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Abstract: One significant risk factor that is considered to contribute to Kenya’s TB burden is HIV. TB is one of the most
common opportunistic infections associated with HIV, and HIV infection increases the risk of developing active TB disease
in individuals with latent TB infection. Due to their compromised immune systems, increased susceptibility to TB infection
and latent TB reactivation, people with HIV have a higher probability of attaining TB. This study develops an age-stratified
mathematical model with optimal control for co-infection of HIV and TB. The model’s reproduction number, as well as the
equilibrium of endemic and disease-free states have been computed. Least Squares technique of minimization has be used to
determine the model parameters. HIV antiretroviral therapy treatment adherence and tuberculosis treatment have been considered
for optimization. Runge-Kutta O(h?) has been used to solve the system differential equations for its high accuracy and flexibility.
Results from the numerical simulations show that ART adherence is the best intervention to control the co-infection in its earlier
stages (HIV and latent TB). TB treatment is the best intervention for those affected with the coinfection on the later stage (HIV
and active TB). Considering viral load suppression and TB prevention, viral load suppression is most effective for children and
TB prevention is most effective for adults. The results of this research can be used by the Ministry of Health (MOH) for emphasis
on most effective interventions as well as a basis study tool that can be recreated for other co-infections.
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1. Introduction

HIV is transmitted through certain body fluids, including
blood, semen, vaginal fluids, and breast milk [1]. The most
common modes of transmission include unprotected sexual
intercourse, sharing needles or syringes contaminated with
HIV-infected blood, and from mother to child during childbirth
or breastfeeding [2]. Tuberculosis (TB) is an infectious disease
caused by the bacterium Mycobacterium tuberculosis. TB
is primarily spread through the air when an infected person
coughs, sneezes, or talks, releasing tiny droplets containing

the bacteria [3].

HIV-TB coinfection occurs when an individual is infected
with both HIV (Human Immunodeficiency Virus) and TB
(Tuberculosis). HIV-TB coinfection can have synergistic
effects, with each disease exacerbating the progression and
severity of the other. HIV infection raises the chance of
developing active TB disease in those with latent TB infection,
and TB is one of the most prevalent opportunistic infections
linked to HIV. HIV-positive individuals are more likely to
develop TB because of weakened immune systems, increased
vulnerability to TB infection, and latent TB reactivation [4].
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HIV primarily targets CD4+ T cells, which are essential for
TB infection control, weakening the immune system. As
a result, those who have HIV are less able to control the
TB germs, which causes the TB condition to progress more
quickly. Co-infected individuals may have more severe and
rapid progression of both HIV and TB, leading to increased
morbidity and mortality if not diagnosed and treated promptly.
Diagnosis and treatment of HIV-TB co-infection require
careful coordination and management, including simultaneous
treatment of both diseases and monitoring for drug interactions
and potential complications [5].

Since the first case was identified in 1984, the HIV epidemic
in Kenya has progressed to rank among the leading causes
of death and has put enormous strain on the country’s health
system and financial resources [6]. Antiretroviral therapy
(ART), a medication used to treat HIV, slows the progression
of the illness by preventing the virus from replicating in
the body. In Kenya, tuberculosis (TB) is a serious public
health concern that presents difficulties for both communities
and healthcare systems across. Kenya and other SubSaharan
African countries are among those with a high worldwide TB
burden. Each year, more than 120,000 people contract TB,
with about 11% of cases occurring in children. According to
estimates from Kenya’s Ministry of Health, TB caused 3.2%
of all fatalities in 2020 [7].

According to the [4], Kenya has emphasized efforts to treat
HIV/TB coinfection since HIV infection significantly rises the
incidence of active tuberculosis to patients who are dually
infected. Kenya was the first country in sub-Saharan Africa
to meet the worldwide targets for identification of tuberculosis
cases at 80% and treatment rate at 85%. The percentage of TB
patients who were tested for HIV increased from 83% in 2008
to 95% in 2009, exceeding the set national target which of 90%
TB cases being tested in 2013.

A study on Rural Kenyan TB patients’ HIV burden and
treatment outcomes showed despite the strong uptake of
antiretroviral therapy (ARTSs) and cotrimoxazole preventative
medicine, HIV infection and unknown HIV status were linked
to reduced TB treatment completion rates, a higher risk of
death, and TB treatment default [8]. This result emphasized
the need for greater study on methods targeted at finishing
TB treatment and reducing death. A nonlinear compartment
model was used to assess the impact of media coverage on the
control and prevention of HIV/AIDS and tuberculosis [9]. The
study concluded that if TB infection is treated properly then
HIV infection can be kept under control. A comprehensive
review and meta-analysis study to determine the combined
burden of virological unsuppression among individuals with
HIV-TB and the impact of TB on virological failure in Ethiopia
by [10] suggested stepping up efforts to prevent tuberculosis,
managing cases as soon as they are identified, and giving adult
HIV-positive individuals’ viral load monitoring and adherence
assistance should be a top priority.

According to KENPHIA report [11], the estimated HIV
prevalence in Kenya for adults aged 15 — 49 is 4.5%. In
contrast to the 5% national HIV prevalence, the rates for those
aged 50 — 54, 55 — 59, and 60 — 64 were 9%, 8%, and
6%, respectively. Individuals who received HIV Testing and

received results were 64.4% for 15 — 24 years, 87.9% for
25 — 49 years, 74.6% for 50 — 64 years and 78.5% for 15 — 49
years. HIV positive status on ART treatment; 49.1% for 15—24
years, 67.2% for 25 — 49 years, 80.8% for 50 — 64 years and
65.0% for 15 — 49 years.

From the discussed previous work done, it is evident that
there needs to be more study on the effectiveness of the
different interventions put forward to control HIV-TB co-
infection. This study develops an age-stratified mathematical
model which has not been addressed by the previous studies
covered. This research paves way to helpful insights and ideas
which will impact positively in Kenya’s fight of infectious
diseases.

2. Materials and Methods

In this section, a deterministic mathematical model is
developed to analyze the transmission dynamics of the HIV
and TB co-infection. Model analysis is performed to check
the model’s well-posedness. The model is the subdivided to
three sub-models; HIV, TB and Full model. The equilibrium
states are computed and both local and global stability of the
sub-models is proved. Finally, the methods of solution are
presented.

2.1. Model Formulation

Various assumptions were made to simplify the complexity
of the disease interaction and to focus on specific aspects of
the problem. The risk of an individual contracting an infection
is not influenced by factors such as gender, social status, race,
or environmental factors. Individuals in the population have an
equal chance of encountering and transmitting the infection to
others. Drug resistance is asumed. Other health conditions that
can influence disease outcomes and treatment responses are
assumed. The population is considered to be mixing uniformly
(homogeneous) [12]. The entire population N (¢) is split into
multiple epidemiological states at any given time ¢.

This study partitioned Kenyan population into 2 groups
according to available data from UNAIDS and National
Tuberculosis, Leprosy and Lung Disease Program (NLTP);
children 0 — 14 years, and adults above 15 years. Each group
is labeled by subscript ¢ = 1, 2 respectively. Each population
of age group ¢ is classified into ten compartments. The model
has this classes: The susceptible individuals S;(t) are recruited
at rate w. These class can be infected with HIV and be
undiagnosed U;(t) or Latent TB infected E;(¢). It is assumed
that individuals infected with HIV become Diagnosed D;(t)
at a rate ¢;. These individuals can get recruited under anti-
retroviral therapy class A;(t). Individuals in the A;(¢) may
drop out of art at rate d; and join class D;(t). Individuals
infected with Latent TB can advance to Active TB I;(¢) or
treated to join the Treatment class R;(t) [13]. Treated Active
TB individuals can be reinfected with TB at a rate 6 to join F;.
Individuals can either have co-infection of undiagnosed HIV
and Latent TB, C'ry;, diagnosed HIV and Latent TB, Cp y; or
HIV and Active TB, Crg;
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Figure 1. Parameterized compartmental model for HIV and TB co-infection.
Table 1. Model parameters.
Parameters Epidemiological Interpretation
T(4) Recruitment rate for susceptible individuals
BH (i) Transmission rate for HIV respectively
B4y Transmission rate for TB respectively
(i) Natural mortality rate
€(3) Rate of HIV testing
a1 (q) Progression rate from latent to Active TB
(i) Progression rate from Cr 774 to Crpr(4)
TH(i) Treatment rate of HIV infectives
TT(4) Treatment rate of TB infectives
TOo(i) Treatment rate of TB-HIV co-infectives
0(3) TB treatment failure
d() Rate of ART dropout
N(i) Proportion of ART non-adherence
O (1) Mortality induced by HIV only
O (3) Mortality induced by TB only
dc1(i) Mortality induced by C'y ()
dc2(d) Mortality induced by C'r. 7 (5)
dc3(i) Mortality induced by C'r g1 4)

