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ABSTRACT. This paper addresses the synergistic interaction between HIV and
mycobacterium tuberculosis using a deterministic model, which incorporates
many of the essential biological and epidemiological features of the two dis-
eases. In the absence of TB infection, the model (HIV-only model) is shown
to have a globally asymptotically stable, disease-free equilibrium whenever the
associated reproduction number is less than unity and has a unique endemic
equilibrium whenever this number exceeds unity. On the other hand, the
model with TB alone (TB-only model) undergoes the phenomenon of back-
ward bifurcation, where the stable disease-free equilibrium co-exists with a
stable endemic equilibrium when the associated reproduction threshold is less
than unity. The analysis of the respective reproduction thresholds shows that
the use of a targeted HIV treatment (using anti-retroviral drugs) strategy can
lead to effective control of HIV provided it reduces the relative infectiousness
of individuals treated (in comparison to untreated HIV-infected individuals)
below a certain threshold. The full model, with both HIV and TB, is simu-
lated to evaluate the impact of the various treatment strategies. It is shown
that the HIV-only treatment strategy saves more cases of the mixed infection
than the TB-only strategy. Further, for low treatment rates, the mixed-only
strategy saves the least number of cases (of HIV, TB, and the mixed infection)
in comparison to the other strategies. Thus, this study shows that if resources
are limited, then targeting such resources to treating one of the diseases is
more beneficial in reducing new cases of the mixed infection than targeting
the mixed infection only diseases. Finally, the universal strategy saves more
cases of the mixed infection than any of the other strategies.

1. Introduction. The inextricably linked pathogenesis and epidemiology of my-
cobacterium tuberculosis (TB) and the human immuno-deficiency syndrome (HIV)
are well known [18] 23] 24] [36]. The two diseases exhibit some sort of synergistic
relationship, where each accelerates the progression of the other. For instance, since
its emergence in the 1980s, the HIV/AIDS pandemic continues to play a major role
in the resurgence of TB, resulting in increased morbidity and mortality worldwide.
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Additionally, HIV fuels progression to active disease in people infected with TB
[23, [40]. Rates of recurrence of TB, both due to endogenous reactivation and ex-
ogenous re-infection, are increased among people infected with HIV [19] 23] [40].
For instance, in many countries of eastern and southern Africa, the rates of TB no-
tification have increased by five or more times as a result of HIV infection [37, [38].
Similarly, HIV infection increases the likelihood that a person will develop active
TB [40].

The current statistics associated with the two diseases are staggering. While
HIV accounts for 30-46 million infections (and resulted in over 20 million deaths)
globally since its inception in the 1980s [39], TB affects at least 2 billion peo-
ple (one-third of the world’s population) and is the second greatest contributor
of adult mortality amongst infectious diseases, causing approximately two million
deaths a year worldwide [39]. Currently, approximately 8% of global TB cases are
attributable to HIV infection, but this proportion is expected to increase in the
future. For instance, the number of HIV positives in India is estimated to be 3.97
million cases, and nearly 60% of the reported cases of AIDS had TB [19].

The largest number of TB cases occurs in Southeast Asia, which in 2004 ac-
counted for an estimated 3 million new cases (one-third of the global total) for that
year [39]. However, the estimated incidence per capita in sub-Saharan Africa is
nearly twice that of Southeast Asia, at 356 cases per 100,000 population in 2004.
Also, the countries of Eastern Europe faced a serious epidemic in 2004, there were
an estimated 166,000 new cases in Russia alone.

Thankfully, effective treatment does exist for each of these deadly diseases.
For HIV, the use of anti-retroviral drugs (ARVs), notably the highly active anti-
retroviral therapy (HAART), has proven to be effective in curtailing its spread and
AIDS-related mortality [I4, 211 28, 29]. However, these life-saving drugs are still
not widely available in some resource-poor nations with high HIV incidence and
prevalence. Tuberculosis, on the other hand, can be cured using drug therapy, such
as DOTS (directly observed treatment short course). DOTS cures TB in 95% of
cases, and a six-month supply of DOTS costs as little as $10 per person in some
parts of the world [3].

The enormous public health burden inflicted by these two diseases necessitates
the use of mathematical modelling to gain insights into their transmission dynam-
ics and to determine effective control strategies. Unfortunately, not much has been
done in terms of modelling the dynamics of HIV-TB coinfection at a population
level. A few modelling studies, such as those in [27, B0} [35], have provided basic
framework (using simplified models) for modelling the complex HIV-TB interac-
tion in a community. The purpose of the current study is to complement the
aforementioned studies, by designing and qualitatively analysing a new and more
comprehensive deterministic model for gaining insights into the transmission dy-
namics and control of the two diseases in a population. The model allows for the
assessment of treatment strategies for each disease (including the mixed infection).
The robust model will be used to assess the public health (epidemiological) im-
pact of four main treatment strategies, namely: (i) treating people infected with
HIV only (HIV-only strategy), (ii) treating people infected with TB only (TB-only
strategy), (ii1) treating people infected with the mixed infection only (mized-only
strategy) and treating individuals infecetd with HIV, TB or the HIV-TB coinfection
(universal strategy).
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It is worth emphasizing that the two diseases differ in their modes of trans-
mission. Whilst TB is an airborne disease (a susceptible individual may become
infected with TB if he or she inhales bacilli, the causative agent of TB, in the air),
HIV is transmitted predominantly via sexual contact or needle sharing (particularly
among IV drug users). Thus, whilst HIV transmission almost exclusively involves
sexually-active people (except for cases of vertical transmission), everyone (chil-
dren and adults) is susceptible to TB infection. Children can acquire TB infection
by having close contact with infected adults (usually family members). However,
data from Health Canada [5] suggests that pediatric TB is on the decline. For
instance, the number of reported TB cases in Canada in children under 15 years
of age declined from 430 in 1970 to 109 in 2001 (the incidence of TB in children
also decreased from 6.6 per 100,000 in 1970 to 1.9 per 100,000 in 2001). Although
pediatric TB may be a factor in some nations, this study does not include chil-
dren in the compartment of people susceptible to TB or HIV; rather, we consider
sexually-active individuals only.

The paper is organized as follows. The model is formulated in Section 2. Two
sub-models of the full model (HIV-only and TB-only) are analyzed in Section 3. The
full model is analyzed (for the stability of the associated disease-free equilibrium)
in Section 4, and numerical simulations are carried out in Section 5.

2. Model formulation and basic properties. The total sexually-active popu-
lation at time ¢, denoted by N (t), is subdivided into mutually-exclusive compart-
ments, namely susceptible (S(t)), newly- and asymptomatically-infected individ-
uals with HIV (H;(t)), HIV-infected individuals with clinical symptoms of AIDS
(Hz(t)), individuals infected with TB in latent (asymptomatic) stage (L(t)), indi-
viduals infected with TB in the active stage (T'(t)), untreated dually-infected indi-
viduals (with both diseases) having latent TB and in the asymptomatic stage of HIV
infection (I}, (t)), untreated dually-infected individuals with active TB and in the
asymptomatic stage of HIV infection (I} (t)), untreated dually-infected individuals
with latent TB and showing symptoms of AIDS (1% (t)), untreated dually-infected
individuals with active TB and showing symptoms of AIDS (I%,(t)), treated in-
dividuals infected with HIV only (W (t)), treated individuals infected with TB
only (Wr(t)), dually-infected individuals with latent TB treated of HIV (W, (1)),
dually-infected individuals with active TB treated of HIV only (W, (t)), individ-
uals infected with both diseases treated of TB (W} (t)) and those treated of both
HIV and TB only (W}, (t)), so that

N(t) = S(t)+ Hy(t) + Hao(t) + L(t) + T(t) + Ity (t) + Tir (1) + I, (t)
+ () + Wa(t) + Wr(t) + WL () + Wi (8) + Wi (8) + Wiy (2).

