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ABSTRACT. In this work we formulate a model for the population dynamics of
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB).
Our main interest is to assess the impact of the competition among bacteria
on the infection prevalence. For this end, we assume that Mtb population has
two types of growth. The first one is due to bacteria produced in the interior
of each infected macrophage, and it is assumed that is proportional to the
number of infected macrophages. The second one is of logistic type due to the
competition among free bacteria released by the same infected macrophages.
The qualitative analysis and numerical results suggests the existence of forward,
backward and S-shaped bifurcations when the associated reproduction number
Ro of the Mtb is less unity. In addition, qualitative analysis of the model
shows that there may be up to three bacteria-present equilibria, two locally
asymptotically stable, and one unstable.

1. Introduction. Tuberculosis (TB) is an infectious disease whose etiological agent
is the Mycobacterium tuberculosis (Mtb), in 2015 was one of top 10 causes of death
worldwide and it is the second leading cause of death due to communicable diseases,
preceded only by the human immunodeficiency virus (HIV). From 2014 to 2015 the
rate of decline in TB incidence was 1.5%, although the battle against the tuberculo-
sis epidemic is gaining WHO established that is necessary to accelerate to a 4 — 5%
annual decline by 2020 to reach the first milestones of the End TB Strategy [37].
In 2015, there were an estimated 10.4 million new (incident) TB cases worldwide,
1.4 million TB deaths and an additional 0.4 million deaths resulting from TB disease
among people living with HIV. Without treatment, the death rate from TB is high.
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Studies of the natural history of TB disease in the absence of treatment with anti-
TB drugs (that were conducted before drug treatments became available) found
that about 70% of people with sputum smear-positive pulmonary TB died within
10 years, as did about 20% of people with culture-positive (but smear-negative)
pulmonary TB [37].

Most of the infected individuals with Mtb are capable to control the infection
and remain in a latent stage in which they cannot transmit the disease. It is
estimated that about one third of the world population has latent TB, and around
10% of the infected population develop the active form of the illness, whether in
short-term (primary infection) or long-term (reactivation) [36]. Factors associated
to reactivation are malnutrition, diabetes, tobacco, HIV and immune compromised
situations.

The Mtb bacteria may affect different tissues of the organism, but the most
common form of the disease is pulmonary TB. In the lung, Mtb is restricted to
discrete sites of infection called granulomas which are well-organized, dynamical
structures formed at the site of the bacteria and mediated by specific immune
responses during the infection process. The granuloma formation process starts
shortly after infection, when the inhaled Mtb is ingested and transported across the
alveolar epithelium into the lung tissue and adjacent lymph nodes.

A granuloma is composed of immune cells at various stages of differentiation
with the infected macrophages forming the centre of the cellular accumulation.
The recruited T cells secrete cytokines that activate infected cells to control their
mycobacterial load and activate cytotoxic T cells. The cellular composition of TB
granulomatous lesions includes blood-derived infected and uninfected macrophages,
foamy macrophages, epithelioid cells (uniquely differentiated macrophages), and
multinucleated giant cells (Langerhans cells), B and T lymphocytes, and fibroblasts
[10, 25, 26].

A characteristic of the granulomas is the formation of caseous centre contain-
ing necrotic tissue, cell debris and killed mycobacteria. Bacteria are found within
macrophages (intracellular bacteria) and within the zone between the necrotic cen-
tre and the cellular wall of the granuloma (extracellular bacteria) [7].

The value of an experimental model of mycobacterial persistence has at least two-
fold: to uncover fundamental processes associated with clinical latency, and to guide
new interventions, diagnostics, antibiotics, and vaccines, to detect, manage, and
prevent disease [3, 32]. Unfortunately, despite extensive studies on the interactions
between Mtb and macrophages, and the granuloma formation, the mechanisms by
which pathogen evades anti-microbial responses and establishes persistence within
the host cell is not well understood [10].

Numerous theoretical studies have been done to understand the information
available on Mtb infection, both from the point of view epidemiological as im-
mune. To this respect, diverse mathematical models have been proposed to as-
sess the impact on the infection progression of factors like Mtb population dy-
namics, immune system, treatment, and bacterial resistance. See for example
[1, 2, 4, 5, 6, 8, 18, 35, 22, 21, 24, 29, 30].

In particular, in this work we propose a model to evaluate the impact of Mthb
growth on the outcome of infection . For this end, we formulate a model that
takes into account two ways of bacterial growth, the first one results of the average
number of bacteria produced in the interior of an infected macrophage, and the
other of logistic type that takes into account the competition to infect a macrophage
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between the outer bacteria. This model is a continuation of previous studies given
in [13, 14, 15, 16], and its content is organized in the following way: in the second
section we formulate the mathematical model. In the third and fourth sections we
do the qualitative analysis of the model. Finally, in the fifth, sixth and seventh
sections we present the sensitivity analysis, numerical results and the discussion.

2. Model formulation. Following [13], we denote by My (t), M;(t), B(t), and
T(t) the populations densities at time ¢ of non infected macrophages, infected
macrophages, bacilli Mtb, T cells, respectively.

