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Abstract: In 2017, the low pathogenic avian influenza H7NO virus in China had mutated into high
pathogenicity to domestic poultry, and led to a large number of poultry death and human cases. To
evaluate the effect of virus mutation on the transmission of avian influenza H7N9 virus, this paper
takes Guangdong province for the research area, takes domestic poultry, virus in the domestic poultry
survival environment and human beings for the research objects, and establishes a non-autonomous
dynamical model. By fitting model with the newly confirmed human cases in Guangdong province,
the model we established is confirmed and applied to explain the dynamics of historical human cases.
By carrying on parameter estimation, it is deduced that at least 5279376 human beings in Guangdong
province had been infected with avian influenza H7N9 virus from March 2013 to September 2017, but
most of them were not confirmed, since they had no obvious symptoms or had been cured as common
influenza. And comparing with the low pathogenic avian influenza H7N9 virus (H7N9 LPAIV), the
transmission rate of the highly pathogenic avian influenza H7N9 virus (H7N9 HPAIV) to human is
almost unchanged, but to domestic poultry is about 3.87 times higher. Also, we calculate the basic
reproduction number R, = 1.3042, which indicates that the virus will persist in Guangdong province
with time. Besides, we also perform some sensitivity analysis of the newly confirmed human cases and
Ry in terms of model parameters and conclude that reducing the birth population of domestic poultry,
speeding up the circulation of domestic poultry in the market and raising the rate of disease-related
death of domestic poultry are benefit to control the transmission of the avian influenza H7N9 virus.

Keywords: avian influenza H7N9 virus, virus mutation, dynamical model, basic reproduction
number, data fitting, parameters estimation, sensitivity analysis
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1. Introduction

In March 2013, the avian influenza H7NO virus, a novel avian influenza virus, appeared in Shang-
hai and Anhui in mainland China, can be transmitted from domestic poultry to human beings across
species isolation [1, 2, 3]. As of September 2018, a total of 1536 cases of human infection with
avian influenza H7N9 virus, including 611 deaths, had been reported from 27 provinces in mainland
China [4]. And the cases of human infection mostly occurred in winter and spring. According to the
regularity, we define the epidemic situation of human infection from October 1 to September 30 every
year in epidemiological statistics as each epidemic [5]. That is, the first epidemic of human infection
with avian influenza H7N9 virus occurred in 2013.3-2013.9, followed by five succession epidemics
in 2013.10-2014.9, 2014.10-2015.9, 2015.10-2016.9, 2016.10-2017.9, 2017.10-2018.9, respectively.
Figure 1 shows time series of monthly newly confirmed cases of human infection with avian influenza
H7N9 virus in mainland China from March 2013 to September 2018 according to Avian Influenza
Report [4]. From Figure 1, we can see that: the number of newly confirmed cases of human infection
shows a periodic and seasonal fluctuations apparently; in the fifth epidemic, the total number of con-
firmed cases of human infection with avian influenza H7N9 virus is close to the sum of the first four
epidemics; in the sixth epidemic, almost no confirmed cases was reported.

250 L L LI L LI LI LI LI L LI l. T l.
[Epidemic 1 Epidemic 2 Epidemic3  Epidemic Epidemic 5 Epidemic 6}
Cases:134 Cases:304  Cases:219 Cases:118 Cases:758 Cases:3

200 -
150
100

50

Newly confirmed cases unit:individual

Ll I I
Ll R e
) S e
) S e
Ll T R i

Time unit:month

Figure 1. Time series of newly confirmed cases of human infection with avian influenza
H7N9 virus by month in mainland China from March 2013 to September 2018.

In the first four epidemics (2013.3-2016.9), the avian influenza H7N9 virus was low pathogenicity
to domestic poultry and high pathogenicity to human beings [6, 7]. Domestic poultry infected with the
virus had been asymptomatic, however, human beings infected with the virus usually had been fever,
cough, sputum, dyspnoea, pneumonia and even death. In the fifth epidemic (2016.10-2017.9), it was
found that some avian influenza H7N9 virus had insertional mutations at HA cleavage sites, which
made highly pathogenic to domestic poultry and unchanged pathogenicity to human beings [8, 9, 10].
This may have contributed towards increased numbers of human infection in the fifth epidemic [11].
Since the autumn of 2017, reassortment avian influenza virus vaccine (H5N1 Re-8 strain + H7N9 H7-
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Rel strain) had been used to immunize all domestic poultry in China [12]. This may be the reason why
almost no confirmed cases of human infection was reported during the sixth epidemic in China.

