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SUMMARY

We propose a mathematical model to simulate the dynamics of hepatitis C virus (HCV) infection
in the state of Sao Paulo, Brazil. We assumed that a hypothetical vaccine, which cost was taken
to be the initial cost of the vaccine against hepatitis B exists and it is introduced in the model.
We computed its cost-effectiveness compared with the anti-HCV therapy. The calculated basic
reproduction number was 1-20. The model predicts that without intervention a steady state exists
with an HCV prevalence of 3 %, in agreement with the current epidemiological data. Starting
from this steady state three interventions were simulated : indiscriminate vaccination, selective
vaccination and anti-HCV therapy. Selective vaccination proved to be the strategy with the best
cost-effectiveness ratio, followed by indiscriminate vaccination and anti-HCV therapy.
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INTRODUCTION

The hepatitis C virus (HCV) was first identified in
1988, although its existence had been suspected for
some time [1]. It is a non-cytopathic hepatotropic
member of the Flaviridae family that causes acute and
chronic hepatitis, and hepatocellular carcinoma
(HCCQ) [2]. It infects about 170 million people world-
wide [3-5], being particularly prevalent among high-
risk populations, such as intravenous illicit drug users
and inmates of correctional institutions [6, 7]. In un-
treated patients, the median expected time to cirrhosis
is 30 years; 33 % of patients have an expected median
time to cirrhosis of <20 years and 31% will only
progress to cirrhosis after > 50 years, if ever [5]. There
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is no vaccine, and the available antiviral drugs are
toxic, expensive and only partly effective [8]. The
combination of pegylated interferon-a with ribavirin,
the latest treatment for HCV infection, elicits long-
term responses in only 50% of the patients [9].
However, a vaccine might be within reach [2].
Chimpanzees that are challenged after clearance of
primary HCV infection are protected against hom-
ologous and heterologous viral isolates [10]. This has
generated optimism about the development of at least
a partly effective vaccine against HCV [11].

Hepatitis C is the most common indication for
orthotropic liver transplantation, accounting for
about 50% of individuals on the waiting list [12].
Liver transplantation has altered the natural history
of end-stage liver disease and is now considered the
preferred therapy for a wide range of previously
fatal chronic hepatic diseases [13], including HCV-
related liver failure. However, the number of people
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transplanted each year is much lower than the number
of people that are on the waiting list and thousands of
patients die every year while on waiting lists [14].

In this paper we propose a mathematical model of
the transmission dynamics of HCV in the state of Sdo
Paulo, Brazil, which allows the analysis of the impact
of a hypothetical vaccine compared to the traditional
antiviral treatment on several indicators of liver fail-
ure that evolve to liver transplantation. Although it is
expected that an efficient vaccine will reduce the
number of liver failure cases, it is not known whether
it is more or less cost-effective than the antiviral
treatment. The estimation of the cost-effectiveness of
both the vaccine and the antiviral treatment is com-
plicated by the fact that there are other causes of liver
failure and transplant indication than HCV, ac-
counting for about 50 % of the total liver transplan-
tations. Therefore a model is required to estimate the
impact of a vaccine — with variable intensity of appli-
cation and cost vis-d-vis a treatment whose efficiency
and cost is also variable.

