1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 26 January 2016
doi: 10.3389/fmicb.2015.01530

OPEN ACCESS

Edited by:

Cristina Vilaplana,

Fundaci6 Institut d’Investigacic en
Ciencies de la Salut Germans Trias i
Pujol, Spain

Reviewed by:

Paras Jain,

Albert Einstein College of Medicine,
USA

Clara Prats,

Universitat Politéecnica de Catalunya,
Spain

*Correspondence:

Daniel Okuonghae
danny.okuonghae@
corpus-christi.oxon.org;
daniel.okuonghae@uniben.edu

Specialty section:

This article was submitted to
Infectious Diseases,

a section of the journal
Frontiers in Microbiology

Received: 19 September 2015
Accepted: 21 December 2015
Published: 26 January 2016

Citation:

Okuonghae D and lkhimwin BO (2016)
Dynamics of a Mathematical Model for
Tuberculosis with Variability in
Susceptibility and Disease
Progressions Due to Difference in
Awareness Level.

Front. Microbiol. 6:1530.

doi: 10.3389/fmicb.2015.01530

®

CrossMark

Dynamics of a Mathematical Model
for Tuberculosis with Variability in
Susceptibility and Disease
Progressions Due to Difference in
Awareness Level

Daniel Okuonghae * and Bernard O. Ikhimwin

Department of Mathematics, University of Benin, Benin City, Nigeria

This work extends a mathematical model for the transmission dynamics of tuberculosis
that examined the impact of certain factors on tuberculosis case detection (Okuonghae
and Omosigho, 2011). The extended model now classifies the latently infected individuals
by their level of tuberculosis awareness (as was done for the susceptible sub-population)
and further expands the number of key factors that can positively affect the tuberculosis
case detection rate. The effect of these identified factors on the associated reproduction
number of the model is considered. It is shown that the system can undergo the
phenomenon of backward bifurcation when the associated reproduction number of the
model is less than unity; in a special case, the effect of exogenous re-infection on the
backward bifurcation phenomenon is significantly dictated by the level of awareness of
the latently infected individuals. Qualitative and quantitative analysis of the model showed
the effect of key identified factors on the dynamics of tuberculosis while suggesting
a serious concentration on tuberculosis awareness programmes, active case finding
strategies and use of active cough identification for identifying likely TB cases and
sustaining awareness campaigns over a long period of time.

Keywords: mathematical model, tuberculosis, awareness level, bifurcation, simulation

1. INTRODUCTION

Tuberculosis (TB), an infectious disease caused by the Mycobacterium tuberculosis bacillus, remains
one of the world’s deadliest diseases (World Health Organization, 2014). According to the World
Health Organization (WHO), in 2013, about 9 million people were infected, worldwide, with TB
and 1.5 million deaths from the disease were reported, 360,000 of whom were HIV-positive (World
Health Organization, 2014). Tuberculosis is seen to be declining slowly each year and an estimated
37 million lives were saved between 2000 and 2013 through effective diagnosis and treatment
(World Health Organization, 2014). On the average, TB incidence fell to about 1.5% per year,
between 2000 and 2013, worldwide (World Health Organization, 2014). Globally, TB mortality rate
fell by an estimated 45% between 1990 and 2013 while the prevalence rate dropped by 41% (World
Health Organization, 2014). Even with such positive results achieved within the last 14 years, it is
still thought that deaths from tuberculosis are preventable; in fact the death toll is still considered
unacceptably high. Hence, efforts are geared toward accelerating programmes that will result in a
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reduction in the TB burden globally [within the context of the
Millennium Development Goals (MDGs)], and reach the Stop
TB Partnership target of a 50% reduction by 2015 (World Health
Organization, 2014).

More than half of the approximately 9 million individuals who
are infected with tuberculosis in 2013 (56%) were in South-East
Asia and Western Pacific Regions. A further one quarter of these
infected individuals are in the African Region, which account for
the highest rates of TB cases and deaths relative to population
(World Health Organization, 2014).

Generally, reducing the incidence and prevalence of TB in
a population hinges on successful treatment and high case
detection rates (Okuonghae and Omosigho, 2010, 2011; World
Health Organization, 2014; Okuonghae, 2015). It fact, it is
seriously encouraged that effort should be concentrated on
ensuring that all TB cases are detected, notified and commence
treatment immediately (World Health Organization, 2014). It is
reported that about 6.1 million TB cases were reported to the
WHO in 2013 out of which about 5.7 million were individuals
were newly diagnosed and another 0.4 million were already
on treatment (World Health Organization, 2014). Tuberculosis
notification has stabilized in recent years, with about 64% of the
estimated 9 million individuals who developed TB in 2013 were
notified as newly diagnosed cases (World Health Organization,
2014). This implies that about 3 million cases were either
not diagnosed, or diagnosed but not reported to national TB
programmes (World Health Organization, 2014) which could
hinder the goal of significantly reducing the prevalence of TB
in such localities. Treatment success rates (globally) have been
impressive (and continue to be high) over the years, with about
86% treatment success rate reported in 2013 among all new TB
cases (World Health Organization, 2014).

Tuberculosis affects family and social relationships and results
in adverse health and economic consequences (Armijos et al.,
2008; Chang and Cataldo, 2014). As stated earlier, improving the
case detection and notification rates will result in reducing the
TB burden in a population. However, several factors could be
hindering efforts at improving these rates. Individuals infected
with TB and their families can experience prejudice and negative
attitudes, such as shame, blame and a sense of judgment as
a result of the infection (Bennstam et al., 2004; Baral et al,,
2007; Chang and Cataldo, 2014). Stigmatization can also be a
stumbling block in improving the tuberculosis case detection rate
(Johansson et al., 2000; Okuonghae and Omosigho, 2010; Chang
and Cataldo, 2014) since patients and families’ fears of inferiority
stems from the anticipation of an adverse judgement related to a
TB diagnosis (Johansson et al., 2000; Chang and Cataldo, 2014).

A survey reported in Okuonghae and Omosigho (2010) listed
some factors that can adversely affect the implementation of
the directly observed treatment, short-course (DOTS) strategy
in Nigeria (one of the high burden countries) in reducing the
incidence of TB in the country. The survey revealed that most
persons do not know how TB is transmitted and the signs
and symptoms of tuberculosis; several individuals are not even
aware of the government’s health policies on tuberculosis and TB
treatment. Further, the survey revealed that this lack of awareness
can lead to delays in reporting likely TB cases for treatment

(Okuonghae and Omosigho, 2010), increasing the likelihood of
disease transmission.

Analysis of the results from the survey (Okuonghae and
Omosigho, 2010) identified four key factors that must be
combined for an effective control of tuberculosis: “effective
awareness programme, active cough identification, associated
cost factor for treatment of identified cases and effective
treatment” (Okuonghae and Omosigho, 2010).

A mathematical model for TB dynamics that incorporated
the identified factors (as parameters) gleaned from the work in
Okuonghae and Omosigho (2010) was formulated and analyzed
in Okuonghae and Omosigho (2011). Control strategies, based
on the identified parameters, that can lead to minimizing the
incidence (as well as the prevalence) of the disease in a population
were proposed. In summary, the qualitative and quantitative
analysis of the model in Okuonghae and Omosigho (2011)
showed that a serious concentration on tuberculosis awareness
programmes and active cough identification as a marker for
identifying potential TB cases can be significant in minimizing
the severity of the disease in a population, with effective
treatment.

The purpose of this article is to present and analyze a new
mathematical model for TB dynamics; this model is an extension
of that presented and analyzed in Okuonghae and Omosigho
(2011). The aim of this work is to further study the effects
of additional heterogeneities based on the level of awareness
of tuberculosis within the population and active-case finding,
on the dynamics of the disease. In the work in Okuonghae
and Omosigho (2011), only the susceptible subpopulation was
stratified by their level of tuberculosis awareness. In this work,
we will now stratify both the susceptible and latently infected
sub-populations by their level of awareness of TB (symptoms and
signs of TB as well as testing and treatment programmes available
by the government). Note that the measure of the case detection
and notification rates will be by the number of infectious
individuals detected, notified, and treated for tuberculosis.

2. MATERIALS AND METHODS
2.1. Basic Model

This section briefly describes the model in Okuonghae and
Omosigho (2011). In Okuonghae and Omosigho (2011), we
assumed that susceptible individuals are divided into two groups
depending on their level of awareness of the disease (and any
treatment policy): the high risk (low level of awareness) group,
S1, and the “educated,” low risk (high level of awareness) group,
S2. The S; class is “educated” at the per capita rate o; and
thereafter move into the S, class. Tuberculosis infection can
invade the S; and S, classes, depending on the “efficacy” of the
education programme. The programme is assumed to reduce the
likelihood of infection by a factor of o (0 < o < 1). The
case 0 = 0 signifies a completely effective education program,
while 0 = 1 models the situation where the program is totally
ineffective.

It was further assumed that the “vaccine” (education program)
produces temporary immunity at the per capita rate 6. The
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case & = oo corresponds to the case where there is absolutely
no immunity while & = 0 corresponds to life-long immunity.
Hence, 6 measures the rate at which those in the S, class return
to the S class due to forgetfulness caused by lack of continuous
exposure to the enlightenment program while the disease persists
in the community. We assumed S to be the disease transmission
rate.

We also assumed that the variables E, I, ], and T represented
the “primary” latent, infectious, identified infectious (for
treatment under DOTS) and the effectively treated individuals,
respectively (by “primary” latency, we are referring to susceptible
individuals who are infected for the first time as well as treated
individuals who now get reinfected after recovering from a
previous infection). In addition to these groups, a separate class
(R(t)) was added to account for individuals who become latent
due to failed treatment or self cure (we refer to this situation as
“secondary” latency).

The parameter n was used as a modification parameter (0 <
n < 1) to account for the relative infectiousness of infectious
individuals in the J class. We also assumed that € is the reduced
likelihood of reinfection of effectively treated individuals, where
0 <€ < 1. Also, we took 0 < p < 1 as the fraction of individuals
with new infections who develop TB fast per unit of time, with
A being the rate of recruitment of uninfected newborns and
immigrants into the low risk susceptible class. For simplifications,
we assumed that all entrants into the population move into the §;
group. We also assumed that y is the natural death rate while d is
the tuberculosis-induced death rate.

To account for exogenous reinfection of latently infected
individuals, we assumed that 8* be the transmission rate amongst
this group in infected persons. We also assumed that k is the rate
of progression of infected individuals in the latent stage to active
tuberculosis.

