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Abstract: In this paper, we propose and justify a synthesized version of the tuberculosis transmission
model featuring treatment abandonment. In contrast to other models that account for the treatment
abandonment, our model has only four state variables or classes (susceptible, latent, infectious, and
treated), while people abandoning treatment are not gathered into an additional class. The proposed
model retains the core properties that are highly desirable in epidemiological modeling. Namely, the
disease transmission dynamics is characterized by the basic reproduction number %, a threshold value
that determines the number of possible steady states and their stability properties. It is shown that
the disease-free equilibrium is globally asymptotically stable (GAS) only if %, < 1, while a strictly
positive endemic equilibrium exists and is GAS only if %, > 1. Analysis of the dependence of %,
on the treatment abandonment rate shows that a reduction of the treatment abandonment rate has a
positive effect on the disease incidence and results in avoiding disease-related fatalities.
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1. Introduction

Pulmonary tuberculosis (TB) is a public health problem in many countries worldwide and consti-
tutes one of the leading causes of morbidity and mortality. This infectious disease puts a large number
of people with weakened immune systems at risk, for example, due to the HIV/AIDS or diabetes co-
morbidities, chemo/radio-therapies, transplants, or malnutrition. Also, tuberculosis is a social disease
that mainly affects poor people living in crowded and precarious conditions of big cities or penitentiary
institutions, especially in low- and middle-income countries [1,2].

Tuberculosis is caused by a species of pathogenic bacteria called mycobacterium tuberculosis or
Koch’s bacilli. The bacteria can attack any part of the body, but usually attack the lungs. This disease
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is transmitted from person to person through microscopic airborne droplets from the cough or sneeze
of a person with an active form of the disease. Thus, a susceptible person can become infected by
inhaling airborne bacilli. Common symptoms of active pulmonary tuberculosis are severe cough (often
with blood in the sputum), chest pain, weakness, fever, poor appetite, and weight loss.

However, people who are infected with TB do not always feel sick. The World Health Organization
[3] estimates that a quarter of the world’s population has tuberculosis in a “latent” or inactive form;
that is, these people are carriers of inactive bacilli, they have no symptoms of the disease, and they
cannot transmit the infection to others. However, inactive bacilli can regain their vitality together with
replication capacity and cause an active form of the disease when the immune response of a latent
person is disturbed or altered.

A noticeable epidemiological feature of tuberculosis is its long period of latency that may last from
several weeks to a lifetime. On the one hand, people with a latent form of tuberculosis can last in
this state for many years without actively developing the disease, as long as their immune system does
not present alterations. On the other hand, latent people whose immune systems are weakened due
to malnutrition or comorbidities (influenza, pneumonia, COVID19, kidney disease, diabetes, etc.) or
those receiving immunosuppressive treatments for HIV, cancer, or transplants are at much higher risk
of developing an active form of tuberculosis.

The active form of tuberculosis can be diagnosed with the sputum smear test (also known as acid
fast bacillus testing—AFB+) that detects the presence of active bacilli, whereas the latent form of tuber-
culosis can be detected by the tuberculin skin test or the measurement of interferon-y in whole blood
(also known as interferon-gamma release assays—IGRAs) [4]. Both forms of tuberculosis are treat-
able by antibiotics, although the treatment periods are rather long (6—12 months) and require prolonged
medical monitoring [5].

Most patients may recover from a primary active TB infection without further manifestation of the
disease if they strictly follow all the guidelines of medical treatment. Even though the drugs that are
widely used nowadays for standard TB treatment (namely, isoniazid and rifampicin) are nominally
characterized as “sterilizing”, several studies question this characterization and manifest that a patient
does not always achieve true sterilization after completing treatment [6,7]. Besides, total bacilli exter-
mination cannot be reliably confirmed by existing test methods, such as blood and sputum markers [8].

Moreover, low- and middle-income countries lack the infrastructure, funding, or capacity to diag-
nose and treat patients with the latent form of tuberculosis. Therefore, TB control in these countries is
centered on preventing latent TB infections from developing into active disease and on diagnosing and
treating patients with the active form of the disease [9, 10].

Several studies (see e.g., [11, 12] and references therein) pointed out that treatment non-adherence
and abandonment mostly occurs due to the patient-related factors (such as low income, unemployment,
illiteracy), to the health services (reduced availability, intermittent access, and bureaucratic structure),
and to the characteristics of the treatment itself (long duration and possible adverse effects). To prevent
the spread of the contagious (or active) form of the disease it is important to ensure that all patients
take their anti-tuberculosis medications exactly as prescribed and do not abandon the treatment before
its full completion. Notably, the patients who do not follow the strict guidelines for treatment or those
who abandon treatment before completion usually remain infectious and develop the so-called “drug-
resistant” form of active tuberculosis. Moreover, people with active TB not receiving proper medical
treatment may die from this infectious disease.
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This paper aims to propose and analyze a lower-dimensional model of TB transmission that ac-
counts for treatment abandonment. Among a wide variety of mathematical models describing the
dynamics of tuberculosis transmission, there are only a few that are deliberately kept mathematically
tractable and apt for theoretical analysis*. The prime feature of such compartmental models is the rela-
tively small number of state variables (four or fewer) that denote the disjoint classes compounding the
target human population. In particular, there are several models where the human population is defined
by the sum of four classes or compartments [14—18]: Susceptible and latently infected people (they are
non-infectious), actively infected people (they are fully infectious), and people undergoing treatment
(they are partially infectious). However, these models do not account for patients who abandon the
treatment before its completion while the treatment abandonment enhances the disease spread.

On the other hand, more sophisticated models of higher dimension where all individuals who aban-
don treatment are gathered in an additional class or compartment have been proposed and studied dur-
ing the last decade [19-23]. These and, possibly, other studies have disclosed through mathematical
modeling the adverse effects of treatment abandonment on the disease persistence and spread.

It is worth mentioning that the four-dimensional model presented in [24] includes two classes of
infectious people, those who receive treatment (partially infectious) and those who refuse (“lost to
follow up” cases or fully infectious), along with susceptible and latent classes (non-infectious). This
is an interesting formulation though it is based on a strong assumption that does not seem realistic.
Namely, all individuals are timely identified as latently or actively infected, then they are immediately
offered to start treatment, and then they either accept or refuse that offer. In other words, people with
identified TB infections either start being treated or become “lost to follow up” cases without starting
treatment. In contrast to the model presented in [24], the model proposed in this work assumes that all
identified carriers of the active bacilli start being treated. Afterward, they either complete the treatment
and become non-infectious or abandon the treatment before completion and become infectious.

The proposed model is presented in Section 2, while its basic reproductive number and its possible
equilibria are derived in Section 3. Section 4 is centered on establishing the properties of global
stability for two possible equilibria of the proposed model. The role of the treatment abandonment rate
is then illustrated in Section 5 by examining two scenarios, with and without treatment abandonment.
Finally, Section 6 provides conclusions of our work.

2. Model for the TB transmission

In this section, we propose a four-dimensional model that incorporates a group of people with an
active form of the disease, who start the anti-tuberculosis treatment and then quit without completing
it. The distinctive feature of this model is that such people are not separated into an additional class.
Thus, our model has only four state variables, namely:

e S(t) — the number of susceptible individuals at the moment # > 0 who are bacillus-free.

e [(t) — the number of latently infected individuals at the moment ¢ > 0 who are carriers of inactive
bacilli but they have no symptoms of the disease and cannot transmit it to the others (i.e., they are
non-infectious).

e /(t) — the number of actively infected individuals at the moment ¢ > 0 who have not commenced
the treatment yet; they are carriers of active bacilli, have symptoms of the disease, and are fully

*A more detailed survey of simplest models describing the transmission of tuberculosis has been performed in [13].
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capable of transmitting it to the others (i.e., they are fully infectious).

e T(t) — the number of individuals undergoing treatment at the moment ¢ > 0; they are carriers of
active bacilli but their infectiousness is reduced by the treatment (i.e., they are partially infec-
tious).