The model

The model assumes a population divided into 22
states. Susceptible individuals, denoted S(¢), are sub-
divided into two classes, denoted S;(¢) representing
the general population and S,(¢), representing a group
with higher risk of acquiring the infection by HCV,
like injecting drug users, recipients of blood/blood
products, transfusion, people occupationally exposed
to blood/blood products, etc. S;(f) individuals are
transferred to the high-risk group S,(¢) with rate &.
Both susceptible classes acquire the infection with
rates 3; (i=1, ..., 4) from four different types of in-
dividuals, namely, infected and asymptomatic but al-
ready infectious individuals, denoted HCV*(¢),
individuals with acute hepatitis, denoted Ac(¢), in-
dividuals with acute hepatitis and treated, denoted
T4(t), and individuals with intermediate fibrosis
stages, called ‘chronic state’, denoted Chr(f). Only a
fraction u of f3; is effective for people in the non-risk
group. Susceptible individuals can also be vaccinated
with a hypothetical vaccine at rate v, which has
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efficacy f and duration y; '(i=1, 2), after which they
are seen as vaccinated, denoted by Vac(¢). In addition,
susceptible individuals can develop other hepato-
pathies causing liver failure with rate w, after which
they are transferred to the state designated Oth(t).
Infected and asymptomatic individuals, HCV*(z),
can evolve to acute or chronic hepatitis, with rates o,
and o, respectively. A proportion p of individuals
with acute hepatitis, Ac(f), can be treated and are then
transferred to the treated compartment, 7 4(¢), with
rate po,. The non-treated individuals evolve to Chr(?),
at rate (1 —p)d;. Treated individuals, in turn, can also
evolve to the chronic state at rate o;. Once in the
chronic state individuals can either evolve to hepato-
cellular carcinoma, denoted HCC(f), at rate 6, or
evolve to liver failure at rate d,. We consider only four
levels [1] of the Model for End-stage Liver Disease
(MELD), a scale of hepatopathy that incorporates
three widely available laboratory variables including
the international normalized ratio (INR),
creatinine, and serum bilirubin [12]. In addition, a
proportion ¢ of chronic individuals can be treated
[12]. Those treated individuals with liver failure are
denoted TcM; (i=1, ..., 4), and those untreated are
denoted NTcM; (i=1, ..., 4). Evolution between the
MELD levels occurs at rates €; (i=1, ..., 6). Infected
individuals and those treated can recover to compart-
ment R at rates y; (i=1, ..., 8). Individuals from com-
partments TcM; (i=1,...,4), NTcM; (i=1, ..., 4),
and HCC get onto the waiting list for liver trans-
plantation, WL(t), at rates ¢; (i=1, ...,9) and Oth
with rate A. Individuals on the waiting list are
eventually transplanted at rate 7;. We also consider
the possibility of loss of graft at rate ¢, and a sec-
ondary waiting list WLTx. From the Ilatter, in-
dividuals are eventually transplanted at rate 7,. Every
individual in this population is subjected to a mortality
rate 4 and an additional mortality of those with liver
disease occurs at rates a; (i=1, ..., 16) depending on
the state. Finally, the susceptible compartment grows
at rate A, which comprises by the sum of all mor-
talities in order to keep the total population constant.

The model’s dynamics are described by the follow-
ing set of equations:

serum

1(l) 1( )
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Table 1. Parameters used in the simulations

Value (sensitivity interval) [22]

Source

Parameter Biological meaning

u Exposure attenuation factor

13 Rate of transfer to high risk group

Bi Transmission rate

u Natural mortality rate

; Rate of developing other hepatopathies
Y1 Recovery rate

Ve Recovery rate

Vs Recovery rate

Va Recovery rate

Vs Recovery rate

Ve Recovery rate

V1 Recovery rate

Vs Recovery rate

oy Rate of developing acute hepatitis

Oy Rate of developing chronic hepatitis

O3 Rate of developing chronic hepatitis

o Rate of treatment

0 Rate of treatment

o Rate of treatment

0, Rate of treatment

0 Rate of treatment

ay Specific mortality rate

ay Specific mortality rate

as Specific mortality rate

Oy Specific mortality rate

as Specific mortality rate

ag Specific mortality rate

g Specific mortality rate

ag Specific mortality rate

Oy Specific mortality rate

Ay Specific mortality rate

an Specific mortality rate

(2% Specific mortality rate

O3 Specific mortality rate

Oy Specific mortality rate

[ Specific mortality rate

g Specific mortality rate

Oy Specific mortality rate

0 Rate of developing hepatocellular carcinoma
& Rate of progression in the MELD scale
& Rate of progression in the MELD scale
& Rate of progression in the MELD scale
&4 Rate of progression in the MELD scale
&5 Rate of progression in the MELD scale
& Rate of progression in the MELD scale
1 Rate of entrance on the waiting list