Individuals with active TB can be identified using chronic
cough lasting more than 2 weeks as a marker, at the rate o, and
are referred to a TB treatment program under DOTS for effective
treatment (in Okuonghae and Omosigho, 2011, oy was known
as the cough identification rate). However, a fraction of these
identified cases will eventually get into the treatment program
when we consider the cost factor. Hence, a cost improvement
factor (v: 0 < v < 1) will affect the actual number of identified
cases that commences treatment. The cost factor considers the
effect the actual cost of medical tests and treatment will have
on the care givers when presenting the infectious individual
for treatment. If v = 0, then the cost of medical tests and
treatment is prohibitively high and va, = 0 implies that the
TB case will not get into a TB treatment program due to the
financial cost on the care givers or family members. However, if
v = 1, it means that the cost of medical tests and treatment is
totally free and va,I will be the total number of identified cases
that are tested and treated for tuberculosis under DOTS. Hence,
vap was taken to be the proportion of identified TB cases that
commences treatment under DOTS. Since in most developing
countries, like Nigeria, it was observed that medical tests for TB
still cost money especially when the infectious person is about
commencing treatment (Okuonghae and Omosigho, 2010), it
then implies that v # 1; it lies in the range 0 < v < 1. Inall,

v — 1 implies that the cost of testing and treating TB becomes
affordable.

We assumed that r, is the treatment rate for the identified
infectious individuals under the DOTS scheme while the fraction
of the detected cases who were successfully treated under the
DOTS was n, with m = 1 — n being the fraction of those
whose treatment were unsuccessful and, thereafter, moved to
the “secondary” latency group.Tuberculosis cases that are not
detected either die at the rate d, or self-cure and revert to the
“secondary” latent state (in R) at the rate r;.

The mathematical model was then given by the following
system of non-linear ordinary differential equations (Okuonghae
and Omosigho, 2011):

das; I+
DL _ A - - 1
o 181 — BS: N + 68, — uSy, (1a)
ds I
7; =S — GﬂSz( +n) — 08 — uS,, (1b)
dE (I+n)) (I+n)) (I +n))
m =1 -p)(BS N + 0B, N +efT——— N )
1
g E et o, (10
dI (I+nJ) (I+n)) (I+ nl)
— = S S kE
I p(BS1 N +oBS—— N +eBT N)+
I+
e oy g d o, (d)
dj
E =vapl — ] — ,LL], (le)
dar +nJ
o =] — T - epr 1) N”) (19
d—R—rI—i—mr]— R (1g)
a 1 2 JAL. g
The effective reproduction number of model (1) is given as
B (k+pp) (1 + 12 + nvaz)
Re =
d+p+r+vay k+pu n+ 12
|: uw+0 oo i|()
n+ap+0 M+Ol1 +6

See Okuonghae and Omosigho (2011) and Okuonghae (2015)
for the qualitative and quantitative analysis of model (1) and
the effect of the key parameters, gleaned from the survey in
Okuonghae and Omosigho (2010), on the dynamics of TB in a
population.

2.2. Modified Mathematical Model

Instead of stratifying only the susceptible subpopulation by their
level of awareness (i.e., S; and S, as described in Section 2.1),
we will also stratify the latently infected class by their level of
awareness. This is reasonable since latently infected individuals
do not transmits TB (they do not show the signs and symptoms
of TB) and, in most cases, will become aware of their disease
status only when tuberculin tests are carried out on them; for
example, the Mantoux tuberculin skin test (TST). Figure 1 shows
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FIGURE 1 | Schematic diagram of model given in (3), where A = N%”J)

the schematic diagram of the modified mathematical model given
in (3).

In addition to some of the epidemiological classes in Section
2.1, we will break up the latent class (E) into two classes,
depending on their level of awareness of the disease: the latently
infected, high risk (low level of awareness) group, Ej, and the
“educated” latently infected, low risk (high level of awareness)
group, E,. It can be stated that due to awareness, individuals
in the E, group are tested in order to know their disease status
and take necessary precautionary health measures. The E; class
is made up of individuals from the S; class and some individuals
from the treated class (T) who have a low level of awareness of
tuberculosis while the E, class is made up of individuals from
the S, class and some persons from the treated class (T) who
retained their high level of awareness following their recovery.
The latently infected individuals with low awareness (E;) can
become “educated” at the per capita rate y and thereafter
move into the E,. Individuals who recover (following effective

treatment) can get reinfected, with a fraction 0 < w < 1 of such
persons entering the class of latent individuals with low level of
awareness (E;) while the remaining fraction 1 — w enter the E,
class.

We also assume that the education programmes produces
“temporary immunity” at the per capita rate 6; (for the
susceptible groups, S; and S;) and at the rate 6, (for the latent
groups, E; and E;). The cases 6;(f,) = oo corresponds to
the situation where there is absolutely no immunity (from the
education programmes) while 6;(6,) = 0 corresponds to life-
long immunity. Hence, 6;(0,) measures the rate at which those
in the Sy(E,) class return to the S;(E;) class due to a lack of
continuous exposure to the awareness programmes while the
disease persists in the community. We further assume that 8 is
the disease transmission rate.

Also, we assume that 0 < p;(p2) < 1 represent the fraction of
persons with new infections who develop TB fast per unit of time
from the class of infected individuals with low level of awareness
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(high level of awareness). We expect that, by virtue of the benefits
of awareness, py > p as new infections are quickly detected
and fewer cases of fast progressions to active TB are recorded
amongst individuals with a high level of awareness; also, note
that the period of fast latency can span between 1 and 5 years
(Styblo, 1980; Flynn and Chan, 2001; Colijn et al., 2007) so that
early detection can prevent more cases of active TB.

We further assume that b;(b,) are modification parameters
accounting for exogenous re-infection of the latently infected
individuals in the E;(E>,) class, with 0 < b, < b; < 1 and that
ki(ky) is the rate of progression of the individuals in the latent
state (E1(E;)) to active tuberculosis. Assume that, in addition, to
the impact of active cough identification («2) and the cost factor
(v) on improving the case detection (and notification) rates,
evident by the number of infectious individuals in the J class
(and treatment), let = be the rate at which an active case-finding
strategy is used in searching for infectious TB cases for onward
treatment with the treatment rate now represented as r. The
remaining parameters in the modified model are as defined in
Section 2.1. Since there is significant improvement in treatment
success rate for TB (worldwide) (World Health Organization,
2014), especially in countries and communities, where there is
an efficient treatment strategy put in place (for example, DOTS),
we assume an insignificant number of failed treatments and self
cure and will omit the R class from the modified model.

On the basis of the above assumptions, the modified model
is now given by the following system of non-linear ordinary
differential equations:

dsi (I+n))

I =A—-0181 — BS + 018, — uSy, (3a)
as 1
7: =uS — Uﬂsz( ) _ 0182 — 1Sz, (3b)
dEy (I+nJ) I+ nJ)
7—(1—1?1)(,351 N + wefT——— N )
I+
o ) b B 4 6B, (GO
dE 1 I
B (aﬂsz( AL w)eﬂT%)
I
— bpE" +N”] ) o u 4B +YE, (d)
dl
I =p1B(S1 + GT)( +77]) + p2B(0S;
+ (1 —wpen)ED +’”)+ﬁ(b1E1+b2Ez)( *I‘V’”’
+ kiEy + kyE; — (vap + o+ d + ), (3e)
d
d%= (r +vo))I — 1] — ], (39)
A _ s eprE)
=T =T 3g)

WithN=81+82+E1+E2+I+I+T.

2.2.1. Basic Properties of Model (3)
For model (3) to be epidemiologically meaningful, it is important
to prove that all its state variables are non-negative for all time

t. In other words, the solutions of model (3) with positive initial
data will remain positive for all time ¢ > 0.

Theorem 2.1. Let the initial data for model (3) be $1(0) > 0,
$,(0) > 0, E;(0) > 0, E»(0) > 0, I(0) > 0, J(0) > 0 and
T(0) > 0. Then, the solutions

(81(8), S2(8), Ex(8), Ex(2), I(2), J (1), T(£))

of model (3), with positive initial data, will remain positive for all
timet > 0.

Theorem 2.2. The closed set

A
= {(sl,sz,El,Ez,u, T)eR:;N < —}
"

is positively invariant and attracts all positive solutions of
model (3).

See Appendix A for the proofs of Theorems 2.1 and 2.2.

Since the region D is positively invariant, the unique solution
of model (3) exists and depends continuously on the initial
data of the model (hence, it is sufficient to study its asymptotic
dynamics in the region D, Hethcote, 2000).

2.2.2. Local Asymptotic Stability of Disease-free
Equilibrium

Model (3) has a disease-free equilibrium (DFE), obtained by
setting the right hand sides of the equations in model (3) to zero
and solve for the state variables with no infections, given by

él - (S*aS§7ET7E§7I*sI*5 T*)
_ (A w0 A o1
wHar+600 o to +6;

,0,0,0,0, 0)

We see that the susceptible classes, at the DFE, depend on a factor
of the asymptotic population size, %

The local stability of & can be established with the next
generation operator method on system (3) (Diekmann et al,
1990; van den Driessche and Watmough, 2002). Using the
notations in van den Driessche and Watmough (2002), it follows
that matrices F and V, for the new infection terms and the
remaining transition terms, respectively, are given by

00 (1 _Pl),BN*
00(1 —pz),BcrN* ¢! —pz)ﬁnoN*

(1 _Pl)ﬁﬂN*

F =
00 ﬂ(p15 ;;DZUSz) B (p1S} ;*PZO'SZ) 0
00 0 0
and
(k1 + o+ ) —0, 0 0
V= - (ks + e+ 62) 0 0
ki —ky (v, +d+pu+m) 0

0 0 —(r +vaz)  (r+p)
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Thus, the effective reproduction number of model (3), denoted
by R, is given by

_ Blu+nm +r+nvay)[Gr + Gr + Gs]

R
T Ga

) (4)

where

Gy = ki [(n + ooy + 601)(ky + 62) + p(n + oarpa + 61)],

Gy = p(p + 02 + Y)loarps + p1(n + 601)],

G3 = ka( + 61)(up1 + V) + kaoar (e + ),

Gy=(n+nd+p+m+va)u+ar +0)[(n+ ki)
(U + k2 +602) + (u + k2)yr],

and Ry is obtained from p(FV~!) with p being the spectral
radius of the matrix FV 1,

The following result follows from Theorem 2 in (van den
Driessche and Watmough, 2002):

Lemma 2.1. The DFE, &, of model (3) is locally asymptotically
stable if Rt < 1 and unstable if Rt > 1.