The total population NN;(¢) is given by;

Ni(t) = Sit) + Ui(t) + Ds(t) + As(t) + Bu(t) + i(2) ()
+ Ri(t) + CrLui(t) + Crui(t) + Crui(t), 2

The force of infection associated with HIV is given as,
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0

A, = =

(U+D+77¢A+CLU+CLH+CTH)

Further, individuals infected with TB and those who are coinfected with HIV and TB can spread TB among susceptible

individuals with the force of infection, given as,

A, = %(I‘i‘ Cru)
The differential equations based on the compartmental model and the parameter descriptions are provided by,
dcii =m0y = (Am(i) + Arg) + 1) Si,
dcgi = Aa@)Si — (Argy + € + Sy + pey)Us,
di:i =eyUis) + diyAi — (M) + Tri) + 1) Ds, 3)
d:;i = Diti(iy + (Crmi + Crmi)Tow) — (Hay + dey) As,
dﬁi = Ar(iySi + 0y Ri — (c1gy + Aroy + 1)) Eis
% = o1 Bi — (Ano) + 7o) +0r@) + 1)
dgi = 11yl = (0) + b)) Ri,
dC’CLi;J(i) = Ar)Usi + Au@yEi — () + 0c10) + 1)) Cru s
% = eiyCru@) + Ar@yDi — (Te) + aza) + 0c23)
+ 1)) CLu iy,
% = ay()Crai + Aa)li — (Tew) + dcsa

+ 1) Cra)

2.2. Model Analysis

This section investigates the positivity and boundedness of
the solution. It is crucial for the formulated epidemiological
model to be biologically reasonable [14].

2.2.1. Positivity

For realistic modeling of human population, all the state
variables must be positive and the solutions to the model
system with positive initial conditions should remain positive.
This theorem is arrived at:

Theorem 2.1. For the given initial conditions of the model
(3), the solutions of our model system remains positive for all
t>0.

Proof. Susceptible population: Taking the equation for the
susceptible and assuming there is no disease,

dS;
TG M@y + Ay + 1d)Si > — 0555
dS;
> .S,
= dt = ¢aSz
dS;

> —¢pgdt — 1D‘SZ| > —¢st + ¢

S

for constant ¢; and ¢s = p;. Taking the exponential for both
sides,

eln |Si| > e—¢st+01 _ Ke—¢st

S;(t) > Ke™ ¢

where K = e“! is a constant. Substituting the initial condition
S; (0) = S;o0, then

Si(0) > Ke=®(0) = g,
- Sz(t) > Si067¢3t

Hence K = S;p. The exponential part is always positive
and S;p > 0, hence S;(t) is always positive, meaning;

Si(t) >0

In the same way, all our states are positive,



Applied and Computational Mathematics 2024; 14(1): 37-63 41

Ui(t) > U-Oe_¢ut7Di(t) > Di06_¢dt7Ai(t) > Aioe_%t,
) > Eje %', Ij(t) > Lige *'', Ry(t) > Rjpe ’r,
) = Crugoye ", Crug)(t) > Crugoye” ™,
Crug(t) > Craaoye ",

given the initial conditions,
Sio, Uio, Dio, Aio, Eio, Lio, Rio, Cruio, Craio, CrHio 4

2.2.2. Boundedness
Boundedness ensures population sizes within each compartment cannot grow indefinitely or exceed reasonable and feasible

range. This arrives at,
Theorem 2.2. The solutions of the model system (3) with initial conditions given are bounded in a positive region, {2

Proof.

dN; dS; dU; dD;, dA;, dE; dI, dR; dC’LUZ-_’_dCLHZ-_’_dCTHi

@ —at @ Ta e T e Tar Tar dt dt dt
dN
Ol (Si+Ui+Di +Ai + E; + I + Ry + Crys + Crmi + Crai) i — driyli — 0c1()Cru
—0c2()Cruy — ¢33 CrH(i)
dN;
POl Nipi = 07yl — 0c1(6)Cru ) — dc2()Cruy — 93 CrH (i
Asumming there is no disease in the system,
dN;
o =T~ Nips.

Solving the above inequality using the integrating factor method and applying the initial condition, N;(0) = N;o,

N;(t) < @ + (Ny — m)e*mt
i i

If N;g > W}i’:) ,» the right-hand side (RHS) experiences the largest possible value of N;o. That is, N;(t) < N, for all ¢ > 0.

If Njp < 29 50 that the largest possible value of the RHS approaches % as time t goes to infinity N;o. That is, N;(t) < N;o
forallt > 0.

Hence N;(t) < max{Njo, 52} V¢ > 0 thus

2.3. HIV Submodel Analysis

In this section, the model system 3 is analyzed by considering that TB is not present in the population. Thus, by substituting
E,=1,=T= C’LU(i) = CLH(i) = CTH(i) = 0, the HIV sub-model is obtained as,

ds;
O (Mm@ + Arg) + i) S,
dU;
g = OS5~ (A1) + €+ 0m@) + 1)U,
D &)
T ey Uity +d@yAs — (Aray + Tr@) + 1)) D,
dA;
el Ditry + (Crmi + Crui) o) — (B + day) As.

2.3.1. HIV-Free Equilibrium, E;m
The HIV-Free Equilibrium is obtained by setting the system of differential equations to zero and setting all infected classes to

Epo = <77,0,0,0>.

K3

zero. The Ey,
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2.3.2. Endemic Equilibrium, E

The endemic equilibrium is obtained by setting the system of differential equations to zero and solving for each variable. The
EE,

EH = (glv Ui; Di7 AZ)

where,

g — T

' (Mm@ + Mgy + i) '
s AH@G)T
U =—"—

7 hl b

(Ar@y + THG) + 1)

; ) ENH (i) T

A = TH(#)GAH ()T

)

(i + di) Ay + Tr + pi)hy’
where hy = (Apg) + € + 0@y + i) Ay + Argy + 1a)-

2.3.3. Reproduction Number, RL!
Using the method by [15], the basic reproduction number was computed using the next generation matrix method. The disease

infected classes that were considered are U;, D;, A; to compute for Rgl . The matrix F of new infections and matrix } showing
the transfer of infections from one compartment to the other are generated.

Am(i)Si
F = 0
0
()\T(i) + € + 5H(i) + ui)U;
V= —&Ui — diAi + (M) + Ty + 1) Di
—Tr)Di + (Crug) + Craa))Toa + (ke + di) A
Computing the derivatives with respect to U;, D;, A, and substituting for DFE to get the Jacobian matrices F' and V/,

Brwy Bra MiBrG
0 0 0

F= ,
0 0 0
Sy + i + € 0 0
V= —€; Tt —di
0 —TH() it

The next generation matrix is computed and given by F'V 1,

B i)ht 5H(i)(di+7h'7—H(i)+Ni) BH(i)(d'i"F'ﬂiM'i"l‘T]iTH(i))
R (8 oy +iites) ha ha
0 0 0 )
0 0 0

where hy = ((dl + i) (i + €) + TrE) (e + mei)) Jhs = 1 (di + THE) + M¢)~ Computing the eigenvalues of the matrix
FV~1 to obtain Ry,
RH — By (di + pa) (i + €) + ey (i + mi€i)) .
i (di 4 Trey + pi) (O + pi + €)

2.3.4. Stability Analysis of HIV-Free Equilibrium
The local stability analysis of the HIV-free equilibrium point (Efo) of the model is determined by finding the Jacobian matrix

and its eigenvalues [16]. An equilibrium point is locally asymptotically stable if all the eigenvalues of the Jacobian matrix at that
point are negative. The general Jacobian matrix of model, Jg,,,, is written as:
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—Hi —ﬁH(z‘) —5H(i) —mﬂH(i)
0 Bua — (6 +0ma) + i) B (4) NiBH )
0 €; 7(7‘].1(1‘) -+ ,uz) d;
By inspection of Jg,, the first eigenvalue is on row 1, column 1, A\; = —p; which is negative. The row and column are

eliminated with which the eigenvalue is contained to get the reduced matrix to be,

