EFFECTS OF TREATMENT, AWARENESS
AND CONDOM USE IN A COINFECTION MODEL
FOR HIV AND HCV IN MSM
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We develop a new a coinfection model for hepatitis C virus (HCV) and the human
immunodeficiency virus (HIV). We consider treatment for both diseases, screening,
unawareness and awareness of HIV infection, and the use of condoms. We study the local
stability of the disease-free equilibria for the full model and for the two submod-els (HCV
only and HIV only submodels). We sketch bifurcation diagrams for different parameters,
such as the probabilities that a contact will result in a HIV or an HCV infection. We
present numerical simulations of the full model where the HIV, HCV and double endemic
equilibria can be observed. We also show numerically the qualitative changes of the
dynamical behavior of the full model for variation of relevant param-eters. We extrapolate
the results from the model for actual measures that could be implemented in order to
reduce the number of infected individuals.
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1. Introduction

Human immunodeficiency virus (HIV) affects 34 to 46 million people throughout
the world. Of these, about 4 to 5 million people are coinfected with hepatitis C
virus (HCV).! In Portugal, it is estimated that about 25% to 40% of the 41,086
people infected with HIV are coinfected with HCV.? Portugal is the third country,
of the Western Europe, with higher prevalence and more new diagnosed cases of
HIV/AIDS, per year.
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The current international consensus, to control the HIV epidemic, focuses on
the need for clear leadership on policies and programs for prevention, early diag-
nosis, treatment that respects human rights and quality of health care, effective
and accessible to everyone. Mathematical models have been used extensively in
the literature to model epidemiological and other biological phenomena.?* In what
concerns HIV/AIDS, new models incorporate a more detailed understanding of the
mechanisms associated to HIV infection, such as dissemination, and distribution
and impact of interventions on population.>% Consequently, the impact of health
policies, such as deficient access to health care, delayed treatment or the use of
screening for asymptomatic cases can be evaluated with these models.” A model of
HIV/AIDS with screening was introduced in Ref. 8 and recently extended in Ref. 9.
Usually, the models of the dynamics of HIV/AIDS, incorporate progression, where
an infected individual goes through various stages of infectiousness before develop-
ing clinical AIDS. In Ref. 8, a model in which infection leads to asymptomatic HIV
infectives, who are later screened and then develop AIDS, without interventions,
is considered. A similar approach was previously studied in Ref. 5 with differen-
tial infectivity and staged progression models. In Ref. 9, the model in Ref. 8, was
modified to include highly active antiretroviral therapy (HAART) treatment.

Typically, the coinfection of HIV and other diseases is associated with more
serious risks and severe consequences for patients. In the coinfection with HCV,
HIV accelerates the progression of HCV, moreover, the risk of severe liver disease
is higher if the CD4 count falls below 200 cells/mm3.2 In addition, there is a higher
risk of cirrhosis, end-stage liver disease, hepatocellular carcinoma and liver-related
death.'® In Portugal, the end-stage liver disease is, after tuberculosis, the second
leading cause of death among HIV-positive people.?

Recent studies show, however, some successful treatments for HCV using drug
combination in individuals coinfected with HIV. Furthermore, most people with
HCV can be treated successfully for HIV.!? However, more studies are needed to
show the efficacy of new antiviral drugs for HCV in people coinfected with HIV.

In this paper, we study a mathematical model for HIV and HCV coinfection in
men who have sex with men (MSM). The model includes treatment for both dis-
eases, screening, awareness and unawareness of HIV infection, and effective protec-
tion against HIV and HCV by condom use. We believe this is a relevant study, since
HIV and HCV are common diseases worldwide and since 2000 outbreaks of acute
HCV among HIV-positive MSM, who denied injecting drugs, have been reported in
Europe,'? United States'® and Australia.'* This fact added to the increased sever-
ity of the coexistence of the two diseases, makes it extremely important to unravel
the dynamics of their coinfection.

HIV and HCV share the same transmission routes, namely by injection drug
use (IDU), sexual contact, mother to child transmission during pregnancy or birth,
blood and blood products transfusion, organs transplantation from infected donors
and exposure to blood by health care professionals.'® Here, we will only consider



the transmission of HIV and HCV by sexual activity. HCV transmission by sex-
ual activity is believed to be inefficient and an accurate estimate for the value of
the risk associated to different sexual activities is still to be found. Moreover, the
HCV prevalence differs in what concerns the HIV transmission route, being the
higher associated to IDU. Nevertheless, there is stronger proof of sexually trans-
mitted HCV in HIV infected MSM.'6:17 There is also increased concern with the
likely bridging of HCV transmission from the HIV-positive into the HIV-negative
MSM. 7

Bearing these ideas in mind, the paper is organized as follows. The model is
described in Sec. 2. In Sec. 2.2, we compute the reproduction numbers and the
local stability of the disease-free equilibria. In Sec. 3, we present several bifurcation
diagrams that help to understand the dynamical behavior of the proposed model.
We compute the sensitivity indices of the reproduction number to relevant param-
eters of the model in Sec. 4. Simulation results of the full model are presented in
Sec. 5. Finally, in Sec. 6, we write the main conclusions of this work.

