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Background: Hepatitis C virus (HCV) is a leading cause of chronic liver disease. As yet there is no approved vaccine
protects against contracting hepatitis C. HCV seriously affects many people’s health in the world.

Methods: In this article, an epidemiological model is proposed and discussed to understand the transmission and
prevalence of hepatitis C in mainland China. This research concentrates on hepatitis C data from Chinese Center for
Disease Control and Prevention (China’'s CDC). The optimal parameters of the model are obtained by calculating the
minimum chi-square value. Sensitivity analyses of the basic reproduction number and the endemic equilibrium are
conducted to evaluate the effectiveness of control measures.

Results: Vertical infection is not the most important factor that causes hepatitis C epidemic, but contact transmission
is. The proportion of acute patients who are transformed into chronic patients is about 82.62%. The possibility of the
hospitalized patients who are restored to health is about 76.24%. There are about 92.32% of acute infected are not
treated. The reproduction number of hepatitis C in mainland China is estimated as approximately 1.6592.

Conclusion: We find that small changes of transmission infection rate of acutely infected population, transmission
infection rate of exposed population, transition rate for the acutely infected, and rate of progression to acute stage
from the exposed can achieve the purpose of controlling HCV through sensitivity analysis. Finally, based on the results
of sensitivity analysis, we find out several preventions and control strategies to control the Hepatitis C.

Keywords: Hepatitis C, Basic reproduction number, Parameter estimation, Sensitivity analysis, Preventions and

Background

Hepatitis C virus(HCV) seriously affects lots of people’s
health in the world. Recently (18 July, 2018), the World
Health Organization (WHO) estimates that approxi-
mately 71 million people have chronic hepatitis C virus
(HCV) infection worldwide and approximately 399,000
people die each year after HCV diagnosis, mostly from
cirrhosis and hepatocellular carcinoma (HCC) [1]. An
estimated 3.5 million people in the United States (US) has
chronic hepatitis C [2]. In 2016, there are 18,153 hepatitis
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C-related deaths in the US which is lower than from 2012
to 2015 (18,650 to 19,629) [3]. In the European region,
approximately 14 million people are chronically infected
with HCYV, representing about 20% of the global burden of
disease due to HCV infection [4]. The areas where have
the highest reported prevalence rates locate in Africa and
Asia, and China in the Asia whose citizens account for
about one fifth of the world’s populace, has a reported
seroprevalence about 3% [5-7].

HCYV was discovered in 1989 by Choo et al. [8, 9], itis a
small, enveloped, single-stranded ribonucleic acid (RNA)
virus, which be part of the Flaviviridae family. Hepatitis
C is an infectious disease caused by HCV which basically
affect the liver. The spread ways of the virus are blood
transmission, sexual transmission and mother-to-child
transmission, but the leading way is blood transmission,
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such as sharing injection equipment, inputing the con-
taminated blood or blood products, tattooing [10]. As yet
there is no approved vaccine to protect against contract-
ing hepatitis C. The focus of prevention efforts should
be safe blood supply in the developing world, safe injec-
tion practices in health care and other settings, and less
amount of people who inject drugs [11]. In those per-
sons who do develop symptoms, the mean time period
from exposure to symptom onset is 3—12 weeks (range:
2—-24 weeks) [12, 13]. HCV infection has both acute and
chronic forms, the incubation for chronic HCV can be
between 14 to 180 days [12]. Acute hepatitis C infection
is hard to diagnose, because 70% to 80% of the patients
are symptomless [13, 14]. Most of them are unconscious
of their exposure to HCV, and fail to get diagnosed in time
until the occurring of the secondary symptoms to the liver.
Some studies show, however, the acute infection phase is
very impressionable to treatment, so it is an unique occa-
sion to prevent the evolution of chronic infection [15].
Chronic hepatitis C can bring about cirrhosis and HCC.
The average rate of progression of the disease is extremely
slow. Using data collected in Japan, investigators estimate
that, following acute infection, chronic hepatitis could be
ensured 13.7 &+ 10.9 years later, chronic active hepatitis
could be ensured 18.4 & 11.2 years later, cirrhosis of the
liver could be ensured 20.6 &£ 10.1 years later, and hepato-
cellular carcinoma could be ensured in 28.3 & 11.5 years
[16,17].