Briy — (€i + ey + i) B4 0B ()
€ —(TH@) + 1) d;
0 TH() —(d; + pi)
The Routh-Hurwitz criterion
A 3rd-degree polynomial,
p(s) = 8% 4+ a15* + ass + as, (6)

is stable if and only if a1, az, a3z > 0 and ajas > as.
Rourth-Hurtwiz criterion is used to determine when the eigenvalues are negative [17]. The characteristic polynomial are
determined using the trace, sum of diagonal minors and the determinant. The characteristic polynomial P(s) is given by,

P(s) =" = [Bu@y — di = Sy — Ty — 3k — €)s° = [Buy (di + Tae) + 20 + €) = Sy (di + T
+2013) — 2ui(ds + €) — di€i — Ty (20 + €) — 3]s — By [(di + ) (i + €) + Tra) (i (7
+ni€:)] — pa (di + Ty + Ni) ((SH(i) + i+ 61')}-

Hence stability is achieved by, a1, a2, a3 > 0 and ajas > a3 where,

a1 =di +0p ) + Ty + 31 + € — Bug),
a2 = Brey (di + Ty + 20 + €) — Smayldi + Ty + 21) — 20(ds + €) — die; — Ty (20 + €;) — 3y,
a3 = By ((di + pa) (i + €6) + T (s +mi€i)) — pa (di + Ty + 1) (Opy + i+ €) -

2.3.5. Global Stability of the HIV-Free Equilibrium infected individuals. Let X* be the HIV-free equilibrium.
The method illustrated in [18, 19] is used to investigate = From X,

the global asymptotic stability (GAS) of DFE point of the

HIV model, Eé{. Firstly, the model 5 must be written in the Ay = [—Mi} JAy = [—51{(1') —ﬁH(i) —771‘,31{(1')] .

pseudotriangular form: . ) i i
We can easily see that the eigenvalue of matrix A; is both

X, = A (Xy — X7) + A X, (8)  real and negative (—p; < 0). This shows that the subsystem
. X1 = A1(X7 — X7)+ A3 X5, is globally asymptotically stable
Xo = A3Xo, ) . . .
at the HIV free equilibrium X} = (Z—) Additionally, from
where X; = (S;), represents the number of uninfected subsystemX, = A3 X5, we obtain the following matrix Az,
individuals and Xo = (U;, D;, A;), denotes the number of

By — (Om) + pi + €) B () 0B )
€ —(Tr @) + i) d; . (10)
0 TH (4) —(d; + i)

Notice that all the off-diagonal entries of A3 are nonnegative (equal to or greater than zero), showing that A3 is a Metzler
matrix. To show the global stability of the HIV-free equilibrium Ep(, we need to show that the square matrix As in (10) is
Metzler stable. We therefore need to prove the following;

Lemma 2.1. Let M be a square Metzler matrix that is block decomposed:

(1)

welt

b}

where A and D are square matrices. The matrix M is Metzler stable if and only if A and D — C' A~ B are Metzler stable.
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Proof. Matrix M in our case is A3. We therefore let,

e |:ﬁH(i) — (Om () + pi +€) B (3 ’
€; —TH(i) — Mi
77‘5 | % H(2) 1223 (12)
Clearly, A is Metzler stable if % < 1. Then,
(Om @) + 1+ €)
. N Br(iyha—hs (5H(i)+ui+€i)
D—-CATB = |:(TH('i)+Nfi)(6H(i)+l‘i+€i)BH(i)(TH(i)JFHiJFﬁi) (13)

From (13), D — C A~! B is Metzler stable when the main diagonal element is negative. Simplifying the element,

BH @) [(dz + ) (s + €5) + TEy (1 + 771'61')}

i (di + Try + i) (Omy + pi + €)

Hence E is G.A.S when R{ < 1.

Thus the HIV free Equilibrium point EgH is globally
asymptotically stable. Epidemiologically, the above result
implies that when there is no HIV infection, different human
populations under consideration will stabilize at the EJ.
However, if there exists a HIV infection infection, then
an appropriate control e.g. HIV ART treatment would be
necessary to control the disease and restore the system to the

dsS;
dt

dE;
dt

dI;

dt
dR;
dt

2.4.1. TB-Free Equilibrium, E1

<1,
R < 1.

stable HIV-free equilibrium.

2.4. TB Submodel Analysis

In this section, the model system 3 is analyzed by
considering that HIV is not present in the population. Thus, by
substituting U; = D; = A; = CLU(i) = CLH(i) = CTH(i) =
0, the TB sub-model is obtained as,

=) — (Na@) + Ay + 1) Si,

= Mp(ySi + 06y Ri — (oqy + Amiy + b)) Bis

(14)

— = a1 B — (Awy + 116y + 0ra) + b)) L

=17y Lli — (0) + By ) Ri-

The TB-Free Equilibrium is obtained by setting the system of differential equations to zero and setting all infected classes to

zero. The Erq,

2.4.2. Endemic Equilibrium, E

7”,0,0,0) .

ETOZ(
1

The endemic equilibrium is obtained by setting the system of differential equations to zero and solving for each variable. The

EE,

where,

U

i

. S;

4

(1) + Amgay + i

(Am@y + A + i)’

0iTr (i) 1(i) AT (4)
) (O{T + h4 )

I = a1y Ay Ti(0; + pi)

i =

(M) + Mgy + pi)ha
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5 _ TT(6) Q1 (1) AT (i) Ti
" (Mm@ A F pa)ha

where is hy = ((0; + ps) (1) + Mm@y + 1a) Ay + Tre) + 0r@) + 1) — o) 0iTay)-

2.4.3. Reproduction Number, RY
Using the method by [15], the basic reproduction number was computed using the next generation matrix method. The disease

infected classes that were considered are E;, I; to compute for RZ. The matrix F of new infections and matrix ) showing the
transfer of infections from one compartment to the other are generated.

Ar(i)Si + aiRi:|

5= oy

_ { (@) + Ama) + ) Ei } '
—ai)Ei + (Aa @y + Tr@) + 0ra) + pi) L
Computing the derivatives with respect to E;, I; and substituting for DFE to get the Jacobian matrices /' and V,

0 ﬂT(i):|

F:[O 0

vV — [041(1') + 1 0 } .
—0u () Tr() + 01y + Hi

Computing the next generation matrix given by,

1) Bri) Br i)
Fy—1l = hs Tr(i) +Or (i)t
0 0

where hs = ;)07 + u? + Q1) + Or@iyii + Q1) Tr(s) + piTr ). Computing the eigenvalues of the matrix F'V ™1 to

obtain Ry,
T al(i)BT(i)

B (1) + pi) (Trgy + Orgy + 11a)

2.4.4. Local Stability of TB-Free Equilibrium
The general Jacobian matrix, Jg,, of model after substituting Epq is written as:

—Hi 0 —bBra) 0
0 Qi) —(67() + Hi + Tr()) 0
0 0 TT(i) —(0; + i)
By inspection on row 1 and column 1, a negative eigenvalue \; = —p; is gotten. The matrix reduces to;
— (i) + i) 0 0;
Jg, = Q1) —(0r@) + pi + Tr@y) 0 : (15)
0 TT(4) —(0; + 1)

The Routh-Hurwitz criterion
The characteristic polynomial of (15) is computed and (6) criteria is used as applied in HIV sub-model.

P(s) = s* + [(o1 ) + O7(i) + Tr(i) + 0 + 3pi)]s* — [(67()
+ i + Trey) (0 4 ps) + (argy + ) (05 + pa)
+ (o) + ) Oy + b + Tr))ls + 15 (@ gy + 1)
+6; + 1) + i) + Oiui(al(i) + 5T(i) + TT(i))

+ o1y pi(Orey + 116y + ——

Hence stability is achieved by,
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113 (1 (iy + Orgay + 0 + Trgiy + i) + Ospri(anay + 0y + Tray) + ar i) + Tre) +

2.4.5. Global Stability of the TB-Free Equilibrium

The method illustrated in [18, 19] is used to investigate
the global asymptotic stability (GAS) of DFE point of the
TB model, Eg . Firstly, the model 14 must be written in the
pseudotriangular form:

X1 = Ai(X1 = X7) + A2 X, (16)
Xy = A3Xy, (17)
where X; = (5;, R;), represents the number of uninfected

individuals and X5 = (E;, I;), denotes the number of infected
individuals. Let X* be the TB-free equilibrium. From X7,

_ﬁT(i):| _

TT (i)

— i 0

0
A= 0 _(91‘+,Ui):|7A2_|:0

We can easily see that the eigenvalues of matrix Al are

(
(07 @iy + pi + 7o) ) (0i + pi) + (g + pa) (0 + pa) + (1) + 1) (07 + pi + Trey)] > 0,
[
[

U

L (o) + 5T(i) + TrE) + 0; + 3u;) >0,
2.
2 Or(iy0i
3. [wi a1y + 01a) + 0 + Trgy + ) + Oipti(ony + 01y + 7r@)) + 01y i (Ory + 716y + )1 >0,
4,

(061(1') +6T(i) +TT(i) +0; +3Mi)[(§T(i) + +TT(i))(9i —i—,ui) + (al(i) +,Uz‘)(9z‘ —i—,ui) + (al(i) +Ni)(5T(i) + i +TT(i))] >

S 0i
T'(1) )]

7

both real and negative (—p; < 0,—(6; + p;) < 0). This
shows that the subsystem X; = A;(X; — X7) + A2Xo,
is globally asymptotically stable at the TB free equilibrium

X7 = (2—,0) Additionally, from subsystem Xy = A3Xo,
we obtain the following matrix,

Br )

18
—(pi + 7@y + Tr@)) (18)

Ay = {(am‘) + pi)
Q1(5)

Notice that all the off-diagonal entries of A5 are nonnegative
(equal to or greater than zero), showing that As is a Metzler
matrix. To show the global stability of the TB-free equilibrium
Er1g, we need to show that the square matrix Ag in (18) is
Metzler stable. We therefore need to prove the lemma outlined
at (11).