2. Model for HIV/AIDS and HCV Transmission

In this section, we describe the HIV and HCV coinfection model. We compute the
reproduction numbers of the full model, and the two submodels (HIV only and
HCV only models). We study the local stability of the disease-free equilibria. We
compute the sensitivity indices of the reproduction number to relevant parameters
of the model. We present bifurcation diagrams, built with the help of XPPAUT, to
better understand the dynamics of the proposed model.

2.1. Description of the model

The total population, N(t) is divided into the following 16 classes: the unscreened
susceptible individuals, S5(t), the screened susceptible individuals, Ss(t), the HIV
unaware infected individuals, I;(t), the HIV aware infected individuals, I,(t), the
unaware individuals showing symptoms of AIDS, A;(t), the aware individuals that
developed AIDS, A,(t), the HCV infected individuals screened for HIV, I.(t), the
HCV infected individuals unscreened for HIV, I4(t), the chronic HCV infected indi-
viduals unscreened for HIV, Cs(t), the chronic HCV infected individuals screened
for HIV, Cs(t), the HCV and HIV unaware coinfected individuals, I.1;(t), the HCV
and HIV aware coinfected individuals, I.1,(¢), the chronic HCV and HIV unaware
coinfected individuals, CI;(t), the chronic HCV and HIV aware coinfected indi-
viduals, CI,(t), the HCV and AIDS dually infected individuals, I.A(t), and the
chronic HCV and AIDS coinfected individuals, CA(t).

The schematic diagram of the model is given in Fig. 1.

The population of size N (t), at time ¢, has constant inflow of susceptibles Sz(t)
and Sg(t), A = A1 + As. The natural mortality rate is p in all classes. Susceptible
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Fig. 1. Flow chart of the model.

unscreened individuals, S5(t), get infected with HIV at a rate \j, where:

(t) + La(t) + m(ela(t) + Lela(t)

I,
>\h = C(l — G)bh N(t)

Parameter by, is the probability that a contact will result in an HIV infection
and c is the mean number of sexual partners that a susceptible individual acquires,
annually. To model the impact of condom use as a primary prevention tool, we
assume that the level of protection by condoms is given by 6 € [0,1]. If § = 0,
then condoms do not offer any protection, whereas § = 1 implies perfect protec-
tion.® Parameter 11 > 1 models the fact that dually infected individuals are more
infectious than their corresponding counterparts.'® 20 Unscreened individuals are
screened at a rate k and move to the class of screened susceptible individuals, Ss(t).

Screened susceptible individuals, Ss(t) are infected with HIV at a rate (1—1)Ap,
where 0 < 1 < 1 measures the efficacy of screening in reducing disease transmission.
If v» = 0, then the screening has no effect on the behavior of individuals, on the



contrary, if ¢ = 1 then screening is 100% effective in preventing HIV transmission.
We consider that screened susceptible individuals can be infected. Routine testing
serves only one individual knowing his or her HIV status and accessing care if he
or she needs it. A proportion p of screened individuals enter the infected class of
individuals who are aware of their condition, I,(t). A proportion (1 — p) of infected
individuals that are not routinely screened go to the class I5(¢) and are unaware of
their infectious state. These unscreened individuals are screened after some time at a
rate k and moved to class I,(t). Individuals at class I,(t) receive HAART treatment,
nevertheless there are some that develop AIDS at a rate ps. Individuals in class 5 (t)
may also develop AIDS at a rate p;. We assume p; > po, since individuals at class
I;(t) do not receive HAART treatment, due to their unawareness of the disease
condition. The AIDS induced death rate is ds.

Considering now HCV infection, susceptible unscreened individuals, S5(t) are
infected with HCV at a rate A., and move to class Iz, where:

_ I(t) + Ia(t) 4+ m2(IeIa(t) + 114 ()
Ao = (1 — )b, NG .