In this model, we assume that all four classes are homogeneously mixed and the disease transmis-
sion depends on the frequency of respiratory contacts between the bacillus-free individuals and those
carrying active bacilli.

Thus, the total population at each moment ¢ > 0 denoted by

N@) :=8S@ + L)+ 1(t) + T(2). 2.1

The interaction between four disjoint classes S (¢), L(t), I(t), and T'(¢) is described by the following ODE

system
ds

i A=+ ¢T)S —uS (2.2a)
dL
i (1 =ppd+¢T)S + 6T —€eL —uL (2.2b)
dl
i pBU + ¢T)S + eL+ kT —yl —al — ul (2.2¢)
dTr
i vl =0T — kT — uT (2.2d)
with nonnegative initial conditions
S0)=S0, LO)=Ly, 100)=1, T(0)=To. (2.3)

It is assumed that all newborn individuals are bacillus-free, they belong to the S -class, and they are
recruited at the constant rate A > 0 (see Eq (2.2a) above). Notably, even though the immunological
changes during pregnancy may activate the TB infection in pregnant women with the latent form of the
disease, there is no evidence of TB vertical transmission [25]. The average rate of natural mortality of
all human individuals is denoted by u > 0.

The disease transmission is modeled by the mass action incidence through the term S(/ + ¢T) in Eqs
(2.2a)—(2.2c). Here, 8 > 0 denotes the so-called per capita rate of effective respiratory contacts with
infectious people (i.e., those leading to the contagion) and can be viewed as

(No. of contacts per person per unit time) X (probability of contagion)
>

Total population size ( ~ A/,u)

When a susceptible person inhales active bacilli, he/she may either develop an active form of the
disease with probability p € (0, 1) or progress to the class of latently infected people L(¢) with proba-
bility (1 — p) (cf. the first terms in Eqgs (2.2b)—(2.2¢)). The probability p of developing an active form
of the disease is related to the immune status of the human host that receives active bacilli. Thus, peo-
ple with a weakened immune response due to comorbidities (influenza, pneumonia, COVID19, kidney
disease, diabetes, etc.), malnutrition, or immunosuppressive treatments for HIV, cancer, or transplants
are at much higher risk of developing an active form of tuberculosis.
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Figure 1. Flow diagram of the TB transmission model (2.2) .

Table 1. Parameters of the model (2.2) .

Parameter Description Unit

A Recruitment of human individuals person X time™!
u Natural mortality rate time™!

B TB transmission rate (person X time)~!
1) Reduction of the infectiousness by treatment dimensionless
p Fraction of fast infections dimensionless
€ Rate of slow infection development time™!

o Rate of the treatment completion time™!

vy Rate of screening/recruitment for treatment time™!

a Disease-induced mortality rate time™!

k Rate of the treatment abandonment time™!

Susceptible people may become infected through respiratory contacts with either fully infectious
people (from the class I(z)) or partially infectious people (from the class 7'(¢)). It has been shown
that treatment reduces, but does not fully eliminate, the infectiousness of patients with active forms
of tuberculosis [26]. Therefore, our model (2.2) assumes that people from the 7-class are capable
of transmitting the disease at a reduced rate ¢83, where ¢ € (0, 1) can be viewed as a coeflicient of
the infectivity reduction. The latter stays in line with other models describing the transmission of
tuberculosis [27,28].

Non-infectious people from the class L(¢) (who are the carriers of inactive bacilli) may also develop
the active form of the disease when their immune status is changed or altered. Such people progress to
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the class I(¢) at the rate € > 0 (see Egs (2.2b)—(2.2¢)). Fully infectious people from the class /() are
either recruited for treatment at the rate y > 0 and then progress to the class 7'(¢) or they are removed
at the disease-induced mortality rate @ > 0 (see Eqs (2.2¢)—(2.2d)).

Thus, people commencing the treatment become partially infectious and belong to the class T (z).
They remain in this class before occurs one of the following events:

e they complete treatment and then return to the class L(¢) at the rate 6 > 0, meaning they may still
undergo a TB reactivation or relapse towards an active form of the disease;

e they abandon treatment before completion, progress to the class 1(¢) at the rate kK > 0, and become
fully infectious.

The latter is expressed by Eqs (2.2b)—(2.2d). It is worthwhile to emphasize that here we assume, on
the grounds of arguments presented in [6-8], the non-sterilizing treatment, which is typical for low-
and middle-income countries’. Finally, Figure 1 exhibits the flow diagram of the TB transmission
model (2.2) and Table 1 recaps a detailed description of the model’s parameters.

To showcase the well-posedness of the model (2.2), we formulate the following result.

Proposition 1. For any set of positive initial conditions (2.3), the ODE system (2.2) has a unique
nonnegative solution which is ultimately uniformly bounded for all t > 0.

Proof. First, we observe that the right-hand sides of the ODE system (2.2) are continuous with respect
to the state variables S, L, I, and 7. Therefore, this system has a unique solution for any initial condition.

To prove that all trajectories of the system (2.2) engendered by nonnegative initial conditions (2.3)
remain nonnegative for all > 0, let us rewrite the Eq (2.2a) in the following form:

% +h()S =A, S@O)=S,>0, where A®t):=u+p[I{¢) +¢T(D)].

Then using the integrating factor, we obtain
LI ek o] = ko
dt

This yields

t
s (t)efor Moyt _ S() — fefos h(‘r)dTAds
0

and finally leads to

t

St =eh h(r)dr(S o+ f el h“)dTAds) >0 forall ¢>0.

0

A similar rationale can be used to show that L(r) > 0,1(¢) > 0, and 7(¢) > O for all ¢ > 0. Thus, the
lower bound for all solutions of the system (2.2) is zero.

It should be recalled that TB control in low- and middle-income countries is mainly centered on diagnosing and treating active
infections with pharm products bearing low sterilizing effects that are more accessible due to their moderate costs [9, 10].
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To establish the upper bounds, let us consider the equation for the total population (2.1) which is
obtained by summing up the four ODEs of the system (2.2):

dN
E:A—CL’I—#N, N(O):N():S()+L0+I()+T0.
From the above equation, we obtain
dN
— < A —uN.
di K

A
Thus, if Ny < —, we have

A\
N(I)S(No——)eﬂl+
u

A dN A
Otherwise, if Ny > —, then — < 0 for some ¢ € [0, 7] meaning that N(¢) is decreasing towards — and
u

its upper bound is Ny. Thus, we conclude that

A
N(f) < max {No, —} forall r>0.
u

]
3. Local analysis of the model
A direct consequence of Proposition 1 is the existence of the biologically feasible region
4 A
Q: =4S, LI TYeER,: S+L+I1+T < — 3.1
J7i

that contains all possible solutions of the system (2.2) engendered by the initial conditions that satisfy

A
So+ Lo+ Iy + Ty < —. Therefore, Q is positively invariant and attracting. The latter implies that Q

contains all possible equilibria of the system (2.2).

In the present section, we derive the basic reproductive number of the TB transmission model (2.2)
and establish the conditions for existence of possible equilibria of the system (2.2) that are nonnegative
solutions of the following algebraic system:

0=A-BSU+¢T)—usS, (3.2a)
0=0-p)BSU+¢T)+ 6T —eL — uL, (3.2b)
0=pBSU+¢T)+ €L + kT —yl —al — ul, (3.2¢)
0=yl—-06T —kT — uT. (3.2d)

3.1. Disease-free equilibrium and basic reproductive number %

The disease-free equilibrium (DFE) of the system (2.2) is the solution of (3.2) with L=1=T =0,

that is,
A
E’ := (—,0, 0, 0).
i
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It is easy to see that E° € Q and this equilibrium always exists.

In epidemiology, one of the core metrics related to the speed of the disease propagation in the human
population is the so-called basic reproductive number %, > 0. This quantity expresses the expected
number of secondary infections produced by one infectious individual in a completely susceptible
population during his/her entire period of the infectiousness [29].