Proof. Matrix M in our case is A3. We therefore let,

[~ (a1 + )], B = [Bray]

A =
C = o) & D= [—(pi + o) + Tr(1))] -

Clearly, A is Metzler stable. Then,

. Q4 ﬂTi
D-CA'B= [((WHT(i) Trrw)F Wﬂ |

From (20), D — C A~ B is Metzler stable when the main
diagonal element is strictly negative. This can be achieved by
reorganizing the diagonal element as follows,

al(i)ﬁT(i) <0
) )

— (s + Spgiy + Tr(sy) +
<(Mz 76) +77(0) (a1giy + p

m < (i + 1) + Tr@3))s
a1 Brs)

(a1¢y + ) (s + 67y + Tr(s))

Ry < 1.

<1,

Hence El is G.A.S when Rl & < 1.

Thus the TB free Equilibrium point EJ is globally
asymptotically stable. Epidemiologically, the above result
implies that when there is no TB infection, different human
populations under consideration will stabilize at the EJ.
However, if there exists a TB infection, then an appropriate
control e.g. TB treatment would be necessary to control
the disease and restore the system to the stable TB-free

19)

(20)
equilibrium.

2.5. Full Model Analysis

The whole system (3) is considered for full model analysis.

2.5.1. Disease-Free Equilibrium

The disease free equilibrium is obtained by setting the
system of differential equations to zero and setting all infected
classes to zero to get,

Ey = (3,0,0,0,0,0,0,0,0,0).

(3

2.5.2. Endemic Equilibrium, E;

The EE equilibrium is obtained by setting the system of
differential equations 3 to zero and solving for each variable.
The Ei,

E; = (S, Ui7Di,/ii,Eiyji;RiaCL;](i)ch;{(i)ch;I(i))

where,
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S = T ~ AH@G)T
(AH(z) + )\T(z) —+ /~‘LZ)7 L h6 )
3. Ei)\H(i)ﬂi
Ay + THE + midhe
i TH (i) €iNH (i) Ti X A
wi( Ay + Tr@) + i) he 7o) (Cru TH)
2 L timr@o@A
E; = L OLTORNNO) Sz |
(1) + /\H(z) + 1) It
I = a1y AT (05 + ) P TP 0 AT T
i ()\H (2) + )\T (3) + Mz)h4 ()‘H(z T )‘T @ T Ml)h47
: 1 A1) AH () T .
LU(3) (Ei —+ 5c1 -+ NJZ) < hﬁ + H(i)
~ 1 ~ )\T(i)ei)‘H(i)ﬂ'i
Cru@) = - (Q‘CLU(i) + R T
! . p A () Q1) Ay (00 + 1) g
Crupy = ————— | aoyCru + s,
THO) = (7 5cn +u¢)< 2()“ LH(9) -

where hy = ((0;+ 1) (1) + Aoy + 1) N o) + 70y +016) +14) — a0 0iTry) and hg = (Apey 4 €+ 01y + i) M) +
A1y + i)

2.5.3. Basic Reproduction Number

Using the method by [15], the basic reproduction number was computed using the next generation matrix method. The
infectious classes that were considered are U;, D;, A;, Cru ), Cru (i), CrH(i), Ii to compute for Ry. The matrix F of new
infections and matrix V showing the transfer of infections from one compartment to the other are generated.

0
0
F = | AriyUs + Ay Ei| (21
0
0

ay i B

and

(>\T(i) +e€ + 5H(i) + ui)U;

—&;Us — di Ay + Ay + Tr) + i) Di
~7r@)Di — (Crua) + Craa))ten + (i +di) A;
V= (i + 61 + ,ui)CLU(i) , 22)

—€Cruy — Aty Di + hCru
—aiyCru@y — Mm@ li + (T + 0cia) + i) Ora
Mm@y + 1@y + o) + wi) L

where h7 = (7o) + aa@) + dc1(i) + pi) The derivatives with respect to U;, Dy, Ai, Cru iy, Cru ) > Cra (i, Ii are computed
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and substituted for E to get the Jacobian matrices F' and V. Computing the next generation matrix given by,

9191 9591 9391 92 93 ga O

0 0 0 0O 0 0 O

0 0 0 0O 0 0 O

Fv=l=10 0 0 0 0 0 0

0 0 0 0O 0 0 O

0 0 0 0O 0 0 O

0 0 0 0 0 0 O

Where,
g1 = B () . _ ha

- » g
i (di + Ty + 144) !
g5 = (di +iTr @y + 1), 935 =

(di +mi (s + TH)))s

g1,

g3 = pi (di + Tr@) + 1) (Tow + e + wi) »
g5 = (2@ + Tow) + i),
g = 93 (95 + dcaay) + di€iTo(y (95 + Ocsq) " €95 + hs + sy i€ (di + Trey + 1)
(dcry + pi + €) (Teqy + Ocsp + 1) (93 + bcay) (8ciqy + s + €) (Ta@)y + 0csn + 1) (93 + dcay)
s = (cv2(i) + Te@) + Ocaay + i) o
(a2(i) + @) + Ocaiy + 1) T
g (e (di + nipsi + niTiy) + pa (di + Ty + 1)) 0

(Te@iy + Ocay + 1)
hs = mi€itc@) (Tre) + 1i) (95 + dcam) -
Computing the eigenvalues of the matrix F'V 1 to obtain
that the basic reproduction number of the co-infection model

is the maximum of the absolute values of the eigenvalues of
RS which is given by,

RS = max{R RI}.

Thus, the following result has been stated arising from the
theorem of [20].

—i  —BHG) —BH() —0iBH @) 0
0 co B () 0iBH () 0
0 €; —(TH @) + i) d; 0
0 0 TH (i) —(d;i + i) 0
0 0 0 0 _(al(i) + ,ui)
0 O O O al(i)
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

2.5.4. Local Stability of Disease Free Equilibrium

The local stability analysis of the disease-free equilibrium
point (DFE) of the model is determined by finding the Jacobian
matrix and its eigenvalues [16]. An equilibrium point is locally
asymptotically stable if all the eigenvalues of the Jacobian
matrix at that point are negative. The general Jacobian matrix
of model is written as:

—Br) 0 —Buuy —Buw —Buu) + Bry))
0 0 Buwy B B (4)
0 0 0 0 0
0 0 0 TC'(i) TC(i)
Br) 0; 0 0 Br i)
—c5 0 0 0
TT (i) —(6‘1 + ,uz) 0 0 0
0 0 —C 0 0
0 0 €; —Co 0
0 0 0 Oég(i) —C3 i

where co = B (i) — (Om@) + pi +€i),c1 = (Ocii) + pi + €), c2 = () + o) + dcaa + 1i)s c3 = (To) + Ocsi + ) and
cs = (Lit0r@iy+7733)). Clearly —pu;, —(di+p1i), —(i+07@) +7r0))s —(Oit+pi), —(cimy+pitei), —(aae)+7o @) +0cai + 1)
are the six negative eigenvalues of the jacobian matrix above. The matrix reduces to;
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Co ﬁH(i) 0 ﬁH(i)
& —(Tu@) + 1) 0 0
0 0 —(a1y + i) Bra
0 0 0 —c3
The other four remaining eigenvalues of the matrix are the zeros of the polynomial,
P(s) = s* + A1 + Aps® + Azs + Ay, (23)
where,
Ay = ayy + To@) + 0caiy — Bray + 0me) + TH@) T 4 + €,
Az = ay(y[Te@) + 0c3m) — Br@) + 0m@) + THE) + 31 + €] — Br) [Tow) + 0cs + Ta@) + 3 + €]
+ Tr) (o) + 0csq) + Ougy + 3 + €) + Tow O + 3T ) + €Tow) + 3pidess + €desa)
+ 6c3m 0 (i) + 3Midm ey + 3pi(2pi + €:),
Az = a1y [—Buy (Toe) + 0csm + TH@) + 20 + €) + TewOue) + T [Tow) + 0me) + 21 + €] + 21Tog) 24)