0y Rate of entrance on the waiting list

03 Rate of entrance on the waiting list

04 Rate of entrance on the waiting list

05 Rate of entrance on the waiting list

06 Rate of entrance on the waiting list

[ Rate of entrance on the waiting list

0s Rate of entrance on the waiting list

0y Rate of entrance on the waiting list

D10 Rate of entrance on the waiting list

A Rate of entrance on the waiting list

17 Transplantation rate

Ty Transplantation rate

A Birth rate

V4 Treatment proportion of acute hepatitis
q Treatment proportion of chronic hepatitis
Py Rate of loss of vaccine immunity
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5-0 (4:0-6-0) x 102
1-0 (0-8-1-2) x 10—
7-5 (6:0-9-0) x 10~*
39 (31-47)x 107
13 (1:0-1-6) x 108
5-0 (4:0-6-:0) x 102
5-0 (4:0-6-0) x 102
5:0 (4-0-6-0) x 105
2:0 (1:6-2:4)x 10—*
10 (0-8-1-2)x 103
10 (0-8-1-2) x 103
1-0 (0-8-1-2) x 10—
10 (0-8-1-2) x 10—¢
2:0 (1:6-2-4)x 104
10 (0-8-1-2) x 103
2:5(2:0-3-:0)x 1073
7-0 (5:6-8:4) x 10—*
5-0 (4-0-6-0) x 105
10 (0-8-1-2) x 104
10 (0-8-1-2)x 104
7-0 (5:6-8:4) x 10~?
2:0 (1-6-2-4) x 10~
19 (1-:5-2:3)x 103
2:0 (1-6-2-4) x 10~
58 (46-69)x 10~°
21 (1-7-2:5)x 10~°
2:2(1-8-2:6) x 10~?
2:2(1:8-2:6)x 10~°
27 (2:1-32)x 107°
22 (1-8-2:6) x 10—°
2:3(1-:8-2:8) x10~?
2:4(1-9-2-9) x 103
2:9(2:3-3-5)x 107°
3-1(2:5-3-7)x 1073
3:3(2:6-49)x107°
3:6 (2:9-4-3) x 10°
2:3(1-8-2:8)x107°
2:3(1-8-2:8) x 10~°
6-8 (54-82)x 1077
17 (1-4-2-1) x 10—
1-1(0:9-1-3) x 10—
67 (5:4-8-1)x 1073
17 (1-4-2-1)x 10—*
1-1(0-:9-1-3) x 10—*
67 (54-81)x 107
16 (1:3-1-9) x 10~
31 (2:5-37)x10~°¢
47 (3:8-5:6) x 10~¢
1-6 (1-3-19) x 10—°
16 (1-:3-19) x 10—¢
31 (2:537)x10~¢
47 (3:8-5:6) x 10—¢
1-6 (1-3-1-9) x 10—°
3-1(2:5-37)x 1073
16 (1:3-1:9) x 10—
40 (3:2-4-8) x 10—¢
22 (1-8-2:6) x 103
4-4 (3:5-5-3) x 10~?
Variable

Variable

Variable

Variable

Estimated from [23]
Estimated from [23]
Estimated from [23]
[24]

[25]

Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
[18]

(18]

[18]

(18]

[18]

Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
Estimated from [23]
[26]
[27]
[27]
[27]
[27]
[27]
[27]
[14]
(14]
[14]
[14]
[14]
[14]
[14]
(14]
[14]
[14]
[14]
(14]
[14]
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Table 1 (cont.)

Parameter Biological meaning Value (sensitivity interval) [22] Source
P,y Rate of loss of vaccine immunity Variable —
" Vaccination rate Variable —
vy Vaccination rate Variable —

MELD, Model for End-stage Liver Disease.

The biological meaning, the values of the parameters
and their sources can be seen in Table 1.

The basic reproduction number

To calculate the system’s basic reproductive number
we used the method described in Lopez et al. [15]. The
method consists of linearizing system (1) around the
trivial solution, i.e. in the absence of infection, and
analyses the real part of the linearized system matrix’s
eigenvalues.

It is sufficient to consider only the compartments
that effectively contribute to the spread of the infec-
tion, namely the asymptomatic seropositives, HCV ™,
the individuals with acute hepatitis, A4, individuals
with acute hepatitis but under treatment, 74, and in-
dividuals with chronic hepatitis, Chr.