For compartmental epidemiological models, including the proposed model (2.2), the basic repro-
ductive number %, can be calculated as the largest eigenvalue (or spectral radius) of the next-generation
matrix evaluated at the disease-free steady state [30]. Following this approach, let us first define the
state sub-vector Y € R? that contains the classes (or compartments) of human hosts carrying the infec-
tion, that is,

Y :=(L,IT).

Second, we extract three differential equations corresponding to the components of Y from the ODE
system (2.2) and write them in the following form
dyY
— =F(Y) - V(Y),
= F(Y) - V(Y)
where 7 (Y) > O represents the rate of appearance of new infections (or rate of the disease transmission)
and V(Y) > 0 stands for the rate of the disease transition:

(1 - p)(BSI +B4ST) (e + )L — 6T
FY) = pBSI+BpST) |, V) :=|(y+a+wul — (kT + €L)|.
0 O+ k+u)T -yl

Third, we evaluate the Jacobian matrices of 7 (Y) and V(Y) at the disease-free equilibrium E° =

(é, 0,0, 0) and obtain
Jii

A A
0 (I-ppB— d- p)ﬁd);

€+ u 0 -0
oF ov
Fo=—| = A =—| =| € y+a+pu -k |.
0 _ _ ’
Y g pﬁﬂ pﬁrbﬂ Y g 0 o Geku

0 0 0

Then the next-generation matrix .% ¥ ~! can be written as

A
ﬂ; (I=p)C+¢y)e (1-p)C+¢y)A (1- p)Ak+de+ ABg)
Fyl .= - p(C + ¢y)e p(C + ¢y)A p(Ak + 5e + ABp) |,
0 0 0
where
A=€e+u>0, B=y+a+u>0, C:=0+k+u>0 (3.3a)

denote the elements of ¥ located on its main diagonal, and
D:=det? = (e +,u)[(6 +k+ w)(a+p) + )//,l] + you > 0. (3.3b)
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Notably, the characteristic polynomial () of next-generation matrix .# ¥ ~! admits the following
form

A
P(A) = %;(c +¢y)|pA + (1 = ple|2? - 2.

Given the structure of (1), there are two eigenvalues of .% ¥ ~! which are equal to zero, and the other
eigenvalue is exactly the spectral radius of .Z ¥ ~!:

A
1= %;(C +¢y)[pA+ (1= pel.
Thus we have
A
B;®+k+u+¢w

Ky =

= | ple+w) + (1= p)e. (3.4)
(e + |6+ k + )@ + ) +yu] + You

The above formula expresses the average number of all secondary infections produced by one infec-
tious individual and, therefore, accounts for the fast and slow development of the disease. Let us recall
that the parameter p denotes the fraction of effective contacts leading to the fast TB infections, while
(1 — p) denotes the fraction of effective contacts leading to the slow TB infections. Thus, an alternative
form of the formula (3.4) is

Ky = p%Of + (1 = p)Zos (3.5)

where

A
,3;(6 +k+p+dy)e+p)

A
Koy = :ﬁ—D(5+k+,u+¢y)(e+,u) (3.6)
(e + @+ k+ e+ ) +yu| +you K

denotes the basic reproductive number of fast tuberculosis, and

A
ﬁﬁ(5+k+,u + ¢y)e

%05 =

= = ,BA(cS +k+pu+ oy (3.7)
(€+ |0 +k+p)a+m) +yu|+you KD

denotes the basic reproductive number of slow tuberculosis. In the expressions (3.6), (3.7), the positive
quantity D is defined by (3.3b).

The stylized definitions of %, and %, given by (3.6) and (3.7) will play a notable role in the
process of finding other possible solution(s) to (3.2) as illustrated in the next subsection.

3.2. Existence of the endemic equilibrium

Our goal is to find out whether the algebraic system (3.2) possesses another feasible solution

A
(S*,L*,I", T*) € Q besides the disease-free equilibrium E° = (—, 0,0, O).
u
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First, from the Eqs (3.2d) and (3.2a) we can express 7" and S *, respectively:

* ’)/ k
T =|——|I 3.8
(6+k+,u) ’ (3.82)

B A
S BUF+ ¢T +

Then, by plugging (3.8a) into (3.2b) we can also express

*

(3.8b)

L [(1 —pBS*, _(L-pBgyS” | vo I (3.8¢)

€E+u (e+w)O0+k+u (e+pwO0+k+w

Now, in Eq (3.2c) we replace 7" and L* by their underlying expressions (3.8a) and (3.8¢) to obtain

DBS°T + PB#YS” . +€[( pBS” (A -ppdyS” ¥o ] r
O+y+u €E+u e+ +k+p) (e+w0+k+p
vk . "
— I - I'=0.
+(5+k+,u (y+a+p 0

The above equation has an obvious solution /* = 0 which leads us to the disease-free equilibrium

A
E’ = (—, 0,0, 0), and another possible solution is the one satisfying
u

1- 1-
[pﬁ L PPty (A -ppe (A -pppye . (3.9)
O+k+pu €+ U e+ +k+p)
yoe vk
— =0.
erporken T orkan OHats
Using the definitions of 7 and S * given by Eqs (3.8a) and (3.8b), we have
§F = A +k+p)
CBO+k+p+ I+ puS+k+p)
Thus, the expression (3.9) may also be written as
P +0=0 (3.10)
BO+k+pu+ ¢ + (8 + k + pu - '
where
pBdy (- p)Pe (1 - p)Beye
P := A0+ k , 3.11
pﬁ+6+k+u+ €E+u +(e+,u)(5+k+/1) O+k+p ( 2)
0 k
0 := Y€ ™ _(yra+p). (3.11b)

E+m0+k+p)  o+k+u

Applying the definitions of %, Zos, %o, and D (see Eqs (3.3b) and (3.5)—(3.7), respectively), let
us try to simplify the expressions for P and Q defined by (3.11). Notably, it follows from (3.11a) that
(1 — p)BEA(S + k + ) (1 - p)BgyeA

P=pBA+k+pu)+ + pBoyA +
e+ u €E+u

(3.12)
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The first and second terms in (3.12) can be rewritten as

pe+ w0 +k+u+¢y)D  pu(d+k+p)DFoy

PRNO T Rt e @+ kit dpD (e @kt 1t ¢7)

d
" (1= PBNG+k+p) p@+k+p+9PD _ (1= pyud +k+ 0Dy,

€+u pS+k+u+¢y)D — (€+w(S+k+u+¢y)’
respectively. Hence, their sum renders

u(d +k+u)D u( +k + u)D%,

Kor + (1 — P)Pos| = i 3.13
TG ke aplP ot =P = e &) G139
Similarly, the third and fourth terms in (3.12) can be written as

e+ )G +k+pu+¢y)D pugyDRy s

A =
PRIV e TG+ kt i+ 9D (€ + @ + K+t )

d
. (L-p)oyeh u(S+k+u+ D _ (1= pyudyDZy,

€+u pO +k+p+¢y)D  (€+w)(©S +k+pu+¢y)
respectively. Hence, their sum renders

u¢yD
(e+ )0 +k+pu+ gy

_ upyD%y
[P«%)o,f'i‘(l—l?)r@os] RV TR (3.14)

Thus, we obtain the final simplified expression for P by summing up (3.13) and (3.14), that is,

_ uDZy
e+ W@ +k+p+dy)

uDZy
e+u’

[0+k+u+dy] =

To simplify the expression for Q defined by (3.11b), we rewrite it as follows:

- (6+,u)(51+k+,u
B <e+m<;1+k+m
B <e+m<;1+k+m
B <e+m<;1+k+u>

)[75€+7k(6+u)—(7+a+u)(5+k+u)(6+u)]

[(6 +,u)(y5+yk+y,u + (0 +k+wu(a+pu —yk) —yde]

[(6 + u)[(é +k+w(a+p+ w] + (e +p)yo - 756]

-D
[(e+ |6+ k+ @ + ) + yu| + you| = (e+00+k+p)

Now we have
_ /lD%o -D

erp’ ° (erpG+k+p
instead of (3.11), and their substitution into (3.10) leads to

P

uDZ, 1 ~ D ~
e+ BO+k+u+olF+ G +k+wpu e+ +k+u)
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or, equivalently,
,u%() _ 1
BO+k+u+¢y)l*+S+k+mu  S+k+pu

that can be rewritten as
U +k+ W%y =p06 +k+u+ ¢yl +u(d +k+ p.
Solving this last expression for I*, we then obtain

_ HO Ak + ) H 1)
BO +k+u+py)

*

(3.15)

Finally, we proceed to formulate the following result regarding the existence of a strictly positive
endemic equilibrium E* := (S*, L*, I, T*) of the ODE system (2.2).