Parameter b, is the probability that a contact will result in an HCV infection, 1 > 1
models the fact that dually infected individuals are more infectious than their cor-
responding counterparts.'® 20 The HCV, unscreened for HIV, infected individuals,
I:(t), recover spontaneously (or from treatment), at a rate v, and return to class
Ss(t). They can also progress to a chronic stage, Cs(t), at a rate 1. Or they can
be screened at a rate k and move to class I.(t). These individuals are infected with
HIV at a rate § Ay, where d accounts for the susceptibility to HIV infection for HCV
infected people.20:2!

The screened susceptible individuals, Ss(¢) are infected with HCV at a rate A.
and moved to class I.(t). The screened HCV infected individuals are infected with
HIV at a rate (1 — )\, 0, recover at a rate v and move back to class Ss(t), or
progress to a chronic phase at a rate o1 and move to class Cs(t).

The chronic HCV infected individuals, unscreened for HIV, Cj(), are infected
with HIV at a rate 6\, and move to the class CI;(t), and are screened at a rate k
and move to class C4(t). The chronic HCV infected individuals, screened for HIV,
Cs(t), are infected with HIV at a rate (1 — ¢)dA.

The HIV unaware infected individuals, I;(t), are infected with HCV at a rate
oA, and move to class I.1;(t), where o > 1 is the modification parameter modeling
the increased risk of being infected with HCV when a person is already infected
with HIV.17:19:20 Reciprocally, the HCV infected individuals, screened for HIV,
I.(t), are infected with HIV at a rate (1 — p)(1 — ¢)d\, and also move to class
I.15(t). Individuals in class I.I;(t) spontaneously recover from HCV infection, at
a rate vy, and move to class I;(t), or progress to AIDS at a rate ps and move to
class I.A(t). They can also be screened for HIV and move to class I.1,(t). Finally
individuals in class I.I;(t) can become chronic carriers at a rate oo and move to
class CI5(t).



The HIV aware infected individuals, I, (¢), are infected with HCV at a rate oA,
and move to class I.1,(t). Reciprocally, the HCV infected individuals, I.(t), are
infected with HIV at a rate §(1 — ©)Ay. Individuals in class I.1,(t) spontaneously
recover from HCV infection at a rate v1 and move to the class I,(t). They progress
to AIDS at a rate ps, and move to class I.A(t). Or they may become HCV chronic
carriers, at a rate o2, and move to class CI4(t).

The individuals with chronic HCV infection, and unscreened for HIV, Cs(t), are
infected with HIV at a rate 6\, and move to class CI;(t). Individuals in this class
are screened at a rate k and move to class CI, or progress to AIDS at a rate ps.
The HCV induced death is §; in all HCV classes.

The HCV infected individuals at chronic phase, screened for HIV, C(t), are
infected with HIV at a rate (1 —+)dA,. The chronic HCV carriers and HIV aware
dually infected individuals, C1,(t) progress to AIDS at a rate ps and move to class
CA(t).

AIDS aware individuals, As(t), are infected with HCV at a rate o\, and move
to class I.A(t). The individuals in class I, A(t) are treated for HCV infection at a
rate vz and move to class As. The individuals in class I. A(t) become HCV chronic
carriers at a rate oy and move to class CA(t).

The parameters and variables of the model are summarized in Table 1.

The system of nonlinear ordinary differential equations for the proposed model
is given by:

dSs

CZ = AN +vlz — M\, S5 — N\.S5 — kS; — /LSg

dS,

7 = Ao+ kS; — (1 —)ApSs — AeSs + vl — uSs

dl;

E = (1 — p)(l — ’L/J))\th + MSs + v .05 — (k +p1+0A + M)Ia
dl,

= = p(1 — V)ASs + kI + vl 0, — (0o + p2 + 1)1,
dA;

S = pI; — 02) Az

o = Pila = (u+02)
dA,

a = pg]a + UQICA — (U/\c + 1% + 52)Aa

dl;

7t =ASs — (E+v+o01+ 0 +p+01)1z

dl,

e AeSs +kIz — (v+ o1+ (L =)o, + o+ 01) 1
dCs

i = 0'1[5 — (k’ + (S)\h + 1% + 51)05
dCy

a =o1l. + kC; — ((1 — 1/})(5)\/5 + pn+ (51)05



Table 1. Definition of parameters and variable of model (2.1).