The susceptible population is increased by the recruitment of individuals (assumed
susceptible) into the population, at a rate II. Both singly- and dually-infected
individuals transmit either HIV or TB infection as follows (note that we split the
disease transmission process into those generated by singly-infected and dually-
infected individuals to make the formulation easier to follow).

2.1. Transmission by singly-infected individuals. Susceptible individuals ac-
quire HIV infection, following effective contact with people infected with HIV only
(i.e., those in the Hy, Hy and Wy classes) at a rate Ay, given by

P Br(Hy +n2Hs +nuWi)
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where, By is the effective contact rate for HIV transmission. Further, the modi-
fication parameters e > 1 and ny < 1 account for the relative infectiousness of
individuals in the Hy (AIDS) and Wy (treated HIV-infected individuals) classes in
comparison to those in the H; (asymptomatic HIV) class. That is, individuals in
the Hs class are more infectious than those in the Hj class (because of their higher
viral load); and, likewise, treated HIV-infected individuals are less infectious than
those in the H; class (because the use of treatment significantly reduces the viral
load in those treated).

Similarly, susceptible individuals acquire TB infection from individuals with ac-
tive TB only at a rate Az, given by

sy = DT Wr) ®)

where, 07 is the effective contact rate for TB infection, and the parameter ny <
1 accounts for the reduction in infectiousness among individuals with active TB
who are treated (in comparison to those who are not treated). A fraction, I, of
susceptible individuals who acquire TB infection moves to the latent TB class (L)
at the rate Ar, and the remaining fraction, 1 — I, moves to the active TB class T.
It is assumed that individuals in the latent TB class do not transmit infection.

2.2. Transmission by dually-infected individuals.

2.2.1. Untreated individuals. Dually-infected individuals are assumed capable of
transmiting either HIV or TB, but not the mixed infection. Untreated dually-
infected individuals (i.e., those in the I}, I}r, 1%, and I%4, classes) transmit
HIV at a rate A}, where

Moy = Bulllp + ol + cana(If, +nplr)] ' 3)
N
In @), come (with co > 1) accounts for the assumed increase in infectiousness for
dually-infected individuals in the AIDS stage compared to dually-infected individ-
uals in the asymptomatic HIV stage; while the modification parameter np > 1
accounts for the assumption that dually-infected individuals with active TB trans-
mit HIV at a higher rate than the corresponding dually-infected individuals with
latent TB (in other words, it is assumed that dually-infected people with active TB
transmit HIV at a rate higher than that of dually-infected individuals (W) with
latent TB, since it is known that active TB accelerates HIV progression in people
infected with both diseases).
Similarly, untreated dually-infected individuals with active TB (i.e., those in the
I} and I%; classes) transmit TB at a rate A%, with

Br(Ip + I%7)
Yy = 22llir i) 0

2.2.2. Treated individuals. Here, too, treated individuals with the dual infection
transmit both diseases (but not the mixed infection) to susceptible individuals,
where the transmission of the disease being treated is assumed to occur at a lower
rate in comparison to the transmission by the corresponding class of dually-infected
individuals who are not treated; while the transmission of the other disease occurs
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at the same rate as that of the corresponding singly-infected untreated individu-
als. For instance, treated individuals with the mixed infection (i.e., those in the
WhH WH. WL, and WAL classes) transmit HIV at a rate A}, where

B (Wirr +nu (Wi + Wiy + Wir)]

ML= v . (5)

In other words, equation (B) shows that dually-infected individuals treated of
TB (W) transmit HIV at the same rate (Bx) as the corresponding (untreated)
HIV-infected individuals with HIV infection only (in the H; class), while dually-
infected individuals treated of HIV with latent and active TB (W, and W},),
and dually-infected individuals treated of both diseases (W) transmit HIV at
the reduced rate, ng By (in comparison to the untreated HIV-infected individuals
in the Hp class). Thus, treating dually-infected individuals of one disease (only)
does not limit (or reduce) their ability to transmit the other disease.

Similarly, treated individuals with mixed infection (involving active TB) transmit
TB at a rate A%, where

AT _ ﬁT[WgT+nT(W§T+WI§IJT)] (6)
M N :

2.3. Derivation of model equations. The populations of individuals in the Hy
and Hj classes are reduced due to TB infection (following effective contact with indi-
viduals in the T, I;7, I35, Wr, W, Wik, and WH,. classes). Further, individuals
in the H; class progress to the AIDS class (Hz), at a rate 0. The parameters ¢, and
o (with 3 > 11 > 1) account for the assumed increase in probability of acquir-
ing TB infection for HIV-infected individuals; the parameter 1, is associated with
those with clinical symptoms of AIDS (Hs) while ¢ is associated with those with-
out symptoms (H;). That is, it is assumed that individuals with HIV infection are
more prone to TB infection than wholly-susceptible individuals. Further, those with
AIDS acquire TB infection at a higher rate than those in the asymptomatic stage of
HIV infection owing to the weaker immune status of the former. The population of
individuals infected with TB only (in the L or T class) is reduced following acquisi-
tion of HIV-infection, which can result following effective contact with individuals
infected with HIV (in the Hy, Ho, W, I}y, , Iy I3y, Iapp, WL , WHL WL and
WAL classes). Further, individuals in the latent TB class (L) progress to the ac-
tive TB class (T') at a rate a, and become re-infected (exogenously) after effective
contact with individuals in the active TB class (at a rate Ag) or with individuals
having mixed infection involving active TB (at a rate Ag1). The rates Ag and A\g1
are, respectively, given by

BrieUbr + e + Wiiy)

N Y
where Orn,. (with 1. > 0 being the modification parameter for exogenous re-
infection) is the contact rate associated with the exogenous re-infection. Individuals
in the I}, class undergo exogenous re-infection at a rate Ag2, where

A
Ap = Brn

and )\Rl =

A\ B (T + Thp + T + Wiy)
R2 = N .

A fraction, [, of susceptible individuals who acquire TB infection from untreated
dually-infected individuals (at the rate A%.) move to the latent TB class, while the
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remaining fraction, 1 — [, move to the active TB class. Susceptible individuals who
had effective contact with dually-infected individuals treated of TB can acquire
either TB or HIV infection. Those who acquire HIV move to the H; class (at the
rate B ), and, on the other hand a fraction, I, of those who acquire TB infection
move to the latent TB class (L), while the remaining fraction, 1 — I, move to the
active TB class (T'). Similarly, susceptible individuals who acquire infection from
dually-infected individuals treated of HIV alone can become infected with TB at the
rate Op (where a fraction, I, move to the latent class; and the remaining fraction,
1 — 1, move to the active TB class), and those infected with HIV move to H; class
at the reduced rate ngfBy. Dually-infected individuals treated of both diseases
transmit HIV infection at the reduced rate ng Gy, and TB infection at the reduced
rate nrfBr (where a fraction, I, of the TB cases move to the latent class and the
remaining fraction, 1 — I, move to the active TB class). Note that, since we have no
data to show that the aforementioned fractions (that move to the latent TB class)
are distinct, we assume that they are all equal (to [).

Further, individuals in the I};; class progress to the I} class at an increased
rate 61, where 6 > 1 (this is to account for the fact that HIV infection accelerates
TB progression in dually-infected individuals); and are treated for HIV at a rate
1. Finally, a fraction, &, of individuals in the I}, class progress to active TB and
AIDS stage (I%4) at a rate yg7, and the remaining fraction, 1 — &, moves to the
1%, at the same rate ypr.