We assume that non infected macrophages are recruited at a constant rate Ay,
become infected at a rate SMy B, and are removed at a per capita constant rate
Ky

d My
dt
Infected macrophages grow at a rate SMy B, die at a per capita constant rate
ur > pu, and are eliminated by T cells at rate proportional to the product of M;
and T, with proportionality constant ar.
% = BBMy — arM;T — puy My (2)
Mtb population grows inside of an infected macrophage up to a limit where the
macrophage dies and releases bacteria. Accordingly to this, we assume that growth
rate of Mtb inside macrophages is given by 7u;M;, where 7 is the average number
of bacilli produced by an infected macrophage. The released bacteria begin to
spread outside the macrophage and start to compete among themselves by infecting
new macrophages. Therefore, we assume that outside the macrophage, the Mtb
population has a logistic growth with intrinsic reproduction rate v, and carrying
capacity K. Finally, we assume that bacteria die at a per capita constant rate
up > v, and that non infected macrophages eliminate Mtb at a rate v, My B, with
proportionality constant g .
dBf[LL]M]‘FV(li)B’?[]M[]B[LLf;B (3)

= Ay — puyMy — BBMy. (1)

dt

T cells are recruited up to a maximum number 7,,,, at a proportional rate to the
number of infected macrophages with proportionality constant k&, and they die at
a per capita constant rate pr.
dl -
= =k (1-
dt
Figure 1 shows the flow diagram of macrophages, T cells and bacteria described in

the differential equations (1)-(4). In order to reduce the number of parameters we
introduce the following change of variables:

) My - T, (4)

max

My M; B T
My=-—Y  M=-"L p=2 7= : 5
v AU//JU ! AU//iU K Taz ( )
Replacing the new variables the system (1)-(4) becomes
dM,
dtU = pu —puMy — BBMy
dM;

a BBMy — arMiT — prMj
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F1GURE 1. The flow diagram of macrophages, T cells and bacteria

dB
E = TM]+I/(1—B)B—’}/UMUB—/J,BB
dT
E = k[(l—T)M[—uTT, (6)
where
- A 7oA kA
ar =arTma, B=PBK, w=w—0, r=_m——, k== (7)
pu K"~ uu pu

It is a simple matter to verify that system (6) satisfies the existence and uniqueness
conditions. Moreover, the region of biological interest is given by

My
Q= 1\1431 ER* :0< My, M; <1,0< My +M; <1,0<B<By,0<T<T.},
T
(8)
where T, = L, and By; = 1t visdrjv '1+4T/V

kr+ pr 2
The following lemma establishes that system (6) is well posed in the sense that
solutions with initial conditions in €2 remain there for all ¢ > 0.

Lemma 2.1. The set Q defined by (8) is positively invariant for system (6).

The proof is similar to the one given in Lemma 1 of [14].

3. Equilibrium solutions. The equilibria of system (6) are given by the solutions
of the following algebraic system

wy — puMy — BBMy =

BBMy — apM;T — utM; =
rMr+v(l—-B)B—~yMyB—ugB
kr(1—T)M; — purT =

o o o o
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It is clear that Py = (1,0,0,0) is an equilibrium of system (6) which represents the
state of non infection. The solutions of (9) with B # 0 are called the bacteria-
present equilibria, and correspond to the chronic infection state. In order to find
these equilibria, we start to solving My and T from the first and fourth equations
of (9):

Hu k1M
My=——"——andT=——"——. 10
YT uw + BB krMp + pr (10)
Replacing My defined by (10) in the second equation of (9) we get
B
M, = BBy (11)

(po + BB)(arT + pr)’

= () ()
pu +BB) \arT +ur) pr

We observe that 0 < My <1 and 0 <7T <1, and since p; > py, then 0 < My < 1.
Replacing the expression for T given by (10) in (11) we get
B ki M
M, = BBuy (krMy + pr) ) (12)
(ko + BB) [(ar + pr)kr My + prpr]

From (12) we obtain the following quadratic equation

which is equivalent to

M3} +b(B)Mr — ¢(B) =0, (13)
where
_ Pipr BBuy
oB) = (ar +pnkr  (ar + pr)(po + BB)
o(B) = prBBuy (14)

kr(or + pr)(po + BB)
Since ¢(B) > 0, the only positive solution of (13) is

_ —b(B b(B)|? 4 4c(B
M () - ML VOB i~
Now, replacing My defined in (10) in the third equation of (9), and solving for M;

we obtain

[BvB? + (puv — Bv + Bus) B+ pu(yw + pe)(1 — Ro)| B

M, = . (16
f (o + 5B) 1o

with

v
= 17
Tt {an
Equation (16) can be written as
u 5 pr |:B2+’>/7U(O'_O'C)B+,LLU (BRo)™ (1= Ro)| B

I 92( ) T(MU ¥ ﬁB) ( )

with
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Let us observe that g, and go are two different expression for My, to study the
intersections of above functions is important to determine the intersections of the
functions:

91(B) = r(uv +BB)g1(B)
92(B) [BvB® + (nuv — Bv + Bus) B + pu (v + ps)(1 — Ro)] B.

(20)

From (20) we obtain that g;(0) = g¢2(0), in addition since g; defined in (15) is
positive and strictly increasing, then g; is positive, strictly increasing, and concave.
The following proposition establishes some obvious properties of g; and go.

Proposition 1. The functions g1 and go intersect in B = 0. Also, g1 is positive,
strictly increasing, and concave in the first quadrant.