Variable/Parameter Description
Ss(t) susceptible screened individuals
Ss(t) susceptible unscreened individuals
I, (¢) HIV infected aware individuals
I5(t) HIV infected unaware individuals
Aq(t) aware individuals showing symptoms of AIDS
As(t) unaware individuals showing symptoms of AIDS
I.(¢) screened for HIV, HCV infected individuals
I:(¢) unscreened for HIV, HCV infected individuals
Cs(t) screened for HIV, chronic HCV infected individuals
Cs(t) unscreened for HIV, chronic HCV infected individuals
Ic14(t) HCV and HIV aware coinfected individuals
I.15(¢) HCV and HIV unaware coinfected individuals
CI 4 (t) HIV aware and chronic HCV dually infected individuals
CI4(t) HIV unaware and chronic HCV coinfected individuals
I.A(t) HCV and AIDS coinfected individuals
CA(t) chronic HCV and AIDS coinfected individuals
Aq recruitment rate of unscreened individuals
Ao recruitment rate of screened individuals
o natural mortality rate
bn probability that a contact will result in an HIV infection
be probability that a contact will result in an HCV infection
c mean number sexual partners a susceptible individual acquires
0 level of protection by condoms
P proportion of screened individuals aware of their HIV status
P efficacy of screening in reducing HIV transmission
v,v;, 1 =1,2 recovery rate of treated for HCV
o, i =1,2 rate of progression to chronic phase of HCV
01 mortality due to HCV
pi,i=1,2 rate of progression to AIDS
k awareness of unscreened HIV infected individuals after being screened
02 mortality due to HIV
ni, 1 =,1,2 modification parameter
o modification parameter
1 modification parameter
dl 15
a = (1 — p)(l — 1/1)5>\hlc + oIz + oAl — (/{3 +o2+p2t+v+p+ 51)10151
dl 1,
T =p(1 = )oMp L. + oNely + kI Iz — (U1 + po+ 02+ p+ 01) 11,
dC1;
7 = (1 — p)(l — 1/})/\h505 + A C5 + ool 15 — (/{3 + p2 + @+ 51)CI5
dcl,
7 =p(1 —w)é)\th + ool I, + kClz — (p2 + 1+ 01)Cl,
dl.A
dct =0 Ay + palodz + polcd, — (U2—|—0'2+M+51 +§2)ICA
dCA
T p2Cla+ p2Cly + 02l A — (401 + 92)CA



with non-negative initial conditions given by:
S5(0) = Ss0, S5 =S50, 1a(0)=lao, Lo =1lao, Aa(0)= Aqo,
Az =Ay, 1.00)=1I10, I:=15, Cs(0)=Cs,
Cs =Cyplcdy =1159, 1.1,(0)= 11,9, CI5(0)= Clag,
Cl.(0) = Cl,, I.A0)=1.Ay, CA(0)= CAy

Model (2.1) will be analyzed in the domain Q C R1§, given by:

Q= {(557S§aIaaI&7AaaA&aIC7IEaCsaC§m7IcIaa CIaaIcI&a CIa7

A1+A2}

Clz, 1A, CA)eRP:0< N <
I

Theorem 2.1. The solutions of system (2.1) with initial conditions (2.2) satisfy
Ss(t) > 0, Ss(t) > 0, Iz(t) > 0, I,(t) > 0, Aa(t) > 0, Ag(t) > 0, Is(t) > 0,
I(t) 2 0, Cs5(t) 2 0, Cs(t) 2 0, ILa(t) > 0, LcIo(t) > 0, Cla(t) > 0, Cla(t) > 0,
I.A(t) > 0, CA(t) > 0 for allt > 0. The region Q € RS is positively invariant and
attracting with respect to system (2.1).

Proof. From the first equation of model (2.1) we have:
S5 > —[Mn+ Ae + k4 u)S
thus:
S5(t) > S5(0)el~JsPn(+Ac()+htulds) o
Similarly for the second equation of system (2.1):
Sy > Sy (0)el~Jo (A=) FActm)] 5

In an analogous fashion, we can easily show that I,(t), Iz, A.(t), Aa, I.(t), Iz,
Cs(t), Cs, I.I;(t), 1.1,(t), CIs(t), CI,(t), I.A(t) and CA(t) are all positive for all
t > 0. We now show that all feasible solutions are uniformly bounded in 2. Adding
all equations of system (2.1), we obtain:

N = Ay + Ay — uN — 65(A, + Ag + I. A+ CA)
—01(Ie+ I +Cs+ Cs+ 115 + 1.1, + CIz + CI,).
NSAl—FAQ—ﬂN

Solving this differential equation, we note that:

A
0< N <=+ N(0)e H,
,u

where A = Ay + Ay, N(0) represents the initial value of the model’s variables.
Then 0 < N < %7 as t — oo. Therefore, % is an upper bound of N provided that



N(0) < % If N(0) > %, then N(t) will decrease to this level. Thus, all feasible
solutions of the system enter or remain in the region 2. Hence, the region of bio-
logical interest ) is positively invariant under the flow induced by system (2.1).