Many academics have studied the transmission of avian influenza H7N9 virus by dynamical mod-
els [13, 14, 15, 16, 17]. In 2014, Juan Zhang et al. [15] established a dynamical model involving mi-
gratory bird, resident bird, domestic poultry and human beings to explore the source of avian influenza
H7N9 virus in China. It was found that migratory birds are most likely the source of the transmission of
virus. In 2015, Zhifei Liu et al. [16] established a dynamical model to evaluate the impact of screening
and culling infected domestic poultry on the transmission of avian influenza H7N9 virus. It was found
that screening and culling infected domestic poultry can effectively reduce the number of cases of the
human infection with avian influenza H7N9 virus from a long-term point of view. In 2017, Yi Xing et
al. [17] established a dynamical model to explore the main factor of the re-emergence of human infec-
tion with avian influenza H7NO virus. It was found that the cycling of temperature in the environment
is the main factor of the re-emergence of human infection in 2014. However, above researches did not
study the impact of virus mutation on the transmission of avian influenza H7NO virus. To investigate
the influence of virus mutation and to control the transmission of the avian influenza H7NO virus are
imperative for the human health, economic development and social stability.

Existing research has found that the highly pathogenic avian influenza H7N9 virus (H7N9 HPAVI)
had been prevalent in Guangdong province [18, 19]. In 2018, Lan Cao et al. [20] discovered that
H7N9 HPAVI appeared in the specimens of domestic poultry market in Guangzhou from 2017. Chao
Li et al. [21] discovered that as of November 2018, a total of 32 cases of human infection with H7N9
HPAVI had been reported from Guangxi, Guangdong, Hunan, Inner Mongolia, Hebei, Henan, Fujian
and Yunnan in mainland China, where the number of cases was 11,9, 6,2, 1, 1, 1 and 1, respectively.
The peak time was from January 2017 to March 2017. Comparing the number of human cases in-
fected with avian influenza H7N9 virus in provinces where human infection with H7N9 HPAIV had
occurred, Guangdong province has more human cases (see Figure 2), which is conducive to improve
the accuracy of data fitting. Therefore, we take Guangdong province as the research area, take do-
mestic poultry, virus in the domestic poultry survival environment and human beings as the research
objects, and establish a non-autonomous dynamical model to evaluate the effect of virus mutation on
the transmission of avian influenza H7NO virus.

The paper is organized as follows. In Section 2, we establish the transmission model of avian
influenza H7N9 virus and account for the meanings and values of parameters that appeared in the
model. In section 3, we give the expression of the basic reproduction number Ry. In Section 4, we
present the numerical simulations and estimate the value of R;. In Section 5, some sensitivity analyses
of the newly confirmed cases of human infection and R, in terms of model parameters are carried out,
based on which some suggestions for control the transmission of virus among domestic poultry and
from domestic poultry to human are proposed. Finally, the conclusion and discussion are summarized
in Section 6.

2. Model formulation
Before establishing the avian influenza H7N9 virus transmission model to describe the transmission
mechanism, we make the following assumptions:

i: Ignoring the impact of migrant birds and resident birds on the transmission of avian influenza
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H7N9 virus, this paper only takes domestic poultry, virus in the domestic poultry survival environment
and human beings as research objects. Migrant birds and resident birds play an important role in the
transmission of the virus in the early stage of its emergence. Later, the virus has been widely spread
to domestic poultry. Due to the larger raising quantity and the direct contact with human beings, the
domestic poultry plays the main role in the spread of the virus. In this case, the role of migrant birds and
resident birds can be negligible. So the assumption that the route of virus transmission is “Domestic
poultry - Virus in the environment - Human being” is reasonable. [22].

ii: The culling of domestic poultry is neglected in model. According to Official Veterinary Bulletin,
although that some low pathogenic avian influenza H7N9 virus (H7N9 LPAIV) had mutated into H7N9
HPAIV in Guangdong province in 2017 and had led the culling of domestic poultry, the culling amount
was very small compared to the total raising number. More, the exact number of culling domestic
poultry cannot be obtained, and it is not the focus of this paper, so it is neglected in our model.

iii: That temperature affects the nature decay rate of virus in the environment is considered in our
model [23].