As noted earlier, individuals with latent TB (only) are re-infected (exogenously)
at a rate Ag or Ag1. A fraction, ¢, of those individuals re-infected at the rate Agr;
progress to active TB, and the remaining fraction, 1 — ¢, acquire HIV infection and
move to the I}, class. Individuals in this I}, class are treated for HIV at the
rate 71 and for active TB at a rate 73. Finally, I},, individuals progress to I%
at an increased rate n;o, with ;1 > 1. In other words, this study assumes that
the presence of mixed infection accelerates progression of both diseases (to either
active TB or AIDS stage).

Similarly, individuals with AIDS and latent TB (I%;) are re-infected (exoge-
nously) at the rate Age. Individuals in this class are treated for HIV at the rate 7o,
progress to I%IT class at the rate fa (62 > 1) and die due to the two diseases at a
rate dgp. Finally, individuals in the IIQJT class are treated for HIV at the rate 7
and active TB at the rate 73; and they die at an increased rate wdgyr, with w > 1.
Treatment for HIV, using ARVs, is administered to individuals in both H; and Hs
classes, at the rate 71 and 79, respectively; while individuals with active TB are
treated at the rate 73.

Individuals successfully treated for HIV are assumed to eventually (after long
period of time, lasting decades) succumb to the disease (due to the failure of treat-
ment or resistance development) and progress to AIDS at a reduced rate 6,01, where
0 < 6; < 1. Individuals successfully treated of TB return to the latent TB stage at
a rate p. Finally, dually-infected individuals treated of HIV can further be treated
for TB; while dually-infected individuals treated of TB can similarly be treated
for HIV. Dually-infected individuals who have received treatment for both diseases
(WAL class) and dually-infected individuals treated of TB (W}, class) eventually
progress to the final stage of HIV disease and latent TB (1% ) at rates oy and o7,
respectively. On the other hand, dually-infected individuals treated of HIV with
latent TB (W7, class) progress to the class of dually-infected individuals treated of
HIV with active TB (I};1) at the rate 6, and/or to the untreated dually-infected
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individuals with AIDS and latent TB at a rate 6,0. Dually-infected individuals
treated of HIV with active TB (W) progress to the class of individuals with
AIDS and active TB (I%;) at a rate oy. Further, natural mortality occurs in all
classes at a rate p, while individuals in the AIDS (Hs) and active TB (T') classes
suffer an additional disease-induced death at rates dy and 7, respectively.

Combining all the aforementioned assumptions and definitions, the model for
the transmission dynamics of HIV and TB in a sexually-active population is given
by the following system of differential equations:

ds
= =T - AgS—ArS —2AypS =248 — A s — AT 5 — s,
dH
d—tl =AgS 4+ AypS 4+ NS — Apgy Hy — My pabr Hy — ALy Hy — Ky Hy,
dH2 2 T
= oHy + 0toWy — ArpaHo — Ao Ha — Ay 92 He — Ko Ha,
dL
i NS + D48 + NS + oW — AL — Ay L — MLL — AL — Ari L — KL,
ar 2 T H
= A =DArS+ (1 =X 0S4+ (1 = DAL S + ARL + aL — AgT + pAm L — NET—
Ay T — KyT,
dI}-IL 2 T 1 2
7 = ATlel —+ )\HTd}lHl + >\1\1¢1H1 + )\HL —+ )‘HTL + l()\HTWH + )\TWH—F
MW + ML+ X W + Ag W + NI W — Agolly — Ksllp,
drt
% = AT + A T+ ML T 4+ (1 = )OO Wey + A We + 25, We) + Ao Il +

Orall; + (1 —d)Ar L — Keltyr,
e (M)

% = Moo Hy + NjppaHa + Ayt Ho — Apolr + (1 — Oyurlfp + 00 Wi+

M T 2
UHTWHT + O'TWHT — K7IHL7

dI?

% = Ap2lfp + 020l +Evurily, +molyr + ouWhy — Kslr,

A%%

7dtH =711H1 + ™ H>2 _)‘iITWH — AWy — )"}CIWH - KoWm,

aw.

TT = ’7'3T— )\}{TWT — )\HWT — )\ﬁWT - KlOWT7
dwi
% = Tl[ll-IL + TQI%{L — )\RQWII}L - Kllngy
dWII_}IT _ 1 2 H H H
T = TlIHT —+ T2IHT +91aWHL +)‘R2WHL — K12WHT7
awig

—dfT :’T3(I}{T+I?-IT) _KISWI’I;T7
dwlvf

dfT =TgW§T+T2W§T—K14W£IlT7
where,
Ky = pto+mn, Ko=p+dépg+m, Ki=p+a, Ki=p+or+7s,
Ks = p+bia+n+yur, Ke=p+7+73+mo, Kr=p+ba+m+our,
Ks = p+mn+71+winr, K9=p+00, Kig=p+p, Ki1 = p+01a+ 60,

Ky = p+tog+m, Kis=p+or+m, Ku=u+our.
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Table 1: Description of variables and parameters for the treatment model with
staged-progression ()

Variable Description

S(t) Susceptible individuals

Hq(t) New- and asymptomatically-infected individuals

Ho(t) HIV-infected individuals with clinical symptoms of AIDS

L(t) TB-infected individuals in latent stage

T(t) TB-infected individuals in active stage

I}{L(t) Dually-infected individuals with latent TB and in the asymptomatic stage of
HIV infection

I}{T(t) Dually-infected individuals with active TB and in the asymptomatic stage of
HIV infection

I%{L(t) Dually-infected individuals with latent TB and showing symptoms of AIDS

I?{T(t) Dually-infected individuals with active TB and showing symptoms of AIDS

W (t) Treated individuals with HIV

Wr(t) Treated individuals with TB

WH, (t) Dually-infected individuals treated of HIV with latent TB

WHL(t) Dually-infected individuals treated of HIV with active TB

Wk @) Dually-infected individuals treated of TB

wM.(t) Dually-infected individuals treated of both diseases

Parameter Description

II Recruitment rate into the population

w Natural death rate

Om,07,0HT Disease-induced mortality for HIV, TB and mixed infections

0+ Modification factor for progression to AIDS
for treated HIV-infected people

o Progression rates to AIDS and active TB classes for untreated singly-infected
individuals
of individuals with HIV and latent TB, respectively

YHT Progression rates to symptomatic stages of dual infection
of individuals latent TB in the asymptomatic stage of HIV disease

« Progression rate to active TB of individuals with latent TB

p Progression rate to latent TB of individuals treated for TB

ni,M2,C2,MH, NT,MND

w, 01,62 Modification parameters

OH,O0T,OHT Progression rates to AIDS or active TB or
both by dually-infected treated individuals

Nr Re-infection parameter

o) Fraction of individuals with latent TB only who are reinfected with TB

13 Fraction of dually-infected individuals showing symptoms of
AIDS and latent TB who are reinfected with TB

l Fraction of newly-infected individuals with latent TB

1-1 Fraction of newly-infected individuals with active TB

T1,T2,T3 Treatment rates for H1, Ho and T classes

1,2 Modification parameter for increased TB susceptibility for people in H; and
Ho> classes

B, Br Effective contact rates for HIV and TB
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Since the model ([7]) monitors human populations, all the variables and parame-
ters of the model are non-negative. Consider the biologically-feasible region

D = {(Sv Hy,Hy, L, T, IllLILvIIIJTV[Iz{LvIIQ{TvWHvWTvWI{I{Lv W5T7W§T7W£I4T)
eRI: N <II/u}.