O

2.2. Reproduction numbers and stability of disease-free equilibria

In this subsection, we compute the reproduction number, Ry, of model (2.1). The
basic reproduction number is defined as the number of secondary infections due to
a single infection in a completely susceptible population.

We begin by considering the following two sub-models of model (2.1).
Model (2.3) is derived from model (2.1) by setting the variables concerning HIV
dynamics (I, I, As, As, 15, I 1., Cla, Cl,, I.Aand CA) to zero, and model (2.5)
follows from model (2.1) by setting the variables concerning HCV dynamics (Iz, I,
Cs, Cs, 115, 1.1, Cls, Cl,, I.A and CA) to zero.

We now compute the reproduction number, Rucy, of system (2.3). We use the
next generation method.??

dSs d
= = Al + UIE - )\CS§ - kS§ - /14557 _f = A2 + kS§ - )\CSS + UIC - /14587

dt d

dl; dl.

0t :)\655—(k+v+01+u+51)[57 E:ACSS—(U+01+M+§1)IC7
dCs dCs

7 201[5—(k+u+51)C§, 7 201]C+kC§—(/$+51)CS,

(2.3)

where \. = ¢(1 — 0)b. Ltz
The disease-free equilibrium of model (2.3) is given by:
A Ay kEAy
Py = (

a_+770a070a0>'
k+p' po pk+p)

Using the notation of Ref. 22, matrices for the new infection terms, F, and the
other terms, V, are given by:

r A A
(1 = Obexmmmimern ¢~ Obexpminem 0 0
Ay Ao (k+p) Ay p+As(k+p)
F = [Q=Obexmmrnarm - Oberpiminem 0 0
0 0 0 0
I 0 0 0 0
k+v+o1+p+d 0 0 0
V= —k v4 o]+ p+ 01 0 0
L 0 —01 —k 1% + 51




The associative basic reproduction number is thus:

_ c(1—0)b,
Rucv = p(FV ™) = #4_;4_517 (2.4)

2722

where p indicates the spectral radius of FV~!. By Theorem we obtain the

following lemma.

Lemma 2.1. The disease-free equilibrium Py is locally asymptotically stable if
Rucv < 1 and unstable if Rycy > 1.

We proceed with the computation of the reproduction number, Ryry, of model
(2.5).

a5 _ Ay — ApSs — kSs — S, s Ao+ kSs — (1 — )ApSs — pSs,
dt dt

dly

e (1 =p)(1 = P)AnSs + AnSs — (K + p1 + )1z

dl,

— = PA=9)NSs +kla = (o2 + i)k,

dAj; dA

dt - pl]a - (/J“ + 52)Aaa E - PQIa - (,U + 62)14,

I+,
where A, = ¢(1 — 0)by, 2atte.

The disease-free equilibrium state P§ of model (2.5) is given by:

Ay A kA
2 1 2 1
= L — + ,0,0,0,0
’ <k+u po pk+ p) )

Using the notation of Ref. 22, matrices for the new infection terms, F', and the
other terms, V', are the following:

A0S [(1-p)(1

V) (kA1 + Aok + 1)) + Ay

(Arthz) (k) A kAL + Az (k+p)
P p(L = ¥)e(l = Obn R TR Gt my
0
0
TS [(1 = p) (1= ) (kA + As(k + ) + Ay] 0 0
kA1 Ao (k+
P(L = w)e(l = O)bn (155045 0 o]
0 00
0 00
k+pi+p 0 0 0
v — —k P2+ 1 0 0
—pP1 0 o+ O 0
0 —p2 0 B 02



The associative basic reproduction number is given by:

Rurv = p(FV ™)

_ c(1 —0)bp -
= T At o) T Ay T Ay )R Aah o+ a))
X (k+p+p2+p(p1 — p2)) + Mk + o+ p2)l, (2.6)

where p indicates the spectral radius of FV~'. By Theorem 2,22 we obtain the
following lemma.

Lemma 2.2. The disease-free equilibrium P§ is locally asymptotically stable if
Rurv < 1 and unstable if Ryry > 1.