The roots of the cubic polynomial g, are B = 0, and

—77[] = \/[75 (o — OC)]Q _ 4UUR51B(1 — Ryp)

+ _
Bt — 5 . (21)
Furthermore, we see that the derivatives of g1 y g2 are given by
+ 8B) b(B)V' (B) + 2¢'(B)
(B) = rBa(B)+ W EBB gy
91(B) B91(B) 5 (B) TR
g(B) = Bv {332 + Q%U(a — 0B+ ’%Rgl(l - Ro)] . (22)

From (22) we obtain

rugc (0) _ ruy B
b(0) fir

9:(0) = vuy (];O - 1) : (23)

91(0) =

Observe that
91(0) — g5(0) = p (o + ) (Ro + R1 — 1),

R A—

pr(vu + 1B)

In order to have a biological interpretation of the existence results for the bacteria-

present equilibria in terms of dimensionless variables, in addition to Ry, and Ry, we

introduce the following parameters (the significance of each of these parameters is
given in section 3.1).

where
(24)

v B Tu
Rp = —, Rg = —, R, =—. 25
KB ’ 22 " B (25)
In terms of the above parameters, o and o, defined in (19) can be rewritten as
R Rp—1
o=t0 1B ,and o, = —2 . (26)
w1 RpRy, Ry,

Furthermore, when Rp > 1 we have the following results:

1. 0 < 0. is equivalent to Rg > p
2. 0 = 0, is equivalent to Rg = p
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3. 0 > 0. is equivalent to Rg < p,

where
_ kv _Rp
P pr Rp—1
To analyze the existence of bacteria-present equilibria, we consider two cases, Ry >
1, and Ry < 1. For the first case we have the following result:

Proposition 2. If Ry > 1, there exists a unique bacteria-present equilibrium.

Proof. Assume first Ry > 1. From (21) we see that in this case the non zero roots
of go satisfy BT > 0 and B~ < 0. Also, g; is concave and g is convex in the first
quadrant, g;(0) > 0, g5(0) < 0, limp_,o g1(B) = 00, and limp_,o g2(B) = co. All
these conditions imply that g; and g intersect only once in the positive quadrant.
For Ry = 1 we have

—’Y—U(a—ac):lz ‘E(U—UC)
B:I: _ 14 v
2

Then, for ¢ < 0., Bt =0 and B~ > 0, when ¢ = ¢., B¥ = 0 and for ¢ > o,
BT < 0and B~ = 0. In all cases it is easy to verify form the qualitative behavior
of g1 y g2 that these functions have only one positive intersection for Ry =1. 0O

In the case Ry < 1 we have the following results.

Proposition 3. Assume Ry < 1 and Rg < p. If Ry + Ry > 1, there is a unique
bacteria-present equilibrium, an none if Ry + Ry < 1.

Proof. The assumptions of the proposition are equivalent to 1 — Ry > 0, and o —
oc > 0, which in turn imply that go is positive and strictly increasing in the first
quadrant. It follows that both g; and go are strictly increasing positive functions
with ¢1(0) = ¢2(0) = 0, and the existence of a unique intersection in the first
quadrant will depend only on their derivatives evaluated at B = 0. Since g; and
g are respectively convex and concave functions, we conclude that g; and go have
a unique positive intersection if and only if ¢g1(0) > ¢5(0). Since this inequality is
equivalent to Ry + R; > 1, we have proved the proposition. O

In the following we will assume Rp > 1, Rg > p (or equivalent o < o.), and
Ry < 1. Now, B* defined in (21) are positive real zeros if and only if

{LU (o ac)r - 4MUR515(1 — Ro) >0,

v
or equivalently, Ry > R{, where
1
*

o 1—|—4HLU [’YTU(U—O'C)}z

When o < 0., and Ry < 1, then ¢5(0) > 0 and ¢5(0) = 28yy (0 — 0.) < 0, which
implies go increasing and concave in B = 0. Also since gs intersects the B-axis in
the positive quadrant, it gets its maximum and minimum in two positive values of
B denoted by B™# and B™" respectively. This implies the following result:

Proposition 4. Assume R§ < Ry <1 and Rg > p then

1. If Ry+R; <1, g1 and go intersect twice in the positive quadrant, and therefore
there exist two bacteria-present equilibria.
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2. If Ry + R1 > 1 and g1(B™) > go(B™™), then g1 and ga have only one
positive intersection, and therefore only one bacteria-present equilibrium.

3. If Ro + Ry > 1 and ¢1(B™*) < go(B™), then g1 y g2 have three positive
intersections, and therefore three bacteria-present equilibria.

Now, if Ry < R{ the roots B* are complex, however since g, is increasing and
concave in B = 0, then it gets its local maximum and minimum B™2* and B™®
respectively. This implies similar results to the ones in Proposition 4.

Proposition 5. Assume Ry < R <1, Rg > 1, and Rz > p then
1. If Ro + Ry < 1 and g1 (B™") < go(B™™), then g1 and go have no positive

intersection, and therefore there is no bacteria-present equilibrium.

2. If Ry + R < 1, g1(B™") > g2(B™") and g1(B™™) < g2(B™), g1 y g
intersect twice in the positive quadrant, and there are two bacteria-present
equilibria.

3. If Ro + Ry > 1 and g1(B™") < go(B™™®), then g1 and go have only one
positive intersection, and therefore only one bacteria-present equilibrium.