Some mathematical models were used to analyze the
spread of hepatitis C disease and come up with some
effective strategies. Martcheva M and Castillo-Chavez C
[10] considered an epidemiological model with a chronic
infectious phase and variable population size, and the
analysis consequences revealed that treatment strategies
directed forward speeding up the transition from acute
to chronic stage in effect conduce to the eradication of
the diseases. This model was extended by Das P et al.
[15] who incorporate the immune class and was also
extended by Yuan ] [18] who consider the latent period.
Imran M [19] formulated epidemic models of hepatitis
C considering an isolation class and analyzed the effects
of the isolation class on the transmission dynamics of
the disease. Mathematical modeling of hepatitis C treat-
ment for injecting drug users (IDUs) were studied in [20—
22] where the treated individuals are supposed not to
infect the susceptible individuals. Lately, there are some
researches [23, 24] about hepatitis C epidemic cases which
suggest some measures to control hepatitis C infection
continental China. But these models did not consider
the vertical infection. It is not effortless to diagnosis
due to the shortage of the residents’ consciousness and
the characteristics of the patients with hepatitis C, so
it is probable that patients will transmit HCV to their
children.
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The aim of this work is to use mathematical modelling
to investigate the influences of hepatitis C, then probe and
draw some conclusions about effective policy. The orga-
nization of this paper is as follows. In the next section, an
epidemic model for hepatitis C is proposed to prevent and
control the infectious disease. Then we acquire its optimal
parameter values by Matlab tool fmincon and compare
the reported data and simulative results. Sensitivity anal-
yses of the basic reproduction number and the endemic
equilibrium are performed in “Results” section. After that,
discussion on the model parameters and the main factors
affecting the spread of hepatitis C in “Discussion” section,
and we end this article with how to control the hepatitis C
in “Conclusions” section.

Methods

Data

We have found clinical cases of hepatitis C in China every
month from 2011 to 2016 from the China Center for
Disease Control and Prevention (China’s CDC), which
is a public welfare institution organized by the Chinese
government to implement state-level disease prevention
and control and public health technology management
and services. China’s CDC conducts monthly statistics
on patients infected with hepatitis C virus in mainland
China (i.e., except Hong Kong, Macao and Taiwan) [25]
including gender, occupation, date of birth, address, date
of onset, date of diagnosis, especially the classification of
the disease, which is marked as a clinically diagnosed case.

In general, it is unreasonable to determine HCV infec-
tions just by relying on HCV antibody positive which just
means you were infected before. To determine whether
infected with HCV, HCV-RNA test needs to be done.
Once the HCV-RNA test results indicate that the outpa-
tient is infected with the hepatitis C virus, he or she will
need hospitalization. In the case of ignoring the patient’s
home treatment, we believe that the data provided by the
China’s CDC is the number of hospitalizations.

By producing re-sampling a larger artificial data set,
which is generated based on the existing limited reported
monthly data, using the linspace function from Matlab
(the Mathworks, Inc.), we interpolate the 12-month data
and turn into 365-day data. In order to keep the total
number of data, the interpolation formula of each year as
following:

12
Dy (%) Z D1 (s7)

A -1
Dy (t) = —3651

> Da(tp)
=1

)j= 1)2;”' ;3651

where, D;(s;),i = 1,2---,12, denote the 12-month actual
data, Dy(%),j = 1,2---,365, denote the 365-day data
after the interpolation. ﬁg(tj), j = 1,2--.,365, denote
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the 365-day data after the zoom. With the aid of linear
interpolation, we will obtain more useful data, and the fit
results will be better. We still give a comparison chart for
each month’s case data and simulative data.

Model formulation

In order to study the epidemic of hepatitis C in China, we
consider the hepatitis C model is homogeneous mixing-an
individual has an equal chance of contacting any individ-
ual among the population, by ignoring the impacts of the
space structure and seasonal changes to simulate the data
year after year, and we assume that natural birth rate is
equal to natural mortality.

The mathematical model for hepatitis C to understand
the transmission dynamics and prevalence consists of
a system of ordinary differential equations, where pop-
ulation is divided into six subgroups: susceptible S(¢),
exposed E(¢) (defined as not infected but infectious), acute
infection I,(t), chronic infection I.(t), treated T'(¢) and
recovered R(¢) individuals. The total population size is
denoted by N(t) = S(t) +E(t) + 1, () + 1.(£) + T (¢) + R(¢).

New susceptible individuals enter into the S compart-
ment with a recruitment rate A. Let i be the natural birth
and death rate of the population. By the influence of their
parents, generations of the individuals in the E(t), 1,(?),
I.(t) may be infected with HCV at rate of [, m, n, respec-
tively. This is what is called vertical infection. Susceptible
individuals are infected by contacting with patients in
the E(t), 1,(t), I.(t) compartments at rates of 81, B2, B3,
respectively. Once infected, the individuals move into the
exposed compartment (E) and then progress to the acute
stage at a rate of . In the acute stage, the individuals may
die at rate of d;. Let o be the transition rate for the acutely
infected individuals. In the conversion of acute infection,
the individuals will restore health relying on their own
immune system with the ratio p;, progress to the chronic
stage with the ratio pa, go to the hospital for treatment
with the ratio 1 — p; — py. At the same, the individuals
may die at rate of dy in the chronic stage. Let § be the
transition rate for the chronically infected individuals. In
the conversion of chronic infection, the individuals will
restore health relying on their own immune system with
the ratio p1, go to the hospital for treatment with the ratio
1 — pi. Individuals in the treated compartment (7') who
have the transition rate of 1, succeed in clearing HCV and
move to the recovered compartment (R) with the ratio
n1, while the others fail and move back to the chronic
stage with the ratio 1 — ;. Individuals in the R compart-
ment lose their immunity and eventually return to the
susceptible compartment (S) at rate of y. The schematic
flow diagram illustrating the transmission dynamics of the
HCV infection with treatment are illustrated in Fig. 1.
And the biological meanings and acceptable ranges of all
parameters are listed in Table 1.