We now proceed with the calculation of the reproduction number, Rg, of the
full model (2.1). The disease-free equilibrium state Py of model (2.1) is given by:

( A Ay kAq
Py= (0, 2
k+p pw p(k+p)
Using the notation in Ref. 22 on system (2.1), we compute the matrices for the new
infection terms, F', and the other terms, V, and the marix FV ~!. Then, the repro-
duction number is the spectral radius of FV ', After some algebra manipulation
Ry is given by (please check the Appendix for a detailed proof):

Ro = p(FV_l) = max{RHI\h RHCV} (2.7)

,0,0,0,0,0,0,0,0,0,07070,0,0)

By Theorem 2,22 we obtain the following lemma.

Lemma 2.3. The disease-free equilibrium Py is locally asymptotically stable if
Ry < 1 and unstable if Ry > 1.

3. Bifurcation Analysis

In this section, we use XPPAUT?? to build bifurcation diagrams for distinct param-
eters of model (2.1).

Figure 2 shows the sketch of the bifurcation diagram for different values of 3.,
the probability that a contact will result in an HCV infection. We start from a
disease-free equilibrium and increase (.. At §. = 0.2031, there is a bifurcation
point (1), at which the model bifurcates to the stable HCV endemic equilibrium.
This means that increasing the probability that a contact will result in an HCV
infection originates new cases of HCV infections. This is a realistic prediction.

Figure 3 depicts the bifurcation diagram for different values of (35, the proba-
bility that a contact will result in an HIV infection. We start from a disease-free
equilibrium and increase (. At (5, = 0.034, there is a bifurcation point (1), at
which the model bifurcates to the stable HIV endemic equilibrium. This means
that increasing the probability that a contact will result in an HIV infection pro-
motes the appearance of new cases of HIV infections, as biologically expected.
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Fig. 2. Sketch of the bifurcation diagram for different values of 3, the probability that a contact
will result in HCV transmission. Remaining parameter values are given in Table 3, except for
By, = 0.032. At the bifurcation point (1) S. ~ 0.2031. Orange dashed line — stable disease-free
equilibrium, green filled line — stable HCV endemic equilibrium. For more information, see text.
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Fig. 3. Drawing of the bifurcation diagram for different values of (3;, the probability that a
contact will result in HIV transmission. Remaining parameter values are given in Table 3. At the
bifurcation point (1) 8 ~ 0.034. Orange dashed line — stable disease-free equilibrium, red filled
line — stable HIV endemic equilibrium. For more information, see text.

Figure 4 depicts the bifurcation diagram for different values of 5., the probability
that a contact will result in an HCV infection. We start from an HIV endemic
equilibrium and increase (.. At 5. = 0.2503, there is a bifurcation point (1), at
which the model bifurcates to the stable two endemic equilibrium. This means
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Fig. 4. Sketch of the bifurcation diagram for different values of 3., the probability that a contact
will result in an HCV infection. Remaining parameter values are given in Table 3. At the bifurca-
tion point (1) Be = 0.2503. Red filled line — stable HIV endemic equilibrium, black filled line —
stable two-endemic equilibrium. For more information, see text.
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Fig. 5. Sketch of the bifurcation diagram for different values of 3}, the probability that a contact
will result in an HIV infection. Remaining parameter values are given in Table 3. At the bifurcation
point (1) B = 0.0503. Green filled line — stable HCV endemic equilibrium, black filled line —
stable two-endemic equilibrium. For more information, see text.

that in a population already infected with HIV, with lowered defense mechanisms,
increasing the probability of a contact resulting in HCV infection will set off new
coinfection cases.

Figure 5 depicts the bifurcation diagram for different values of 3y, the proba-
bility that a contact will result in an HIV infection. We start from a HCV endemic



equilibrium and increase (. At 85, = 0.0503, there is a bifurcation point (1), at
which the model bifurcates to the stable two-endemic equilibrium. This means that
in a population with impaired immune system due to infection with HCV, increasing
the probability of a contact resulting in HIV infection will trigger new coinfection
cases.

4. Sensitivity Analysis

In this section, we perform the sensitivity indexes of the reproduction number, Ry,
to relevant parameters of model (2.1). We follow the procedure developed in Ref. 24.
The sensitivity analysis is used to measure the relative change in a state variable
when a given parameter is varied. Measuring the Ry sensitivity indices is extremely
important since the value of Ry determines the spread or the eradication of the
disease.