4. If Ro+ Ry > 1, g1(B™) > go(B™™) and g, (B™) < go(B™), then g1 y go
have three positive intersections and, therefore three bacteria-present equilib-
Tia.

5 If Ro+ Ry > 1 and g1(B™®) > go(B™2*), then g1 and go intersect in one
positive point, and there is only one bacteria-present equilibrium.

3.1. Interpretation of the bifurcation parameters. In this section we will give
a biological interpretation of the parameters Rp, Rg, R,,, Ro and R; defined in
the section above.

In the formulation of the model is not consider the explicit distinction between
internal and external bacteria. However, for the purposes of interpretation we will
denote interior (exterior) bacteria the ones in the interior (exterior) of the infected
macrophages. In this sense, the product between the average number of bacteria
produced by an infected macrophage, 7, times the rate of infection 3 is interpreted
as the growth rate of the interior or intracellular bacteria, while the logistic growth
rate v is the the growth rate of external or extracellular bacteria. Under these
considerations, and knowing that 1/up is the average life expectancy of bacteria,

Rp=— (27)

B
represents the average number of bacteria generated by an exterior Mth.

On the other hand, in a healthy organism, the population of uninfected
macrophages is given by Ay /uy, and this population eliminates invasive bacteria
at a rate vy = Ju Ay /pu, thus

YU

~ Ay
Ry, =0 = W (28)
UB UB
represents the average number of invasive bacteria eliminated during their lifetime.
Therefore, this number is a measure of the effectiveness of macrophages in control-
ling bacteria.
Now, once infected, a macrophage on average generates K/u; bacteria, which in
turn infect SK/u; macrophages. Therefore, the parameter
Rg = br_ 5 (29)
Hr 224
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is named the Basic Reproductive Number of the infection since it represents the
average number of infected macrophages derived from one infected macrophage
when bacteria is introduced for the first time into the organism.

We notice that the parameter Ry defined in (19) can be rewritten in terms of Rp
as

v
=—=F Rp, 30
0 o+ is ('VU) B ( )

where 1 ~
F - 4 _ U 31
(Ow) YU + KB YU + KB (81)

Since vy = fyUﬁ—g represents the rate at which non infected macrophages eliminate

bacteria, then can be interpreted as the fraction of invasive bacteria eliminated by
macrophages. From (31) we conclude that F' is equal to the bacteria fraction that
survive macrophage attack. Therefore, Ry represents the bacteria produced by the
fraction of external bacteria that survive to macrophages attack, and it is called the
Associate Reproductive Number.

Finally, we see that
rf fBK Ay

1= = —,
pr(yw +mpB) W+ pB pU
can be interpreted as the bacteria produced by the fraction of internal bacteria that

survive to the control of the population of infected macrophages at equilibrium.

4. Stability of equilibrium solutions. In this section we analyze conditions for
stability of the equilibrium points. For this, we calculate the eigenvalues relative to
the Jacobian of system (6) evaluated at the equilibrium points, given by

My —(pu + BB) 0 —BMy 0
gl M| _ BB —(arT +pr)  BMy —ar M
B -y B r a 0 ’
T 0 (1—T)k'] 0 —(kIM[—F,uT)
(32)
where
2B
= 1—— ) —ywMy — up. 33
a v ( K ) YuMu — KB (33)
For the infection free equilibrium Py = (1,0,0,0), the Jacobian is given by
—pu 0 - 0
0 —ur B 0
J(Py) = . 34
(o) 0 r  v—(y+up) 0 (34)
0 k‘[ 0 —HT
Simple calculations show that the eigenvalues are given by A\y = —uy, As = —pur,
and the roots of the quadratic equation
N+ [pr 40+ pe = VI + pr(w + pe)[l = (Ro + R1)] = 0
or equivalently
A+ [pr + (o + ) (1 = Ro)IA + pr(yo + ps)[1 = (Ro + R1)] = 0. (35)

From Routh-Hurwitz criterion we conclude that all the eigenvalues of the equation
(35) have negative real part if and only if Ryp + Ry < 1. Therefore we have the
following
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Proposition 6. The infection free equilibrium Py = (1,0,0,0) is locally asymptot-
ically stable if Ry + Ry < 1, and unstable when Ry + Ry > 1.

Now, we analyze the stability of bacteria-present equilibria which reflects the
infection persistence. From the equations at equilibrium (9) we get the following
equalities

Hu

= B
My pu + B
BBMy
— = T
M; arpl +
M
V(1_2B)_'7UMU_MB = —<TBI+VB>
krM,
IT L= kM +pr. (36)
Replacing (36) in (34) we obtain
_Hu 0 —BMys 0
My BBM,
BB = BMy —arM;
J(P) = ! M, : (37)
—ywB r - ( 5 + VB) 0
kM
0 (1-T)k 0 - IT !