Page 3 of 11

The model is represented by the following system of
ordinary differential equations:

? =A—ulE—pml, —pnl,— 7('31E+ﬂ2]{?+ﬂ31E)5 +yR—us,
aE =w—<ﬂ§ — WE + plE + uml, + pnle,
j—t:aE —al; — uly —dil,, 1)
de — praly — 8l + (1 — 1) AT — ple — dole,

L =0 -p1—p)aly+ (1 —p1) sl — AT — T,

T =p18lc+ pradyg +mAT — yR — pR.

The biologically feasible region Q = {(S, E, I, 1., T, R) €
]Ri SH+E+L,+I.+T+R< %} is a positively invariant
set of system (1).

The basic reproduction number (Rg) represents the
number of infected during the initial patient’s infectious
(not sick) period. What this threshold will do determine
whether a disease will die out (if Ryp < 1) or become
epidemic (if Rp > 1). For models with complex dynam-
ics, Rp < 1 is not the only condition to guarantee that
the disease is extinct, but the smaller the better. Follow-
ing Van den Driessche P and Watmough ] [26], the basic
reproduction number for the model (1) is given by the
formula:

Ro = (B1+nud) ﬁ + (B2 + um) W‘Hﬁ‘dﬂ + (B3 +unmA
= Ro1 + Roz2 + Rosz + Roa + Ros + Ros»

_ B _ Bao —
where, Ror = 50, R = Gipenaay R = P4,
_ _ul — puma = =
R04 = otu’ ROS = O+ (atput+d)’ ROG = /,LHA, A =

a0 [p2(A+u)+A(1—n1)(A—p1—p2)]
(0+11) (a+p+dD) [(0+p+da) A1) =1 (1—p) (1—n)]
Ro1, Roz and Ro3 represent the average numbers of the

infected individuals by a single exposed, acute infection or
chronic infection individual in a fully susceptible popula-
tion, respectively. Ros4, Ros and Roe represent the average
numbers of the infected infants by the exposed, acute
infection or chronic infection parents, respectively. They
represent the contributions of the 6 HCV transmission
ways to the the basic reproduction number Ry.

Parameter estimation

In this section, we first use model (1) to simulate the
reported hepatitis C data of China from January 2011 to
December 2016 to predict the trend of the disease and
seek of some preventions and control measures. The data
are obtained mainly from epidemiologic bulletins pub-
lished by the China’s CDC [25]. Assume that the person’s
natural death follows a uniform distribution, then natu-
ral death rate is calculated as u = 1/(74.83 x 365) =
3.6613 x 107>, since life expectancy is 74.83 years old
between 2011 to 2016 in China [27]. From Shen M [24],
the range of the transmission rates ,gi,i = 1,2,3 is
[2.0846,3.0769] x10~ 11, and those annual transmission
rates are bilinear. Total population is about 1.35 x 10°
in China between 2011 to 2016 [27], We chose 80% of
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Fig. 1 Flow chart of compartments of hepatitis C model
the population as the sampled population, and denote as 72 (T(¢t) — f‘(tl.))z
N = 1.08 x 10°. So we estimate the standard rate 8; = J0) = Z T(t-)
i=1 i

B:N €[0.0225,0.0323],i = 1,2, 3. The values of 81, 82 and
B3 in model (1) are chosen randomly in this interval.

Then, we have to estimate the other 15 parameters and 6
initial values every year through calculating the minimum
sum of chi-square [28, 29]

Table 1 Model parameters and their interpretations

Parameter Description

n Natural birth or death rate

Ain (102,100) Recruitment rate

/in (0,0.1) Transmission rate of the exposed generation

min (0,0.1) Transmission rate of the acute infection generation

nin (0,0.1) Transmission rate of chronic infection generation

B1in(0,0.1) Transmission infection rate of exposed population

B in (0,0.1) Transmission infection rate of acutely infected
population

B3in(0,0.1) Transmission infection rate of chronically infected
population

y in (0, 1/30) Remove rate from recovered to susceptible

o in (0,0.05) Rate of progression to acute stage from the exposed

ain (0,05) Transition rate for the acutely infected

dy in (0,0.01) The mortality of acutely infected population

d, in (0,0.01) The mortality of chronically infected population

p1in(0,0.1) The proportion of natural recovered from acutely
infected population

p2in(0.5,1) The proportion of chronic infection from acutely
infected population

§in(0,0.1) Transition rate for the chronically infected

7 in (0, 1) The proportion of recovered from treated population

Ain(0,1) Transition rate for the treated

p1in(0, 1) The proportion of natural recovered from chronically
infected population

Ro The number of infected during the initial patient’s

infectious (not sick) period

with the MATLAB (the Mathworks, Inc.) tool fmincon
that is a part of optimization toolbox. Where, T'(¢;),i =
1,2,---,72 show the true value each month, j‘(t,-),i =
1,2,---,72 show the estimated value each month. Fmin-
con function is a Matlab function for solving the min-
imum value of constrained nonlinear multivariate func-
tion. Fmincon implements four different algorithms: inte-
rior point, sequence quadratic program (SQP), active set,
and trust region reflective. In this paper, we choose the
SQP algorithm to solve the optimal solution of model
(1). MATLAB SQP method is divided into three steps:
firstly, update the Lagrangian Hessian matrix, then solve
the quadratic programming problem, and finally calculate
the one-dimensional search and objective function.