The threshold quantity, R, represents the average number
of secondary tuberculosis infections generated by a typical
infectious individual in a completely susceptible population with
already existing controls such as treatment (Hethcote, 2000;
van den Driessche and Watmough, 2002). The epidemiological
implication of Lemma 2.1 is that tuberculosis can be effectively
controlled in the community (when Rt < 1) if the initial sizes
of the subpopulation of model (3) are in the basin of attraction
of the DFE, &, in the presence of control strategies including
chronic cough identification, active-case finding, effective cost
factor, effective awareness programmes and treatment. Hence, a
small influx of individuals with active TB into the community will
not generate large TB outbreaks, and the disease will die out with
time.

2.2.3. Comparing Reproduction Numbers Under
Different Control Scenarios

It is important to compare different scenarios involving the
presence of control measures based on the reproduction number
for the different situations.

Case 1:
Re-write the effective reproduction number as

TTn+pn+r+no
Rr=TR u(wn + p nven)

= = RpA 5
Fan+p+nma)u+r ©)

where

ol + p 1+ poen)
YT G van) (1)

and Rr = Rrlr=0 is the reproduction number of model (3),
under control, without treatment (where R|,— ¢ is the effective
reproduction number, with r = 0).

Since the difference of Rr from Rt is only in treatment,
the factor A; compares a population with and without

treatment; however other control strategies such as chronic
cough identification (with an effective cost factor) and active-case
finding are present in the community. We observe that A; will be
less than unity (A; < 1) forall0 <n,v < L.

Generally, if Rp < 1, then we cannot expect a TB epidemic
and in this case no treatment strategy is needed for control.
However, when Rr > 1, we need to determine the necessary
condition for slowing the development of tuberculosis in the
community. Following Mukandavire et al. (2007); Sharomi et al.
(2008); Okuonghae and Omosigho (2011), we have the difference
between Rr and R as

AT; = RF — RT = (1 - Al)RF. (6)

For effective treatment, use of chronic cough as a marker
for potential TB cases (with an effective cost factor) and an
effective active case-finding strategy to slow down the spread of
tuberculosis in a population, we expect that At > 0, and this
condition is satisfied if A; < 1 in Equation (6). Now, setting
Rt = 1and solving for A, we have the threshold effectiveness of
treatment and cough identification taking into account the cost
factor and an active case-finding programme:

1

A= Ry
F

™)
Hence, tuberculosis can be eradicated from the population if
the control measures include effective treatment, active chronic
cough identification (taking into cognisance an effective cost
factor) and an active case-finding strategy if A; < A]. Observe
from Equation (7) that A} is a decreasing function of Rp; higher
values of A} results in lower values of Rf, a desired outcome.
Taking the following limits of A; provides further insight into
possible ways of reducing the TB burden in a community:

nw

() lim A; = lim Aj= lim A= ; (8)
a;:éo ﬂv—>1 ﬂu—>1 mtr
o) —> o0 o) —> o0
n—0
(i) lim A; = lim A; = #,(iii) lim A; = 1.
700 A W+ 7+ nay 120 )

Observe that the limits of A; in Equations (8) and (9)(ii) are
less than one; hence control strategies for tuberculosis gleaned
from these results can be pursued, if it is feasible and practicable
economically. In practice, v — 1 implies near total elimination of
costs (medical tests and treatment), ¢ — oo implies high rate of
identifying “potential” TB cases using chronic cough as a marker,
r — oo implies high treatment rate, ¥ — oo implies a high
active case-finding rate for infectious TB individuals and n — 0
implies that those identified for treatment have a significantly
reduced likelihood of transmitting the disease.

Using the factor A, one observes that an effective
combination of chronic cough identification (with the associated
cost factor), an active case-finding strategy with effective
treatment and taking care to prevent detected infectious TB
cases, receiving treatment, from causing new TB infections, will
result in reducing the burden of TB in the population.
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It is very interesting to observe that more than one
combination of control strategies could yield the same positive,
desired result. For example, as seen in the limits of A; in
Equation (8), concentrating on using chronic cough as a marker
for a potential TB case with little cost involved in testing and
treatment is as effective as including an effective active case-
finding strategy to the aforementioned strategy. Also, an effective
combination of treatment rate and cost factor can also lead to
areduction in the number of new TB infections in the population.

Case 2:

Consider the situation where there are no control strategies put
in place for detecting active TB cases via the use of chronic
cough identification and an active case-finding strategy so that
7 = oy = v = 0. Clearly then, we observe that (J, T) — 0
asymptotically, as t — o0, in model (3). Therefore, the effective
reproduction number of the model (3), withm = oy = v = 0,
R, is written as

Rp = RT'?‘[ =ay=v=0-
Now, we have that R = A,Rp where

B d+pn
d+m+pn+vay

TN+ pn+r+nva

A
2 it

Here, A; is known as the effectiveness of treatment,chronic
cough identification (with an effective cost factor), an active case-
finding strategy, and reduced infectivity of isolated infectious cases
undergoing treatment on the control of tuberculosis.

If Rp < 1, then TB cannot develop into an epidemic
and no control strategy involving treatment, chronic cough
identification (with a cost factor) and an active case-finding
strategy is needed for TB control. If we take the difference
between Rp and R i.e.,

Ag:=Rp—Rr=(1—-A)Rp

then an effective combination of the above-mentioned controls
for slowing down the spread of TB in the population (as stated
above in the expression for A;) would mean that Ap > 0, which
is satisfied if A, < 1.

It is very interesting to note the expressions for the limits of
Aj, when the limits applied to A; are used, namely:

d
v—1 T —> 00 o1 w+r
oy —> 00 v—1 r— 00
oy —> 00
d
(i) lim A, = lim A, = __AftR 4
r— oo % d+p+7m+vay
(iif) ﬂli_)moo Ay, =0. (11)
n—0
v—1
oy — OO

Other than the limits of A, in Equation (11) (iii), the results
of the other limits of A, in Equations (10) and (11) (ii) are
adjusted by disease-induced death and are less than unity, when

compared to the corresponding limits for A;, as discussed earlier.
Interestingly, the limit in Equation (11) (ii) is zero, compared to
n

the same limit that gave et for Ay; hence, the former have a

lesser value in the limit compared to the latter.

Case 3

In this case, we are considering the situation where there are no
awareness programmes for both susceptible and latently infected
individuals. However, we assume that treated individuals now
have a measure of awareness following their treatment and
recovery from TB. Hence, we have that oy = = 6, = 6, =
0. We observe, from model (3) that, for this case, S, — 0
asymptotically, as t — 00, so that the latently infected class E;
is now populated by treated individuals who now have some level
of awareness, probably due to the experience they went through
during the course of their treatment. We assume that those who
are now populating the E; class have life-long awareness with life
long benefit (so that 6, = 0). Hence, the effective reproduction
number of the model (3), with @y = ¥ = 6; = 6, = 0, Ry, is
written as

Ra =TRrlay=y=0=0,=0-

Now, we have that R = A3R4 where

with By = (u(p + k)(wn + e + 7 + nuaa) (ki (u(pe + oonpa +
01+ + oar +0)(kx + 62)) + okear(p + ¥) + ka(p +
) (upr + ¥) + u(oarps + pr(p + 01))(w + 62 + ))) and
By = [(k1 + pup1)(u + r)(mn + p + nuaz)(u + o + 61)[(n +
kD) + ko + 62) + (n + k)]l

In this case, A3 is known as the effectiveness of
treatment,chronic cough identification in the presence of a
cost improvement factot, an active case-finding strategy, reduced
infectivity of isolated infectious cases (for treatment) and
awareness program for both susceptible and latent individuals on
the control of tuberculosis.

If R4 < 1, then TB cannot develop into an epidemic and no
control strategy involving the aforementioned factors (as stated
in the preceding paragraph) is needed for TB control.

If we take the difference between R4 and Rri.e.,

Ap:=Ra—Rr =(1-A3)Rs,

then an effective combination of the controls (as mentioned
above and expressed in Aj3) for slowing down the spread of TB
in the population would mean that A4 > 0, which is satisfied if
A3 < 1.

Taking some limits of A3 threw up some interesting
conclusions as to effectively controlling tuberculosis, in this case:

(l) lim A3 = lim A3 = lim A3 =0, (12)
r— 00 T — 00 v—1
o] — 00 r— 00 7 — 00
6 —0 Y — 00 T — 00
T — 00 6, —0 0, —0
91—)0
Y—00
o] — 00
oy — O
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o (o + ki) (ks + pai)(Tn + 0 + 1+ noay
(1 + ko) (ki 4+ pr) (e + 1) + 1+ nuag)”

(i) alli_r)noc Az =

Y — 00
0 —0
92%0
(13)
and
1 no (u =+ ki)(ka + pape)
lim As; = . 14
Gl A= ok 4 poe Y

T — 00

6, —0

60— 0

WY — 00

o] — 00

oy — 00
Clearly, the limits of Aj that includes r (treatment rate) are
zero, and this is a positive outcome. However, for the limits
of Az in Equations (13) and (14), the limiting values of A3
will be zero if 0 — 0 ie., the situation where susceptible
individuals who have a high awareness level have very reduced
likelihood of getting infected with tuberculosis due to their level
of awareness and the benefits that accrue from such awareness.
Clearly, effective control strategies for tuberculosis that utilizes
strategies associated with the expression for A3 will assist in
reducing the TB burden in a community as can be seen from the
results in Equation (12).
Case 4:
We will now discuss the situation where there are no disease
controls in the system. In this worse case scenario, we will set
r=v=oa;=1m =a = =0 =06, =0. This implies that,
from model (3), (S, E2,J, T) — 0 asymptotically, as t — oo.
Hence the basic reproduction number is obtained as

Ro = RT|r=v=a2=7r=a1 =y =60,=6,=0-

So that Rt = A4 R where

with D1 = ((d + w)(n + k)(rn + w + r + nuag)(kr (e +
oaipy + 601) + (u + ooy + 01)(ky + 62)) + ok (e + ¥) +
ka( 4 601)(up1 + ) + n(oaipr +pi(p+61)) (1 + 62 +v))) and
Dy = [(k1 + pup1) (e + r)(d + 7 + p+ ver)(p + o + 00 [(1 +
kD) + ky + 602) + (n + k) ]].

If Ry < 1, then TB cannot develop into an epidemic and no
control strategy is needed for TB control. If we take the difference
between Rg and Ry i.e.,

Ap:=Ro—Rr=(1—-A4A49)Ro

then an effective combination of the controls discussed in this
case will slow down the spread of TB in the population, which
would mean that Ay > 0, which is satisfied if A4 < 1.