The linearized system (1) has the following form:

Simulating the model

Using the Latin Hypercube Sampling (LHCS) pro-
cedure [16], which is an extremely efficient sampling
design proposed by McKay et al. [17], values for the
parameters were generated. The parameters used in
the simulation can be seen in Table 1, and their values
were chosen with the LHCS technique in order to re-
produce the real endemic situation in the state of Sdo
Paulo, Brazil with reasonable accuracy, e.g. HCV
prevalence of 3% [3, 14], the number of transplan-
tations, the size of the waiting list and the number of
people that die while on the waiting list (described in
[14]). Therefore, comparing the model’s outcome with
Table 1 from [14] we see that, for 2004 the number of
liver transplantations predicted by the model was 265,
against the observed 295; the incidence of new pa-
tients on the waiting list was predicted as 1544 against

uS1(0) + 52(0)) Ac(t)

O HCV (1) + (1 —p)oaAc(t) + 03T 4(1) — (q(O3 + 05) + (1 — )04 + O+ + a3 + y5) Chr(2). 2)

d $1(0) + S3(0
EEHCV*(z) = (1<ZJL%$—4J)—ﬁq—oy—or—ﬂ>HCV*U%H%< N
+B, (US1(0) + 52(0)> T4(0)+B, <U51(0) + 52(0)> Chr(z)
N N
%Ac(t) = o HCVT(t)— o1+ (1 —p)Os+y,+u+ay)Ac(t)
S0 = Ayt os et a)Ta0)
ééChrU) =

The basic reproductive number, calculated according
to the method described previously [15] results in:

N

8 (uSl(O) + Sz(O)) 8 (uSl(O) +.55(0)

the observed 1500; and the number of deaths on the
waiting list predicted by the model was 673 against the

N
Ro=
(Y1 +0o1+02+u0)

Bs (W)Péloz

(yy+01+ 02 +1)(Po1+ (1 —p)Os+ 7y, +u+a1)

+
(Y1 +01+ 02+ W) PO+ (1 —p)Os + vy +u+ay)(ys +03+ a2 +u)

uS1(0) + S2(0)
B (O

) (73 + 03+ as+u) 0201(1 —p) +po10301 + (3 + 03+t +u)(po1 + (1 —p)Os + v, + 1 + a1)0s)]

(Y1 + 01402 +1)(pd1 + (1 —=p)Os + vy + 1+ a1)(ys + 05 + az +u)(q(0s + 05) + (1 — )04 + 0 +u + a5 + )
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Table 2. Results of the simulations (values in parentheses are 95 % confidence intervals)

Treatment

Vacine strategy 1

Vacine strategy 2

Final prevalence
Number treated

Total cost (billion US$)
Averted disease

Cost per averted disease
Averted deaths

Cost per averted death

0-0214 (0-01904-0-0237)
332584 (284387-373654)
2:66 (2:28-2-99)

69260 (46209-95017)
38416 (31460-49235)
13976 (7124-23916)
190374 (124969-319643)

Vacine strategy 3

0-0214 (0-0192-0-0234)
22779300 (22287600-23268000)
6-83 (6:68-6-98)

238302 (191441-283037)

28677 (24662-34926)

9124 (4512-15887)

748991 (439378-1481855)

Vacine strategy 4

0-0214 (0-01904-0-0237)
4394770 (4228730-4595170)
1-32 (1-27-1:37)

241707 (193503-287406)
5461 (4759-6556)

10041 (4999-17393)

131305 (78638-253759)

Vacine strategy 5

Final prevalence
Number treated

Total cost (billion USS)
Averted disease

Cost per averted disease
Averted deaths

Cost per averted death

0-0291 (0-0278-0-0300)
33671900 (33397000-33953100)
10-10 (10-01-10-19)

162308 (130600-192601)

62237 (52020-76716)

5330 (398-11290)

1895229 (902208-25197230)

Vacine strategy 6

0-0299 (0-0289-0-0305)
5556410 (5507110-5606250)
1-67 (1-65-1-68)

119050 (97448-138881)
14002 (11896-16954)