+ €Ty + 6c3i) (Or(y + Tr@) + 28 + €) + 2036y + 317 + 2pie:] — By (20 + €) (Tew) + Scaa)

+ Tre) (Tegy + 0caq + 20i) + i (B + 2€)] + pilTow) 2016y + 3 + 26:] + 0c3@[20 (i) + 31

+ 2¢;] + i (30p sy + 4pi + 3€:)] + Tr() [To@) [0

+ 3 + 261‘]7

+ 25 + €] + 0c3m (Om iy + 20 + €) + 1i[20m(5)

Ay = <a1(¢) + Mi) (TC(i) + O3y + Mi) [(TH(i) + Mi) [0m @) + 1i + €] — Bre) (TH(i) + s + Gi)}-

The Routh-Hurwitz criterion
A 4rd-degree polynomial P(s) = ass* + azs® + azs? +
a18 + ag is stable if and only if a4, as, aga1 — asas, asag —
asai, aaay — a% > 0.
Hence the Ej is locally asymptotically stable if,
1. Clearly A4 =1 > 0 which is satisfied,
2. A1 >0,
3. A3 — A1A45 >0,
4. A4 — A1A3 > (0 and,
5. AgAy — A2 > 0.

2.6. Sensitivity Analysis

The basic reproductive number Ry also called propagation
threshold of the model described by the system of differential
equation 3 is very important in establishing efficient control
measures. For its easiness to apply, Normalized Forward

Sensitive Index method is used to determine the sensitivity
indices as used in [21, 22]. It’s index with regard to each
parameter has been derived as follows to analyze the sensitivity
of Ry to any parameter(say j;),

6R0 &

flo = : 25
B Oy Ro (23)
Where,
1. Qi,ﬂ is positive, increase in p; leads to increase in Ry
and,

2. Qf’f is negative, increase in p; leads to decrease in Ry.

The main goal of all control measures is to reduce the
value of Ry and to analyze the propagation threshold such that
effective interventions can be determined. From the expression
of the basic reproductive number in 2.5.3 and 25, the following
is obtained:

Ry _ _ORo Bug _

P 9By Ro
fo _ 9f ) _ 1) ,
O Oty Ro pi + 073y + 1)
Ry _ ORy i) _ Hi

MO Qayy R oy + i

rRo _ ORo Br) _1

Pre) 9Bru) Ro

Ro ORy Orey 07 (i)

S (i) -

= 901 Ro

fi + 0y + ()
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Ro _ ORy 6H(z) _ 6H(z)
%uw " 96y Ro Om(y + i + €
qFo — OBo mi _ mi€iTHG)

" on; Ry hg
oo — OB € _ Q(éH@)hH)+(ni_‘1”MTHu»7

© 04 By (Or1iy + mi + €i) (ho)
Ro _ ORo TH(i) _ (n;i — Dei(d; + ,ui)’TH(i) (26)
THO Oty Ro (di + Ty + 1) (ho)
Qfo _ 9o di _ di(n; — 1)eiTm (i)

2
Qffo = ORo pi _ _py 1 n 1 —di€; — i€ TH (i) + I ’
Y 0w Ro di + Ty + i Sy + i+ € hg

where hg = (d; + 11;) (i + €) + Tr () (s + mi€i) and hyg = (di + 0iTr ) + 1)

3. Results and Discussions

In this section, approximate solutions to the model equations 3 are found using O(h*) and O(h®) order Runge-Kutta methods
which are implemented via the solve_ivp() function from Scipy library in Python. The initial populations are given by,

{No = 10000, So = 9850, Do = 10, 1o = 5, Uy = Ag = 0,
Ey =Ry =Cryo = Cruo = Crmo = 0} and

27
{No = 10000, Sy = 9850, Dy = 100, Iy = 50, @7
Up=Ay=Ey=Ry=Cruyo=Cruo=Cruo =0},
for children (0-14 years) and adults (above 15 years) by renaming.
respectively. Given the data points,
3.1. Fitting Graphs and Parameters Estimation (t1,91), (t2,92), s (tn, Yn), (23)

This study used HIV data from UNAIDS that was available
online at HIV estimates with uncertainty bounds from 1991 to
present. It gives Global HIV & AIDS statistics for different
countries including Kenya. TB data was available from NLTP
accessible at DSTB Dashboard. TB data was available from
2015 to 2023. The data was prepared using Python by
filtering Kenya data only and also reorganizing the columns

HIV new infections children, 0-14 years

—— UNAIDS data
—— Simulation results
UNAIDS data bounds

25000

20000

15000

Population

10000

5000

2013 2014 2015 2016 2017 2018

Years

2019 2020 2021

(a) Children: Brr(1y = 0.17, €1 = 0.676 and SSE = 17430.58

2022

least squares method is used to find the parameter value P such
that the approximate solution § = f(t, P) gives the squared
sum of errors(SSE):

n

SSE(P) = "(y: — f(t:, P))*.

i=1

(29)

HIV new infections for Adults, 15 & above years

200000 —— UNAIDS data

—— Simulation results

350000 UNAIDS data bounds

300000
250000

200000

Population

150000

100000

50000

o

1995 2000 2005 2015 2020

Years

2010

(b) Adulis: B2y = 0.29, ea = 0.78 and SSE = 612814.91

Figure 2. Fitting graphs for HIV new infections in the HIV diagnosed classes, D; & C' Ly (3), compared with UNAIDS data.
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The best approximate solution g* is picked after minimizing SSE such that,

SSE(P*) = nﬁg{SSEi(P)} and §* = f(t, P*).

HIV infected children on ART, 0-14 years

— UNAIDS data
—— Simulation results

80000 1

60000

40000

Population

20000

(30)

HIV infected Adults on ART, 15 years & above

12

Population

0.2
—— UNAIDS data

0.0 4 = Simulation results

2016
Years

2010 2012 2014 2018 2020 2022

(a) Children: Tgr(1y = 0.8, 7¢(1) = 0.67,d1 = 0.4and SSE = 77398.29

2020.0 2020.5 2021.0 2021.5

Years

2022.0 2022.5 2023.0

(b) Adults: Tp(2y = 0.75, T¢:(2) = 0.65,d2 = 0.25 and SSE = 63704.94

Figure 3. Fitting graphs for people living with HIV who are on ART, A;, compared with UNAIDS data.

Using least squares method, figures 2, 3 and 4 are some of the fitting graphs that were obtained with their respective parameters

and SSE as described at (29).

The parameter values are presented on table 2 and 3 for children and adults respectively. They are based on Least Square

Method(LSM), previous study sources and estimation.

TB Infected children, 0-14 years

—— NLTP data

10000 —— Simulation results

8000 A

o
=3
<3
o

Population

4000

2000 A

04

2015 2016 2017 2018

Years

(a) Children: B 1y = 0.31, ay(1y = 0.3, ag(1) = 0.6 and SSE = 10763.41

2019 2020 2021

TB Infected Adults, 15 & above years

—— NLTP data

80000 q —— Simulation results

60000

40000

Population

20000

0

2016 2017 2018 2019 2020 2021

Years

(b) Adults: B2y = 0.33, ay(a) = 0.25, a2y = 0.5 and SSE = 13421.10

Figure 4. Fitting graphs for those infected with TB, compared with NLTP data.

Throughout the fitting process, there are parts of the curve
that fit well while there are parts that do not fit well. The
latter is caused by non-uniform data distribution or different
behaviors in the data. This study would recommend assessing
polynomial fitting, spline fitting, or other nonlinear models.
Data points that are far from the curve (outliers) and have
unusual large residuals disproportionately affect the least
squares fit. The outliers should be determined if they are
measurement errors or genuinely part of the data. Also,
robust fitting techniques are recommended, like least absolute
deviation or weighted least squares.