According to the epidemiological characteristics of hep-
atitis C and the biological significance of the parameters,
we set the lower and upper boundaries of each parameter,
as shown in Table 1. Although the outbreak of hepatitis C
is not seasonal, it still has a certain periodicity. Our model
does not have a periodic solution, so we can only simu-
late the annual parameter values separately. The simulated
annual parameter values are shown in Table 2. Taking
year as the research unit, the parameters of the model
(1) vary from year to year because of the annually differ-
ent natural conditions and environmental factors, but the
same parameters are not significantly different in different
years.

The values of the various parameters in Table 2 are in
days. We calculated the numbers of the treated in each
month of each year according to the optimal simulation
parameters, then, compared it with the reported hepati-
tis C data in China from 2011 to 2016 per month. We use
two broken line diagrams, as shown in Fig. 2. The data
presented in Fig. 2 refers to the clinical data from China’s
CDC, denoted by T. And the numerical results are found
to be a good match with the data of hepatitis C in China
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parameter 2011 2012 2013 2014 2015 2016 Source
A 8.15 x 102 158 x 10% 100 113 2.05 x 10* 7.03 x 10° Estimation
| 1% 10710 441 x107° 1% 10710 0.1 0.1 0.1 Estimation
m 1x10710 103 x 1072 1x 10710 0.1 1.06 x 1073 0.1 Estimation
n 489 x 107° 278 x 107° 1x 10710 0.1 946 x 1072 0.1 Estimation
B 223 %1072 224 x 1072 223 x 1072 223 x 1072 223 %1072 223 %1072 [24]
B> 246 x 1072 3.10 x 1072 246 x 1072 246 x 1072 246 x 1072 246 x 1072 [24]
B3 220 x 1072 234 x 1072 220 x 1072 220 x 1072 220 x 1072 220 x 1072 [24]

845 x 1074 101 x 1073 1076 890 x 1074 381 x 107 211 %1073 Estimation
o 288 x 1072 500 x 1072 363 x 1072 3.03 x 1072 333 x 1072 272 x 1072 Estimation
a 185 x 1072 530 x 1072 220 x 1072 140 x 102 145 x 1072 162 x 1072 Estimation
d 1072 508 x 1073 102 1072 989 x 1073 1072 Estimation
d> 1072 953 x 1073 1072 1070 1072 250 x 1073 Estimation
01 0.1 820 x 1072 0.1 0.1 0.1 0.1 Estimation
0 0.82 0.80 0.84 0.83 0.80 0.87 Estimation
B 0.1 830 x 1072 0.1 946 x 1072 0.1 0.1 Estimation
m 046 0.34 0.90 0.95 0.97 0.96 Estimation
A 0.99 0.94 0.96 0.96 0.91 0.92 Estimation
pi 0.93 0.82 0.94 0.91 0.90 0.93 Estimation
Ro 1.75 1.21 1.50 1.87 177 1.86 Calculated

from 2011 to 2016 except one point which represent the
number of treated patients in June 2013. So we guess the
abnormality of this data could be related to the emergence
of new avian influenza H7N9 [30] and the 7.8-magnitude
earthquake in Ya’an, Sichuan province [31] in China in

April of that year. Our model is based on the ideal state,
without considering the impact of unexpected events, so
the model is not able to capture that outbreak.

We found the optimal parameter values and the initial
values of the model in 2011 after continuous debugging,

2.8

2.6

x 10

—6— The actual d

—e— The simulative results

ata

20 30 40

t (month)

50 60 70

Fig. 2 The comparison between the reported hepatitis C in China from 2011 to 2016 and the simulation of model (1)
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then, using the optimal parameter values of the model
in 2011 as the starting value, we have found the optimal
parameter values of each subsequent year through contin-
uous simulation. Where, the optimal values of parameters
are listed in Table 2, and the each initial condition from
2011 to 2016 is fixed as (4.23 x 107, 3.81 x 10°,10?,7.46 x
10%,4.69 x 10%,4.08 x 107), (3.66 x 107,8.54 x 10%,1.16 x
102,3.08 x 10%,4.36 x 10%,1.10 x 107), (9.01 x 107,4.18 x
10°,1.18 x 10%10°6.53 x 102%,4.80 x 107),(7.07 x
107,4.64 x 10°,6.51 x 10%,6.12 x 10%,5.77 x 10%,8.98 x
107), (5.36 x 107,3.48 x 10°,9.10 x 10%,6.17 x 10%,6.98 x
10%,4.52 x 107),(2.66 x 107,9.71 x 10°,10%8.81 x
10%,6.46 x 102,5.83 x 107). Here, we also calculate the
basic reproduction number each year. The average value
of the 6 basic reproduction numbers is estimated as
approximately 1.6592. Using the optimal parameters of
2015, one also calculates Rg; = 0.6701, Rgy = 1.0050,
Roz = 0.0958, Ros = 1.0992x 1074, Ro5 = 1.5888x107°,
Ros = 1.5094 x 10~>. Hence, vertical infection is not the
main factor that cause hepatitis C epidemic, but trans-
mission of HCV from exposed and infection to others is
the most important factor. We will discuss this argument
again in next sections. However, because of China’s big
population base, vertical infection is still worthy of our
attention.