Proposition 2. When %, > 1, the ODE system (2.2) has a strictly positive endemic equilibrium E* =
(S*, L*, I",T*) € Q defined by

5= uA«% ’ (3.16a)
- ((€1+— ;5);0 T Ble+ ,1)(51&; ity (Zo = 1), (3.16b)
= ﬁ((;l i6k++ky+f 3;57) (%o = 1), (3.16¢)
T =56+ k};ﬂu oD (3.16d)

Furthermore, E* € int Qifa > 0, and E* € 0Q if a = 0.

Proof. In the first place, we note that Eq (3.16¢) for I* has been already derived (see Eq (3.15) above).
The coordinates S*, L*, and T* of E* can be obtained by plugging I* into Eq (3.8) (the underlying
computations are omitted here). From the form of Eq (3.16), it is easy to conclude that all coordinates

A
of E* are positive whenever %, > 1. Moreover, S* < — only if Z, > 1.

A
To prove that E* € Q, let us define N* := S* + L* + I + T* > 0 and show that N* < —. Notably, §*
u

admits the following form:

A A
S* = ——-—(% - 1).
p /19?0( o—1)

Using this form for S * together with the formulas (3.16b)—(3.16d), we have

A [ A L A=PAl e (3.17)

M= _ﬂf@o+(€+ﬂ)%o
You N pé+k+u+y)
Ble+w@+k+u+¢y) PO+k+u+dy)

+ (%o - 1).
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Applying the definition of %, given by (3.4) together with the identity pu + € = p(e + p) + (1 — p)e,
the term inside the square brackets in the first row of (3.17) can be rewritten as

A +(1—p)A__ pu+ € _ A [
uRy  (e+wWRy e+ W&o u(e + %o

ple+ )+ (1 - pe

Alp(e+p) + (1= pe|(you + (e + |6 +k + )@ + ) + yu])

A
e+ B G+ kot p+ ¢y)|ple + ) + (1 = p)e]

Yout (e + w6+ k4 e+ 40+l
B Ble+ (G +k + p+ ¢y) '

Thus, Eq (3.17) becomes

:Q+#(6+k+#+7)—(5+k+u)(a+#)—w
J7; B +k+u+g¢y)
A a0 +k+p) A
== RBy—1) < —.
W Borkrprep 0T V=

N* (Zo— 1)

A
The above relationship clearly indicates that N* < — when %, > 1 and @ > 0, meaning that E* is an
u

A
interior equilibrium with respect to Q. On the other hand, if Z, > 1 and @ = 0, then N* = — meaning
u
that E* is a boundary equilibrium with respect to €. Indeed, for @« = 0 we have that N(¢) defined by
dN
(2.1) solves the differential equation o A — uN. [ |

4. Stability properties of the TB transmission model

In the previous section, it has been shown that the ODE system (2.2) possesses only one equilibrium
E° contained in Q if %, < 1 and has two equilibria, E° and E* (both contained in Q) if Z, > 1.

In the present section, we analyze the long-term behavior of the TB transmission system (2.2) and
establish the stability properties of its equilibria. Notably, the basic reproductive number %, defined
by (3.4) will play the core role in this analysis.

4.1. Stability for the disease-free equilibrium

Let us recall that Z, < 1 implies that one infectious individual produces, on average, less than
one new infection during his/her period of contagiousness. Furthermore, when %, < 1, the dynamical
system (2.2) has only the disease-free equilibrium E°. Thus, it is expected that (S (), L(¢), [(t), T(¢)) —
E’ as t — oo in the “component-by-component” sense, meaning that the disease will eventually die out
regardless of its current state. This intuitive rationale is formalized by the following theorem.

Theorem 1 (Stability properties of the disease-free equilibrium E°). The disease-free equilibrium E° =

A
(—, 0,0, O) is globally asymptotically stable when %, < 1 and is unstable when %, > 1.
7
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Proof. Let us suppose that %, < 1. Under this condition, the disease-free equilibrium E° is the unique
steady state of (2.2) and E° € Q. To establish global stability of E° we employ the result proposed
in [31]. First, we write the vector of states as (S,L,I,T) := (X, Y)where X ;=S and Y := (L,I,T)
denote the noninfected and infected classes or compartments, respectively. Using this notation, the

disease-free equilibrium becomes E° = (X*,0) where X* = —. Second, the dynamical system (2.2)
u
should be put into the form
dX
— =FX,Y), 4.1
7 X,Y) (4.1a)
dy
7 GX)Y), GX,0)=0. (4.1b)
The latter is accomplished by defining
FX,Y):=A-BSU+¢T)—uS, (4.2a)
(1 -=p)BSU+ ¢T) + 6T — (e + p)L
GX,)Y) = (pBSU+¢T)+eL+ kT — (y+a+ pl|. (4.2b)

vyl - +k+w)T

According to [31], the following conditions must be met to guarantee both local and global stability of
E° = (X*,0):

dX
(H1) X* is globally asymptotically stable equilibrium of the system o F(X,0).

(H2) If Q is the set where the model (4.1) makes biological sense, then for all (X,Y) € Q the function
G(X,Y) in (4.1b) admits the following form:

GX,Y) =AY -G(X,Y), with GX, Y)>0 V(X,Y)eQ

G| . . . . .
where A := —| is a Metzler matrix (all its off-diagonal elements are nonnegative).
EO

Third, we verify the conditions (H1)—(H2) stated above bearing in mind that Q C Ri is defined by
dX
(3.1). Notably, for F(X,Y) defined by (4.2a), we have that o = F(X, 0) reduces to a single ODE

dX
42 A uX
di s

A
This equation possesses a unique equilibrium X* = —, which is globally asymptotically stable for all

X > 0. Thus, condition (Hl) holds. Regarding Athe condition (H2), we observe that (4.2b) can be
written as G(X,Y) = AY — G(X,Y) with A and G(X, Y) given by

A A
—(e+p) (1-pp— (I -p)Bp—+6
oG M H

AY |go € pﬁ;—(’y+a+u) pﬁ¢;+k
0 y —(§+k+ )

A 4.3)
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and
A
(I -ppBd + ¢T)(; - S)

G(X,Y) = (4.4)

A
Pﬁ(1+¢T)(——S) ’
u
0

respectively. It is immediate to check via (4.3) that A;; > 0 when i # jand i, j = 1,2, 3. Therefore, A
is a Metzler matrix. From (4.4) it also follows that G(X,Y) > 0 for all (X,Y) € Q since it holds that

A
0 < S < —. Thus, both conditions (H1)—(H2) are verified, and this completes the proof that E? is a

globally asl;/mptotically stable equilibrium of the system (2.2) whenever %, < 1.