3.2. Sensitivity Analysis

In epidemic modeling, sensitivity analysis is performed to
investigate model parameters with significant influence on
Ry and hence on the transmission and the spread of the
disease under study [23]. The model sensitivity analysis in
this study is used to investigate parameter influence on the
dynamics of HIV, TB and both HIV & TB infected population
under different conditions on the reproduction number, Rj.
In order to eliminate the HIV-TB co-infection infection, the
reproduction number should be less than one, that is, Ry < 1.

From table 4, a positive sign on the SI indicates that an
increase in the value of such a parameter increases the value
of Ry and hence the growth of infected infection. On the
other hand, a negative sign is indicative of a parameter that
negatively affects Ry.
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Table 2. Estimated parameters for children aged 0-14 years: y~ ' = year 1.

Par Value Source Interval Units
T 0.028N [2,6] (0.028N, 0.0409N) y 1
Br(1) 0.17 LSM (0.17,0.2) y 1
Br(1) 0.31 LSM (0.25,0.31) y 1
m1 0.04 o (0.045, 0.055) y 1
€1 0.676 LSM (0.6,0.8) y 1
(1) 0.3 LSM (0.25,0.4) y 1
aa(1) 0.6 LSM (0.5,0.65) y 1
TH(1) 0.79 LSM (0.75,0.95) y 1
TT(1) 0.58 NLTP (0.55,0.6) y 1
Tc(1) 0.78 LSM (0.67,0.8) y 1
01 0.0001 [1] (0.0001, 0.9) y 1
n1 1-0.65 [4] 1-(0.5, 0.82) y 1
dy 0.4 LSM (0.2,0.5) y 1
O (1) 0.06 * (0.05,0.08) y 1
d1(1) 0.1 * (0.08,0.12) y 1
dc1(1) 0.14 g (0.1,0.16) y 1
dc1(1) 0.14 * (0.1,0.16) y 1
dc1(1) 0.24 * (0.2,0.26) y 1

1 - [24], 2- [25], 4 - UNAIDS, 6 - [26], & * - Assumed.

Table 3. Parameters value used in numerical simulations for adults: yea'r’_l =y L
Par Value Source Interval Units
T2 0.0355N [3,6] (0.028N, 0.0409N) y 1
Br(2) 0.29 LSM (0.21,0.29) vy 1
Br(2) 0.33 LSM (0.25,0.33) y 1
p2 0.06 * (0.06, 0.07) y 1
€2 0.78 LSM (0.62,0.9) y 1
ai(2) 0.25 LSM (0.2,0.29) y 1
as(2) 0.5 LSM (0.4,0.58) y 1
TH(2) 0.75 LSM (0.65,0.8)) y 1
Tr(2) 0.4 * (0.4, 0.6) y1
To(2) 0.65 LSM (0.6,0.69) y 1
02 0.0001 [1] (0.0001, 0.9) y 1
72 1-0.75 [4] 1-(0.75,0.98) y 1
do 0.25 LSM (0.23,0.3) y 1
O (2) 0.08 * (0.07,0.1) y 1
O (2) 0.1 [1] (0.09,0.12) y 1
dc1(2) 0.16 * (0.14,0.18) y1
so1(2) 0.16 * (0.14,0.18) y1
Sc1(2) 0.26 18] (0.24,0.28) y~1

1 - [24], 3- [25], 4 - UNAIDS, 6 - [26], 8 - [27] & * - Assumed.
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Table 4. Sensitivity Indices: 1 - Children and 2 - Adults.
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Par SI1(0-14) SI(> 15) Desc

B (4) +1 +1 Br(1ys Br(2) ~ Ro
Br (i) +1 +1 Br1y: Brz) ~ Ro
a0y +0.117647 +0.193548 a1 y@azy ~ Ro
Suei -0.0773196 -0.0869565 51151 (2) ~ -
1) -0.138889 -0.178571 Br(1ys O1(zy ~ Ri
TH() -0.232732 -0.2841 THW THE) ~ T
e -0.805556 -0.714286 Ty TT(2) ~ Rio
; +0.350319 +0.323813 e T =

d; +0.211575 +0.229113 di,ds ~ Ro

€; +0.03665 +0.01136 €1,€2 ~ Ry

s -0.938177 -0.869413 o 5 Rio

3.3. Optimal Control Model

In order to control the co-infection, the system (3) is
extended into an optimal control problem by incorporating two
time-dependent control functions. These control functions are
introduced at a specified time ¢ with ¢ € [0,77], as follows,
where 7' is the final time.

1. ui(t) : TB treatment. TB should be treated early in
order to prevent its progression. The CDC recommends

dsS;
o = "0~ (Qae A i) Si
dU;
o = A5 - (A + €+ 0m@) + 1)) Us,
dD;
o = €U + (1= u2)diy A = (\rgy + T + 1) Dis
dA;
dt
dE;
o = M@ Si + 06 Ri = (1) + Amy + i) i
dl;
PO (Augy + warrey + 00y + wy) Lis
dR;
5 el — (B + 1iy) Ri,
dCry
—u @ - AryUi + Ay Bi — (€ay + 0c10) + 1)) Cruiys
dCru )
dt
dCrH )
dt

The initial conditions satisfy,

Sio >0, Uig >0, Dyp >0, Ajp >0, Ejo >0, Ijp >0,

12 weeks of once-weekly isoniazid and rifapentine for
people with latent TB infection and HIV who are
taking antiretroviral medications that don’t interact with

rifapentine [28].

2. ug(t) : ART adherence.

For ART to suppress viral

replication and remain effective over time, high levels
of patient adherence are needed [29].
Including the control measures u; and us in the model 3,
the following optimal control model is got,

Rip >0, Cruio 2 0, Craio > 0, Craio > 0.

= Ditp(iy + (Crui + Crai)uiteu) — (k) + (1 — u2)dg)) Ai, €1V

= €)CrLu) + M)y Di — [uitey + (1 —wr)asn) + dcoi) + m@)Cra), (32)

= (1 = u1)agyCrLui + Auayli — [witcey + dcs@y + p@)lCrag)-

(33)

The Lebesgue measurable control set U is defined as follows in order to investigate the optimal control levels,

U={(ui1(t),u2(t)) : 0<ug <1,0 <uy <1,0 <t <ty)},

(34)
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where ¢ is the end time of implementing controls. The population of HIV diagnosed, Active TB and co-infection TB & HIV is
minimized by finding the optimal controls u] and u3 that leads to the following objective function,

ty 1
J (w1, uz) = (min)/ 1Dy + caly + c3Cruy + caCruy + 5(“’1“? + wou3)dt, (35)
u1,u2) Jo
where ¢, cs,cs3,cq4,w1, and wy are constants. Equations 3. The right hand side of the state system is bounded by a

linear function in the state and control variables.

. . y . . 4. The integrand of objective functional is convex on U.
The goal is to find the optimal controls v; and v3 and optimal 5. The integrand of objective functional is bounded below
solutions by fixing the terminal time ¢y that minimize the 5 or k/2

by ko — k1 (Jua|* + |u2|?)”"" k1, k2 > Oand k > 1.

objective functional such that, . . .
An existence of the state system with bounded coefficients

§w1uf and ~wou3 are the costs associated with the controls.

J(uh,ub) = min {J(u, ug) : uy,us € U} (36)  has been used to give condition (). The control set is convex
and closed by definition hence (i7). The right hand side of
3.4. Existence of the Optimal Control the state system satisfies (ii¢). The state solutions are already

bounded (iv). The integrand in the objective functional

To show the existence of optimal control, the approach by
[30] is used. Itis already proved that the system (3) is bounded, )
so this result can be used to prove the existence of optimal 13 clearly convex in U. For (v), from the bounds of the control

control over finite time interval as applied in [30, 31]. To  System,

1
1Dy + calgy + c3Cruy + caCruiy + 5(101“% + wou3)

ensure the existence of optimal control, following conditions lwzuf < lwi, u; € [0,1]. 37)
must be checked if they are satisfied: . .2 2 o . .
1. The set of controls and state variables be nonempty. Also, gons1der1ng the preceding inequality, the integrand
2. The control set U is convex and closed. can be written as
1 k/2
c1Dgyt+ealiy + c3Cruy + caCruy + §(W1Uf + wou3) > ki (\Ul\Q + |U2|2) - ko, (38)

where k1 = min(wy /2, ws/2), ke = wa/2, k = 2. Therefore, there exists optimal control measures u; and us that minimize the
objective functional J(u7,u2).