To get the conditions for negative eigenvalues of J(F;), i = 1,2,3, we obtain after
tedious calculations its characteristic polynomial given by

= (10 ) (s 5 o))

My M;
+rBMy </\ n kff’) {53 . ()\ T ]’\‘;)]
U

M
+ﬂMUOéTMI(1 — T)k[ (/\ + % + Z/B> <>\ + /lU>

MU
/3 li) <)\ k[ I

—BMy~yu B K/\ + ) +apM;(1 - T)k;}

My T
= My 503+ 5907 4 53\ + 54, (38)
where
_ v | BBMy  rM krM;y
s1 = My + M, + B +vB + T
_ TM[ k[M[ /Liy,BBMU /LiU ,BBMU T'M[ k]M[
52 = (B+VB) T T T\ T 5 VBT
+BMUOZTM1(1 — T)k[ —rBMy — BMU'YUB
_ ﬂﬁBMU TM[ k[M] TM[ k]M[ ,UiU ,BBMU
= g o \B BT )T TB) T\ T
M,
—|—ﬂMUaTM[(1 — T)k‘] (T ! +vB + /'LiU) +7'6MU'YUB
B My
_ I’LiU k]MI _ BBMU k]M]
rBMuy <MU + T ) BB~y My ( M, + 7
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o ﬂﬂBMU TM[ k}]M[ _ TM[ ,uiy
S4 = My M, ( B +vB T + OéTM[(]. T)k‘[ B +vB My
kM, BMy ki M
+rBMyBB-—L — 5MUVUB'37U# — BMy~uBarM;(1 — T)kr
T My T
_ o kMg
rBMy Mo T (39)

The coefficient s; > 0 since all the parameters are positive. We rewrite the other
coefficients as:

BBMy ( pu ki My kiMyp (py | rMj
= — B — B
S2 M, My +vB + T + T My + B +v
M, B
+ UL L BMyarMy(1 — T)kr + Py (o — ME)
My B
BBMy  krMr\ BywB 2
s3 = < 7 T My (a — MU) +rBMy BB
rMy ( pu k1M
B (1\4(] T +ﬁBC¥TM[(1 T)k])
BBMy ki M; KU
+ |: M[ T +5BO&TMI(1 T)k[ MU +vB
BBMy ky My Byu B 2
- M1 -1 292 (5~ M
S4 { o T + arkrM;( ) My (U U)
py My kr My
M(1—-T)k;— My BB 4
+ap M ( )kIMU B +rBMyp T (40)

where o is given in (19). Since s; > 0, the Routh-Hurwitz criteria sets that the
roots of a polynomial p;(A) of order four have negative real part if and only if its
coefficients satisfy

s4 > 0

D; = s1>0

Dy = 5189 —53>0 (41)
D3 = (s189 — 83)s3 — 5384 > 0.

See [9], in order to determine the conditions for which the previous inequalities are
satisfied; we define the following constants:

e BBMy rM; krM;
MU’ MI ) C B ) v ) T )
F = ﬂBOsz[MI(].—T), F:OéTk[M[(l—T), G:TBMUBB
B
X(My) = AD-pBMyywB = BXZJ (0 —Mg).
(42)
Replacing A, N, C,D, E, F, F, G and X(My) in s1,...,s4 we obtain
s9 = NA+D+E)+EA+C+D)+AC+F + X(My)
s3 = (N+E)XMy)+G+CAE+F)+ (NE+ F)(A+ D)

ss = (NE+F)X(My)+ FAC +GE (43)
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Furthermore, after some simplifications, Do, and D3 can be written as
Dy = (N+E)[(A+D)?+C(C+D)+(N+E)A+C+D)+AC + F]
+(A+ D)[C(A+ E) + X (My)] + C[AC + X (My)]
Ds = ro+71(EN—F)+7r(ANC — G) + r3(ADEN — FX(My))
+AN?*(DEN — CF) + (AC + 2AN)(D?*EN — C*F)
+GN(AD — X (My)), (44)
with
172
ro = Y an AV N®2C D™ EY F PTG X (M)
n=1
rn = [(A+D)*+ AC +2CD] (AC + X (My))
+AC(AC + 2AE +2CD + 2DE + E? + 2AN + 2DN + EN)
ro = s1E*+ (AC+ AN + DN + X(My))E + (A+C + D)F + G

r3 = (2A+2C+2D+E+N)E+ (24+2C+ D + N),

and a, € {1,2,3,4,5,6} forn=1,...,172 and o}, € {0,1,2,3} for k =1,...,9.
The following theorem summarizes the stability results of the unique bacteria-
present equilibrium when Ry > 1.

Theorem 4.1. If Ry > 1 there exists a unique bacteria-present equilibrium Py
which is locally asymptotically stable.

Proof. The existence of a unique bacteria-present equilibrium under the hypothesis
of the theorem is proved in Proposition 2. It can easily verify that the Routh-
Hurwitz conditions for the coefficients given in (43) are satisfied if X (My) = o— M3,
and D — C = v —~yMy — pup are both bigger or equal to zero, therefore it is enough
to show that those expressions are positive when Ry > 1.

Indeed, if Ry > 1 then v — vy — up > 0, and since My < 1 it follows that
D — C > 0. On the other hand, from Ry > 1 we get

_ V— UuB > Tu -1,

U Yu
which implies o > M2, or equivalently X (M) > 0. These results prove the local
stability of P;. O

In the following we will assume Ry < 1, and Ry + R; > 1. Propositions 3, 4, and
5 assure the existence of a unique bacteria-present equilibrium when g; (B™™") <
g1(B™™) or g;(B™%%) > go(B™a%). Under these condition we have the following
stability results:

Theorem 4.2. Assume Ry < 1, Ry + Ry > 1, and g1(B™™) < g1(B™™), or
1 (B™%) > gy(B™), then

a) if Rg < p, and Rp > R, + 1,

or

b) Rg>pand o >1,

the bacteria-present equilibrium Py is locally asymptotically stable.