Applying the limits in Case 3 on A4, we observe that the results
are the same except for

(d+ o (4 ki)(ks + pap)(mTn + @+ r 4+ noay)

(1)) lim A4 =
o] — 00
WY — 00
0 —0
92—)0

(n+k)ki +prw)(p +r)(d+m + pu+ vay)

(15)
and

n(d + w)o (u + k1)(kz + pap)
(1 + k) (ky + pru)(pe +7)

(#) lim A4 = (16)
v—>1

T —> 00
02—)0
01— 0
Y — 00
o] — o0
o) — OO

The difference is that the limits of A4 are disease-induced death
adjusted (compared to the limits of A3) and, in Equations (15)
and (16), the limiting results for A4 will be zero if ¢ — 0
orn — 0 [n — 0 applies just for Equation (16)] i.e.,
susceptible individuals who have a high awareness level have
very reduced likelihood of getting infected with tuberculosis
due to their level of awareness (and the benefits that accrue
therefrom) and infectious individuals detected for treatment also
have a reduced likelihood of infecting susceptible and latently
infected individuals with tuberculosis during the course of their
treatment.

Of course, the above results (discussed in Cases 1 to 4,
in this section) are dependent on the fact that the baseline
populations are not subjected to the same interventions. For
example, in Case 1, A] measures treatment effectiveness for
a population where education, chronic cough identification
and an active case-finding strategy are already implemented
(without treatment) while in Case 4, A4 measures the effort to
reduce the reproduction number for a population that had no
intervention whatsoever; hence in the latter case (Case 4), the
effort to curtail the disease must be higher than in the former
(Case 1).

In summary, parameter values that would make A; < 1,
Ay < 1,A3 < 1lor Ay < 1 could yield control strategies with
the capacity of reducing the number of secondary TB infections
and slow down the spread of tuberculosis in the population.
Hence, to determine the necessary condition for slowing down
the development of TB at the population level, we will require
that AF > 0, Ap > 0, Ag4 > 0or Ay > 0, as the case may be and,
appropriately, determine control scenarios that will give better
results in reducing the incidence (and prevalence) of tuberculosis
in the population.

It is imperative to state that there are several limits that
could be considered while studying A;, A, A3 and A4. However,
our interests are in investigating control strategies involving
the combination of the following parameters: v, 7, ¥, 6,
02, oz, 1, a1 and 7. The combined effect of these parameters
on control measures and their effect on on the dynamics of
tuberculosis is worth examining and tested in improving the case
detection rate as well as reduce the tuberculosis burden in a
population.

2.2.4. Analysis of Effective Reproduction Number
Under Controls, Rt
Using the threshold parameter, R, we want to study the effect
of treatment, active cough identification and the associated cost
factor, tuberculosis awareness, an active case-finding technique as
well as a combination of some of these factors on the dynamics of
TB in the population.

It is evident from (4) that
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_ Bolka +pa)(rn + i+ 1 + nves) ~ 0
(ko + ) +r)(d+m + 1+ vay)

k
oI R = ﬁU; L -0 (18)
% (k2 + p)(d + 7 + p + vaz)
6 —0
92—)0
r— 00

lim Ry =
v—1
o) — OO
o] —> Q0
Y — 00
01— 0
02—)0
r— oo

lim Ry =0. (19)
o) — 00
v—1
T — 00
r— 00

It seems, from the limits of Rt in Equations (17)-(19), that a
high treatment rate is very effective in the control of tuberculosis
only when the effect of the other critical parameters are properly
harnessed e.g., high awareness rates, less loss of awareness
(forgetfulness), increased active case-finding and chronic cough
identification (with minimal costs involved in testing and
treatments).

The contour plot of Ry, as a function of the active case-
finding rate (;r) and the treatment rate (r) is shown in Figure 2
while Figures 3, 4 depicts the contour plots of Rt as a function
of the chronic cough identification rate («z) and the associated
cost factor (v) and as a function of the awareness rate for the
susceptible group (o) and the chronic cough identification rate
(a2), respectively. Using the base parameter values in Table 1, we
observe from Figures 2-4 that the indicated parameters have a
positive effect on the effective reproduction number, R7. Hence,
improving on the awareness rate for the susceptible individuals,
the associated cost factor, active case-finding strategy, the use

Rt

20

FIGURE 2 | Contour plot of Rt as a function of = and r.

of chronic cough as a TB marker (for likely cases) and effective
treatment, will reduce the value of R, albeit at different
rates.

From the expressions in the limits of Ry in Equation (19), it
is seen that near total eradication of tuberculosis is achievable.
One strategy is to effectively combine making tuberculosis

1.

o

3N

]

15

aj

FIGURE 4 | Contour plot of R+ as a function of o4 and as.
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TABLE 1 | Parameter information.

Parameters Description Values Units
m natural death rate 0.02041 (0.0143, 0.04) year—!
A recruitment rate nx 105 yeavr*1
B trans. rate 8.557 (4.4769, 15.1347)  year™
b1, bo trans. rate(exogenous 0.2 (0, 1) year—!
re-infection)
p1.02 frac. of fast prog. 0.1(0.05, 0.3) year—1
Ky, ko prog. rate 0.05 (0.005, 0.05) year—!
r recovery rate 1.5(1.5,2.5) ind=1yr=1
d TB-induced death 0.365 (0.22, 0.39) year*1
v cost factor 0.5(0, 1) year—1
n mod. parameter 0.4 (0,1) year—!
a1, ¢ awareness rate 5 (0,40) year—!
an cough iden. rate 5 (0,40) year™1
€ reduce infec. 0.2 (0,1) year—!
04,0 “immunity” measure 1(0,40) year—!
o effect. of program 0.5(0,1) year’1
P frac. of treated with 0.4 (0,1) year—1
high awareness
T active case-finding rate 5 (0,30) year—!

See Okuonghae and Omosigho (2011) (and the references therein) for sources of the
parameter values.

medical tests and treatment free, having high awareness rates
(for both susceptible and latently infected persons), continuous
enlightenment programmes to reduce the likelihood of loss of
awareness (or forgetfulness), high reportage of chronic cough
(to improve the detection of likely TB cases) and effective and
high treatment rate (ie., v — 1,0y — oo(¢y — 00),0; —
06, — 0),ap — 00, r — 00). It is remarkable that a similar
conclusion is reached when a control strategy concentrates on
high chronic cough identification rate, making tuberculosis tests
and treatment free, high active case-finding rate and a high
and effective treatment rate (ie, v — 1l,ay — oo, r —
00, T —> 00).

Of course, the above mentioned control strategies could
be cost prohibitive and may seem unrealistic, especially in
developing countries. However, the alternative strategies that can
be gleaned from the expressions in Equations (17) and (18) can
be applied to the target community, in reducing the severity of
tuberculosis in the community; note that, for example, the limit
of Ry in Equation (17) does not necessarily involve having a high
treatment rate especially when such treatment level is lacking in
the community.

Computing the partial derivatives of R with respect to the
key parameters (12, o2, @1, 61, 62, ¥, w and v) further reveals
the effect of these parameters on tuberculosis control in the
population. The derivatives are given in Appendix B.

Clearly, it follows from Equation (A3) (Appendix B) that
a?;—f < 0, unconditionally. Therefore, effective treatment rates
of tuberculosis will have a positive impact in reducing the disease
burden in the population. This result is stated in the following
lemma

Lemma 2.2. Effective treatment will have a positive impact on the
TB burden in a community by reducing the incidence of the disease
in the population regardless of the values of the other parameters in
the expression for the effective reproduction number.

Also, from Appendix B i.e., Equations (A4), (A5), we see that

AR T AR .
For > 0 (—391 < 0)if

« kiky + k102 + ko + plky + kopr + pr(p + 02 + )]

oO>0 = .
kiky + k102 + ko + plkipa + ko + pa(p + 02 + )]

. _(20)

However, 337§T <0 (337€Tlr > 0)ifo < o™ and ?;T =0 (‘}gng =

0) when o = o*. This implies that a high awareness level by some
of the susceptible individuals will have a positive impact on the
TB burden in the population if o < ¢* i.e,, the likelihood of such
susceptible individuals getting infected with TB should be less
than the computed o *. The strategy of using awareness (and its
efficiency on TB control) to combat the disease will fail to reduce
the burden of tuberculosis in a community if o = o*, and, in fact,
will have a detrimental impact on the community, by increasing
the value of Rr, if 0 > o*. This result is reversed if there
is a loss of awareness over time by susceptible individuals who
previously had a high level of awareness (forgetfulness). Hence,
such loss of awareness will bring about a reduction in the value of
the effective reproduction number if the likelihood of infection
of these susceptible (with previously high level of awareness) is
greater than the computed ¢*, it will have no impactif o = o*
and will have a detrimental effect on the community if o < o*.
The result is summarized thus:

Lemma 2.3. A high awareness level for susceptible individuals will
have a positive impact on the reduction of the TB burden in a
community if 6 < o*, no impact if 6 = o™ and a detrimental
impact if o > o*. The result is reversed for the rate of loss of
awareness by these susceptibles: a positive impact if o > ¢*, no
impact when o = o* and a detrimental impact ifo < o*.

This result highlights the need for sustaining the tuberculosis
awareness programmes so that forgetfulness could be minimized
and the power of the knowledge of TB could help in reducing the
likelihood of new tuberculosis infections in the population.

A very close look at the expression for o*, giving in Equation
(20), shows the significance of the fraction of fast progressions
in the system i.e., p; and p,. Clearly, if p = p» = 1, then
o* = 1 (which is also the case when p = p, = p and
ki = ky = k); recall that one major assumption in the model (3)
is that, due to the effectiveness of awareness, 0 < 1. Therefore,
we conjecture that these fractions of fast progressions, p; and
p2 and the rate of endogenous reactivation, k; and k, are very
crucial in determining whether o * is less than, equal to or greater
than one. Hence, the impact of awareness or loss of it over
time, on the dynamics of tuberculosis, is tied to the critical value
of the reduced likelihood of susceptible individuals, with high
awareness level, getting infected with TB (o) and to the fractions
of fast TB progressions from new infections and the rates of
endogenous reactivations (based on the levels of awareness in the
population).
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Taking a look at Appendix B, i.e., from Equations (A6), (A7),

we observe that % <0 (?TT > 0)if
ki < k. (21)

This implies that the high awareness level of some latently
infected individuals will bring about a reduction in the value
of the effective reproduction number (a positive impact) if
the progression rate (endogenous reactivation), kj, of latent
individuals with low awareness level, to the active stage of TB
is greater than that for latently infected individuals with high
awareness level ie., k; > ky; there will be no impact on TB
dynamics if k; = k; and a detrimental impact when k; <
ky. This result is reversed when we investigate the relationship
between the effective reproduction number and the rate of loss of
awareness by the latently infected individuals who previously had
a high awareness level (6,). This leads to the following lemma:

Lemma 2.4. A high awareness rate for some of the latently infected
individuals will have a positive impact on the reduction of the TB
burden in a community if ki > ky, no impact if ky = ky and a
detrimental impact if ky < ky. The result is reversed for the rate
of loss of awareness by such latently infected: a positive impact if
ki < ka, no impact when ki = k, and a detrimental impact if
k1 > k2.