Results

Sensitivity analysis of R

In this section we performed a sensitivity analysis of the
basic reproduction number to determine several param-
eters that have the most influential parameters on the
prevalence and transmission of hepatitis C. Sensitivity
analysis is a useful tool to identify how closely input
parameters are related to predictor parameters and it
helps to determine level of change necessary for an input
parameter to find the desire value of a predictor parameter
[32, 33]. If a small change in a parameter can cause a large
change in the number of the basic reproduction number,
then this parameter is called a sensitivity factor, otherwise
called an insensitive factor.

In this section, following Samsuzzoha M’s [32] method,
we used the 2015 simulated parameter values to perform
a sensitivity analysis of the basic reproduction number,
thus we can put some effective control strategies of HCV.
The sensitivity indices of each parameter to the basic
reproduction number R are shown in Table 3.

We can observe that 8y, 81, B3, p2, I, n, m, A, (o, , §,
N1, p1, p1) have positive (negative) impacts on Ro. The
sensitivity indices and corresponding % value needed to
affect a 1% decrease in Ro are shown in Table 3 (e.g., in
order to decrease the value of R by 1% it is necessary to
decrease the value of B3 by 1.7945% or increase the value
of o by 2.7973%.) The greater absolute value of the sen-
sitivity index, the more sensitive the parameter is to Ro.
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Table 3 Sensitivity indices of Ry, the corresponding % changes
needed to affect a 1% decrease/increase in the value of R

Parameter Sensitivity indices of Rg Corresponding % changes
B2 405573 —1.7945

B +0.3879 —25777

o —0.3575 +2.7973

o —0.2938 +3.4031

B3 +0.0526 —19.0167

02 +0.0510 —19.6182

) —0.0475 +21.0344

m —9.5265 x 1073 +104.9707

/ +1.9356 x 1073 —516.6356

D1 —1.3947 x 1073 +717.0208

n +2.5209 x 1074 —3.9669 x 10°
0 —20715 x 1074 +4.8274 x 103
m +2.6796 x 1072 —3.7319 x 10*
A +3.8024 x 1077 —26299 x 10°

Therefore, the most sensitive parameter for Ry is 8 fol-
lowed by B1, o, o, B3, p2, 8, n, L, p1, n, p1, m, . From
Table 3, we can see that parameters /, m, n can be negli-
gible on the influence of the basic reproduction number
(Ro) compared with the most sensitive parameters 82, 81,
o, a. Hence, vertical infection is not the main factor that
cause hepatitis C epidemic in China. In the “Conclusions”
section, we will put forward some specific human inter-
vention measures according to the results.

Sensitivity analysis of the endemic equilibrium

In this section, we do a sensitivity analysis of the endemic
equilibrium to determine the relative importance of the
different parameters which are responsible for the preva-
lence of equilibrium disease. Using the method from
Samsuzzoha M [32], we calculate the sensitivity indices of
the endemic equilibrium. The relevant detail calculation is
shown in Appendix, and the parameter values are shown
in Table 4 by using the parameters values of 2015 given
in Table 2. We can see that: the most sensitive parameter
for $* is o followed by p1, B2, p2, B1,0,8, 11, p1, B3, L n,m
and A. The most sensitive parameter for E* is o
followed by ﬁg,ﬂl,a,pl,&ﬂg, pl,pg,nl,l, }’l,)\. and
m. The most sensitive parameter for I} is « fol-
lowed by fa,B1,0,p1,6, B3 01, 02,01, L,m A and  m.
The most sensitive parameter for I is pp fol-
lowed by 6,82, B1,0,n,%,p1,B3,p1,L,nA and m.
The most sensitive parameter for T* is By fol-
lowed by Bi,0,p1, A, p2, 11,2, p1,B3,8,L,n and m. The
most sensitive parameter for R* is fy followed by
P1, 02, f1,0,2,11, p1,B3,8,,,n,A and m. For the above
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Table 4 Sensitivity indices of the endemic equilibrium

parameter S* E* I I T* R*

/ +1.20 x 1074 —7.96 x 107 —7.96 x 107> —815x 107 —407 x 1074 —133x 107
m +1.74 x 1070 —1.15x 107° —1.15x 107 —1.18 x 107° —589 x 107 —192 x 107
n +1.65 x 1072 —1.09 x 1072 —1.09 x 107> —1.12%x107° —559 x 107> —1.82 x 107
B 404145 —0.2740 —0.2740 —0.2806 —1.4024 —04573