4297 (2327-5781)

387927 (281405-709984)

Vacine strategy 7

0-0237 (0-0218-0-0255)
22762900 (22272700-23250400)
6-83 (6-68-6-98)

233299 (213528-254074)

29271 (26299-32666)

6211 (4430-10814)

1099479 (644961-1539235)

Vacine strategy 8

Final prevalence
Number treated

Total cost (billion US$)
Averted disease

Cost per averted disease
Averted deaths

Cost per averted death

0-0253 (0-0236-0-0267)
3807460 (3714900-3898790)
114 (1-11-1-17)

217808 (184082-265531)
5370 (4187-6205)

4707 (2306-8274)

242667 (141363-483291)

0-0252 (0-0234-0-0268)
33705300 (33423900-33992200)
1011 (10-03-10-20)

178443 (141476-214557)

56665 (47529-70875)

4924 (2375-8785)

2053531 (1160803-4221966)

0-0264 (0-0249-0-0277)
5584100 (5528960—5639940)
1-68 (1-66-1-69)

137220 (109389-164203)
12208 (10304-15163)

3678 (1794-6499)

455473 (260345-924575)

Vacine strategy 1: Lifelong immunity, 100 % efficacy, indiscriminate vaccination.
Vacine strategy 2: Lifelong immunity, 100 % efficacy, selective vaccination.

Vacine strategy 3: 10 year-long immunity, 100 % efficacy, indiscriminate vaccination.
Vacine strategy 4: 10 year-long immunity, 100 % efficacy, selective vaccination.
Vacine strategy 5: Lifelong immunity, 80 % efficacy, indiscriminate vaccination.
Vacine strategy 6: Lifelong immunity, 80 % efficacy, selective vaccination.

Vacine strategy 7: 10 year-long immunity, 80 % efficacy, indiscriminate vaccination.
Vacine strategy 8: 10 year-long immunity, 80 % efficacy, selective vaccination.

observed 671. The combination of the parameters
described in Table 1, applied to equation (3) resulted
in a basic reproduction number of 1-20 (95% CI 1-18-
1-23). With such a low basic reproduction number,
we expect that removing susceptibles by vaccination
will be very efficient in controlling the disease. As
described below, we examined two vaccination strat-
egies, indiscriminate and selective. In addition, we
simulate four types of vaccine, namely a vaccine with
100 % efficacy and lifelong protection, a vaccine with
100 % efficacy and 10 years of protection, a vaccine
with 80% efficacy and lifelong protection, and a
vaccine with 80 % efficacy and 10 years of protection.

The model predicts that without intervention the
disease will evolve to a steady state, reaching a HCV
infection prevalence of 3 %. Starting from this system
in steady state we simulated the result of an anti-HCV
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therapy applied to all HCV-infected individuals and
analysed the maximum reduction in the disease
prevalence after 20 years of simulation. This was set
as a standard to be compared with the vaccination
rates used. We therefore analysed the vaccination
rates that would reduce the disease prevalence by the
same amount in 20 years of therapy. The two vacci-
nation strategies are ‘indiscriminate’ vaccination that
would cover both the non-risk and risk groups, S;(?)
and S,(7), and one called ‘selective’ vaccination that
would cover only the risk group, Sy(7). Next, we
computed the results of 20 years of intervention: the
final prevalence; the number of individuals treated or
vaccinated; the costs involved in each control strat-
egy; the number of averted disease; the cost per
averted disease; the number of averted deaths; and
the cost per averted death. Individual cost per
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Fig. 1. Cost per averted disease in US$ for the antiviral treatment compared with the eight vaccination strategies simulated.
The meaning of each vaccination strategy is the same as in Table 2. T, Treatment.

2500000 -

2000000 -

1500000 -

1000000 -

500000 -

Cost per averted death (US$)

T 1 2 3

AN =
4 5 6 7 8

Vaccine strategy no.

