive
Parameters on the Dynamics of TB

In this section, we carry out simulation of
the model system (1) by varying the value of
most sensitive parameter so as to study their
contribution on the transmission  of
tuberculosis.
Impact of Varying the Probability of Infection
on TB Dynamics

Figure 4 (a) shows that the susceptible
population decreases with the increase in the
infection rate 8. This is the case since the
increase in the infection rate increases the

Dynamics of tuberculosis in humans when there is no any control measure

chance of susceptible individuals to acquire
TB, leading to the decline of the susceptible
population. On the other hand, Figures 4(b),
(c), and (d) indicate that the latently infected
individuals, individuals with pulmonary and
extra-pulmonary tuberculosis increase with
the increase in the infection 5. These results
are in correspondence with the disease
dynamics where susceptible humans decrease
due to infection while other infectious classes
increase with time when no intervention is
taken to control the disease.
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Impact of Varying 7 on Susceptible Humans
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Figure 4: Impact of varying the probability of infection on TB dynamics

the
who

of
to

Impact of Varying
Susceptible  Humans
Pulmonary TB

The results in Figure 5(c) show that
humans with pulmonary tuberculosis increase
with time as a result of an increase in the
proportion of individuals & that progress to
pulmonary TB class affecting positively
latently infected class as indicated in Figure
5(b). However, a different trend can be
observed for susceptible humans and humans

Proportion
progress
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with extra-pulmonary TB in Figures 5 (a) and
5 (d) where there is a decrease in number of
susceptible humans and individuals with
extra-pulmonary TB. This is the case since
increasing parameter & reduces proportion of
pulmonary TB individuals and increases
pulmonary TB individuals leading to
reducing susceptible population and increase
in latently infected individuals.
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of Varying é on Si ptible Hul
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Figure 5: Impact of varying the proportion of susceptible humans who progress to pulmonary

B
Impact of Varying Pulmonary Disease-
Induced Death on the Dynamics of TB

When more individuals with pulmonary
TB die due to the disease, they reduce the
chance for susceptible individuals to contract
TB. This causes decline in a number of
latently infected individuals, as well as
individuals with pulmonary and extra-
pulmonary TB as shown in Figures 6(b), (c),
and (d). This consequently leads to an

10 v

5

0

0 10 20 30 40 50 60 70
Time (years)
(d)

increase in a number of susceptible

individuals as shown in Figure 5(a).

However, it is not practical to let people die
due to pulmonary TB-induced death 1, rather
than putting more efforts to save peoples’
life. Thus, we recommend putting more
efforts to treat individuals with pulmonary
tuberculosis so as to control the transmission
of TB.
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Figure 6: Impact of varying pulmonary disease induced death on the dynamics of TB

Conclusion

In this work, a mathematical model for
transmission dynamics of both pulmonary
and  extra-pulmonary  tuberculosis s
formulated and analyzed to get insight on the
disease’s dynamics in human population. The
basic reproduction number R, is computed
through the next generation method. The TB
free equilibrium is globally asymptotically
stable when R, <1 whereas the endemic
equilibrium is globally asymptotically stable
when R, > 1.  Sensitivity  analysis  of
parameters in the basic reproduction number
R, is done using the forward normalized
sensitivity index method. Results indicate
that the probability of TB infection, the
fraction of individuals who progress to

pulmonary TB and pulmonary TB induced
death influence TB disease. Thus to control
TB, more effort is needed to reduce
pulmonary TB individuals who are carriers of
TB disease. Therefore, further research
should focus on assessing the impact of
treatment of individuals with pulmonary TB
and vaccination of susceptible individual on
TB control.

Declaration

The authors declare that they have no
conflicts of interest upon publication of this
work.

Acknowledgments

157



Kisinda et al - Modeling the Transmission Dynamics of Tuberculosis in Humans

The authors are grateful for the support
from the Ifakara Health Institute for financing
the corresponding author’s MSc in
Mathematical ~Modelling at Mkwawa
University College of Education

References

Bowong S, Emvudu Y, Moualeu DP, Tewa JJ
2010 Mathematical properties of a
tuberculosis model with two differential
infectivity and N latent classes. J.
Nonlinear Syst. Appl. 1(1):13-26.

Chitnis N, Hyman JM, Cushing JM 2008
Determining important parameters in the
spread of malaria through the sensitivity
analysis of a mathematical model. Bull.
Math. Biol. 70(5):1272-96.

Chong KC, Leung CC, Yew WW, Zee BC,
Tam GC, Wang MH, Jia KM, Chung PH,
Lau SY, Han X, Yeoh EK 2019
Mathematical modelling of the impact of
treating latent tuberculosis infection in the
elderly in a city with intermediate
tuberculosis burden. Sci. Rep. 9(1):4869.

Diekmann O, Heesterbeek JA, Metz JA 1990
On the definition and the computation of
the basic reproduction ratio R 0 in models
for infectious diseases in heterogeneous
populations. J. Math. Biol. 28:365-82.

Fatima S, Abdullah FA, Mohd MH 2020
Deterministic model of tuberculosis
infection in the presence of educational
counselling, treatment and vaccination. In
AIP Conference Proceedings. 2266(1).
AIP Publishing.

Floyd K, Glaziou P, Zumla A, Raviglione M
2018 The global tuberculosis epidemic
and progress in care, prevention, and

158

research: an overview in year 3 of the End
TB era. Lancet Respirat. Med. 6(4):299-
314.

Halim NA 2013 Tuberculosis Model: A
Mathematical Analysis. M. Sc.
Dissertation,  University of Malaya,
Malaysia.

Herrera M, Bosch P, Najera M, Aguilera X
2013 Modeling the spread of tuberculosis
in semiclosed communities. Comput.
Math. Methods Med. 2013:648291.

LaSalle JP 1976 The stability of dynamical
systems. Society for Industrial and
Applied Mathematics.

Lopes JS, Rodrigues P, Pinho ST, Andrade
RF, Duarte R, Gomes MG 2014
Interpreting measures of tuberculosis

transmission: a case study on the
Portuguese population. BMC Infect.
Diseases. 14(1):1-9.

Marino S, Cilfone NA, Mattila JT,

Linderman JJ, Flynn JL, Kirschner DE
2015 Macrophage polarization drives
granuloma outcome during
Mycobacterium tuberculosis Infection.
Infect. Immun. 83(1):324-38.

Mwasunda JA, Irunde JI, Stephano MA,
Chacha CS 2023 Fish-borne parasitic
zoonoses transmission dynamics: The
case of anisakiasis. Inform. Med.
Unlocked. 38:101205.

World Health Organization (WHO) 2023
Strategic and Technical Advisory Group
for Tuberculosis (STAG-TB): report of
the 22nd meeting, Geneva, Switzerland,
6-8 June 2022. World Health
Organization.