Now, let us suppose that %, > 1. To prove that E° is unstable under this condition, it is sufficient
to show that the Jacobian matrix J(E) of the system (2.2) evaluated at E° has at least one eigenvalue
with positive real part whenever %, > 1. Using the positive quantities A, B, and C introduced by the
relationships (3.3a) in Section 3, it is easy to deduce that

A A
w0 B
Jz 7

A A
0 -4 (1-ppB— (1-pps=+0
2 Ju :

A A

0 € pb—-B pBo— + k
M M
0 0% -C

J(E) =

Let us also recall that y
det JE) = | | 4.
i=1

where A;,i = 1,2, 3, 4 denote four eigenvalues of J(E®). Therefore, it suffices to show that det J(E°) <
0 whenever %, > 1. Indeed,

A A

-A (1-pp— A-p)Bp—+6
u u

det TN = —p| o ,eh_p ey
H M

0 0% -C
A A A A
i det [pﬁ; ~B ppi+ k] © pede [(1 P (=)o 6)
0% -C 0% -C

A A
= uA|BC - Cpﬁﬁ - ypﬁ¢; —ky|+ pe

A A
—C(1 - p)B— —y(1 = p)pp— — 75]
M M

A A A A
= [(ABC —eys —kyA) - A (Cpﬁ— + ypﬁ¢—) € (ca - p)B— + (1 - p)ﬁcb—)] :
M H u H
In the above expression, we observe that

ABC — ey6 —kyA =det? =D
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in virtue of the relationship (3.3b). Furthermore, %, admits the form
A
= LEC+y0lpA+ (= el

Thus, we have
A
det T(B) = | D= (C+y8)lpA-+(1 - p)e]) = uD(1 ~ Z).

Therefore, det J(E®) < 0 whenever %, > 1 and E° is unstable if %, > 1. This completes the proof of
Theorem 1. [ ]

It is worthwhile to note that E° cannot be a repeller when %, > 1 since J(E°) possesses at least
one strictly negative eigenvalue (1, = —u < 0). Thus, E is a saddle point. In fact, when %, > 1

A
the solution of the system (2.2) engendered by the initial conditions (Sg,0,0,0) # E° with S # —
u

converges to E°.

4.2. Stability of the endemic equilibrium

Let us recall that %, > 1 implies that one infectious individual produces, on average, more than
one new infection during his/her period of contagiousness. It was also shown in Section 3 that, when
Ay > 1, the dynamical system (2.2) has two equilibria: the disease-free equilibrium E° and the endemic
equilibrium E* € Q whose coordinates are strictly positive and defined by (3.16). Moreover, Theorem
1 has established that the disease-free equilibrium E° is unstable when %, > 1 meaning that E° is
hardly reachable when %, > 1. Thus it is expected that (S (¢), L(¢), I(t), T(t)) —» E* ast — oo in
the “component-by-component” sense, the endemic equilibrium E* can be eventually reached, and the
disease may persist regardless of its current state. This intuitive rationale is formalized by the following
theorem.

Theorem 2 (Stability properties of the endemic equilibrium E*). When %, > 1, the endemic equilib-
rium E* = (§*, L*, I*, T*) is globally asymptotically stable in the open set Q. C Q where

Q, = {(S,L,I,T)eQ: L+1+T>0}.

Proof. As stated by Proposition 2, the endemic equilibrium E* = (S*,L*, I*,T*) defined by (3.16)
exists whenever %, > 1 and E* € Q,. To prove that E* is globally stable in Q,, we will use the
so-called Lyapunov-LaSalle theorem (see, e.g., Theorem 6.2 in [32]). The first step is to construct a
Lyapunov function for the ODE system (2.2). Let us recall that a continuously differentiable scalar
function V : R* — R is a Lyapunov function of model (2.2) if it has the following properties [33]:

(i) V(E") =0;
(i1) V(S,L,1,T) is radially unbounded in Ri;

d
(iii) EV(S’L’ I,T)<Oforall (S,L,1,T)€ R and ¢ > 0.
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A good candidate for V(S,L,1,T) is the separable scalar function proposed by B. Goh [33, p10]
which is radially unbounded and has been used by many scholar in the context of TB transmission
models (see, e.g., [20,21,27,34] and references therein). Therefore, let us consider the following form
of V:

L
V(S.LI.T) = [S _§" - S*ln(%)] +B [L LI ln(E)] 4.5)
I T
+B, [1—1* —I*ln(—)] + B, [T _7r e T*ln(—) ,
Iz T-

where B, B,, and Bj; are positive constants to be determined. Notably, function V defined by (4.5)
fulfills items (i) and (i1) mentioned above, while item (iii) requires further considerations. Namely, we
should find the proper positive values for By, B,, and Bj so that the orbital derivative of V (i.e., the time
derivative of V along all solutions of the system (2.2)) be nonpositive. For further analysis, it will be
convenient to consider an alternative form of (3.2) which is satisfied by the coordinates (S *, L*, I*, T™)
of E*:

AN=BS"I" +¢T") + uS™, (4.6a)

(e+p)L =1 —-p)BS "+ ¢T") + 0T", (4.6b)
(y+a+wI =pBS*I" + ¢T") + eL” + kT", (4.6¢)
O +k+ T =yl (4.6d)

These relationships will play an important role in the sequel. Using the chain rule together with (4.6),
the orbital derivative of V can be written as

dv S*\dS L*\dL I'\dl T\ dT
)l 1)L 1- L)L [1- | 4.
dt ( S)dt+ l( L)dt+ 2( I)dt+ 3( T)dt’ @7

where the first term is

(1 —?)% :(1 _%)[A—,BS(I“L(bT)_:“S] ( in virtue of (4.6a) )

(1 - S?) |[BS*(I" + ¢T*) + puS™ = BS(I + ¢T) — S |
Qo2
= —u% +BS*(I" + ¢T*)(1 - S?) —-BSU +¢T)+BS*(I + ¢T).

*

The second and the third terms in the right-hand side of (4.7) can be written, respectively, as

L\dL L
BI(I—I)E =Bi(1-— |(1 = p)BS (I + ¢T) + 6T — (€ + w)L|
=B (1- Lf |(1 = p)BS (I + ¢T) + 6T | - Bi(€ + p)L + By(e + p)L*
=B[1- Lf [(1 —p)BSU + ¢T) + 5T] — Bi(e + wL

+B,[(1 - p)BS”(I" + ¢T") +6T"| (i virtue of (4.6b) )
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and

"\dl r
}32(1——)E = 32(1 - 7) |PBS (I + ¢T) + €L+ kT — (y + a + )|

*

- 32(1—17)[;755 (I+¢T) + eL + kT | = By(y+a+m)l + By(y+a+p)I"

1
+ By|pBS*(I" + ¢T*) + eL* + kT*|  (in virtue of (4.6c) ).

- 32(1 - I—*) |PBS (I + ¢T) + €L+ kT| = Ba(y + @ + p)I

while the last term of (4.7) gives

ali-L) L _p (i T*[I S+k+ T]—Bl L B4kt )T -T"
3sz_3T7( u)—3T7 3( H)( )

T*
= B3(1 —7))/1 — B3(0+ k+ )T + Byyl” < in virtue of (4.6d) >

Using the expressions from the four previous formulas and making some laborious rearrangements,
the orbital derivative of V can be written as

v _ S-SV
a - Hs
+L[—Bl(e+,u)+Bze]+I[ﬁS*—B2(y+a/+,u)+B3y]

*

+BSH(I" + ¢T*)(1 - S?) +BS(I +¢T)|(1 - p)B + pBy — 1]

| ST ST
+ T|@BS" + Bi6 + Bok — B3(6 + k + )| - By(1 - p)BL — = Bi(l - pypL —
B 6L*T B,pBI'S — B BI*ST B I*L B kI*T ByyT* !
10L° = = Bap 209, i 26l 7 = Bokl S
+ Bi(1 = p)BS*(I" + ¢T") + BopBS“(I" + ¢T*) + B\6T" + BreL™ + BkT™ + Byyl™.