Proof. As in the above theorem it is enough to show that D — C and X (My) are
bigger than zero. To prove a) we observe that D — C' can be written as

D—-C=v—yMy —pup = (o, — My).
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Since Rp > R, + 1 is equivalent to 0. > 1 then D — C > 0. On the other hand,
as Rg < p is equivalent to 0. < o, and My < o, then X(My) > 0. Therefore, we
conclude that P; is l.a.s.

The stability of P; in the case b) follows from the assumption o > 1. O

In the following we assume Rg > p. The next theorem summarizes the stability
results when there are more than one bacteria-present equilibrium.

Theorem 4.3. Assume Rg > p.
L If R < Ry <1, then
a. if Ry + Ry <1 there are two bacteria-present equilibria, one l.a.s and the
other one unstable,
b. if Ro+ Ry > 1 and g1(B™) > go(B™®*), there are three equilibria, two
l.a.s and the third one unstable.
II. If Ry < R < 1, then
a. if Ry + Ry < 1, g1(B™®) > go(B™Y), and g1 (B™*) < go( B™), there
are two bacteria-present equilibria, one l.a.s, and the other one unstable
b. if Ro+ Ry > 1, g1(B™®) > go( B™M), and g1 (B™3%) < go( B™8X), there
are three bacteria-present equilibria, two l.a.s, and the third one unstable.

Proof. We will prove the stability properties in the cases where there are three
equilibria finding intervals in the B axis were X (M) takes positive and negative
values. A similar argument works in the cases with two bacteria-present equilibria.
For this end, let My = /o, then X (My) = 0. Since
Ko
My = f1(B) o + BB
is continuous and strictly decreasing function of B, then

3(5-)

is the unique value of B that satisfies My = f1(B) = /o. Substituting Ry =
v/(vu + pp) in the function go, and evaluating in B we obtain

Ay pu (1 ? w pu (1 pu 5
#(5) ﬁ”ﬂﬁ (75 -1)] +So ooty (5 -1) + Eptow + o ”>}B
(45)
After some simplifications (45) becomes

S 2puu o+oc) 5
92(B) = 7 (\E 9 > B. (46)
We observe that for ¢ << 1, the function gy satisfies gg(fi) < —pyyuoe < 0. In
addition, go has one root in B = 0 and two positive roots B~ and B™T, that satisfy
0 < B~ < BT. Since g is positive in (0, B7), and negative in (B~, B") then
g2 teaches a maximum B™* € (0,B7), and a minimum B™" € (B~,B%). It
follows that B~ < B < BT. Now, since f1 is continuous and strictly decreasing,
there are positive My, and M such that My = f(B~) and M = f(B*), with
Mg} < My < M. Furthermore, it can be verified that for all B € (0, B) there
exists My < My such that X(My) <0, and for all B € (B,oo), My > My such
that X (My) < 0. Now, let By < By < Bs the points where g; and go intersect,
then from the properties of these functions, it is verified that By < B, By < B and
B; > B, and it follows that there are My = My (B;) > My, Moy = My (Bs) >
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My, and Msy = My(Bs) > My, which implies that X (My) > 0, X (May) > 0,
X (Msrr) > 0, (see Figure 2). This concludes the proof of the Theorem. O

9(B)

92(B)

91(B)

By B™>* By B pmin ¢ + B3

FIGURE 2. The graph of functions g; and g defined in (20).

5. Sensitivity analysis. The results of model (6) depend of several parameters,
hence it is expected that uncertainities arise in the numerical estimates of those
parameters which affect the model results. In this section we are interesting to
perform global sensitivity analysis of the parameters related to the bacterial growth,
infection rate, and elimination by macrophages (v, ug, 3, Av/uu, Ju, ¥) in order
to quantify the impact of their variations in the model outcome. For this end
we follow [22, 27] to carry out a global sensitivity analysis using latin hypercube
sampling (LHS) to account for the effect of the uncertainties using Ry and Ry given
by (17), and (24) as the response functions, and the parameter ranges of Table 1.
We sampled the space of the input values using LHS with a uniform probability
distribution. In LHS, each parameter probability distribution is divided into N
equal intervals, and sampling from each interval exactly once guarantees that the
entire parameter space is explored. Furthermore, a Monte Carlo simulation was
done by drawing N = 10000 independent parameters set with ¢ = 1,..., N, and
evaluating Ry and R; for the corresponding parameter set. Assuming that the
relation between output and input is linear, a linear regression model is used to
assess the R;, ¢ = 0, 1 sensitivity to each parameter. ,
YU+ UB

A
with vy = "yU—U assuming the parameter values and ranges given in Table 1. In
"

Figure 3 shows the standard regression coefficients (SCR) for Ry =

all simulations, the sensitivity based on the SCR. can capture 96% of the variation on
Ry. As it is expected R increases when Mtb growth rate v increases, and decreases
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TABLE 1.

deduced from the literature (references).