The sensitivity index of Ry = max{Rurv, Rucv} with respect to parameter
B = c(1 — 0)b,. is given by:

OBy X Be =1L
aﬁc RO
The sensitivity index of Ry with respect to parameter 3, = ¢(1—0)by, is given by:
% X & =1
IBr  Ro

These values for this sensitivity index mean that the probability of HCV or HIV
transmission has strong influence in HCV and HIV control and management. Sim-
ilar expressions may be obtained for the other parameters of Ry. Nevertheless,
most of the expressions for the sensitivity indices are complex with little obvious
structure. Therefore, we compute the corresponding values for the parameter values
given in Table 3. The signs of the sensitivity indices may be found in Table 2. A
positive sign implies that increases in the corresponding parameter values translate
in an increase in the value of Ry. Inversely for a negative sign, a negative index

Table 2. Parameters used in the numerical simulations of model (2.1).

Parameter Sensitivity index sign

Be
Bh
4

v —

+ o+

g1 —
[ep)
P
k
P2
P1

I+ + 1




Table 3. Parameters used in the numerical simulations of model (2.1), where the appropriate
units are yr—1.

Parameter Value Reference
A1 8 Assume
Ao 4 Assume

c 8 Assume
0 0.20 25
by, 0.036 26
be 0.05 17
m 1.0002 20
2 1.0002 20
v 0.25 17
U1 0.27 Assume
[ 0.25 Assume
1 0.020 20
D 0.0367 27
P 0.0288 27
k 0.00388 27
p1 0.1908 27
P2 0.1511 27
o1 0.2801 Assume
52 0.2801 27
5 1.0001 20
o 1.001 20
o1 0.75 28
o9 0.75 28

means than an increase in the parameter value implies a decrease in the value of
Ry. For example, an increase of 5% in the values of 8;, or (. augments 5% the value
of Ry. Similar inferences may be performed for the other indices.

5. Numerical Results

In this section, we present the numerical simulations of model (2.1). The parameter
values used in the simulations can be found in Table 3 and the following initial
conditions: S3(0) = 500, Ss(t) = 0 (we assume that no individuals were screened
initially), I5(0) = 80, I,(0) = 0, A.(t) =0, Az = 15, I.(t) = 0, Iz = 20, Cs(0) = 0,
Cs;=5,1.1,(00)=1.I; = CI, = Cl; = I.A = CA =0 are used.

In Fig. 6, we observe that the model approaches asymptotically the stable HIV
endemic equilibrium.

Figure 7 shows the stable HCV endemic equilibrium for system (2.1).

In Fig. 8, we plot the dynamics of the variables of system (2.1). We observe
that, for the given parameters values and initial conditions, the model approaches
asymptotically the stable two-disease endemic equilibrium.

In Fig. 9, we plot the dynamics of the relevant variables of system (2.1) for
different values of 0, the level of protection against HIV and HCV by the use of
condoms. We observe that as § decreases, the system (2.1) bifurcates from the stable
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disease-free equilibrium to the stable HIV endemic equilibrium. This suggests that
individuals should, as expected, use condom, to prevent being infected with HIV.
In Fig. 10, we show the dynamics of the relevant variables of system (2.1) for
different values of (3j,, the probability that a contact will result in an HIV infection.
We observe that increasing the system (2.1) has a bifurcation point as 3, increases
from 0.030 till 0.1. The system bifurcates from a stable disease-free equilibrium to
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a stable HIV endemic equilibrium. This was a predictable outcome and suggests
the measures that reduce this probability 3 should be taken under consideration
in order to reduce HIV transmission.

In Fig. 11, we plot the dynamics of the relevant variables of system (2.1) for
different values of ., the probability that a contact will result in an HCV infection.
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We observe that as (3. increases from 0.05 to 0.25 there is a bifurcation from a state
without disease to a state with HCV infection that persists with the continuous
increase of .. The number of chronic carriers also increases. Biologically this is a
reasonable outcome, one would expect an augment in the number of new disease
cases as the probability of transmission increases.
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In Fig. 12, we plot the dynamics of the relevant variables of system (2.1) for
different values of 1, the parameter that measures the efficacy of screening in reduc-
ing HIV transmission. We observe that as ¢ increases, the number of individuals
infected with HIV and suffering from AIDS decreases, in fact, the system (2.1) is
initially at a stable HIV endemic equilibrium and changes its qualitative behavior