The following steps are followed to establish the positive invariance of D (i.e., all
solutions in D remain in D for all time). The rate of change of the total population,
obtained by adding all the equations in model (@), is given by
dN 9 9
E:H_NN_(SHHZ_(STT_éHTIHL_WéHTIHT- (8)
It is easy to see that whenever N > II/u, then dN/dt < 0. Since dN/dt is
bounded by IT — uN, a standard comparison theorem [25] can be used to show that

II 11 11
N(t) < N(0)e #+—(1—e #"). In particular, N (t) < — if N(0) < —. Thus, every
7 1 1

solution of the model (@) with initial conditions in D remains there for ¢ > 0 (the
w-limit sets of the system (7)) are contained in D). Thus, D is positive-invariant and
attracting. Hence, it is sufficient to consider the dynamics of the flow generated by
(@) in D. In this region, the model can be considered as been epidemiologically and
mathematically well-posed [17].

3. Analysis of the sub-models. Before analyzing the full model (), it is in-
structive to gain insights into the dynamics of the models for HIV only (HIV-only
model) and TB only (TB-only model).

3.1. HIV-only model. The model with HIV only (obtained by setting L =T =
Iy, = Iy = Ifp = Ijp = Wr = Wi, = Wiy = Wiy = Wiy =0 in [@) is
given by

ds
— =II—-MgS—uS
dt H o,
dH
d—l =\gS — K Hj,
i, 9)
7 =oH, + 0,0Wyg — KoHo,
dw
TH =T11Hy + 1oHy — KoWhy,
where,
H H. w
)\H:ﬁH( 1ty + W) and, now, N =S+ Hy + Ho + Wpg.

N

For this model, it can be shown that the region,
Dy = {(S,Hy, Ho, Wy) € R} : N < 1T/},

is positively-invariant and attracting. Thus, the dynamics of the HIV-only model
will be considered in D;.
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3.1.1. Local stability of disease-free equilibrium (DFE). The model (@) has a DFE,
obtained by setting the right-hand sides of the equations in the model to zero, given
by

II
EO:(S*vHTaHngi}): (;705070> (10)

The linear stability of & can be established using the next- generation operator
method on the system (@)). Using the notation in [33], the matrices F' and V, for the
new infection terms and the remaining transfer terms respectively, are, respectively,
given by (noting that S* = N* at the DFE &)

Bu  Bune Buny

F=|o0o o 0o |,
0 0 0

and,
K 0 0

V=|-0 Ky —bio

-1 -T2 Ky

Thus,

(1 +0m) Ko + pme + n2o (Ko + 0471) + nu (072 + Kao71)
Ru = Pu (11)

Ky [(n+ 6m) Ko + pu72]
The following result follows from Theorem 2 of [33].

Lemma 3.1. The DFE of the HIV-only model @), given by ([IQ)), is locally asymp-
totically stable (LAS) if Ry < 1, and unstable if Ry > 1.

The threshold quantity Ry is the reproduction number for HIV [1]. It measures the
average number of new HIV infections generated by a single HIV-infected individual
in a population where a certain fraction of infected individuals are treated.

3.1.2. Analysis of Ryg. The objective here is to determine, using the threshold
quantity Rpg, whether or not treating individuals with HIV, either those in the
asymptomatic stage (modelled by the rate 71) or AIDS stage (modelled by the rate
T2), can lead to HIV elimination in the community. It is evident from (III) that

~ Bra(mob; +nuK>)

lim Ry = > 0, 12
T1l—I>noo H (,[L+6H)K9+,UT2 ( )
and,
lim Ry = P [1 + M} <> 0. (13)
Ty —00 K

Thus, a sufficiently effective HIV treatment program that focusses on treating in-
fected individuals in the asymptomatic stage (at a high rate, 71 — o00) or those
with AIDS symptoms (at a rate 72 — o0) can lead to effective disease control if
it results in making the respective right-hand side of ([I2)) or (I3)) less than unity.
The profiles of Ry, as a function of treatment rates ™ and 7o, are depicted in
Figure 1A. For the set of parameters used in these simulations, it is evident from
this figure that while a strategy that focuses on treating asymptomatic individuals
alone can dramatically reduce Ry from around Ry = 17 to a value of Ry less than
unity (Ry = 0.523), the strategy that focuses on treating AIDS individuals only
reduces Ry from Ry = 17 to Ry = 10 (thus, HIV cannot be eliminated in the
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latter case, but will be in the former). It was further shown, in Figure 1A, that the
combined treatment of HIV-infected individuals with or without AIDS symptoms
reduces Ry to values less than unity faster than a strategy that targets individuals
without AIDS symptoms.

(A)

25
20

15

L 1,20, 1,#0
I

24

10

11?-0, 12?-0 1,#0, 1,=0

80

701

60

50

30

20

10

FIGURE 1. Reproduction numbers as a function of treatment rates.
(A) Ry, (B) Rr

Further sensitivity analysis on the treatment parameters is carried out by com-
puting the partial derivatives of Ry with respect to the treatment parameters (71
and 73), giving,

ORu _ Bufllp+ o)+ 0m) + pra|na — naop(l — 0:) — (u+0m)(p + 0:0) — p7a}
on (n+0+7)% (1 + 0m) Ko + pr] ’

(14)
and

3

Ry _ Buo b + plnm = m)l [+ 0u(o +70)

o (n+0+7) (1 + 0m) Ko + prs]” ' 19)
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Consider the case 72 = 0 (that is, only HIV-infected individuals with no AIDS

symptoms being treated). It follows from (I4]) that %Ef <0if

mar < Ay = 2L 00+t Om)p + o) (16)
(b +0)(p+6n)
Thus, the targeted treatment of HIV-infected individuals in the asymptomatic stage
will have positive impact in reducing HIV burden only if ng < Aj. Such a treatment
will fail to reduce the HIV burden if ny = Aj, and will have a detrimental impact
in the community (increase Ry ) if ng > Ajy. This result is summarized below.

Lemma 3.2. The targeted treatment of HIV-infected individuals in the asymp-
tomatic stage will have positive impact if ng < Ar, no impact if ng = Ay and will
have detrimental impact if ng > Ag.

Similarly, it follows from (I5) that 2% < 0 if

ng < AA = R (17)

giving the following result.

Lemma 3.3. The targeted treatment of HIV-infected individuals with AIDS symp-
toms will have positive impact if ng < Aa, no impact if ng = Aa and negative
impact if ng > Ay

It is worth emphasizing that if Condition (I8 or (I7)) does not hold, then the
use of the corresponding targeted treatment strategy would increase HIV burden in
the community (since it increases Ry ), although such treatment may be beneficial
to those HIV-infected (individuals) treated. That is, the use of ARVs will increase
disease burden if it fails to reduce the infectiousness of those treated below a certain
threshold (ny < Ay if asymptomatic HIV-infected individuals are targeted; or
ng < Ay if individuals with ATIDS symptoms are targeted).

Returning back to Lemma 1. Biologically speaking, this lemma implies that HIV
can be eliminated from the community (when Ry < 1) if the initial sizes of the
sub-populations of the model are in the basin of attraction of &. To ensure that
elimination of the virus is independent of the initial sizes of the sub-populations,
it is necessary to show that the DFE is globally asymptotically stable. This is
established below.

3.1.3. Global stability of DFE.

Theorem 3.4. The DFE of the HIV-only model @), given by [{Q), is globally
asymptotically stable (GAS) in D1 whenever Ry < 1.