421

Interpretation and values of the parameters. Data are

Parameter | Description Value Reference
Avu growth rate of unfected Mtb 600 - 1000 day T [19, 23, 30]
B infection rate of Mtb 2.5%1071 — 2.5 %10 "day ! [13, 30]
ar elim. rate of infected Mtb by T cell 2%107° —3%107° day ! [13, 30]
nu nat. death rate of My 0028-0.0033 day ! [22, 30]
I nat. death rate of My 0.011 day —* [22, 35, 30]

v growth rate of Mtb 0.36 - 0.52 day ! [12, 20, 38]
B natural death rate of Mtb 0.31 - 0.52 day ! [39, 30]
Ju elim. rate of Mtb by My 1.2%107° = 1.2% 1077 day ! [30]

K carrying cap. of Mtb in the gran. 10% — 10° bacteria [7]
kr growth rate of T cells 8% 1073 day ! [11]

Trmax maximum recruitment of T cells 5.000 day ! [11]
nr natural death rate of T cells 0.33 day ! [35, 30]
T Average Mtb released by one My 0.05-0.2 day ! [30, 35]

when Mtb mortality, upz, and bacteria elimination rate by macrophage population
vy increases. The sensitivity analysis reveals that the top parameters that play the

SCR(R,)

v AU/“U

Tu g

parameters

FIGURE 3. Standard regression coefficients (SCR) for Ry =

v

YU+pB

A
assuming the values given in Table 1 for v,vy = W—U and pp
200

more dominant role on the dynamics of the Mtb are the growth rate v, and death
rate up of Mtb bacteria. Thus, variations of the Mtb growth rate accounts for
almost 60% of the R; positive variation, while the death rate for almost the 80%
of the negative one, which implies that the bacteria dynamics have more influence
on the initial evolution of the Mtb infection than the immune response due to
macrophages.
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parameters

FgAU
FIGURE 4. Standard regression coefficients (SCR) for Ry = Jﬁr’; —

~ A
assuming the values given in Table 1 for 7, 3, —U, YU = 'V—U and
Hu Hu

KB

Next, we quantify the impact of the variations or sensitivity of the parameters 7,
B, Ay /u, v, and K on the bacteria produced and releases by the internal bacteria.
For this, we perform sensitivity analysis using R; given in (24) as the response
function. The results are illustrated in Figure 4. We observe that the dominant
parameters are the bacteria generated by a macrophage with almost 80% of the
positive variation, followed by the infection rate of Mtb with almost 50% of the
positive variation, respectively. According to these results, R; is very sensitive
to the generation and release of the Mtb bacteria by the macrophages. These
findings for Ry, and R; could explain why the macrophage response is not enough
to control an initial invasion of bacteria, and the need of the immune system to
carry out a more complex defensive mechanisms to contain infections by Mtb such
as the recruitment of different elements of the immune system, and the formation
of granulomas.

6. Numerical solutions. In this section we present numerical simulations of sys-
tem (6). It is important to make clear that the parameters variability depends
of the immunological conditions of each patient. However, we will present some
estimations based in a bibliographic revision.

In the following we verify numerically the existence of three equilibria for con-
ditions according to the results given in last sections. Taking the parameters
Ay = 1000, 8 = 0.000025, py = 0.033, u;y = 0.11, pp = 0.12, pr = 0.33,
ar = 0.00003, 7 = 2, v = 0.4, 5y = 0.000029, k; = 0.00015, K = 25000
and Tynee = 50000 we obtain ¢ < 0., Ry < 1, Rop+ R1 > 1, Rj < Ry and
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FIGURE 5. The numerical simulations of temporal course for bac-
teria with ten initial conditions show the stability of the bacteria-
present equilibrium P, and the infection free equilibrium P, given
in (47) when o = 0.24, 0. = 0.319, Ry = 0.4, Rp = 0.34, Ry = 1.5,
g1(B™a%) = 1.37 x 10312 and go(B™2) = 1.32 x 10942,

g1 (B™®) < g (B™2*), which implies by Proposition 4 that g; and g2 intersect in
three points, B; = 0.0081, By = 0.0765, and Bs = 0.5566.
Therefore, the equilibrium solutions are

0.8298 0.4575 0.1099
0.1847 0.36 0.4875

Pr=1 o081 |'72= | oomes "= | 05566 | (47)
0.2028 0.3315 0.4018

Numerical simulations confirm that P; and P, are la.s, and P; unstable. Even
more, they suggest that the unstable branch of P, divides the stability regions of
P, and Ps. In fact, we verified numerically that the initial condition

P(0) = (0.457461,0.360034, B(0),0.331513),

with B(0) < 0.0765 (B(0) > 0.0765 ) is in the attraction region of P; (Ps), as can be
seen in Figure 5 which shows the temporal course of B(t) with ten initial conditions.
In this case we have two stable equilibria (P; and P»), and two unstable ones (P
and Ps). In the following simulations we show a bi-stability region in the case where
there are only two bacteria-present equilibria (one stable and one unstable), and
the trivial equilibrium is stable. The parameters in the simulations are Ay = 1000,
B = 0.00025, puy = 0.033, puy = 0.1, ug = 0.12, pr = 0.15, ar = 0.003, 7 = b5,
v = 0.4, yy = 0.0029, kr = 0.01, K = 250000 and T},q: = 50000. It can be verified
that the conditions Rg > p, Ry < Rp < 1 and Ry + Ry < 1 are satisfied, then again
by Proposition 4 it follows the existence of two bacteria-present equilibria P; and
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FIGURE 6. The numerical simulations of temporal course for bac-
teria with ten initial conditions show the stability of the bacteria-
present equilibria P, and Pz given in (48) when o = 2.4 x 1076,
o. = 0.003, Ry = 0.0045, R = 0.0043, R, = 0.43.