3.5. The Hamiltonian and Optimality System

The Pontryagin maximum principle stated the necessary conditions which are satisfied by optimal pair. Hence, by this
principle, the Hamiltonian function (H) is obtained and defined as,

H (S@i)s - Cruy) = c1Dgy + cal gy + esCrugy + caCrui

+ %(wluf + watl) + Mi{miy — (Mm@ + Aray + i) Si}
+ Xs{e@y Uiy + (1 — u2)diyAi — (A + Ty + ay) Di}
+ Ai{Dita iy + (Crmi + Crad)uites) — e + (1 —uz)
diy)Ai} + Xs{ (@) Si + 0y Ri — (i) + Argay + 1)) Ei}
+ Xe{ar Bi — (A + witr) + 0ra) + 1) Lit

+ Mr{urtry I — (0 + 1)) Rit + As{Ar@yUs + Ay Ei
— (ey + 0c1) + i) Cruy} + Molew Crugy + AriyDi
— (UlTC(i) + (1 — ur)aggs) + doog) + ,U(i)) Cru@)}

+ Mol (1 —w1)aoyCrui + Mm@y li—

(vitew) + dcsa) + iay) Crag) -

(39)

Where, \;,i = 1, ..., 10 are the adjoint variables corresponding to state variables S(;), U(;), ... and Cr g (4), respectively, and to
be determined using Pontryagins maximal principle for the existence of optimal pairs.
Theorem 3.1. Let S(;y, Uiy, Dy, Aiys By Ly, Biiys Cruiy> Crmiy and Cry ;) be optimal state solutions with associated



Applied and Computational Mathematics 2024; 14(1): 37-63

55
optimal control variables u; and us for the optimal control model, there exist co-state variables A1, ..., Ag that satisfy,
didi _ OH didy  OH dids _ OH
dt 85(2’)7 dt 6U(i)’ at 8D(i)’ 40
dirg _ O0H dids  OH did¢ _  OH ' (40)
dt — 9Ay dt  OEy  dt 9l
dirdy _ OH dids _ OH didgy _~ OH dido _  OH
dt 6R(i)7 dt aCLU(i), dt 8C’LH(1»)’ dt 8CTH(1‘).
With transversality or final time conditions, A1(t5) = ... = Ao(tf) = 0, and where H is Hamiltonian function given in ().
Furthermore, the optimal controls u], and u3 are,
ul = min{l,max{(bl},()},
(4D
A3+ Ag)d i Ag
uy = min{l,max{( 3+ M)dp A )},0}.
w2

Where,

s (M= 20)7e@ COraiy + {(Aa — Ao)Teq) N (Ao — A1o)aoi) YCLa @G + (A7 — X6)Tr1(4)
1 — .
wy

w1
Proof. Pontryagins maximum principle gives the standard form of adjoint equation with transversality conditions [31]. The
standard results in [32] are applied to derive the adjoint relations, the transversality conditions and the optimal control system.
Now, differentiating the Hamiltonian function with respect to state variables S;y, Uy, ... and Crg(;), respectively, the adjoint
equations can be written as,

dz;tq _ _% = M(Am@) + Are) + 1) — XeAga) — AsArg,
dz;\Q _ 7275: = Aa(Arg) + €+ Sy + pey) — A3€@) — A-AT()s
dzl)t\g - _ggl = —c1 — (g + Tr@) + 1a)) = MTHE) — AAT(),

diii% - _gi = —A3(1 —u2)diy + A (g + (1 = u2)dy)

dil)t\S _ _% = Xs (@) + Amey + Ha)) + X6y + AsA (i),

d;if\G - _gf = —c2+ X (Anp) +wamr() +07() + 1) — Muatr) + Morm),
dizf = _gg = =50 + M (00) + 1)
d;/;s B _86?LHUu> = s (e +dc1) + 1w) + Ao,
d:;;g _ _86?51(1‘) = —c3 — MurTo) + Mo[urTou) + (1 — u1)aogy + 0oy + ] — Ao(1 — ) oo,

di;\tlo _ _86?;[{@) = —cq — MurTo) + Mo (u1Te@) + sy + 1)) -

Further, the characterization of optimal controls u], and w3 shows that,

OH OH _

o ouy

(42)
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It follows that the optimal solution subject to constraints 0 < uq < 1,0 < uy < 11s,

(A1 = X0)7e)Crae) + {(A — Xo)Te@) Jr7(>\9 — A1o)aoi) YL@ + (A1 — X6)Tr1(5)

w1 w1
(43)

w2

U = U =

*

u2:u2:

Using the equation (42), and the lower and upper bounds of four control measures, we obtained the characterization of optimal

controls as follows.
0,if 1 <0,

u’{EU:>uI:{¢1,if0<¢1<17and (44)
1,if ¢y > 1.
0, if g2 < 0,
ugeU:ugz{@,ifog@gL 45)
1,if o > 1.

Where,
(A3 + Aa)diy A

w2

2 p—
In compact form, the optimal controls can be written as,

u’lk =y = Inin{l7 maX{(bl}a O}a

uh = ug = min{1, max{¢2},0}. (46)

3.6. Graphs for Children, 0-14 Years

In order to illustrate the feasibility of the theoretical results and the control strategies, graphs emanating from the numerical
simulations are given. The python library, Matplotlib, is used to make the plots showing children(0 — 14) population dynamics
over time.

TB Graphs for children, 0-14 years

HIV Graphs for Children, 0-14 years

10000 1 —— susceptibles Latgnt B
HIV Undiagnosed 2000 4 Active TB
—— HIV Diagnosed Treatment
8000 A — Art
1500 -
< 6000 ‘s
® k]
S F]
2 2 1000
€ 4000 - &
2000 - 3001
0 | 0 -
T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time(years) Time(years)
(a) HIV sub-model graphs for children, 0 - 14 years. (b) TB sub-model graphs for children, 0 - 14 years.

Figure 5. Children dynamics for the sub-models.

In figure 5, the HIV and TB submodel dynamics for children  to D;&A; populations due to the high rate of testing. All
are presented. It can be seen that in figure 5a that the  populations stabilize past 50 years.
susceptible population decreases drastically due to Ry = Figure 5b presents the dynamics for TB among children.
2.376 > 1. HIV undiagnosed, diagnosed and ART populations ~ Latent and Active TB populations increases fast in the first
increase drastically in the initial 20 years. It can be noted 10 years but later it goes down to stabilize at about 17 years.
that the population for the undiagnosed is lower compared TB treatment population increases over the first 17 years then
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it goes down slowly since the Active TB class has stabilized.
There is minimum population change beyond 60 years.

HIV & Active TB Coinfection for children, 0-14 years

HIV undiagnosed & Latent TB
HIV Diagnosed & Latent TB
800 4 —— HIV Diagnosed & Active TB
600
c
2
=
o
S
2 400 1
200 ~
0

0 20 40 60 80
Time(years)

100
Figure 6. Co-infection graphs for children, 0 - 14 years.

The co-infection graphs for children are presented by the
figure 6. All the three graphs increase to reach their maxima
during the beginning 5 years then the populations decrease
slowly to later stabilize past 60 years. Notably, the populations
for co-infection of latent TB with undiagnosed and diagnosed
HIV attain almost the same maxima due to the high rate of
HIV testing, € = 0.676

Coinfection of HIV and Latent TB, C,y

targets.png
Coinfection of HIV and Active TB, Cry
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w
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Figure 7. Interventions comparison between viral load suppression and TB prevention
on children population.

On figure 7, an intervention comparison between viral load
suppression and TB prevention are presented. While it is
vividly clear that both the interventions reduce the co-infection
population (Active TB and HIV), the simulations show that
viral load suppression is more effective for children. As many
as 40% of the 1 million children living with HIV (CLHIV) and
receiving antiretroviral treatment (ART), have not achieved
viral suppression [33].

Coinfection of HIV and Active TB, Cry

— u1=0,u2=0 — w1 =0,u2=0
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Figure 8. Comparison of co-infection population without and with control for children (log-scale y-axis).

Figure 8 presents the coinfection population dynamics for
children considering the TB treatment and HIV adherence
control interventions. The coinfections population sizes
remain small due to intervention with controls. However,
without controls, more people severely attacked with HIV &
TB hence they progress to advanced stages so that the sizes of
the coinfection populations population increases over time.

Figure 9 compares the effect of the two control strategies
in the coinfected populations. The graph on left shows that
ART adherence is the most effective intervention for children
infected with latent TB and HIV. TB treatment is the most
effective intervention for children infected with active TB and
HIV as shown in the graph or the right.