B2 +06216 —04109 —0.4109 —0.4209 —2.1034 —0.6859

B3 +0.0592 —0.0392 —0.0392 —0.0401 —0.2004 —0.0654

o —04131 +1.2710 +02710 +0.2776 +1.3872 +0.4524

o —0.9452 +0.2684 +0.8617 —0.1417 —0.7081 —0.2309

1 +0.0737 —0.0049 —0.0049 +0.0020 +1.1541 +0.0753

0 —0.4462 —0.0035 —0.0035 —0.9918 +0.9775 —05742

) —0.1720 +0.0436 +0.0436 +0.9510 —0.1872 —0.0609

m +0.0838 +651 x 1074 +6.51 x 1074 +0.1863 +0.8164 +0.1078

A +3.86 x 107/ —377 x107° —377 x 107 —4.10 x 107° +0.9999 —130x 107°
p1 —06518 +0.0453 +0.0453 +0.0464 +0.2317 —0.6588

analysis, we can see that the sensitivity of the four param-
eters f1, B2, o, o are at the top of the sensitivity indices of
the endemic equilibrium, especially for I’}, and the sensi-
tivity of p, 8, B2, B1,0 are at the top of I}. So if we want
to reduce the number of cases, we can propose specific
preventive control measures from these parameters in the
“Conclusions” section.

Discussion
From Table 2, according to discuss the arithmetic means

of parameters of our model, we have some conclusions
- _ 2016

as follows: [ = 5.00% (e.g., [ = % > ;, the method
i=2011

of calculating the average value of other parameters is

the same.), m = 3.37%, n = 4.91%, these suggest that
the probabilities of exposed, the acute and the chronic
patients spread virus to their kids on hepatitis C are about
5.00%, 3.37% and 4.91%, respectively. p; = 9.70%, it shows
that the proportion of patients who recover naturally in all
acute patients is about 9.70%. py = 82.62%, it shows that
the proportion of acute patients who turned into chronic
patients is about 82.62%. From Chen SL [13], approxi-
mately 75% — 85% of infected patients do not clear the
virus in 6 months, and become chronic hepatitis patients.
1 — p1 — p2 = 7.68%, it indicates that the proportion of
acute patients who are treated in hospital is about 7.68%.
This result is similar to that of Cox ALs [34], he denotes
that 95% of infected are not treated. 17 = 76.24%, it sug-
gests that the proportion of the resident patients who can
recover is about 76.24%. From Seeff LB [35], about 80%
of HCV-infected individuals seem to be no progression to
end-stage liver disease, but 20% who get histologic fibro-
sis and cirrhosis will develop into serious end-stage liver
disease. And in our paper, 1 — 151 = 23.76%, it suggests

that the proportion of the resident patients who failed
to recover is about 23.76%, while we don’t consider that
chronic patients develop histologic fibrosis and cirrhosis,
which will be our follow-up work. 1/y ~ 1226.03 days,
i.e., 3.36 years, it suggests that the average time that the
antibody disappear is about 3.36 years. 1/6 ~ 29.12 days,
it shows that the average incubation time is about 29.12
days. 1/8 ~ 10.39 days, it shows that the average period
of chronic patients deciding whether to be treated or not
is about 10.39 days. Then, these conclusions have been
conformed to the actual situation [1, 25].

According to the values of the parameters and sensi-
tivity analysis of the basic reproduction number and the
endemic equilibrium, we can find that vertical infection is
not the primary cause of hepatitis C epidemic in China,
the reasons are as follows:

(1)Ros = 6.07 x 1075, Ros = 4.9 x 107>, Rpg = 8.85 x
107°, these represent the average contribution from the
generation of the exposed, the acute and the chronic to
the basic reproduction number (Ry), respectively. We can
observe that vertical infection has little influence on the
spread of hepatitis C.

(2)From the result of the sensitivity analysis of Ry,
we can find that parameters /, m, n have negligible influ-
ence on the spread of hepatitis C, compared to the most
sensitive parameters 2, 81,0, a (see Table 3 for details).

(3)From the sensitivity analysis of the endemic equilib-
rium, we can see that parameters /, m, n are not sensitive
to it. So reducing the transmission rate of vertical infec-
tion has no influence on controlling the scale of patients
with HCV (see Table 4 for details).

Therefore, it is reasonable to ignore vertical infection
in the existing hepatitis C dynamics models [10, 15, 18—
24]. Contact transmission (such as injecting contaminated
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blood, using public syringe, sexual behavior and so on)
is the main factor for the epidemic of the hepatitis C in
China, the reasons are as follows:

(1)Rg1 = 0.6759, Ryy = 0.8529, Ry3 = 0.1303 rep-
resent the average contribution of the exposed infection,
the acute infection and the chronic infection to the basic
reproduction number (Ry), respectively. We can find that
contact transmission has great effect on the spread of
hepatitis C.

(2)From the result of the sensitivity analysis of Ro, we
can find that the sensitive indexes of the parameters ;
(the second), B (the first), B3 (the fifth) are extremely
large (see Table 3 for details).

(3)From the result of the sensitivity analysis of the
endemic equilibrium, we can see that the parameters fi,
Ba, B3 are sensitive to it. So reducing the transmission rate
B1, B2, B3 can effectively control the scale of patients with
hepatitis C (see Table 4 for details).