Now the positive constants By, B,, and B; should be chosen in a way that the coefficients of S(/ +
¢T), L, I, and T in the above expression become equal to zero, that is, the following four equations
must be satisfied:

(1-p)Bi+pB,—1=0 (4.82)
—(y+a+uwB,+yB;+BS* =0 (4.8b)
OB+ kB, — (6 +k+u)Bs +¢BS* =0 (4.8¢)
—(e+wB; +€B, =0 (4.8d)

This is a tedious task, so we present here the final solution of (4.8), while the meticulous details are

moved to Appendix A:
€

BT e perm 5
€E+u
B, = 0 4.9b
? (1—p)6+p(6+u)> (4:96)
oB; + [k +o(y+a+ ,u)]B2
B; = > 0. (4.9¢)

O+k+pu+oy
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With By, B, and Bj; defined by (4.9), the orbital derivative of V becomes

*

dv S -8 S S1 ST
av __ S -5y +BS*(I" + ¢T*)(1 - —) -B(1- P)ﬁL*T - B(1- P)¢,3L*T

a - Hs S
B (5L*T B,pBI'S — B ﬁI*ST B I*L B kI*T ByyT* d
10L° = = Bap 209, i 2€l" 7 = Bokl 5 S

+ Bi(1 = p)BS*(I" + ¢T") + BopBS“(I" + ¢T") + B16T" + BreL™ + BokT™ + Byyl™.
For convenience, we introduce new variables
S L 1 T
X = —, = : :
S*

to eliminate S, L, I and T in the expression for e Here, we observe that for By and B, satisfying the
Eq (4.8a) it holds that

BS*(I* + ¢T )(1 - —) =|(1 = p)B, + pB,|BS"(I" + ¢T )(1 ——).
S x
Keeping in mind this relationship, the orbital derivative of V can be written as
dv (x = 1)? 1
v __ =D +Bl(1—p)ﬁs*l*(2———¥) (4.10)
dt X X oy
. 1 1
+ Bi(1 = p)gBS*T* (2 - ﬂ) + BypBS*T* (2 - x)
X oz X
1
+ BapBS°T" (2 - ﬂ) + BT (1 _ E) + BokT" (1 - E)
X z y b4

+ Byel’ (1 - X) + Byl (1 - 5).
Z u

Following the idea proposed in [27], we multiply the Eq (4.6b) by B, and the Eq (4.8d) by L* in

order to obtain
(e+wL'By = Bi(1 - p)pS*(I" + ¢T") + B,0T",

(e + WL"By = Byel’.
Hence, it follows that
Byel” — Bi(1 — p)BS*(I" + ¢T*) — B1oT* = 0. (4.11)
Similarly, we multiply the Eq (4.6d) by B; and the Eq (4.8c) by 7" and obtain
(0 +k+wT*B; = Byyl”,
O+ k+wT*B; = Bi6T" + BokT™ + ¢BS"T".
Then we have

B3’)/I* - BldT* - szT* - ¢IBS*T* =0. (412)
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Let F{(Z) and F,(Z),Z := (x,y, z,u) be two scalar functions which will be defined later. Then it is
also fulfilled that
ByeL'F((Z) — Bi(1 — p)BS*(I" + ¢T*)F\(Z) — B16T"F(Z) =0
B3’}/I*F2(Z) - Bl(ST*Fz(Z) - szT*Fz(Z) - ¢ﬁS*T*F2(Z) =0

in virtue of (4.11) and (4.12). By summing the above expressions (both equal to zero) to the right-hand
side of formula (4.10) and rearranging some terms, the orbital derivative of V becomes

Qv _ -1
a - H

4 Bi(1 - pBS°T’ (2 L F«Z))
Xy
+ B](l —p)¢ﬂS T (2 — ; — 7 — Fl(Z) — F2(Z)) + szﬂS 1 (2— ; —X)
+ BypdBS T (2 - i - FZ(Z)) + B,6T" (1 - g —F|(Z)- F2(Z))
+ BokT" (1 _r F2(Z)) + Byel” (1 Y F1(Z)) + Byyl" (1 N FZ(Z)).
Z Z u

To make vanish the last two summands in the above formula, we choose the functions F;(Z) and F»(Z)
in the following way:

FiZ):=2-1, FrZ) == -1.
z u
Using this selection of F;(Z) and F>(Z), the orbital derivative of V is now written as
av —1)? 1
&V __ gD +Bl(1—p),8S*I*(3———E—X) (4.14)
dt X X y z
1 1
+ By(1 - p)gBS*T* (4 _o XY 5) + BoppS*I* (2 — - x)
X 'y z u X
1
+sz¢ﬁS*T*(3— L 5)+315T*(3— L —5)
X z u y z u

+szT*(2—E - 5).
zZ U
) dv ) ) .
Finally, to demonstrate that " < 0, we observe that the first term in the right-hand side of (4.14)

is strictly negative whenever x # 1 or, equivalently, whenever S # S*. However, this term vanishes
when § = §*. Further, we apply the so-called “arithmetic mean — geometric mean inequality” (see,
e.g., [35] or similar textbooks) to all other terms on the right-hand side of (4.14) and obtain that they
are nonpositive for any positive (x, y, z, u) and vanish only if

L I T
=1 d y=z= ing that S=8" d —=—=—.
X and y=z=u meaning tha and ===
Thus V = V(S,L,1,T) defined by (4.5) with positive constants B;, B, and B; satisfying (4.9) is a
Lyapunov function for the system (2.2) and we also have

dv
" <0 forall (S,L,1,T)ec Q,\ Qy,
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where

Q= {(S,L,I,T) €Q,: av = 0} = {(S,L,I,T) €Q,: §=S5" and L = L = 1}
dt L~ I+ T
Notably, the largest invariant subset of € is the singleton E* (endemic equilibrium). Then in virtue
of the Lyapunov-LaSalle theorem [32, Theorem 6.2, p. 138], every solution of (2.2) engendered by
an initial condition (S, Lo, Iy, To) € Q. converges to E* when t — oo. In other words, E* is globally
asymptotically stable in Q.. This completes the proof of Theorem 2. [

Summarizing the results presented so far, we conclude that the number of equilibria of the system
(2.2) located in Q, together with their stability, is determined by the value of the basic reproductive
number Z,. It is also clear that the dynamical system (2.2) undergoes a forward (or transcritical)
bifurcation at %, = 1 which is depicted in Figure 2. In the bifurcation diagram, the values of %, are
located on the horizontal axis, and the vertical axis corresponds to the equilibrium size of population
groups contributing to the disease spread (that is, L* + I* + T*). In Figure 2, an asymptotically stable
equilibrium (E° if %, < 1 or E* if %, > 1) is depicted by a red solid line, while a black dashed line
displays the unstable equilibrium E° only if %, > 1.

L*+ 1 *+T*

Figure 2. Bifurcation diagram for the model (2.2).

Thus, when %, changes its value due to perturbation of some parameter(s) included in its expression
(3.4), either from less than unity to greater than unity or vice versa, it alters the long-term behavior of
the system (2.2).

5. Numerical solutions of the model and the role of treatment abandonment

In the preceding sections, it has been shown that the four-dimensional TB transmission model (2.2)
is biologically meaningful and well-posed. Furthermore, this model exhibits rather explicit stability
properties tightly related to the basic reproductive number %, that are highly desirable in epidemio-
logical modeling.

Let us briefly illustrate that the proposed model (2.2) exhibits the behavior predicted by Theorems 1
and 2 given in Section 4. Having assigned plausible values to all constant parameters of the model (2.2)
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(see Table 2), we proceed to solve numerically the ODE system (2.2) using Mathematica 12 software
tool under two illustrative scenarios:

Scenario 1: TB transmission without treatment abandonment (k = 0);

ScenaArIO 2: TB transmission with treatment abandonment (k = 0.3 > 0).

Table 2. Numerical values of parameters of the model (2.2); time is measured in years.

Parameter Value Range References/Comments
A 32000 — assumed

- d
J7 7 — assume

- 0.01 1

B 1.65x 10 [A/M’ A/,u] fitted
1) 0.25 0, 1) [26,37]
p 0.05 [0.025,0.3] [22,24,38]
€ 0.05 [0.004,0.2] [20,36]
0 1.5 [1.125,1.5] [36,37]
0% 2 [0.3,2.5] [19,20,36]
o' 0.03 [0.0227,0.3] [24,36]
k varied [0,0.5] [19,20]

We first recall that tuberculosis is a social disease that is easily spread under crowded conditions
of big cities [1]. Therefore, we take as an example a city with an average population of 2.5 million
people and scale the parameter A accordingly. The average life expectancy varies between 66 and
88 depending on the country, and we assume it is equal to 77 years*. Furthermore, in 2019, the TB
incidence per year varied between 0 and 654 cases per 100 000 inhabitants in different countries®, and
we fit the value of 8 to match the TB incidence of approximately 250 cases per 100 000 inhabitants per
year. Numerical values of other parameters and their underlying ranges are borrowed from the existing
literature.