Proof. Consider the following Lyapunov function:
F =b1Hy + bsHs + bsWi,
where,

bl = (,LL—F(SH)KQ—I—ILLTQ—F’I]QO’(KQ—|—9tK3)—|—T]H(O'T2+K2K3),
b2 Ki(n2Ko +nut2),
bs Ki(n200; + nuK2),
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with Lyapunov derivative (where a dot represents differentiation with respect to ¢),

F = blH1+b2H2+b3WH,
= bl(/\HS—KlHl)+b2(O'H1—|—9tO'WH—KQHQ)—I—bg(TlHl—FTQHQ—KQWH),

= hAuS — Ki[(n+ ) Ko + pma|(Hy + n2Hy + nuWh),

AaNEK[(1+ 6m) Ko + pirs)

— bApS— ,
1AH i
_ AaNKq[(p+ 0m) Ko + pts) { b1SBH _1}
Br NEK; [(p+ ) Ko + prs] ’
AaNK1[(1n+ 6m) Ko + pirs] { b1 8 } .
< 1l S<N
< Bn Rol(n + 6:) Ko 1 7] (since § < N)
AgNKq[(p+ 05) Ky + prs]

= (R —1) <0 for Ry < 1.
BH

Since all the model parameters are nonnegative, it follows that F <0for Ry <1
with F = 0 if and only if Hy = Hy = Wxy = 0. Hence, F is a Lyapunov function on
D;1; and the largest compact invariant set in {(S, Hy, Ho, Wy ) € D : F= 0} is the
singleton {&y}. Therefore, by the LaSalle’s Invariance Principle [26], every solution
to the equations of the model (@), with initial conditions in D, approaches & as
t — 0o, whenever Ry < 1 (note that substituting H; = Ho = Wy = 0 in the first
equation of (@) shows that S — S* as t — o0). O

The above result shows that HIV will be eliminated from the community if the
epidemiological threshold, Ry, can be brought to a value less than unity.

3.1.4. Ezistence of endemic equilibria. To find conditions for the existence of an
equilibrium for which HIV is endemic in the population (i.e., at least one of H{*,
H3* and W} is non-zero), denoted by & = (S**, H*, H3*, W}), the equations in
(@) are solved in terms of the force of infection at steady-state (A};), given by

B (H{" +n2H3™ +na W)

Py N (18)

Setting the right hand sides of the model to zero (and noting that Ay = A\}f at
equilibrium) gives

k%

o oy B NG TI( Ko + 0;11)
N K+ y) T Ka(p+ M)+ 0m) Ko + pra]’
- N I(Kom + 0T2)
B Ky (u+ X)) [(+ 0m) Ko + pma]”

Hok *%

(19)

Using (19) in the expression for A} in (I8) shows that the nonzero (endemic)
equilibria of the model satisfy

a1 Ay — a2 =0, (20)
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where,

a 1 1 J(K9+9t7'1) oo + Ko
1 = -

K, (w+0m) Ko+ pro  (u+0m) Ko+ pm
It is clear that a;; > 0, and a1z > 0 for Ry > 1. Thus, the linear system (20)
has a unique positive solution, given by A3 = aiz/a11, whenever Ry > 1. The
components of the endemic equilibrium, £, are then determined by substituting
Ajf = a12/a11 into (J). Noting that Ry < 1 implies that a;o < 0. Thus, for
Ry < 1, the force of infection at steady-state (A\};) is negative (which is biologically
meaningless). Hence, the model has no positive equilibria in this case. These results
are summarized below.

and ajp = RH —1.

Lemma 3.5. The HIV-only model @) has a unique endemic equilibrium whenever
Ru > 1, and no endemic equilibrium otherwise.

3.1.5. Local stability of endemic equilibrium. Using standard linearization of the
HIV-only model around the endemic equilibrium is laborious and not really tractable
mathematically. Here, the center manifold theory [6], as described in [9] (Theorem
4.1), will be used to establish the local asymptotic stability of the endemic equi-
librium (see also [10} B3]). To apply this method, the following simplification and
change of variables are made first. Let S = x1, H] = 22, Hy = 3, and , Wy = x4, so
that N = @1 + 29 +x3+x4. Further, by using vector notation X = (21, z2, x3,24)7,
the HIV-only model (@) can be written in the form Cfi—)t( = (f1, f2, f3, f4)T, as follows:

dey _ f—TI— Ba (w2 + 23 +77H=T4)x o
dt ! (acl + 22 + 23 +£L'4) ! b
d
az _ fo= Bu (z2 + noxs + 77H«T4)x1 ~ Kymo,
dt (1 + 22 + 23 + 24) (21)
d
% = f3 = o0x2 + Oioxy — Kaxs,
dx
d—t4 = f4 = T1T9 + ToX3 — K9$4.
The Jacobian of the system (21), at &, is given by
- —Ba  —Banz —Punm
| 0 Bg—Ki Banz Punm
J(&0) = 0 o —K, 0.0 ’
0 T1 T2 —Kg

from which it can be shown that

_ Bu 120 (Ko + 0:71) N (oma + Komp)
K (w+0m)Ko+pm2  (n+0m)Ko+ pma |
Consider the case when Ry = 1. Suppose, further, that g is chosen as a bifurca-
tion parameter. Solving [22)) for Sy gives Ry = 1 when

Ru (22)

K,

120 (Ko + 0,71) nu(oTe + Komi)
(n+0m) Ko +pr2 (p+0m)Ko + pr
Note that the above linearized system, of the transformed system 2II) with Sy =
(3*, has a zero eigenvalue which is simple. Hence, the center manifold theory [6]

B =p" =

(23)
1+
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can be used to analyze the dynamics of (21I]) near Sy = 8*. In particular, Theorem
4.1 in [9] will be used to show the LAS of the endemic equilibrium point of (2I])
(which is the same as the endemic equilibrium point of the original system (@), for
Bm near G*.

Eigenvectors of J(&))

Ba=p*
It can be shown that the Jacobian of ([2I) at Sy = 8* (denoted by Jg~) has a right
eigenvector (associated with the zero eigenvalue) given by w = [wy, we, w3, w4]T,
where

(B*wa + B*nows + B*nrws)

w = - )
1
B (ppws +naws)
Wy = )
Ky —p*
Ko +
wy = w3>0, wyg= 2T T 729

00 + Kgowg'

The denominator K7 — §* > 0 since it follows from ([23) that Ky > g*. Further,
Jg+ has a left eigenvector v = [v1,v2, v3,v4] (associated with the zero eigenvalue),
where

oo + Komy
/l) b
(K1 — B*)12 + B*n21 ’
B*nuva + Oiovs3
Ky '

For convenience, the theorem in [9] (see also [6l 10} [33]) is reproduced below.

vi = 0, wvg= vy =wvg > 0,

Vg =

Theorem 3.6 (Castillo-Chavez & Song [9]). Consider the following general system
of ordinary differential equations with a parameter ¢

%:f(x,qs), f:R"xR—Rand f € C*(R" x R), (24)

where 0 is an equilibrium point of the system (that is, f(0,¢) = 0 for all $) and
assume
Al: A=D,f(0,0)= (%(O, O)) is the linearization matriz of the system ([24))
J
around the equilibrium 0 with ¢ evaluated at 0. Zero is a simple eigenvalue
of A and other eigenvalues of A have negative real parts;
A2: Matriz A has a right eigenvector w and a left eigenvector v (each corre-
sponding to the zero eigenvalue).

Let fi, be the kth component of f and

n

0% fr

a = Z vkwiwjiaxiaxj((),()),
k,i,j=1

b = En vw-%(o 0)
kyi=1 ’ x0T

The local dynamics of the system around 0 is totally determined by the signs of a
and b.



160 O. SHAROMI, C.N. PODDER, A.B. GUMEL AND B. SONG

it a>0,0>0. When ¢ <0 with |¢| < 1, 0 is locally asymptotically stable and
there exists a positive unstable equilibrium; when 0 < ¢ <K 1, 0 is unstable
and there exists a negative, locally asymptotically stable equilibrium;

ii: a < 0,b<0. When ¢ < 0 with |¢| < 1, 0 is unstable; when 0 < ¢ < 1, 0 is
locally asymptotically stable equilibrium, and there exists a positive unstable
equilibrium;

iii: @ > 0,b < 0. When ¢ < 0 with |¢| < 1, 0 is unstable, and there exists a
locally asymptotically stable negative equilibrium; when 0 < ¢ <K 1, 0 is stable,
and a positive unstable equilibrium appears;

ivi a <0,b> 0. When ¢ changes from negative to positive, 0 changes its stabil-
ity from stable to unstable. Correspondingly a negative unstable equilibrium
becomes positive and locally asymptotically stable.