Figure 10 displays the comparison of the original
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coinfection dynamics presented at 6 with the dynamics with
optimal control. The optimal controls do not have instant
significance for coinfection of HIV and latent TB, Cp ;)
population but have great longterm significance in reducing

Coinfection of HIV and Latent TB, C.y

Cru(:) population size as displayed on the graph of 10-left.
The optimal controls have instant and significance reduction
for coinfection of HIV and active TB, C'r(;) population size.

Coinfection of HIV and Active TB, Cry
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Figure 9. Comparison between TB treatment only and ART adherence only strategies for the co-infection populations.
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Figure 10. Comparison between scenario when there is no optimal control and when there is optimal control: combined TB treatment and ART adherence strategies for the co-infection

populations. of children.

The controls also have great longterm significance in
reducing, Crp(;) population size as displayed on the graph
of 10-right.

3.7. Graphs for Adults, 15 Years & Above

In order to illustrate the feasibility of the theoretical
results and the control strategies, graphs emanating from
the numerical simulations are given. The python library,
Matplotlib, is used to make the plots showing adults (> 15

& above) population dynamics over time.

In figure 11, the HIV and TB submodel dynamics for
adults are presented. It can be seen that in figure 11la that
the susceptible population decreases drastically due to By =
2.238 > 1. HIV undiagnosed, diagnosed and ART populations
increase drastically in the initial 15 years. It can be noted
that the population for the undiagnosed is lower compared
to D;&A; populations due to the high rate of testing. All
populations stabilize past 40 years.
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HIV Graphs for Adults, 15 years and above

TB Graphs for Adults, 15 years and above
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(a) HIV sub-model graphs for adults, 15 years & above.

Time(years)

(b) TB sub-model graphs for adults, 15 years & above.

Figure 11. Adults dynamics for sub-models.

HIV & Active TB Coinfection graphs for Adults, 15 years and above
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Figure 12. Co-infection graphs for adults, 15 years & above.

Figure 11b presents the dynamics for TB among adults.
Latent and Active TB populations increases fast in the first
4 years but later it goes down to stabilize at about 10 years.
TB treatment population increases over the first 10 years then
it goes down slowly since the Active TB class has stabilized.
There is minimum population change beyond 40 years.

The co-infection graphs for adults are presented by the
figure 12. All thee three graphs increase to reach their maxima
during the beginning 8 years then the populations decrease
slowly to later stabilize past 40 years. Notably, the populations
for co-infection of latent TB with undiagnosed HIV attains a
higher maxima compared to the co-infection of latent TB and
diagnosed HIV due to initializing the combined treatment at
the rate, 7¢(;) = 0.65.

On figure 13, an intervention comparison between viral
load suppression and TB prevention are presented. While
the graphs show explicitly that both the interventions reduce

the co-infection adults population (Active TB and HIV), the
simulations show that TB prevention is more effective for
adults. Tuberculosis preventive therapy (TPT) significantly
reduces the risk of TB and mortality. Since 2011, the World
Health Organization recommends 3HP for PLHIV as part of
routine HIV care [2]. 3HP is a TPT regimen which is endorsed
by the WHO that combines high dose Isoniazid (H) and high
dose rifapentine (P) once weekly for three months.

Coinfection of HIV and Active TB, Cry
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Figure 13. Interventions comparison between viral load suppression and TB prevention
on adults population.

Figure 14 presents the coinfection population dynamics
for adults considering the TB treatment and HIV adherence
control interventions. The coinfections population sizes
remain small due to intervention with controls. However,
without controls, more people severely attacked with HIV &
TB hence they progress to advanced stages so that the sizes of
the coinfection populations population increases over time.
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Figure 14. Comparison of co-infection populations without and with control for adults (log-scale y-axis).

Figure 15 compares the effect of the two control strategies
in the coinfected populations. The graph on left shows that
ART adherence is the most effective intervention for children
infected with latent TB and HIV. TB treatment is the most
effective intervention for children infected with active TB and
HIV as shown in the graph or the right.

Figure 16 displays the comparison of the original

Coinfection of HIV and Latent TB, C

coinfection dynamics presented at 12 with the dynamics with
optimal control. The optimal controls do not have instant
significance for coinfection of HIV and latent TB, Cpp ;)
population but have great longterm significance in reducing
Cru(:) population size as displayed on the graph of 16-left.
The optimal controls have instant and significance reduction
for coinfection of HIV and active TB, Cr g ;) population size.
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Figure 15. Comparison between TB treatment only and ART adherence only strategies for the co-infection populations in adults population.

The controls also have great longterm significance in
reducing, Crp(;) population size as displayed on the graph
of 16-right.

Throughout the simulations, it is also noted that HIV is more
detrimental in adults than on children. This is the same with
TB. However, figure 8 shows that if no control is done, children
will be affected adversely by the coinfection compared to the
adults as shown on the figure 14.

Numerical simulations results on the different interventions
showed that ART treatment adherence lowers significantly
the co-infection population in its earlier stages (HIV and

latent TB). HIV treatment adherence prevents the progression
of latent TB infection into active TB since HIV infection
compromises the state of the person’s immune system [29].
Thus, it is of paramount importance for latent TB coinfectives
to be adhering to HIV treatment to prevent it from becoming
active and consequently increasing the mortality rate of HIV
patients.

It is also noted TB treatment reduces greatily the population
of those affected with the coinfection on the later stage; both
HIV and active TB coinfection.
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Figure 16. Comparison between scenario when there is no optimal control and when there is optimal control: combined TB treatment and ART adherence strategies for the co-infection

populations of children.

TB treatment is important for people with HIV/TB
coinfection because it can significantly improve their
prognosis and reduce the risk of death [34]. TB can also
worsen HIV progression by causing a rapid increase in HIV
replication [35].

4. Conclusions

In this research, an age-stratified mathematical model for
HIV and TB is developed and analyzed. Unlike the model
in [24], this study considered two age groups; children (0-14
years) and adults (> 15 years). HIV undiagnosed stage was
also incorporated for the model.

This study proved that the formulated model is biologically
and mathematically well posed on an invariant region ).
HIV-free equilibrium and TB-free equilibrium is shown to
be locally asymptotically stable by use of Ruorth-Hurtwiz
criterion. The global stability of the HIV-free equilibrium
and TB-free equilibrium is only guaranteed if the threshold
quantity RA and R] is less than unity.

Viral load suppression is a more effective intervention for
children compared to TB prevention. ART uptake should
therefore be monitored for children to ensure achieving the
necessary viral suppression level for children. On the other
hand, TB prevention is a more effective intervention for adults
compared to viral load suppression. TB preventative measures
e.g. TPT, should therefore be emphasized in order to reduce
HIV and active TB menace.

ART treatment adherence has proven to be the best
intervention to control the co-infection in its earlier stages
(HIV and latent TB). For ART to suppress HIV virus
replication and remain effective over time, high levels of
patient adherence are needed. The ministry should therefore
invest in making ART treatment available for latent Tb

coinfectives as well as enforcing combined treatment to the
same. It is also noted TB treatment is the best intervention
for those affected with the co-infection on the later stage; both
HIV and active TB coinfection. It implies, adherence to HIV
treatment alone, is not effective to control the coinfection.

HIV is more detrimental in adults than on children. This
is the same with TB. However, if no control is done, children
will be affected adversely by the coinfection compared to the
adults. The health policy makers should therefore prioritize on
elimination of mother to child transmission (eMTCT) of HIV.

One of the limitations of the study was inconsistency and
non-linearity of the data used for data fitting. This study
recommends assessing polynomial fitting, spline fitting, or
other nonlinear models. The outliers data points should be
determined if they are measurement errors or genuinely part
of the data. Also, robust fitting techniques are recommended,
like least absolute deviation or weighted least squares. This
study recommends that more research should be done to ensure
minimization of health risks of combining both treatments
while eliminating the co-infection menace. Combining more
than one intervention at a go is also recommended. More
research could be done to consider the drug resistant TB.
Finally, researchers could investigate on the cost effectiveness
of different and/or combined interventions.

Symbols

Susceptible population

HIV undiagnosed population
HIV diagnosed population
Population on ART

Latent TB population

Active TB population

TB recovered population

el o R=R%
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Cry  Latent TB and undiagnosed HIV co-infected
population

Cry  Latent TB and diagnosed HIV co-infected
population

Cryg  Active TB and diagnosed HIV co-infected
population

MOH Ministry of Health

CDC  Centers for Disease Control

Par Parameter

Desc  Description

Abbreviations

HIV Human Immunodeficiency Virus

TB Tuberculosis

VLS Viral Load Suppression

ART Antiretroviral Therapy

TPT Tuberculosis Preventive Therapy

PLHIV People Living with HIV
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DFE Disease-Free Equilibrium
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