For both scenarios, we assign the same set of initial conditions that are relatively close to the en-
demic equilibrium E*. The coordinates of E* are calculated using four formulas of (3.16):

E"=(S*,L",I",T") = (2.35 x 10°, 100 585,2 981, 3288).

The initial conditions should fulfill the relationship N(0) = S (0) + L(0) + 1(0) + T(0) = 2.5 x 10°, and
we assume that

S(0) N(0) — L(0) = 1(0) = T(0), L) = 1.15L%,

1(0) = 1.15rI7, T(O) = 1.15T" 5.1

fFor  more  information on life expectancy, please  refer to the WORLDOMETER  website
(https://www.worldometers.info/demographics/life-expectancy/)
$More information is available at The World Bank Data (https://data.worldbank.org/indicator/SH.TBS.INCD)
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We are interested in the time evolution of two infectious groups: /-class (fully capable of transmitting
the disease) and T'-class (partially infectious). Their profiles are presented in Figure 3 for short-term
(left column) and long-term evolution (right column).

I(t) I(t
40007 4000(7)
3000 ":::.:'."."'-""-"—'5'-';'-'I-';'_';'.Z'_'.:'_';'_"_':_':_"_':_':_' 3000 frrecermeeennrecatnoetnntecatnoerantenatnotanenannanaanes
..... k=0 \“
2000} — k=0.3 2000/ %,
-------- r
1000} 1000F
L t ~~~~~~~~~~~~ -
0 1 2 3 0 500
T(t) T(t)
4000 4000
3000 7 AU I 3000 7" """"""""""""""""""""""""""""""
""" k=0 ‘\‘
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Figure 3. System profiles of the infectious classes I (upper charts) and T (lower charts) for
short-term evolution (left column) and long-term evolution (right column); the curves corre-
sponding to ScenarIo 1 and Scenario 2 are depicted by dashed and solid lines, respectively,
while the dotted horizontal lines mark the underlying coordinates of the endemic equilib-
rium.

Notably, Figure 3 reveals different short- and long-term tendencies of the disease propagation for
Scenario 1 (dashed-line curves) and Scenario 2 (solid-line curves), and this has a straightforward
explanation from the standpoint of Theorems 1 and 2. Namely, since

Ho| =0.928997 <1 and X o = 1.04839 > 1, (5.2)

the trajectories of the system (2.2) converge either to the disease-free equilibrium E° (under Scenario 1)
or to the endemic equilibrium E* (under Scenario 2). Thus, theoretical findings presented in Sections
3 and 4 are confirmed by numerical simulations of the proposed TB transmission model.

Let us now recall the primary reason why this model has been proposed. Namely, we intended to
include the group of patients who abandon treatment before its completion, without assigning them to
an additional class and, thus, retaining only the four original compartments of the model (S, L, I and T').
Therefore, we proceed now to analyze the effect of treatment abandonment on disease transmission.
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The model should reflect that TB-positive patients who abandon treatment before completion con-
tribute to the disease spread by passing from “partially infectious” to “fully infectious”. Let us verify if
the proposed model (2.2) fulfills this expectation by analyzing the partial derivative of %, with respect
to k, the parameter expressing the rate of treatment abandonment:

A
o P\ mlu— g+l +on)
= 5| e+ )+ (1 = pe]
((e+ [ + k + )@ + ) + yp] + yo)

Thus %, is an increasing function of kK whenever

(e + )l — ¢ler + W] + o > 0, (53)
that 1s, for all a such that
O<a<a = ¢(e‘iﬂ)[5+(1 —d)e+ ). (5.4)

Notably, the relationship (5.3) holds trivially if @ = 0, i.e. if there is no disease-induced mortality.
Furthermore, for any positive value of @ below the threshold o* (defined by formula (5.4) above), an
increase in the rate of treatment abandonment k£ would increase the value of %,. In other words, by
increasing k, a greater average number of secondary TB infections could be expected from one person
carrying active bacilli.

However, if @ > «, the basic reproductive number %, is a decreasing function of the treatment
abandonment rate k. In this case, a smaller average number of secondary TB infections could be ex-
pected from one actively infected person if & is increased. The rationale behind this statement is rather
simple and intuitive. When the disease-induced mortality is high (¢ > a*), more people are removed
from the /-class per unit time, meaning that they stop spreading the infection. As k increases, more
people pass from the “partially infectious” T-class to the “fully infectious” /-class, from which they are
fastly removed (because « is high) instead of remaining in the system and bearing a reduced capacity
of infecting the others. As a consequence, when k increases, one infectious individual produces, on
average, a smaller number of secondary infections, meaning that %, is a decreasing function of k£ when
a > «". Furthermore, it is easy to check that %, is a decreasing function of a:

A
—B;(e + (0 + k + )
- S| ple+w) + (1= p)e| <.
((e+ wI(G + k+ )@+ w) +yu] + yon)

0%,
oa
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Figure 4. Basic reproductive number %, as a function of k (treatment abandonment rate)
and «a (disease-induced mortality rate).

Let us now examine the behavior of %, as a function of k (treatment abandonment rate) and «
(disease-induced mortality rate), which is denoted by Ry := Ry(k, @) and displayed by a yellow-colored
surface in Figure 4. In this figure, the green-colored horizontal plane indicates the threshold surface
Zy = 1. The intersection between Ry(k, @) and %, = 1 is marked by a red-colored curve.

0.4~ 04"

\
\
RY(a)
\
|
\

‘ ‘ ‘ ‘ ~ K ‘ ‘ —a
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3

Figure 5. Basic reproductive number represented by one-parameter functions: R’g(k) depends

only on the treatment abandonment rate k € [0,0.5] while @ = 0.03 (left chart) and R ()
depends only on the disease-induced mortality rate a € [0,0.3] while k = 0.3 (right chart).

When both arguments of the function Ry(k, @) take values corresponding to Scenario 1, that is,
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k = 0 and @ = 0.03, the respective point Ry(0, 0.03) lies below the threshold plane %, = 1. On the
other hand, the point Ry(0.3,0.03) corresponding to Scenario 2 is located above the threshold plane
Zy = 1. It is also displayed in Figure 4 that if £ = 0.3 but « is enhanced to @ = 0.15, the respective

point R((0.3,0.15) of the yellow-colored surface Ry(k, @) lies below the green-colored threshold plane
Ky = 1.

Thus, from a purely mathematical standpoint, the current value of %, can be driven below 1 either
by reducing the treatment abandonment rate k or by augmenting the disease-induced mortality rate
«. Naturally, the former seems a lot more reasonable and compelling than the latter, meaning that
even a small reduction in k (ceteris paribus) can certainly abate the disease propagation. Two charts
displayed in Figure 5 depict these tendencies for variation of each parameter within its range, while
other parameters retain their values determined in Table 2. Namely, the left chart shows the change in
the value of %, as a function R’é(k) that depends only on k € [0, 0.5]. Similarly, the right chart shows
the change in the value of %, as a function R{(«) that depends only on @ € [0, 0.3]. The black points
on both charts of Figure 5 mark the critical values £ = 0.1771 and a¢ = 0.0493 such that R’(‘)(kc) =1
and Rjj(a“) = 1, respectively.

To conclude this section, let us assess the negative effect of the treatment abandonment in terms of
additional active TB infections it may cause and additional deaths it may induce. For that purpose, let
us introduce two auxiliary variables:

t t

C(t) := f |pBU(T) + ¢T(1))S (1) + €L() + kT(1)|dr  and  M(r) := f al(t)dr.