P2 with
0.0019 0.0009
0.0004 0.0004
Pr=1 02679 | 2= | 04315 |- (48)
0.4802 0.1

Theorem 4.3 implies that Py and P, are l.a.s. and P; unstable. We observe this
behavior in Figure 6 which illustrate the temporal course of bacteria for ten initial
conditions. From the existence and stability results it follows that for Rg < p
the bifurcation diagram corresponds to a translation of a forward bifurcation in
which the stable disease-free equilibrium Py bifurcates to the stable bacteria-present
equilibrium Py in the value Ry = 1 — Ry (see Figure 7). In contrast, from the
existence and stability analysis of equilibria when Rg > p, the bifurcation diagrams
are the ones shown in Figure 8. It is worth to notice that the bacteria-present
equilibrium is stable when Ry > 1, that is, all the bifurcation diagrams have the
same behavior for Ry > 1.

7. Discussion. In this work we explore the effect on the progression to TB disease
due to the population growth of tuberculosis bacterium and the patient immune
system control. For this end we formulated a non linear system of ordinary differ-
ential equations to describe in a simple way the interaction of Mtb with T cells and
macrophages. The immune response to TB infection is a very complex phenom-
ena that involve process of cellular differentiation and activation that have been
described in several works [30, 35], but due to the difficulties that involve modelling
all of these process, we only considered the most important cells in the activation
of the immune system against Mtb.
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Forward bifurcation (Rs < p)

Py

1- Ry 1 Ry

FIGURE 7. The stable infection free equilibrium P, bifurcates to
the stable bacteria-present equilibrium P; in the value Ry = 1—R;.

The model formulated in this work arises as a necessity to complement previous
works given in [13, 14, 15]. Here we assume two forms of bacterial growth, the first
one is the growth in the interior of the infected macrophages considered in previous
works, and the second one is a logistic growth of external bacteria competing for
the resources. Both assumptions are justified [17, 26]

As it was expected, the complexity of the results increased with the assumption
of logistic growth. The qualitative analysis of the model revealed different scenarios
in which there is always the infection-free state, while depending on certain condi-
tions there may be one, two or even three bacteria-present equilibria. An interesting
fact is that for certain values of the parameters there are two kinds of bi-stability
regions. In the first one the disease-free equilibrium and the bacteria-present equi-
librium coexist, which means that depending on the initial conditions of the host
and bacteria, the infection will be cleared out or will progress to TB, either in a
latent or active form. In the second case the introduction of bacteria always will
progress to infection, and depending on the initial conditions, the population will
approach to a state with low or with high number of Mtb. The first state could be
associated to latent TB, and the second one to active TB.

The above results were obtained in terms of the following parameters: i) number
of bacteria generated by an external bacteria, Rp; number of bacteria generated by
external bacteria that survive to macrophages control, Rp; iii) number of bacteria
generated by internal bacteria that survive to macrophages control at equilibrium,
Ry; iv) number of infected macrophages derived of one infected macrophage, Rg;
and finally, v) threshold parameters p and Rjj that do not have biological interpre-
tation but are involved in the bifurcation of equilibrium solutions.

The qualitative analysis and numerical results suggest that for Rg < p there
is a forward bifurcation in which the infection free equilibrium P, bifurcates to
the bacteria-present equilibrium. Unlike the classical bifurcation which appears for
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Bifurcation diagrams for Rg > py Ry < Rj

(a) g2(B™™) < gu(B™) 0 g1 (B™) > ga(B™*) (1) gu(B™) > g1 (B™™) y 91(B™) < 2(B™)

Py

15}

Py

Py

Bifurcation diagrams for Rg > py Ry < Ry

(€) g1(B™) > go(Bm) (d) g1(B™) < go(B™4¥)
P P
P
P
Py
P
P
1-R; 1 Ry 1-Ry 1 Ry

FIGURE 8. The results suggest forward and backward bifurcations,
and a type of S-shaped bifurcation

Ry =1, in this case it occurs for Ry = 1— R;. This indicates the existence of a range
in which the external bacteria population can not grow, but with the participation
of the internal bacteria, reactivation of TB may occur in a patient with latent TB.

When Rg > p could be occur three kind of bifurcations, one forward in the
case of a unique bacteria-present equilibrium, a second one backwards [14] with an
horizontal translation in which two bacteria-present equilibria coexist forming two
branches of a tangential bifurcation when 0 < Ry < 1 — Ry, and a S-shaped bifur-
cation when there are three bacteria-present solutions. In terms of the infection,
these bifurcations indicate that depending the relation between the growth rates of
external and internal bacteria as well as the bacteria elimination rate by T cells and
macrophages the infection can dye out, progress to latent or active TB, or to both
types of TB.

On the other hand, sensitive analysis of the model parameters indicates why
macrophagues are not enough to control an initial invasion by Mtb and the need of
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the immune system to carry out a more complex defensive mechanisms to contain
infection by Mtb such as the recruitment of different elements of the immune system,
and the formation of granulomas.

Concluding, in this work we proved that including competition between bacteria
it is possible to obtain a greater variety of scenarios observed in the development of
pulmonary tuberculosis.
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