Fig. 2. Cost per averted death in US$ for the antiviral treatment compared with the eight vaccination strategies simulated.
The meaning of each vaccination strategy is the same as in Table 2. T, Treatment.

vaccination was set at US$300 (assumed similar to
the initial anti-HBV vaccine costs). Based on clinical
trial data, 48 weeks of pegylated-interferon/ribavirin
combination therapy should cost about US$8000,
which includes the cost of the drugs, management of
adverse events, and estimates of health-care resource
utilization including office visits, laboratory tests,
and contraception [18]. Cost analysis is presented in
US$ due to this currency’s role as an international
reference currency. The results are summarized in
Table 2.

From Table 2 it can be seen that the total costs
of the different vaccination strategies considered
that resulted in the same reduction in hepatitis C
prevalence varies from about half to five times that
of antiviral therapy. The number of individuals
treated or vaccinated, varied from around 330000
to 34000000, again depending on the vaccination
strategy considered. The number of averted disease
with vaccination is always greater (from 2—4 times)
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than that of antiviral therapy, being maximized by
strategy 2 (100 % efficacy vaccine, with lifelong pro-
tection and selective indication). As for the number of
averted deaths, antiviral therapy is the strategy that
maximizes it in the period of 20 years of intervention.
Finally, strategy 2 is the one that minimizes both the
costs of averted disease and averted deaths (see Figs 1
and 2).

From Table 2 and Figures 1 and 2 it can also be
noted that selective vaccination is always more effec-
tive than indiscriminate vaccination. In addition,
when analysing the costs per averted disease we can
see that all selective vaccination strategies along with
strategies 1 and 5 (indiscriminate vaccination with
lifelong protection, 100 % or 80 % efficient) are better
than the competing antiviral therapy strategy.
However, when considering the cost per averted
deaths, only the selective vaccination strategies with
lifelong immunity (strategies 2 and 6) are better than
antiviral therapy.
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CONCLUSIONS

In this work we present an original model for HCV
transmission and applied it in the state of Sdo Paulo,
Brazil, to analyse the impact of a hypothetical vaccine
against HCV on the proportion of averted disease and
deaths, and on the cost-effectiveness ratio compared
to antiviral treatment. We did this motivated by the
importance of HCV in public health, since it afflicts
almost 200 million people worldwide, costing millions
of dollars and a huge number of human lives [3-5],
and also by the probable development of an effective
vaccine [11]. It is not yet clear whether a vaccine will
be more or less efficient in reducing disease and deaths
due to hepatitis C and if it will be more or less cost-
effective than the antiviral anti-HCV therapy. The
proposed model was designed to shed some light on
these questions. In spite of its limitations related to
the uncertainty in the parameter values, the model
demonstrated a number of interesting features and
reproduced the available epidemiological data of a
given community. Although designed to fit the en-
demic situation of the state of Sdo Paulo, Brazil, we
believe that our model can be applied to other com-
munities, provided that the necessary parameters are
estimated with reasonable accuracy. It should also be
noted that the found prevalence of hepatitis C of
around 3% coincides with the accepted value for a
global average. In addition, the basic reproduction
number for the state of Sdo Paulo is of the same order
of magnitude of other studies, as mentioned below.

The estimated value of the basic reproduction
number of 1-2 seems to be low for a disease with such
large numbers of infected people. However, it is
comparable to published values. For example, Pybus
et al. [19] found a value that ranged from 1-:21 to 1-68.
Schinaia [20] evaluated two scenarios: a high infec-
tivity scenario where the basic reproduction number
was estimated to be equal to 5-7, and a low infectivity
scenario where this figure fell to around 1. Finally,
Lloyd et al. [21] found the basic reproduction number
to be 1-74.

We found that in the medium run (20 years) selec-
tive vaccination with 100% efficacy and lifelong
immunity was the most cost-effective strategy. This
conclusion is dependent on the estimated individual
cost per vaccination and per anti-HCV therapy
(US$300 and US$8000, respectively). Note, however,
that US$300 is probably an overestimation of the ex-
pected vaccination cost, and therefore, our conclusion
is the worst scenario for vaccination. Although
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selective vaccination poses enormous logistic diffi-
culties (e.g. identifying who is actually at higher risk
of acquisition of the infection), even some indiscrimi-
nate vaccination strategies were found to be more
cost-effective than anti-HCV therapy.
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