——B,=0.05
450
250
@ 400
© 0
g g
> 350 ]
3 2 200
£ 3
3 300 <
I I3
] 2
2 250, g 150
2 | 3
2 200f °
2 | 2 100
= =
o ] @
g 150 2
=3 \ »
D 100F
S ST o T oo o mmm 50
50
0 . . . . . 0
0 200 400 600 800 1000
Time
700 45
———B=0.05 —— B=0.05
2 gof - - -B025 o 4 — - -p025
=1 [}
2 B=035 3 35F B.=0.35
2 so0f = P e o
5 = 31
2 B i
5 L k3
g 40 8 25}
£ 15
S €
0 [ > L
I 30 2 2y,
> 4
) >
I T 15f
5 20F I ‘
i L
3 ' o 1t
8 N L L g osf
k=4 12}
=] 0
_10 . . . . , _05 . . . . ,
0 200 400 600 800 1000 200 400 600 800 1000
Time Time
1201 12r
é ——B,=0.05 2 —— =005
2 100p - - - B025 3 10} S
= B,=035 3 B,=0:35
= £
o} ° e e e
5 80fF & 8f,
3 5
2 2 t
> S I
o >
60F S 61
I
° I ]
< 2
s s |
5 404 £ 4p
> ! S o
I " ER
8 20« S 2p
= N L s 4
3 °
c @ i}
] g
5 3
_20 . . . . , o . . . . ,
200 400 600 800 1000 0 200 400 600 800 1000
Time Time

Fig. 11. Dynamics of the relevant variables of the system (2.1) for different values of (., the
probability that a contact will result in an HCV infection. Parameter values are given in Table 3,
except by, = 0.032 and initial conditions are in the text. For more information, see text.

to a stable disease-free equilibrium. In real life, this means that individuals that
are screened should change their behavior in order to prevent transmission of the
disease. In fact, there are some studies that show that screened HIV infectives tend
to change their behavior and those whose test is negative do not.?? Nevertheless,
the tests are meant to promote behavior change and to access to health care for all
screened individuals.
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6. Conclusions

We proposed a coinfection model for HCV and HIV infections, that includes treat-
ment for both diseases, unawareness and awareness if HIV infection, and the use
of condom. We studied the local stability of the disease-free equilibria for the full



model and for the two submodels (HCV only and HIV only submodels). Bifurcation
diagrams were sketched for relevant parameters, such as the probabilities that a
contact will result in a HIV or an HCV infection. Numerical examples are used to
illustrate the change of the dynamical behavior of certain relevant parameters. The
results obtained suggest that specific measures should be considered in order to
reduce HIV infection, such as: distributing more condoms to individuals and try to
forward the message that condoms should be used during anal intercourse (though
this might not be well accepted in MSM population due to unprotected sex nego-
tiation); develop campaign in order to warn individuals about the consequences
of having many sexual partners; continuing treatment for AIDS and pursuing the
investigation of new and better drugs to combat the virus and regular screening.
Considering HCV infection, treatment is also highly recommended as well as other
measures (e.g., more informational campaign about the disease) in order to decrease
the number of infectious and of chronic carriers. MSM population is at risk of HCV
reinfection following successful treatment and documented clearance of HCV, they
should be warned about this important risk. Future work will consider the effect of
needle sharing in the case of HIV and HCV transmission rates, and an application
of the model to real Portuguese data, with corresponding estimation of parameter
values.
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where A = 2= [(1— p)(1— ) (kA1 + Ao (k+ 1) + Asp], B = p(1 —¢b)e(1 -

0)bn (rAs i, C = c(1—0)be radgys and D = (1 0)b {30 The
formulas represented by x are irrelevant to compute the eigenvalues, so, for the sake
of simplicity, we decided not to include those here.

In order to compute Ry, the basic reproduction number for the whole
model (2.1), we need to compute the eigenvalues of the matrix FV !, since Ry
is the spectral radius of FV ™!, i.e., it is the dominant eigenvalue of this matrix.

Let us now proceed with the computation of the eigenvalues by calculating the
determinant below:

A Ak )\ A
k+p+p1 (k+p+p1)(pntp2) ptp2
B + Bk B A
FV— 1= E+ptpr " (Rtptpon)(ptp2) ptp2
0 0
0 0
0 0
0 0
c 4 Ck )\ c
o1 +k+putoi+v (014+p+o1+v) (01 +k+p+o1+v) (01+p+o1+v)
D 4 Dk D Y
o1+k+ptor+v (01+p+o14+v) (01 +k+p+o1+v) (01+p+o1+v)

As FV~! is a matrix of the form: [Uol [?2], then its eigenvalues are the ones of

matrices U and V', where:

A Ak Y A
U, — k+p+p1 (k+p+p1)(p+p2) ptp2 .
L= B Bk B _ )
k+p+p1 (k+p+p1) (ntp2) ptp2
c n Ck ) C
01+k+pt+oi+v (01+p+o1+v) (01 +k+p+o1+v) (01+p+o1+v)
Uy = .
D i Dk D 1

o1 +k+ptor+v (b1+p+o1+v)(01+k+p+o1+v) (01+p+o1+v)