Particularly, if a > 0 and b > 0, then a backward bifurcation occurs at ¢ = 0.
Computations of ¢ and b :

For the system (ZI]), the associated non-zero partial derivatives of F' (at the DFE)
are given by

9% f _ 26 9% f _ B+ )
8%% 11 ’ 8$28I3 II ’
?f,  _  Bu(ltnu) Pfe  28°
012074 II T 03 m o’
9% [ _ _ Brvanp(ve +vm) P f _ 2B%pnm
Ox30xy II ©02 m -

It follows from the above expressions that

_ 2090wy + w3 + wa)(ws + wanm + wna)
II

For the sign of b, it can be shown that the associated non-vanishing partial deriva-
tives of I are

<0.

FhHo 1 PhHo Pfa
D200 7 0ws0p* " Bmap | MD
02 fa _ 02 f> _ 02 fa _
92203" ' Brs08* P omepr M

It also follows from the above expressions that
b= UQ(wQ + wsn2 + ’LU4’I7H) > 0.

Thus, ¢ < 0 and b > 0. So (by Theorem 2, Item (iv)), we have established the
following result (note that this result holds for Ry > 1 but close to 1):

Theorem 3.7. The unique endemic equilibrium guaranteed by Theorem 2 is LAS
for Rug near 1.

In summary, the HIV-only model (@) has a globally-asymptotically stable DFE
whenever Ry < 1, and a unique endemic equilibrium point whenever Ry > 1. The
unique endemic equilibrium point is LAS at least near Ry = 1. The dynamics of
TB-only is also explored as below.
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3.2. TB-only model. The model for the transmission dynamics of TB only (ob-
tained by setting Hy = Hy = I3y, = Iiyp = 15, =I5 =Wy = WH, = WhH, =
Wk =W, =0in (@), given by

s

— =1 - ApS —uS

dt T i3,

dL

— =IApS+ pWr — ArL — K3L,

dt

o (25)
5 (1 =DArS+ ArL + oL — K,T,
aw:
TT =731 — K10Wr,

with,
T W, A
Ar = W A= ith N =S4 L+ T+ W

The TB-only model (23) is formulated along the lines of the model in Feng et al.
[12], but with the additional features of (i) newly-infected individuals can have
either latent or active TB (0 < [ < 1) and (4i) treated (TB-infected) individuals
can transmit TB (np # 0).

3.2.1. Local stability of DFE. The TB-only model (Z8) has a DFE given by

II
Eor = (S*, L*, T*, WF) = (—,0,0,0). (26)
I
Here, the F' and V matrices are given, respectively, by
0 Ifr 17 Ks 0 —p
F= 0 (1 - l)ﬁT (1 - l)ﬁTnT y V= — K4 0
0 0 0 0 -1 Ko

It follows that

(1 =DK36r(Ki0 +n773) + Bric(Ki + nrT3)
Ry = : (27)
K3K4K19 — apt3
where, K3 K4 K19 — apts = p(p+ p+ a)(p+ 67 + 73) + ap(p + 67) > 0. Thus, the
following result is established (from Theorem 2 of [33]).

Lemma 3.8. The DFE of the model [28)), given by 28)), is LAS if Rr < 1, and
unstable if Rp > 1.

The threshold quantity, Ry, is the reproduction number for TB.

3.2.2. Analysis of Rr. Here, the reproduction threshold, Ry, will be analyzed to
determine whether or not treating people with active TB (modelled by the rate 73)

can lead to the effective control or elimination of TB in the population. It follows
from (27), that

lim Ry — (1 = DBrKsnr +6ronr _ Srorpl —1) + o]

T3 —00 u(p+p+a) plp+p+a)
from which it is evident that the parameters Sr and nr play an important role
in determining the value of Ry. A plot of Ry as a function of 75 is depicted in
Figure 1B. This figure shows that, for the set of parameters used in the simulations,
an effective strategy for treating people with active TB may not be adequate to
eliminate TB in the community, since it only brings Ry down to about Ry =5 at

>0,
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steady state (and the condition Ry < 1 is needed for effective control of TB in a
population).

Biologically speaking, Lemma (B.8]) implies that TB can be eliminated from the
community (when Ry < 1) if the initial sizes of the sub-populations of the model
are in the basin of attraction of £y;. Since TB models are often shown to exhibit the
phenomenon of backward bifurcation [9, [12], where the stable DFE co-exists with
a stable endemic equilibrium when the associated reproduction threshold (Rr) is
less than unity, it is instructive to determine whether or not the TB-only model
[5) exhibits this feature. This is done below.

3.2.3. Bifurcation analysis. Models of TB dynamics with exogenous re-infection
are known to exhibit the phenomenon of backward bifurcation [9, [12], where the
stable DFE co-exists with a stable endemic equilibrium. Here, the model (28) will
be analysed to see whether or not the new features (I # 1 and nr # 0) added
to some of the earlier TB models (e.g., the model in [12]) would have any effect
on the expected reinfection-induced backward bifurcation property of TB disease.
Here, too, the Centre Manifold theory will be used on the model system (23]). Let
S=ux1,L =20, T =23, and Wy = x4, so that N = 1 + x5 + x3 + =4, so that the
model (28] is re-written in the form:

dxy Br(x3 + newa)ry

—=fi=1I- — uxe,

a N o1t tastas

d r

ﬂ = f2 = l 6T(I3 + 77t$4)$1 T4 — ﬁTTI T3¥2 — KgIQ,

dt r1 + 2o+ a3+ 24 1+ X2 + 23+ 24

d Br (s + i) 5 2%)

T3 T\T3 T 1T )T1 T1rT3L2

dt fs=( )3:1+3:2+:173—|—:174 T1+ To + a3+ T4 2 a3

d

% = f4 = 1323 — K1074.

The Jacobian of the system (28], at the DFE (26), is given by
— i 0 —Br —Brnr
T(Eor) = 0 —-K3 BT IBrnr +p

0 « (1 — Z)ﬁT — K4 (1 — l)ﬁTT]T ’
0 0 T3 _KIO

from which it can also be shown that

Br((1 — 1) K3(Kio + nr73) + la(Ki0 + 1n773)]
K3K4K10 — QP73

Ry : (29)

Suppose G is chosen as a bifurcation parameter. Solving ([29) for Ry = 1, gives

K3K4Kq9 — apts
(1 —1)K3(K1o + nrrs) + la(Kig + nr7s)

pr =" =

Eigenvectors of J(Eyt)
Br=p*

It can be shown that the Jacobian of [28) at S = * (denoted by J(Eot) =
Br=p*
Jg+) has a right eigenvector (corresponding to the zero eigenvalue) given by w =
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T
[w1, wa, w3, wy]", where

—B* w3 — B nrwy

wy = )
I
_1Bfws + (I8 7 + p)ws
Wy = )
K
w3 = ws,
T3W3

w. = .

: K1o

Further, the Jacobian Jg« has a left eigenvector (associated with the zero eigen-
value) given by v = [v1, ve, v3, v4], where

v = 0,
[0
Vg = —
2 K3 3
V3 = Us,
vy = et pvs + (1= DB

Ko

Theorem 2 will be used to establish the presence of backward bifurcation in the
TB-only model ([23)).