0 0

The first one, C(¢), denotes the cumulative incidence and expresses the overall number of active TB
infections that appear during the period [0, ¢]. The second one, M(t), denotes the cumulative disease-
induced mortality and expresses the overall number of TB-infected people who died of the disease
during the period [0, ¢]. Notably, in the above expressions, the variables S, L, I and T are solutions
of the system (2.2) engendered by the initial conditions (5.1) when other parameters take values from
Table 2. Hence C(#) and M(¢) can be viewed as solutions of the following differential equations with
underlying initial conditions

dC
o pBU + ¢T)S + €L + kT, C(0) =0, (5.5a)
dM

— = al. M(0) = 0. (5.5b)

Thus, we can compose a six-dimensional ODE system by complementing the original model (2.2)
with two auxiliary Egs (5.5) and solve it numerically using the Mathematica software package for two
scenarios established earlier. Figure 6 exhibits the cumulative incidence C(t) (left chart) and cumulative
mortality M(t) (right chart) under SceNario 1 (dashed-line curves) and Scenario 2 (solid-line curves)
when ¢t € [0, 3].
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Figure 6. Cumulative incidence C(¢) (left chart) and cumulative mortality M(¢) (right chart)
obtained by numerical solution of the six-dimensional system (2.2), (5.5); the curves corre-
sponding to ScenNaARIO 1 and Scenario 2 are depicted by dashed and solid lines, respectively.

Our numerical simulations also allow to estimate, through the model, how many new infections and
fatalities may occur by the end of the observation period (3 years) under both scenarios. In effect, we
have that

C(3)’k_0 = 17 441, C(3)'k_03 —21016 (cumulative new TB infections)

M@3)| =265, M(3) =309 (cumulative TB-induced fatalities)
k=0 k=0.3

Thus, if the treatment abandonment rate is reduced from k = 0.3 to k = 0 and then for three years
no patient abandons treatment, it may help to avoid about 3725 active TB infections together with 44
TB-induced fatalities in a population of 2.5 million people.

6. Conclusions

In the present paper, we have proposed and justified a synthesized version of the tuberculosis trans-
mission model that accounts for treatment abandonment. A distinctive feature of this model is that it
contains only four standard state variables or compartments expressing the classes of susceptible, la-
tently infected, actively infected, and treated individuals, while other models accounting for treatment
abandonment contain more state variables [19-23].

It was also shown that the proposed model is biologically meaningful and well-posed from a math-
ematical standpoint. We have also rigorously proved that the proposed model exhibits the properties
of global stability that are highly desirable in epidemiological modeling, and this constitutes another
characteristic attribute of our model. The qualitative analysis of the system behavior with treatment de-
sertion is helpful for a better understanding of the endemic persistence of tuberculosis. It also explains
why this infectious disease is difficult to exterminate.

Furthermore, the proposed model enables us to visualize that the treatment abandonment enhances
the incidence of the disease and disease-induced mortality. This is an important feature that may
motivate the patients with active TB not to abandon their ongoing treatment and thus to avoid new
infections and fatalities. On the other hand, the model also revealed that a reduction of the treatment
abandonment rate has a positive effect on the disease incidence and results in avoiding disease-related
fatalities.
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Once our lower-dimensional model with treatment desertion is rigorously justified from the theoret-
ical standpoint, this model can be further used for fitting the realistic data of active TB infections de-
tected, patients being treated, and treatment abandonment cases. Since tuberculosis is a social disease,
its spread depends on social strata that may feature lower/higher transmission and treatment abandon-
ment rates. In this context, adding social heterogeneity through the metapopulation or network-based
modeling approaches [39, 40] in combination with parameter estimations [41] brings forward a ger-
mane outlook for our future research.
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Appendix A: Solution of the system (4.8)

For convenience, the algebraic System (4.8) is replicated here

(1-pB +pB,—1=0 (A-1a)
—(y+a+uwB, +yB;+BS* =0 (A-1b)

OBy + kB, — (0 +k+u)Bs; +¢BS* =0 (A-1¢)
—(e+wB;+€B, =0 (A-1d)

and we immediately observe that system (A-1) is over-determined for it has four equations in only
three unknowns By, B,, and B;. Nonetheless, we can prove that the positive constants B;, B, and B;
defined by (4.9) are solutions of all four equations of (A-1).

First, from Eq (A-1d) we obtain
€

B, = B,

€+
and plugging this expression into Eq (A-1a) we get

1- + +
(1-p)—BtpB=1 = Bz[( pletpletm)_
€+ U €+ u
so that . -
B, H

= > . = >
(1 = p)e+ ple+p) 2T (1= ple+ ple+p)
coincide with (4.9a) and (4.9b).

Further, Eq (A-1b) multiplied by —¢ is added to Eq (A-1c¢) and yields

0B, + [k +o(y+a+ ,u)]Bz

>0
O+k+u+aoy

5By +|k+¢(y+a+pw|By— (6 +k+pu+¢y)Bs=0 = By=

This formula agrees with (4.9¢).

Let us now verify that By, B,, and B; defined by (4.9) effectively satisfy all four equations of the
System (A-1) (which are identical to (4.8)). Verification of Eqs (A-1a) and (A-1d) seems rather trivial
and we omit it here. To verify (A-1b) and (A-1c), we recall the definition of S*, %, and D provided by
the formulas (3.16a), (3.4) and (3.3b), respectively.

A _BAG+k+pu+dy)

St = —, X,
iz ’ uD

|[pe+ )+ (1= pe],
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D = (6+u)[(5+ k+ ) (a + p) +w] + YOu.

From the above relationships, we can also deduce an alternative form of B, that will be used in the
sequel:

_BAEe+ @G +k+p+dy)
uDZy .
We begin by proving that Eq (A-1b) is satisfied:

B, (A-2)

073

B, + [k + oy +a+ ,u)]sz

-(y+ta+wB,+yB3+BS" = —(y+a+ B, + +BS
(y+a+uwB, +yBs +f3 (y+a+uB, ISy B

S+ k+pu+ oy
_(5+k+,u+¢>y

+pBS*

0
(@t Okt Y+ Tkt gy a
€+p

[—¢7(7+a+u)—(7+a+u)(6+k+u)

)
+ X +)/k+¢y(y+a+/1)]+,85*

€+
B,

O+k+u+aoy p

i S
—75—7k—w—(a+u)(5+k+u)+%Myk
i €+u

B, |-v0e—you—(e+ @+ +k+w)+yu]+yse
S+ k+pu+oy €+ U

+BS*

_ ~B,D .
T (e+O0+k+u+¢y)

_ —BA(e+ (S +k+p+¢y)D . A .
_MDc@o(6+,u)(5+k+,u+¢y)+'BS = 'BIL%)O +65"=0.

The latter implies that Eq (A-1b) is fulfilled by B, B, and B; defined by (4.9). To complete our
verification, we check the Eq (A-1c):

BS*  (replacing B, by (A-2) )

5632
+4

+ [k+¢(7+a+,u)]Bz

O+k+u+oy

SeB
6By, + kBy — (5 + k + u)Bs + ¢BS* = 2522
€+

+ch2—(6+1<+,11)6 + ¢BS”

B B, 0€(0 + k +p) N dyoe
S+ k+u+ oy €E+u €E+u

_%kﬂ“‘)—k(6+k+u)—¢(6+k+,u)(7+0/+/1)]+‘/’ﬁ5*

B ¢B> | yoe
CS+k+p+oyletu

+ k(0 + k+ )+ ¢yk

+yk—(0+k+ @+ —ys—vyk—yul+¢BS*

6B,  |yoe—(e+mw|©+k+ua+p) +yu|-yse - you
S+ k+u+ oy €+ u

+ ¢BS*

Mathematical Biosciences and Engineering Volume 19, Issue 11, 10882-10914.



10914

_ —$B,D . '
= GG rkiavoy TS (replacing By by (A-2))
_ —PBA(e + )6 + k + p+ py)D oA .
= DTt @ Tkt s gy TP =BG 985 =0,

Thus, we have proven that positive quantities By, B, and Bj; defined by (4.9) are solutions of all four
Egs (A-1).
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