This result significantly demonstrates the connection between
awareness levels (and loss of awareness over time) of latently
infected individuals and their progression rates (endogenous
reactivation) to active tuberculosis, on the dynamics of the
disease in a community. We therefore conjecture that, from
Lemmas 2.3 and 2.4, the effect of the awareness levels (and loss
of previously high awareness level) of susceptible and latently
infected individuals is tied to some critical parameters: for the
former (susceptible), the effect of high awareness level (and lack
of it) on the effective reproduction number depends heavily on o
(which further depends on p; and p,, and probably k; and k;)
while for the latter (latently infected individuals), the effect of
high awareness level (and lack of it) on the effective reproduction
number depends only on the progression rates to active TB, k;
and k.

Basically, these Lemmas (2.3 and 2.4) demonstrates that,
even when awareness levels wanes probably due to stoppages
in enlightenment programmes in several media, then the
progression rates (p1, p2, k1 and k») plays a significant role in the
dynamics of tuberculosis in the population and their effect should
be harnessed by health officials for proper control of the disease.

From the analysis and results stated in Lemmas 2.3 and 2.4, it
seems that the progression and reactivation rates (p;, p2, k1, and
k) can vary from individual to individual or from community
to community. Generally, tuberculosis is most likely to occur in
the first year following infection, with stepwise reduction year
on year over the following 5-10 years, by which time incidence
approaches that of uninfected contacts (Esmail et al., 2014). Also,
reactivation several decades after initial infection occurs, but
beyond 10 years, it is difficult to assess how common reactivation
is (Esmail et al., 2014). Also, we earlier stated that the period of
fast latency can span between 1 and 5 years (Styblo, 1980; Flynn

and Chan, 2001; Colijn et al., 2007). Hence, the time line for
the risk of disease over time is, generally, not fixed, as this can
be determined by several biological and environmental factors,
so that we can assume that the parameters that describe disease
progressions can vary within some reasonable bounds.

Looking at Appendix B, i.e., Equations (A8), (A9), and (A10),

we observe thataa% <0, aa% <0, anda%T < 0if
1-— +r
d<d*:%, n#0 (22)
or
wr
n<n*=ﬂ+d (23)

The results in Equations (22) and (23) reveals that the active
case-finding strategy, the use of chronic cough as a marker
for identifying potential TB cases, together with an efficient
cost factor, will bring about a reduction in the value of the
effective reproduction number if the disease-induced death
rate is less than the computed d* (22) or for the relative
infectiousness of individuals with active TB who are detected for
immediate treatment to be less than the computed n* (23). The
aforementioned parameters will have no impact on TB control
ifd = d* or n = n* but will have a detrimental effect on
tuberculosis control and the TB burden in the population if d >
d* or n > n*. We can state the following lemma:

Lemma2.5. A high active case-finding and chronic cough
identification rates with a low cost factor will have a positive impact
on the reduction of the TB burden in a community ifd < d*(n <
n*), no impact if d = d*(n = n*) and a detrimental impact if
d > d*(n > n*).

Recall that we assume that the modification parameter n < 1.
Therefore, we expect that n* < 1, which implies that r <
d. Hence, if the disease-induced death rate is greater than the
treatment rate, then the active case-finding strategy, coupled
with the effective use of chronic cough identification and an
effective cost factor will have a positive impact on the dynamics
of tuberculosis and bring down the TB burden in the population.

From the analysis carried out on Rr, one observes that
taking treatment alone without considering the effect of other
parameters on the dynamics of tuberculosis, may not be enough
in reducing the TB burden in the population. Clearly, a critical
combination of two or more parameters from the set of key
parameters, notably v, a1, oz and others like 61, 7, ¥ and 6, can
significantly affect the value of the effective reproduction number.
These parameters also affect the number of detected cases (which
improves the case detection and notification rates) and, with
effective treatment, will reduce the tuberculosis burden in the
population.

2.2.5. Backward Bifurcation Analysis: Special Case

The phenomenon of backward bifurcation, which has been
observed in several disease transmission models (see, e.g.,
Hadeler and van den Driessche, 1997; Castillo-Chavez and Song,
2004), is typically characterized by the coexistence of a stable
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DFE and a stable endemic equilibrium when the associated
reproduction number of the model is less than unity. The public
health implication of the backward bifurcation phenomenon of
model (3) is that the classical epidemiological requirement of
having the reproduction number (R ) be less than one, although
necessary, is no longer sufficient for effective control of the
disease in the population.

We can determine the possibility of the existence of a
backward bifurcation in model (3); this is possible when we
check for the existence of multiple endemic equilibria when the
reproduction number of model (3) is less than one.

Consider the case when there is no treatment in the model (3)
(this is fitting in communities where treatment facilities are not
available or not enough to cater for the affected individuals) and
insignificant disease-induced death rate ie., e = r =d = 0. It

should be noted that setting d = 0 in (3) gives N(t) — % as

t — 0o.Let f = ‘j\—ﬂ so that the force of infection now becomes

~

A= B +n)). (24)
Also, let R be the effective reproduction number of model (3)
withe =r=d=0.

To find the conditions for the existence of the endemic
equilibrium for the model (3) with e = r = d = 0, denoted
by & = (ST, S§*, ET*, E*, I'™, J**), the Equation in (3), with
€ = r = d = 0, are solved in terms of the force of infection, at
steady state [using Equation (24)] (where the force of infection
at steady state will be denoted by 1¢), and this must satisfy the
following polynomial:

FA9) = ARt + A0S + AL + A+ A5 =0 (25)
where the coefficients, Ay, ..., A5 and the endemic equilibrium, &,
are given in Appendix C.

The components of the endemic equilibrium, given in
Equation (A11) (Appendix C), are then obtained by solving for
A¢ from the quartic (25), and substituting the positive values of
A° into the expressions of the endemic steady states given in
Equation (A11). Furthermore, it follows that the coefficient A}, of
the quartic (25), is always positive, and As is positive (negative) if
R is less (greater) than one. The following can be deduced:

Theorem 2.3. The treatment-free model of (3), with d = 0, has

i no endemic equilibrium if by = 0 and Ry < 1 (absence of
exogenous re-infection from the E; class).

ii has four or two endemic equilibria if Ay < 0, A3 > 0, A4 <0
and ﬁ,T < 1.

iii has two endemic equilibria if A3 is of the same sign as A, or A4
and Ry < 1.

iv has two endemic equilibria if Ay > 0, A3 < 0, Ay > 0 and
7%7" < 1.

v no endemic equilibrium otherwise when Rr < 1.

vi a unique endemic equilibrium when Ry > 1.

Items (ii)—(iv) of Theorem 2.3 suggests the possibility of
backward bifurcation in the treatment-free model, with d =
0. Determining specific parameters that could be the cause of

the phenomenon, for the system (3), is quite challenging due
to the number of parameters in the model and the degree of
the polynomial (25). However, since it has been established
that exogenous re-infection can trigger the backward bifurcation
phenomenon in the dynamics of tuberculosis (Hadeler and
van den Driessche, 1997; Castillo-Chavez and Song, 2004;
Okuonghae and Omosigho, 2011), it will be interesting to
observe the effects of both exogenous re-infection parameters
in the system ie., by and b, since these parameters are
based on the levels of awareness of the latently infected
individuals.

First of all, it is important to show that in the absence
of exogenous re-infection from the latently infected class of
individuals with low awareness level, by = 0, the system
(3) will not have a backward bifurcation when 7A€T < 1
Clearly, setting by = 0 in Equation (25), yields the quadratic
equation

L) = A0 + A+ A5 =0 (26)
where A; and A4 are now evaluated from Az and Ay, respectively,
with b; = 0. It is easy to see that A3 > 0and As > 0 (the latter
when ﬁT < 1). We want to show that, since o < 1, the coefficient
A4 > 0, so that the quadratic (26) will not have any positive roots,
which implies that there is no endemic equilibrium when b; = 0
in Equation (25). With b; = 0 in Equation (25), we see that

Ay = Al(n + 7 +vaz)(u + po +oay + 601)((u + ki)
(1 +ka +602) + (1 + k2)y)] — A[B(u + n(w + vaz))
o ((k1 + up1)(p + ka + 62) + (ka + up1)¥)l

Since o < 1, it then implies that,

Ay > Al(n + 7 4+ voo)(pu + po +oay +0)(1 + ki)
(m+ ka2 +62) + (u 4+ k2)yr)] — A[B(p + n(r + vay))

(k1 + pup1) (e + ka2 + 62) + (ka2 + pup1)y1)].
(27)

From R < 1, it follows that

Gy
(e + 07 4+ nvea)(Gr + Gy + G3)”

p <

where B is now evaluated with r = d = 0. Substituting the
expression for § into Equation (27), we see that

Ay = Al(p +7 +ver)(u+ po + ooy +60)((1 + ki)

(4 k2 +62) + (n + k2)y)]
Gy
M T e G F G Gy T

(7 4 va2))((ky + pup1)( + ko + 62) + (ka + pp)yn)].
(28)

Simplifying this further, we have that
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Ay > Al 4 +va)[(n + k) + ko +62) + (1 + k2)y)

k(1 + ka(p + a1 +61)% + nQu + a1 + 61)(p2as + 61)

+ (1 + a1 +61)%62) + parpa(2p + a1 + 01) (1 + 05 + ¥)
+ upr(u* + 012+ ar +00)) (i + ka + 62 + )
+ ko (peo 2 + ey + 61) + (w + a1 + 61)*Y))] > 0,

for 0 < 1. Therefore, the polynomial (26) will not have a positive
root, hence no endemic equilibrium, when b; = 0 and Ry <1,
ruling out the possibility of a backward bifurcation, for this case.

However, when b, = 0 and b; # 0 (in this case, there is no
exogenous re-infection of latently infected individuals with high
awareness level but there is exogenous re-infection in the E; class
i.e,, latently infected individuals with low level of awareness), the
quartic (25) now reduces to a cubic equation

F(A8) = ApA® + A0 + AAS 4+ A5 =0 (29)
where A,,A; and A, are obtained from evaluating the
corresponding coefficients of (25) with b, = 0.