Computations of ¢ and b :

For the system (28], the associated non-zero partial derivatives of F' (at the DFE)
are given by

?f  _ _ﬁ*u(l ) fs _ Bmrp Pfy 208
0x2013 II ) 012014 I’ 817% I’
Pf 1B OPfy  =2Bnpp  Pfs  Bp
Or3dry T (1+ ), 0x? B II " Qxo0zs T (L =1=m),
N E _ (@ =DBnrp 9 fs _ 20 =Dprp
8I28$4 11 ’ 817% 11 ’
Pfs (=D Ffs =201 =) nrp
Or3dry - 1I (1+nr), 833421 B 11 '

It follows from the above expressions that

4 4
(92f2 a2f3
a = 2 Z Wit 8$18{Ej T vs ’Zl Wiy 8171'8Ij7

3,7=1 1,5=
20
I

[Alll + A12(1 — Z) — (’Ug — 1)2)’(0211)37’]7«],

from which it can be shown that a > 0 iff
wowsne(v3 —v2) > Anl+4 A1 1),
where,
v3 A1

Aln = wva(we + ws + wy)(ws + wanr), Are = o
2
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Hence, a > 0 whenever (note that vs — ve = pvs > 0)
Alll + A12(1 — l)

wows (v — v2)

Tr

For the sign of b, it can be shown that the associated non-vanishing partial
derivatives of I are

Ph o P PR PR
0x306* 7 0x408% " Or303* T 0z408% "
so that,

4 4

9% f 9% f3
b = UQZwiax.aﬁ*""WZwiaxiaﬁ*
el i=1

= (w3 + wany)vel +v3(1 —1)] > 0.
Thus, we have established the following result:
Theorem 3.9. If
Anl+A2(1-1)

wows (vg — v2)

Mr )
with vs —ve > 0, then the TB-only model [28) undergoes a backward bifurcation at
Rr=1.

It should be noted that the inequality in Theorem 4 does not hold if n,, = 0 (since
the right hand side of the inequality is positive). Thus, the backward bifurcation
phenomenon of the TB-only model [@28) will not occur if 7, = 0 (i.e., the TB-
only model will not undergo backward bifurcation in the absence of exogenous
re-infection).

Numerical simulations are carried out, using an appropriate set of parameter val-
ues (satisfying the inequality in Theorem 4), to illustrate the backward bifurcation
phenomenon of model (28] (see Figure 2).

It should be emphasized that these parameter values are chosen only to illus-
trate the backward bifurcation phenomenon of model ([28)), and may not all be
realistic epidemiologically. With the chosen set of parameter values, the ratio
Al + Alg(l — l)

waw3(v3 — va)
ing a value of 1, > 2, such as 7, = 3. Thus, it follows from Theorem 4 (and Figure
2) that the additional features [ =1 (i.e., all newly-infected individuals have latent
TB) and nr = 0 (i.e., treated people do not transmit the disease) do not affect the
backward bifurcation property of the TB disease (since, the inequality in Theorem
4 still holds if I = 1 and 5y = 0 with 7, = 3).

In summary, unlike the HIV-only model (@), the TB-only model (28] under-
goes backward bifurcation, where multiple stable equilibria co-exist when Ry < 1.
Backward bifurcations have been observed in a number of epidemiological settings,
such as those associated with behavioral responses to perceived risks [10} [15], multi-
group models [7, 8] 20, 31], vaccination models [2, [ 1T, 22, [32], disease treatment
[34] and models of the transmission of TB with exogenous re-infection [9, [12] and
HTLV-I [13].

Having analysed the dynamics of the two sub-models, the full HIV-TB model
[@ will now be anlysed.

= 2. Thus, the inequality in Theorem 4 will hold by choos-
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FIGURE 2. Simulations of the TB-only model (25]). Backward bi-
furcation diagrams for (A) susceptible, (B) active TB, (C) latent
TB and (D) treated TB classes using 8 = 0.56,n7 = 0.001,a =
0.03, 1 = 0.03, p = 0.1,8; = 0.02,73 = 0.5, = 0.6 and 7, = 3.

4. Analysis of the full model. Consider, now, the full model (@), with DFE

given by
51 = (S*vH{FaHgvL*vT*aIll-I*Lalll-I*TaI?-I*LaI?-I*TvW[?vw’liaWgZan%7W§;7W%;)
(H/,LL, O’O7 0307 0307 0307 0307 070307 0)7
and the associated matrices F and V, are given, respectively, by
]
~ |010xs O1ox6]’
where,
Ba  Bunz 0 0 Bu  Bunp  Bucanz  Brcanznp
o= 0 0 0 0 0 0 0 0
1o 0 0 157 0 16y 0 Ipr ’
0 0 0 (I-=0Br 0 @A-1)pr 0 (1 —0)Br
Bang 0 Bunu  BanH B Bunu
| 0 0 0 0 0 0
T 0 IBrnT 0 1B IBrnT 1BrnT ’
0 (1 —=0)Brnr 0 A=08r (A =0Brnr (1—1)Brnr
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and,
L ZEZ
v=li o)
with,
K, 0 0 0 0 0
-0 Ky 0 0 0 0
Vo= 0 0 Kz 0 0 0
1o 0 —-a K4 0 K
0 0 0 0 K5 0
0 0 0 0 —910[ K6
0 0 0 0O 0 0 0 O
00 -0 O 0O 0 OO
Vv 0 0 0 —-p 0 0 0 O
2710 0 0 0 00 0 0]
0 0 0 0O 0 0 0 O
0 0 0 0O 0 0 0 O
0 0 0 0 —(1A=8ymar O
0 0 0 0 —&YHT —Mmo
—T1 —T2 0 0 0 0
B 0 0 0 -3 0 0
Vs = 0 0O 0 O —Ty 0 ’
0 0O 0 O 0 —T1
0 0O 0 O 0 —T3
0 0O 0 O 0 0
and
K7 0 0 0 —etO' 0 —oT —OHT
—6‘204 Kg 0 0 0 —O0OH 0 0
0 0 Ko O 0 0 0 0
Vi — 0 0 0 Ky 0 0 0 0
Yl = 0 0 0 Ky 0 0 0
0 —T2 0 0 —91(1 K12 0 0
0 —T3 0 0 0 0 K13 0
0 0 0 0 0 —T3 —T9 K14

Here, it is shown that the associated reproduction number is given by,

RC = maX{RH, RT},

where, Ry and Rr are as defined before. Using Theorem 2 in [33], the following
result is established.
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Lemma 4.1. The DFE of the full HIV-TB model (), given by &1, is LAS if
R. < 1, and unstable if R, > 1.

It can be shown, using similar approach as in Section 3.2.3, that the full model
(@) will exhibit backward bifurcation for R, < 1.

5. Simulations. The full model (@) is now simulated, using the parameter esti-
mates in Table 2 (unless otherwise stated), to assess the potential impact of treat-
ment strategies against HIV and TB, as follows.

Table 2: Parameter Values

Parameter Nominal value References
II 50,000

W 0.02

B, Br variable

01,05,0, 6, 6, 0.01

p 0.1 [9]
«@ 0.03

o 1/33 9]
OH,01,0HT 0.01, 0.02, 0.03

l 0.7

T1, T2, T3 variable

,MD, M, 2,07, nyg 1.2, 1.2, 1, 1.2, 0.001, 0.001

C2 1

1, o 1.2, 14

w 1.4

OH,0T,0OHT 0.1,0.2,1/15

YHT 0.4

I3 0.5

10) 0.7

5.1. Threshold simulations. Simulations are carried out to monitor the dynam-
ics of the full model ([7) for various values of the associated reproduction thresholds
(Rg and Rr). For the case when Ry < 1 and Ry < 1, (that is, R, < 1), the
solution profiles can converge to the DFE or the EEP owing to the phenomenon of
backward bifurcation in the full model (7). Figure 3 shows convergence of the so-
lutions to the DFE for R, < 1 (in line with Lemma 6), whereas Figure 4 illustrates
the backward bifurcation phenomenon of the full model (@), with some solutions
converging to an EEP and others to a DFE when the threshold quantity R. is less
than unity. Note that, for the set of parameter values used, the simulations have
to be run for long time periods (in hundreds of years) to generate the backward
bifurcation pictures depicted in Figure 4.