In addition, the exposed and the acute infection tend to
be asymptomatic, so the susceptible have more chance to
contact them. Therefore, contact transmission is the main
reason for the epidemic of hepatitis C in China.

Conclusions

In this paper, we constructed an SEI,I. TR dynamic model
for hepatitis C transmission based on the reported data
from China’s CDC to search the most influential parame-
ters. From the last line in Table 2, the basic reproductive
number Ry in each year is larger than 1. Thus, we con-
clude that HCV will persist in China under the current
conditions. As a matter of fact, there is no effective vaccine
for HCV, but if we can provide some preventive measures
to control the HCV, it will be very meaningful.

Next, we selected the data of 2016 to simulate the future
prevalence trend of hepatitis C in China under various cir-
cumstances, and the results were shown in Fig. 3. We can
observe that 85, 81, @ and o are the most sensitive parame-
ters comparing with the others because just slight changes
can achieve the goal of control. These existing measures
to control and prevent HCV can be essentially attributed
to how to reduce By and B;. Based on the discussion in
this paper, it is vitally important not only to reduce B2 and
B1, but also to increase o and o. In addition, it is more
effectively to reduce B3 and $; than to reduce B3 precisely
because chronic patients will pay more attention to the
contact with others and do a good job of protection than
those who do not show symptoms in the incubation and
acute period.

Based on the above analysis, we propose some preven-
tive measures as follows:

(1) It can control the spread of the HCV by reduc-
ing infection rate of contacting with the exposed and the
acutely infected to the susceptible (81 and B2) (see Fig. 3).
Therefore, it is vital to advocate public education so that
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we can understand the spread of HCV well and reduce
the probability of contacting with the patients. For exam-
ple, avoid unnecessary injection, transfusion and using of
blood products unless go to formally medical health insti-
tutions. It is necessary to disinfect strictly for bloody items
and the humoral pollutants. Stay away from drugs and
educate intravenous drug users to let them know the harm
of impurity injection and give them some advice about
drug rehabilitation.

(2) It can control the spread of HCV at a lower level
by shortening the diagnosis time of acute infection (1/«)
and the hesitant time for being treated of chronically
infected patients (1/8) (see Fig. 3). That is, improve the
transition rates of the acute (o) and chronic infection
patients (8), especially for «, which has extremely high
sensitivity not only to the basic reproduction number but
also to the endemic equilibrium. If we often do exer-
cise to improve our immunity, even if we are infected by
HCV, we can restore health by autoimmunity. Check your
body regularly, and hospital treatment can prevent the
disease from aggravation. Although some HCV patients
will recover after a period of oral medication at home,
it is still necessary to encourage more chronic patients
to receive treatment in hospital as quickly as possible,
after all, it is more likely to recover and it could con-
tact with less patients in the process of rehabilitation,
so that the risk of being infected is also smaller for the
susceptible.

(3) It can effectively control the spread of HCV by reduc-
ing the diagnosis time of exposed (1/0), i.e., improve the
rate of progressing to acute stage from the exposed stage
(0) (see Fig. 3). Thence, once we fell uncomfortable, we
should go to a hospital for diagnosis in time, because
the earlier you detect of the illness and treat, the more
possibility you can recover [36].

(4) Reduce the proportion of chronic infection from
acutely infection population p, (see Fig. 3). From Tables 3
and 4, we can see that it is very sensitive to the basic
reproduction number and the endemic equilibrium. So
it is meaningful to received timely treatment, which can
reduce the source of infection. Because 70% to 80%
patients are asymptomatic [13, 14], it is difficult to diag-
nose acute HCV infection. But some studies suggest that
acute infection stage is very sensitive to treatment, and it is
an unique opportunity to prevent the evolution of chronic
infection [15].

(5) It can control the number of patients in a relatively
small size by improving recovery rate of hospitalization
n1. It is not sensitive to the basic reproduction number,
but it is sensitive to the endemic equilibrium. It need not
only patients cooperate with treatment actively but also
relevant departments study new and effective medicine
for the treatment of HCV [37-39]. It can improve the
recovery rate of patients.
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Fig. 3 Simulation of the sum of not hospitalized infectious /,(t) + Ic(t) and hospitalized infectious T (t) with all parameters,
200 =2 x 00162 = 0.0324,28 =2 x 0.1 =0.2,0.18, = 0.1 x 0.0246 = 0.00246,0.1p, = 0.1 x 0.87 = 0.087,0.18; = 0.1 x 0.0223 = 0.00223,
0.183 = 0.1 x 0.022 = 0.0022, 20 = 2 x 0.0272 = 0.0544 from the seventh column of Table 2, respectively, when one parameter takes a specific

In a word, if we can implement these control measures,
HCV will be controlled well, and with the time flies, the
number of patients will decrease.