Following the analysis above, it is easy to show that the
polynomial (29) can have more than one positive root (hence
more than one endemic equilibria) when Ry < 1, suggesting
the presence of a backward bifurcation for the case b, = 0 and
b1 # 0. We can now summarise the above discussions thus:

Lemma 2.6. The treatment-free model of (3) with d = 0 can
undergo the backward bifurcation phenomenon when

i both exogenous re-infection parameters, by and b, are present
in the system i.e., by # 0 and by # 0.

only the exogenous re-infection parameter by is present in the
system i.e, by # 0and by =0

The treatment-free model of (3) with d = 0 cannot undergo the
backward bifurcation phenomenon when

i both exogenous re-infection parameters, by and b, are absent
in the system i.e., by = 0 and by = 0.

ii the exogenous re-infection parameter by is absent in the system
(even when by # 0) i.e., by = 0 and by # 0.

This study has, to the best of our knowledge, showed for
the first time the critical relationship between TB awareness,
heterogeneity in exogenous re-infection (by virtue of the level
of awareness of the latently infected individuals) and the
tuberculosis burden in a community. We can see, from Lemma
2.6, that exogenous re-infection of latently infected individuals
with low awareness level will more negatively impact on TB
control than incidences of exogenous re-infection in the latently
infected group with high awareness level, due to the influence of
the former in allowing for the existence of a backward bifurcation
in the system, when the associated reproduction number is
less than one. This can be seen from the backward bifurcation
diagrams in Figures5, 6; clearly, in Figure5, the backward
bifurcation range is larger than what we have in Figure 6.
Interestingly, when we set by = 0 (the exogenous re-infection
parameter for the latently infected individuals with low awareness
level), there is no backward bifurcation in the system when the
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FIGURE 6 | Backward bifurcation when b4 # 0 and by = 0.

associated reproduction number is less than unity, regardless of
the value of b, (the exogenous re-infection parameter for the
latently infected individuals with high awareness level).
Characterizing the backward bifurcation phenomenon for the
complete model (3) is not trivial. However, using the Center
Manifold Theorem (Carr, 1981; Castillo-Chavez and Song, 2004;
Okuonghae and Omosigho, 2011), we can show the condition
required for the system (3) to undergo the backward bifurcation
phenomenon when Ry < 1. We claim the following:

Theorem 2.4. The model (3) exhibits backward bifurcation at
Rr = 1 whenever the bifurcation coefficients, denoted by a and
b (and given by (A15) and (A16) in Appendix D, respectively), are
positive. However, if the coefficient a is negative, then the system
(3) will not undergo a backward bifurcation at Rt = 0.

See Appendix D for proof of Theorem 2.4.
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Of course determining, by inspection, which parameter(s)
could cause the phenomenon of backward bifurcation in the
model Equation (3) [by checking for specific parameter(s) that
will make the bifurcation coefficients a, given in Equation (A15),
to be negative and b, given in Equation (A16), to be positive] is
non-trivial.

However, we conjecture that, in addition the exogenous re-
infection parameters, b; and by, there could be other parameters
that could determine whether the system (3) can undergo a
backward bifurcation at R = 1. These parameters, we believe,
are liked to the awareness parameters (i.e., o1, ¥, 61, and 6,) and
the fractions of fast progressions, p; and p,. Their overall effect
on the backward bifurcation phenomenon for the model (3) is
left for future work.

3. RESULTS

Model (3) is now numerically simulated with the parameter
estimates in Table 1 to gain insight into some of its quantitative
features. The system of equations in model (3) was solved
numerically using MATLAB; we used the ode45 solver, which
is based on the Runge-Kutta method. The parameter values
used were based on what exists in literature such as the
authors previous works (Okuonghae and Omosigho, 2011) and
other references cited in Okuonghae and Omosigho (2011).
Few parameter values were assumed, as seen (Okuonghae
and Omosigho, 2011) and other relevant literature cited in
Okuonghae and Omosigho (2011). The numerical simulations
are performed to illustrate various dynamical regimen
characteristics by varying some of the key parameters in
the model. The effects of varying some of the key parameters
on the infected classes are presented and we will examine
practicable preventive measures characterized by these
variations. Parameter values that are different from those
stated in Table1 are shown in the caption of the respective
figure.

Figures 7, 8 shows the effect of varying the awareness rate
of the susceptible population on the infected classes, vis a viz
increasing the active case-finding rate. Clearly, we observe that,
even with loss of awareness on the part of susceptible individuals
(who previously had a high awareness rate), increasing the active
case-finding rate affected (positively) the dynamics of the system
with a reduction in the proportion of individuals in the infected
classes, and not just the infectious class (I), only.

Figure 9 shows that increasing the chronic cough
identification rate (and by implication improving the case
detection rate) significantly reduced the proportion of infected
individuals, even with a “high” loss of awareness in the
susceptible group while Figure 10 shows a worse case scenario
whereby an increase in loss of awareness in the susceptible group
leads to an increase in the proportion of infected individuals.

Figures 11, 12 shows the proportion of individuals in the
infected classes when we vary the reduced likelihood of infection
by detected infectious TB cases receiving treatment, 7, between
0 and 1. Of course, as expected, reducing the value of 1, from
1 to 0, brings down the proportion of infected individuals,
albeit at different rates, depending on the values of the
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0 5 10 0 5 10
Time (years) Time (years)
x10™* x107°

10 0 5
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10
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FIGURE 7 | Simulations of model (3) showing the number of infected
individuals. Here, the awareness rate for the susceptible individuals («1) is
varied from 0 to 30 with 61 = 20, 6, = 1and = = 5.
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FIGURE 8 | Simulations of model (3) showing the number of infected
individuals. Here, the awareness rate for the susceptible individuals («1) is
varied from 0 to 30 with 64 = 20, 6, = 1 and = = 30.

awareness parameters for the susceptible and latently infected
populations.

Remarkably, Figure 13 shows that there is little influence of
the cost factor (v) on the proportion of infected individuals, in
the presence of awareness, chronic cough identification, less loss
of awareness and an impressive awareness rate for the latently
infected individuals and active case-finding rate.

Taking a look at Figures 14, 15 reveals the effect of awareness
in preventing tuberculosis infection amongst the group of
susceptibles with high awareness level as we vary the infection
modification parameter o, from 0 to 1. Of course, a powerful
awareness campaign with high awareness rate and with o = 0,
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FIGURE 9 | Simulations of model (3) showing the number of infected
individuals. Here, the cough identification rate («o) is varied from O to 30 with
04 =20and 6y = 1.
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FIGURE 10 | Simulations of model (3) showing the number of infected
individuals. Here, the rate at which susceptibles lose awareness (61) is varied
from O to 30 with &y = 30 and ap = 5.

brings about a drop in the proportion of infected individuals
especially with an impressive awareness level (e.g., ¥ = 30) and
less loss of awareness (61 = 0, = 1).

Clearly, focusing on awareness programmes (for both
susceptible and latently infected individuals) is very beneficial
for TB control. This should be taken in collaboration with
other interventions, like the use of chronic cough as a marker
for identifying potential TB cases, improved active case-finding
strategy and reduced cost of disease management as well as
prolonged awareness programmes to prevent loss of awareness
over time.
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FIGURE 11 | Simulations of model (3) showing the number of infected
individuals. Here, the disease transmission modification parameter () is
varied rom0to 1 with @y =ap =5, 61 =6 =30and ¢ = 5.

Proportion of Individuals

0.03 0.4
n=1
0.3 =0
0.02f N=0 n \
=a w02
0.01 n=1
0.1
0 0
0 50 100 0 50 100
Time (years) Time (years)
0.015
n=0 n=1
0.01
— )
0.005
0
0 50 100 0 50 100

Time (years) Time (years)
FIGURE 12 | Simulations of model (3) showing the number of infected
individuals. Here, the disease transmission modification parameter () is
varied from 0to 1 with @y =ap =5, 61 = 6> =1 and ¥ = 30.

It is important to state here that the parameter values used
in the simulations can be sensitive to the model (3) and there
could be uncertainties in their values. However, the use of these
parameter values is to demonstrate their effect on the system and
gain some insight into the quantitative (especially asymptotic)
behaviors of the model.

Remark: Note the difference in the time window for the
different figures, some having 10, 20, or 100 years of simulation.
The graphs having a 10 or 20 year time window was used to
observe the pattern of the dynamics of the diseases for the
first few years of simulations or disease outbreak. We observe
that the results could easily be drowned out if the graphs
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FIGURE 13 | Simulations of model (3) showing the number of infected
individuals. Here, the cost factor (v) is varied from O to 1 with &y = ap =5,
61 =6 =1,y =30and = = 20.
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FIGURE 15 | Simulations of model (3) showing the number of infected
individuals. Here, the reduced likelihood of infection due to awareness (o) is
varied from 0 to 1 with @1 = ap = 20, 61 =6 = 20 and ¢ = 30.
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FIGURE 14 | Simulations of model (3) showing the number of infected
individuals. Here, the reduced likelihood of infection due to awareness (o) is
varied from0to 1 with @y =ap =5,601 =6o =1and y = 30.

should have a longer time window. However, the figures with
100 year time window was used to investigate the existence of
equilibria based on the parameter values used. It is important
to state that tuberculosis dynamics are slow, and consequently,
TB epidemics unfold over several decades (Aparicio and Castillo-
Chavez, 2009). Hence determining asymptotic behaviors of the
disease model could require running simulations spanning a long
period of time.

4. DISCUSSIONS AND CONCLUSIONS

A modified and realistic deterministic mathematical model
for the transmission dynamics of tuberculosis in a population

has been designed and mathematically analyzed. The model
(3) extends that formulated and studied in Okuonghae and
Omosigho (2011) by classifying both susceptible and latently
infected individuals by their level of awareness of tuberculosis
(what the disease is, signs and symptoms of tuberculosis and
government policy on testing and medical treatment) and
included an active case-finding parameter in addition to the use
of chronic cough as a marker for identifying potential TB cases,
for the control of tuberculosis in a population.

The model (3) has a locally asymptotically stable DFE
whenever the associated effective reproduction number is
less than one. However, for the treatment free model with
insignificant disease-induced death rate, it was shown that the
system will undergo the phenomenon of backward bifurcation
where the stable disease-free equilibrium will coexist with a stable
endemic equilibrium when the effective reproduction number is
less than one. For this special case, this phenomenon was caused
by the exogenous re-infection of latently infected individuals.
We then showed that the effect of exogenous re-infection on
the backward bifurcation phenomenon depended strongly on the
level of awareness of the latently infected individuals; backward
bifurcation due to exogenous re-infection was largely sustained
by the latently infected individuals with a low awareness level.

The study further showed that concentrating on TB treatment
alone may not significantly reduce the value of the reproduction
number if attention is not paid to other key control parameters
such as awareness levels and active case-finding rate; in fact, it
is possible for the value of the reproduction number to still be
greater than one when we concentrate mainly on treatment rate.
However, if we take two or more key parameters at the same time
and glean out effective control strategies from their combination,
then it is possible that, in the long run, the disease burden in the
community can be reduced.