5.2. Evaluation of treatment strategies. As stated earlier, the paper offers four
main treatment strategies namely the, (¢) HIV-only strategy, (i¢) TB-only strategy,
(#4¢) mixed-only strategy, and (iv) universal strategy. The full model () is now
simulated (for a four-year period) to assess these strategies as follows:
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FIGURE 3. Simulations of the full model (). Total infectives as
a function of time using different initial conditions, with Ry =
0.29, Rp = 0.50; so that R. = 0.50. (A) HIV cases, (B) TB cases,
and (C) HIV-TB cases. All other parameters as in Table 2.
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FIGURE 4. Simulations of the full model ([[)). Backward bifurcation
diagrams using different initial conditions and parameter values
such that Ry = 0.87, Ry = 0.96; so that R, = 0.96. (A) HIV
cases, (B) TB cases, and (C) HIV-TB cases. All other parameters
as in Table 2.

5.2.1. HIV-only treatment strategy. Here, simulations are carried out to monitor
the impact of treating for HIV only. That is, singly-infected individuals in the H;
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and Hj classes are treated at the rates 71 and 73, respectively; while dually-infected
individuals are treated for HIV at the rate 7 (i.e., individuals infected with TB,
either singly or dually, are not treated for TB, so that 73 = 0). Using a modest rate
of 1 = 1 = 0.5, the results, depicted in Figure 5A, show a significant reduction
of the number of new cases of HIV as well as those of the mixed HIV-TB infection
(although more new cases of HIV are prevented than those of the mixed infection).
Similar trends were observed when the treatment rate was increased by 10-fold
(Figure 5B).

Cumulative new cases averted

HIV-TB cases

Cumulative new cases averted

Time (years)

FIGURE 5. Simulations of the full model ([@). Cumulative new
cases averted using HIV-only treatment strategy with (A) 7 =
79 =05and 73 = 0 and (B) 71 = 70 = 5 and 73 = 0. All other
parameters as in Table 2.

5.2.2. TB-only treatment strategy. In these simulations, only individuals infected
with TB are treated for TB. That is, only individuals in the active TB classes (i.e.,
those in T, I}, I3, and WE,) are treated (at the rate 73) and those with HIV
or latent TB are not treated (i.e., m = 7 = 0). Figure 6A shows a significant
reduction of the cumulative number of new TB cases followed by that of the mixed
infection. It should be stated that the number of TB cases prevented (Figure
6A) exceeds the corresponding number of HIV cases prevented under the HIV-only
treatment strategy (Figure 5A). However, more cases of the mixed infection were
prevented in the HIV-only treatment strategy than in this (TB-only) treatment
scenario. Similar trends were observed when the treatment rate is increased by
10-fold (Figure 6B).

5.2.3. Mixed-only treatment strategy. In these simulations, only individuals with
the mixed infection are treated for both diseases (HIV infected individuals are
treated at the rates 7 and 72; and those with active TB are treated at the rate 73).
That is, we set 4 = 70 = 73 = 0 in the Hq, Hy, T, Wy and W classes but use these



170 O. SHAROMI, C.N. PODDER, A.B. GUMEL AND B. SONG

Cumulative new cases averted

15 2
Time (years)

(B)

x 10"

©

~

o

TB cases

ol

w

Cumulative new cases averted
~ S

HIV-TB cases

N

o

0 05 1 15 2 25 3 35 4
Time (years)

FIGURE 6. Simulations of the full model [@). Cumulative new
cases averted using TB-only treatment strategy with (A) 73 =
05,71 = =0and (B) 3 = 5 and 74 = 7o = 0. All other
parameters as in Table 2.

rates in each of the mixed infection classes. The results obtained for low treatment
rate, depicted in Figure 7A, show more reductions of cumulative new cases of HIV
followed by those of the mixed infection and then TB. However, this strategy saves
far fewer cases than either the HIV-only or TB-only treatment strategy. Increasing
the treatment rate by 10-fold shows more savings of the cumulative new cases of
TB followed by those of HIV and then the mixed infection (Figure 7B). It should be
noted that although the mixed-only strategy saves fewer cumulative cases for low
treatment rates (in comparison to the other two strategies discussed above), the
mixed-only strategies compares reasonably well with the other (aforementioned)
two strategies when the treatment rate is high enough (Figure 7B).

5.2.4. Universal treatment strategy. Here, all infected individuals, either those with
TB-only, HIV-only or mixed infection-only, are treated for each of the diseases
they have. Figure 8A shows that, on average (within the four year period), more
cumulative new cases of TB are prevented followed by those of HIV and then the
mixed infection if the treatment rate is low (although the number of cases of HIV
and the mixed infection prevented are almost identical). Figure 8B shows similar
trends when the treatment rate is increased by 10-fold. It is evident from Figure
8B that although the universal strategy saves the same cumulative number of new
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FIGURE 7. Simulations of the full model [@). Cumulative new
cases averted using mixed-only treatment strategy with (A) 7 =
72 =13 = 0.5 and (B) 71 = 72 = 73 = 5. All other parameters as
in Table 2.

cases of HIV and TB as the HIV-only and TB-only strategies, the universal strategy
saves more mixed infections than any of the other three strategies.

Conclusions. A realistic deterministic model for the transmission dynamics of
HIV and TB in a population is designed and rigorously analysed. The HIV-only
model is shown to have a globally-asymptotically stable disease-free equilibrium
whenever its associated reproduction number is less than unity; and has a unique
and locally-asymptotically stable endemic equilibrium when the number exceeds
unity. On the hand, it was shown (using Centre Manifold theory) that the model
with TB infection only undergoes the phenomenon of backward bifurcation, when
the associated reproduction number is less than unity. The full model has a disease-
free equilibrium which is locally-asymptotically stable whenever the maximum of
the reproduction numbers of the two sub-models described above is less than unity.
Numerical simulations show that the full model, like the TB-only sub-model, also
undergoes backward bifurcation. These results have important public health im-
plication, as they govern the elimination and/or persistence of the two diseases
in a community. By analyzing the various associated reproduction numbers, it
was shown that the targeted use of ARVs for individuals with or without AIDS
symptoms can lead to HIV elimination in the community if the (average) relative
infectiousness of the individuals treated, in comparison to untreated HIV-infected
individuals, does not exceed a certain critical value.

Numerical simulations of the full model were carried out to assess the impact of
the associated (four) treatment strategies. Some of main epidemiological findings
of this study include:
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FIGURE 8. Simulations of the full model ([@). Cumulative new
cases averted using the universal treatment strategy with (A) 7 =
79 =713 = 0.5 and (B) 71 = 72 = 73 = 5. All other parameters as
in Table 2.

Treating any of the two diseases alone prevents significant number of cumu-
lative new cases of the disease being treated as well as that of the mixed
infection (and more cumulative new cases are prevented for higher treatment
rates);

The HIV-only strategy prevents more cumulative new cases of the mixed
infection than the TB-only strategy;

For low treatment rates, the mixed-only strategy saves the least cumulative
new cases of HIV, TB and the mixed infection in comparison to the other
strategies. That is, if resources are low and the objective is to minimize cases
of mixed infection, than such resources should be targeted to treating either
HIV or TB but not the mixed HIV-TB infection;

For high treatment rates, the mixed-only strategy compares reasonably well
(in terms of cumulative new cases averted) with the other strategies;

The universal strategy saves more cumulative new cases of the mixed infection
than any of the other strategies.

Overall, this study shows that the prospects of effectively controlling the spread
of HIV and TB in a community, using effective treatment for both diseases, is
bright.
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