Appendix
By the parameters value of 2015 given in Table 2, we can
calculate the endemic equilibrium values:
P*=(S*E* 1, 1.*, T*, R*) = (184287929.9,575029.5,
783783.9,83492.0,1880.2, 140659573.5) .
The variables (S,E 1,,I.,,T,R) have been
replaced by x1, x2, %3, x4, x5, %¢; the parameters
l, m,n, :Bl! ﬂZr ;83r o,q, 01, 02, s, n, )"plr Vs A, M, dl: dZ bY

YV1,Y2:Y3:Y4> Y5, Y65 Y7, Y8, Y9, Y10, Y11, Y125 Y13, V145 Y15, Y16, V17>
y18,¥19; the point of endemic  equilibrium

(S* E* I;,I}, T*,R*) by x],x5,x3,%5,%zs,x¢ and six
equilibrium equations of the model by

ﬁ(xlr X653 Y15 -u’yl9) = 0) i= 1; 21 3; 41 5; 6.

S1(x1, s %6391, 0 Y19) = Y16 — Y17V1%2 — Y17Y2%3 — Y17)3%4
(yaxz + y5x3 + Yexa)x1
a X1+ X2 +x3 + x4 + X5 + X6
+ y15%6 — y17%1 = 0,

(yaxg + y5x3 + yexa)x1
X1 +x9 +x3 + x4 + x5 + X6

Jo (%1, s X63 Y15 0 Y19) = —y7%2 — Y1742

+y1791%2 + y17y2%43 + y17Y3%4 = 0,

S3(XLs 003 X635 Y15 00 ¥19) = Y7X2 — Y3X3 — Y17%3 — Y18%3 = 0,

Ja(X1,5 ey X63 Y15 0 Y19) = Y10Y8%3 — Y11%4

+ (1—y12)y13%5 —y17%4 —y19%4 = O,

fé(xll ey %65 V15

and

ws¥19) = (1 — y9 — ¥10)y8%3
+ (1 — y9)y11%4—y13%5—y17%5 = 0,

J6(X15 00r X653 Y15 0 Y19) = Y14Y11%4 + Y9Y8%3 + Y12Y13%5
— (15 + y17)%6 = 0.

Let AX; = Kj be the system of equations where

a1
as1
asi
as1
as1
ael

ai2
a2
as2
as2
as2
ae2

— *
0x)

A
0x;

0y;
x5

A
0xy,

9yj
0xg

a %
Oxg

9y;

a13
az3
as3
a43
as3
a63

K=

aia ais
az4 as
as4 ass
as4 a4s
as4 ass
aes aes

a6
a6
ase
a6
ase
a66

%_
ay;
2
9y
93
ay;
fa
9y
s
ay;
e

9y

)




Jia et al. BMC Infectious Diseases (2019) 19:724

a = - (xpya+x3y5+xaye)  _ _ xpyatx3ys+xaye y17
(%1 a2 +x3+ag+x54xg)2  F1Hxotaztwgtas+ae ’
arp = x1 (X2ya+x3y5+X4y6) yiy17 — X1Y4 )
(xk +(xz+x3_—;x;-ir£ ;xgﬂ X1+xz+x;4;x4+xs 6
_ _ %1 (%24 +%3y5+%ay6 195
a3 = (x1+(xz+xi+x4t:cs+x§)2 V2V17 ~ s FapFag-tagtas tae’
_ _ 1 (%24 +%3y5+%aye *1Y6
a4 = (%1 X9 FX3 x4 +x5+%6)2 y3y17 x1+x2+x3+x4+x5+%6 7
a5 = ¥1(%2Y4+¥3Y5+X4Y6) 5 d16 = Y15 + *1(*2y4+¥3y5+¥456) -
(%1 +x +x3+x4+x5+%6) (x1+x2+x3+x4+x5+x6)
ay) = —Faat¥3YsEaye X1 (%2Y4+¥3y5+%476)
¥ Fay Fa3HagTas +x6( (%1 4%2+x3 +x)4 +x5+x6)%"
— X1 (X2y4+¥3Y5+%4Y6 X1Y4
R R R Vo VTR A TE TR TR TR e
a3 = yay17 — —2 (274 +%3Y5+%496) *1Y5
(%1 a2 +x3+ag+x5+xg)2 | F1Hxotaztagtas+ae’
ar = y3y17 — — (¥2y4+%3y5+X456) . *1Y6 )
(%1 a3 +x4)+x5 +x6) x1+ap a3 tag+a5+x6
ays = — %1 (¥2ya+x3y5+%4Y6 L de = — X1 (¥2y4+X3y5+%4Y6) ,
(%1 +x0+x3+x4+x5+%6)% (1 +xp+x3+x4+x5+%x6)2

a31 = 0,a32 = y7,433 = —y8 — ¥17 — y18,434 = 0,435
=0,a36 =0,a41 = 0,a42 =0,

a43 = y8y10,444 = —Y11 — Y17 — Y19, 445 = —y13(y12 — 1), d4e
=0,a51 =0,a5, =0,

as3 = —y8(¥9 +y10 — 1),asa = —y11(y9 — 1), as5 = —y13 — ¥17,ds56
=0,a61 = 0,a62 =0,

ag3 = y8Y9, A4 = Y11¥14> 465 = ¥12)13, 466 = —Y15 — Y17-

Finally, the sensitivity index of the point of endemic

9xf yj
Ty 5 for

equilibrium, x} to the parameter, y; is given by
1<i<6andl <j<16.
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