Qualitative study of the effective reproduction number
showed how different control scenarios involving awareness
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levels, loss of awareness over time, active case-finding strategy,
chronic cough identification and minimal (or no) cost incurred
for TB management could lead to a reduction in the value of the
effective reproduction number R7. The analyses suggested that
concentrating on increasing tuberculosis awareness campaign
for both susceptible and latently infected individuals and also
increasing chronic cough identification and active case-finding
rates will result in reducing the incidence of TB in the population
in the presence of an effective cost factor whereby the cost of
conducting TB tests and commencing treatment is very small, if
not free.

Numerical simulations suggested practical preventive
measures, represented by changing the value of some
parameters, notably, v, a1, a2, 61, 62, ¥, and m. These
simulations showed that improving on the cost factor, increased
awareness programmes (especially as it affects susceptible and
latently infected individuals), cough identification rate as well
as minimizing new TB infections caused by fairly isolated TB
infectious individuals that are undergoing treatment, will help in
reducing the prevalence of TB in the community, together with
minimal loss of awareness from both susceptible and latently
infected individuals.

In summary, this work have shown, that the prospect of
effectively controlling the spread of tuberculosis in a population
is very bright. Preventive measures through the use of control
strategies should concentrate on awareness programmes. The
enlightenment programmes should include helping the general
public make use of simple signs in quickly identifying a likely TB

REFERENCES

Aparicio, J. P., and Castillo-Chavez, C. (2009). Mathematical modelling
of tuberculosis epidemics. Math. Biosci. Eng. 6, 209-237. doi:
10.3934/mbe.2009.6.209

Armijos, J. W., Weigel, M. M., Qincha, M., and Ulloa, B. (2008). The meaning
and consequences of tuberculosis for an at-risk urban group in Ecuador. Rev.
Panam. Salud. Public. 23, 188-197. doi: 10.1590/51020-49892008000300006

Baral, S. C.,, Karki D. K, and Newell, J. N. (2007). Causes of stigma and
discrimination accosiated with tuberculosis in Nepal: a qualitative study. BMC
Public Health 7:211. doi: 10.1186/1471-2458-7-211

Bennstam, A. L., Strandmark, M., and Diwan, V. K. (2004). Perception
of tuberculosis in the Denogratic Republic of Congo: wali ya nkumu
in the Mai Ndombe District. Qual. Health Res. 14, 299-312. doi:
10.1177/1049732303261822

Carr, J. (1981). Applications of Centre Manifold Theory. New York, NY: Springer-
Verlag.

Castillo-Chavez, C., and Song, B. (2004). Dynamical models of tuberculosis and
their applications. Math. Biosci. Eng. 2, 361-404. doi: 10.3934/mbe.2004.1.361

Chang, S.-H., and Cataldo J. K. (2014). A systematic review of global cultural
variations in knowledge, attitudes and health responses to tuberculosis stigma.
Int. ]. Tuberc. Lung. Dis. 18, 168-173. doi: 10.5588/ijtld.13.0181

Colijn, C., Cohen, T. and Murray, M. (2007). Emergent heterogeneity
in declining tuberculosis epidemics. J. Theor. Biol. 247, 765-774. doi:
10.1016/}.jtbi.2007.04.015

Diekmann, O., Heesterbeek, J. A., and Metz, J. A. (1990). On the definition
and the computation of the basic reproduction ratio Ry in models for
infectious diseases in heterogeneous populations. J. Math. Biol. 28, 365-382.
doi: 10.1007/BF00178324

case such as chronic cough lasting at least 2 weeks. This will not
only quicken the treatment of the infectious individuals, it can
also reduce the likelihood of disease transmission. Also awareness
programmes should be sustained over a long period of time
(especially in places with high endemic levels of tuberculosis) as
this work has demonstrated the effect of loss of awareness on the
dynamics of tuberculosis in the population.

AUTHOR CONTRIBUTIONS

Both authors were involved in the discussions and formulation
of the mathematical model. BI was involved in the derivation of
the effective reproduction number and the backward bifurcation
analysis, for the special case considered. DO carried out
the analysis of the effective reproduction number, bifurcation
analysis for the complete model, as well as the numerical
simulations in the manuscript. Both authors were involved in
the write-up as well as proof reading of the final draft of the
manuscript.

ACKNOWLEDGMENTS

DO will like to thank Prof. Denise Kirschner for the meaningful
discussions, during the 45th Union World Conference on Lung
Health, held in Barcelona, Spain in 2014, that led to the
extensions of the basic model resulting in the formulation and
analysis of the model presented in this article.

Esmail, H., Barry, C. E.,, Young, D. B. I1I, and Wilkinson, R. J. (2014). The ongoing
challenge of latent tuberculosis. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369:
20130437. doi: 10.1098/rstb.2013.0437

Flynn, J. L., and Chan, J. (2001). Tuberculosis: latency and reactivation.
Infect. Immun. 69, 4195-4201. doi: 10.1128/1A1.69.7.4195-42
01.2001

Hadeler, K. P, and van den Driessche, P. (1997). Backward bifurcation
in epidemic control. Math. Bio. 146, 15-35. doi: 10.1016/S0025-5564(97)
00027-8

Hethcote, H. W. (2000). The mathematics of infectious diseases. SIAM Rev. 42,
599-653. doi: 10.1137/S0036144500371907

Johansson, E., Long, N. H., Diwan, V. K., and Winkvist, A. (2000). Gender
and tuberculosis control: perspectives on health-seeking behaviour among
men and women in Viet Nam. Health Policy 52, 33-51. doi: 10.1016/S0168-
8510(00)00062-2

Lakshmikantham, S., Leela, S., and Martynyuk, A. A. (1989). Stability Analysis of
Nonlinear Systems. New York; Basel: Marcel Dekker, Inc.

Mukandavire, Z., Bowa, K., and Garira, W. (2007). Modelling circumcision and
condom use as HIV/AIDS preventive control strategies. Math. Comput. Modell.
46, 1353-1372. doi: 10.1016/j.mcm.2007.01.001

Okuonghae, D. (2015). Lyapunov functions and global properties of some
tuberculosis models. J. Appl. Maths Comput. 48, 421-439. doi: 10.1007/s12190-
014-0811-4

Okuonghae, D., and Omosigho, S. E. (2010). Determinants of TB case detection
in nigeria: a survey. Global J. Health Sci. 2, 123-128. doi: 10.5539/gjhs.v2n
2p123

Okuonghae, D., and Omosigho, S. E. (2011). Analysis of a mathematical model for
tuberculosis: what could be done to increase case detection. J. Theor. Biol. 269,
31-45. doi: 10.1016/j.jtbi.2010.09.044

Frontiers in Microbiology | www.frontiersin.org

January 2016 | Volume 6 | Article 1530


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Okuonghae and Ikhimwin

Mathematical Model for Tuberculosis

Sharomi, O., Podder, C. N., Gumel A. B,, and Song, B. (2008). Mathematical
analysis of the transmission dynamics of HIV/TB co-infection in the presence
of treatment. Math. Biosci. Eng. 5, 145-174. doi: 10.3934/mbe.2008.5.145

Styblo, K. (1980). Recent advances in epidemiological research in tuberculosis.
Adv. Tuberc. Res. 20, 1-63.

van den Driessche, P., and Watmough, J. (2002). Reproduction numbers
and sub-threshold endemic equilibria for compartmental models of
disease transmission. Math. Bios. 180, 29-48. doi: 10.1016/S0025-5564(02)
00108-6

World Health Organization (2014). Global Tuberculosis Report. Geneva.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Okuonghae and Ikhimwin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

18

January 2016 | Volume 6 | Article 1530


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Okuonghae and Ikhimwin Mathematical Model for Tuberculosis

APPENDIX A

Proofs of Theorems 2.1 and 2.2
Proof of Theorem 2.1:

Proof. Lett; = sup{t > 0:S;(t) > 0, S2(¢) > 0, E;(t) > 0, E»(¢) > 0,I(¢t) > 0, J(t) > 0, T(t) > 0} > 0. It follows from (3a) that

ds
7: =A—015] —AS] — uS1 +018 > A — o181 — AS; — 1Sy,

which can be written as

d t t
a{sl(t)exp[(al +u)t+/(; A(r)dr” > A{exp[(otl + p)t +/0 k(t)dr“.

Thus,

t 5] Yy
Sl(tl)exp[(al + Wt + / A(r)dr] — 851(0) > / A{exp[(ozl + M)y—}-/ A(r)dr] }dy.
0 0 0

so that,

f
Si(t) > Sl(O)exp[ — (o + )ty — / /\(r)dr]Jr
0

1y
— {exp|: — (a1 + )t — / )L(T)d‘f]}
0
t y
/ A{exp[(al + pL)y—I—/ A(t)dti| }dy > 0.
0 0

Similarly, it can be shown that S,(t) > 0, E;(t) > 0, E(¢) > 0,I(¢) > 0, J(t) > 0and T(¢) > 0 for all time ¢ > 0. Hence all solutions
of the model (3) remain positive for all non-negative initial conditions, as required. O

Proof of Theorem 2.2:

Proof. Adding the equations of the model (3) gives

dN
L= A—puN-—dL Al
I " (A1)

Since the right hand side of the above equality is bounded by A — 1N, a standard comparison theorem (Lakshmikantham et al., 1989)
can be used to show that

N(t) < N(0)e ™ + %(1 — e M), (A2)

In particular, if N(0) < %, then N(¢) < % Thus, D is a positively invariant set. Furthermore, if N(0) > %, then either the solution

enters D in finite time or N(f) approaches to % as t — oo. Hence no solution path leave through any boundary of D and the region D

attracts all solutions in R7, . O
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APPENDIX B

Partial derivatives of Rt

IRT _ _ Bn(r + vaz)Py (A3)
or (w+n*d+m+p+va)(u+or +00)(r+ k) + ke +60) + (n+ k)y))’

IRT _ Bln 4+ +r+ nvaz)(u + 01)P; (Ad)
day (w+nd+rx+p+va)(w+ar+61)? (n+k)p+k+60)++k)y))’

IRT _ _ Bor(wn + 4+ + nvaz)Py (A5)
96, (p+nd+m+p+va)(w+or+61)? (n+k)p+k+62) + (1 + k)y))’

ORT _ By + pu+r+nvaz)(ky — k2)[(1 = p1)( + )Y + 0o (1 — palon (e + ki + )] (A6)
96, (w+nd+m+p+va)(u+ o+ 00w+ k) + ke +602) + (n+ k)y)?)

ORT _ Bu(mn + pw+r+nvaz)(ky — k)[(1 — p1)(p + 61) (1 + ko + 62) + o (1 — pa)ag01] (A7)
oY (m+nd+m+p+va) (e +oar + 600w+ k) + ke +62) + (n+ k)y)?)

IRT _ Bnd — (1 —mp — )Py (A8)
o (w+nd+m+p+va)>(w+or +00)(n+ k) + ke +6,) + (n+ k)y))’

Rt Bv(nd — (1 —n)u — )Py (A9)
doy (@47 +p 4 vea) (w4 or 4+ 0+ k) + ke + 602) + (u + ka)y)

IRt _ Paa(nd — (1 — )y — )Py (A10)

v (e +n)(d+ 7 + 1+ vep)2 (i +or +00) (1 + k) (e + ko +62) + (10 + k2)y))”

where

Py =ki(u(pn+ooaips +61 +(u+oay +601)(ka +602)) +oarka (4 ) + ko (e +61) (upr + ) + (oo pr +p1 (e +601)) (e + 62 + 1)),
and

Py = —[(1 = o)(kika + k162 + ko) + kiu(1 — o p2)] — (kapa(pr — o) + ju(pr — op2)( + 62 + ).

APPENDIX C

Existence of EEP for Special Case
The coefficients of the polynomial (25) are given as

Al =2290 Al + 7 + va),

Ay = Az(uw + 7 +vay) (o + 9(z+ 0 4+ z0)) + dok) + oky + z000;
+ 2001 + 0 (02 + 9Y)] — [B( + n(w + var))z* ¥ Ao]

A3 = A(u + 7 +vap) ki (o +z20(1 + o)) + oky + z0(oay + 61) + 06,)
+201(1+ 9 +20)u+ 0+ 9Y) + ka(u(z + 0 + z0) + zoay + 201 + o)
+zo(u(o + 0z +0)) + 00 + do) + ululo +z(1 + o0 + 31 +2z+0)))
+(z+0 +2z0)02(0 + 20 (1 + o)) Y]] — [B(n + n(w + vaz))

ZA(zO0p + po + dok; + oky +dpop) +z0oa; + 206, + 06, + Vo )]

Ay = A(p+ 7 +var)ki[ka( + po + ooy +601) + 61(n + 201 + 02) + a1 (u(zd + o) 4+ 06,)
+pu(pu(l + 20 +0) + (1 +0)02)] + ka[01 (i + zie + Y1) + e (u(z + o) + o)
+uul+z+0)+ A +0)P)] + ul (1 +z+290)u + (14 2)6, + (1 + 29) )
to(pulz+2z0 +0) +(z+0)02 + (20 + 0)¥) + n(ul +z+ 20 +0)
+(14+2z4+0)0+1+20+0)Y)]

— B(u 4+ n(m +vor))Alk1(u(z0 + o) + oky + 20 (o1 + 01) + 065)
+ko(nopr +z(u + ooy +01) + o) + up1(u(zd + o) + 2061 + 0 (02 + ¥))
zZ((n + 0 (e + 62 + 0) + oar(unps 4+ 6, + 9 (u + ¥)))]

As = Ap(p + oy + 001+ 7 +ver)(n + k) + ko + 602) + (e + k2)y)[1 — Ry
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where z = by and © = b1b, with Ry = R7|r=d=0 being the reproduction number of the model (3) where r = d = 0. The endemic
steady state solutions are

Alp + A0 +61)

S** — ,
DT ag(p o+ a%0) + (A + ) (1 + Ao + 6)
S — Aoy
2 = P p 5 )
ar(pu + A¢o) + (A + w)(pu + Ao + ;)
1
E** — 1— S**}\e +9 E** ,
! blxe+(k1+u+tm[( P F] (A11)
1
Eykk = 1 — p)o SN + Y ET],
2 bz)\e+(k2+ﬂ+92)[( PZ) 2 4 1 ]
1
I = m[plsik*ke +P20’S;* ¢+ (blET* + sz;*) + klET* + sz;*],
2
]** — T+ v T
%

APPENDIX D

Proof of Theorem 2.4
Suppose

£y = (ST, 3%, EY*, By, I, )™, T*)

represents any arbitrary endemic equilibrium of model (3) (i.e., an equilibrium in which at least one of the infected components is
non-zero). We will explore the existence of backward bifurcation using the center manifold theory (Carr, 1981; Castillo-Chavez and
Song, 2004). To apply this theory, it is convenient to perform the following change of variables. Let §; = x1, S, = X3, E} = x3,
Ey = x4, = x5,] = x6, and T = x7. Further, by using the vector notation X = (x, x2, ..., x7)T, and noting that the force of infection
is given by

B X5 + NXe
X1+ X2 +x3 + x4 + x5+ X6 + X7

the model (3) can be written in the form %{ = F(X), with F = (f1, f2, ...,f7)T, as follows

X1 =fi=A—o1x; — dxy +01x — juxy,

X2 =fh=aix1 —oAxy — O1x2 — pxp,

K3 =f3 = (1 — p1)A(xr + wexy) — biixs — (ki + Y1 + w)x3 + 02x4,

X4 =foa =1 =p)rloxy + (1 — w)exy) — brrxy — (ka + 63 + )x4 + V13,

X5 = f5 = p1A(x] + wex7) + par(oxz + (1 — w)exz) + biixs + baixy
+kixs + koxy — (va + 7+ d 4 p)xs,

X = fo = wxs5 + vaxs — (r2 + w)xe,

X7 = f7 = raxg — €Axy — Xy,

(A12)

Consider the case when 8 = B* is chosen as a bifurcation parameter. Solving for § = * from Rt = 1 gives

Gy
(T + 1+ ven)(Gr+ Gy + Gs)'

B=p

The Jacobian of the transformed system (3), evaluated at the disease-free equilibrium (§;) with 8 = g%, is given by
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ﬁ* nﬁ*x*
—Ki 6 0 0 X +x% _XT+x1§ 0
Uﬂ* o*nﬁ x5
a1 _K2 0 0 x +x X +x; 0,
0 0 —K; 0 (1—171),3 X a —Pl)nﬂ 0
x +x x +x ’
T =J(E)|p=p+ = a pz)oﬂ* a pz)crnﬁ x5
0 0 1// —Ky X7 +x x +x : 0,
+ +
0 0 ki k AR f — K potiithes f;j"z 0,
0 0 0 0 b4 + Vo —K6 0,
0 0 0 0 0 2 — M,

where Ki = pu+ a1, Kb =01+, Ks=ki1 + ¥ + i, Ks=ky + 0+, Ks =vop + u +d + 7, Kg =y + p, xj = %uf;iel and

x _ Ao
X2 = W nFarto
Matrix J* has a right eigenvector given by w = (w1, wa, ..., w11)T, where
Gs(u* + 0,21 + oy + 6))ws
w; = — 25—1‘11W5<0
w(G1 + G + G3)(u + 1) (i + o + 61)
Gaon(p + o+ ooy + 01)ws
wy = — 2:—H2W5<0
w(G1 + Gz + G3)(u +r)(1 + oy + 61)
s = Ga[(1 = p1)( + 601) (1 + ko + 62) + 0a162(1 — p2)]ws  Hyw >0
(G + G+ G3) (e + 1) (i +ar 4+ 0)[(n + k) (i + k2 + 62) + (1 + k) y/] '
° Ga[(1 — p1)(u + 01)¥ + o (1 — pa)oa(p + ki + ¥)]ws = Hio > 0 (A13)
4 = == 4 )
(G1+ G2+ G3)( + 1)+ ar +01)[( + k) +ka +62) + (n + k) yr]
w5 = W5 > 0,
we = wag = Hsws > 0,
r4+v
w7 = Mws = H6w5 > 0.
r+v
Furthermore, J* has a left eigenvector v = (vy, va, ...., v11) satisfying v.w = 1, with
M _zs0
= =7 >0,
(a1 + 06 +p)
v2=011+ﬂ =7, >0,
910[1
b ki(w + ko + 62) + ko e = Zap
3= 5 = Z3Vs,
(w4 k) (e + ko + 602) + (1 + k)Y
by — k16> + ko (e + ky + ) e = Zap
YTkt 0) + (kg T (A14)
vs = v5 > 0,
1 nB*xy anprx; (1 —p1)np*x]
Ve = T x # V1T 2t * *
r+ X7+ x5 x] + %5 X7 +x5
1— *xk xT + proxs
L 1; 2)o nﬁ 2 et P L Pz* ZVs],
xp+x x| +x
V7 = 0.

It follows from Theorem 4.1 in Castillo-Chavez and Song (2004), if we compute the associated non-zero partial derivatives of F(x)
(evaluated at the DFE, &), that the associated bifurcation coefficients, a and b, defined by

0%y
a= Z VszW]a % (0,0),
k,i,j=1
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and
n
9*fi
b= Z VWi axiaﬂ*(o’ 0),
k,i=1
are computed to be
2B*wi(1 + nHs) * Xk
a=-——"—"2 N H + )| =2+ 2
x] +x5 X +x x|+ x5
1— * 1— * * *
4 (Hs + Hy + Hs + He + 1)|:( - Pl)le o . Pzixz \ flxl ; U*szz*]vs
X7 +x5 x] +x5 x] +x5 X7 +x5
P op2
+ | (1 —p1)H1Z3 + b1H3Z3 + 0 (1 — p2)HaZy + byHyZy + ?Hl + THZ Vs
1 — pp)x* o (1 — py)xk x* opuxy
_ <(H1+H2)[( - Pl)*1Z (* P21 2y, fl 1* *Pz 2*]])5
x] + %5 X7 +x5 x] + %5 x] + %5
G (Hs+ He+ Hs + Ho+ D] =z, 4+ 72 5
3T s e PRI I NI
+H\Z\ +0H,Z, + [ea)(l — p1)HeZ3 4+ €(1 — w)(1 — p2)HeZy
by b,
+ EHs + 7H4 + ewp1Hg + €(1 — w)paHg |vs
and
1-— * 1— * * * * *
b:<Z( *pl)fl +Z4( *pZ)sz_{— flx1*+ fzx2*>1}5_ 1 *xl *+ 2 *ze*5
X+ %5 X7+ x5 x; + x5 x] + x5 x; + x5 x] + %5
for vs > 0.

(A15)

(Ale6)

It follows from Theorem 4.1 in Castillo-Chavez and Song (2004) that the model (3), or the transformed model (A12), will undergo a
backward bifurcation if the backward bifurcation coefficients a and b, given by (A15) and (A16), are positive. However, if a is negative,

with b still remaining positive, then the system [either (3) or (A12)] will not undergo a backward bifurcation.

O
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