iv: For domestic poultry, once infected, they will remain infectious until they are culled. According
to cases of human infection, there is no report of recurrent infection case. Therefore, it is assumed that
human has lifelong immunity after recovery.

v: Due to the epidemic time of human infection with avian influenza H7NO virus is short, birth and
natural death of human beings are neglected in our model.
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Figure 2. The accumulative cases of human infection with avian influenza H7N9 virus of
all provinces in mainland China, 2013.3- 2018.9. Where AH means Anhui, BJ means Bei-
jing, CQ means Chongqing, FJ means Fujian, GD means Guangdong, GS means Gansu, GX
means Guangxi, GZ means Guizhou, HE means Hebei, HL means Heilongjiang, HA means
Henan, HN means Hunan, HB means Hubei, HI means Hainan, JL means Jilin, JS means
Jiangsu, JX means Jiangxi, LN means Liaoning, IM means Inner Mongolia, NX means
Ningxia, QH means Qinghai, SH means Shanghai, SC means Sichuan, SD means Shan-
dong, SX means Shanxi, SN means Shaanxi, TJ means Tianjin, XZ means Tibet, XJ means
Xinjiang, YN means Yunnan and ZJ means Zhejiang.
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Let N,(#) and N,(¢) be the total number of domestic poultry and human beings at time ¢. The poultry
population is divided into three subclasses: the susceptible, the infected with H7N9 LPAIV and the
infected with H7N9 HPAIV, denoted by S ,(¢), 11,(t), L.(t) at time ¢, respectively. The human popula-
tion is also divided into three subclasses: the susceptible, the infected and the recovered, denoted by
Su(®), I (1), Ry(¢) at time ¢, respectively. Since not all human infected with avian influenza H7N9 virus
can be confirmed, we introduce new class Q(¢) to represent the accumulative number of confirmed
cases of human infection at time #. The quantity of virus in the environment discharged by 7;,(?), I5,(?),
are denoted by E(t), E,(¢) at time ¢, respectively. The flowchart of avian influenza H7NO virus trans-
mission among these populations is shown in Figure 3, and the model is illustrated as the following
non-autonomous ordinary differential equations (2.1):
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Figure 3. The flowchart of avian influenza H7N9 virus transmission among domestic poultry
and from domestic poultry to human beings.

Assuming that all parameters appeared in our model are positive. And we interpret these parameters
in Table 1. Now, we will focus on explaining the nature decay rate of virus in the environment. The
studies in [24] had found that avian influenza H7N9 virus appeared in 2013 originated from virus
reassortants. Except HA and NA, the remaining internal genes came from avian influenza HON2 virus.
Therefore, we express the temperature-related nature decay rate of avian influenza H7N9 virus in the
environment by using the nature decay rate of avian influenza HON2 virus with temperature. The
relationship 1s 6(7T) = 30 - a - e’T. a =0.014, b = 0.123, where T means the actual temperature of
Guangdong province [25].

From China Statistical Yearbook, we take the monthly average temperature of Guangzhou, which
is the provincial capital of Guangdong province, to represent that of Guangdong province. Figure 4
depicts time series of the number of newly confirmed cases of human infection and average temperature
from October 2013 to September 2017 in Guangdong province. Besides, from Figure 4, we obtain the
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average temperature 7" with ¢ periodically. Therefore, we introduce the period function 7" = k; +
ky sin(ks(t + k4) to describe the change of temperature with time in each epidemic.

ds,

dt = Aa _ﬁlaSaEl _ﬁZaSaEZ - daSaa
dlla

= aSaE - Ia_dala,

dt ﬁl 1 — &l 1
dl,,

di = ﬁ2aSaE2 + 8lla - da12a - a’aIZa,
dE,
— =nl,—o(TQ))E,

L =l — ST (W)Ey
dE,
o nly, — 6(T(1))E>, (2.1)
ds
d_th = —BunSrEr — BonS hE>,
dl 1 1
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Figure 4. Time series of the number of newly confirmed human cases and average tem-
perature from October 2013 to September 2017 in Guangdong province. The blue bar chart
represents newly confirmed human cases while the red solid curve is the average temperature.

3. Basic reproduction number R,

The first five equations are independent of the last four equations in model (2.1), so we only consider
the first five equations:
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as,

dt = Aa _ﬁlaSaEl _ﬁZaSaEZ - daSaa
dl,

= aSaE - Ia_dala’

dt B 1 — &l 1
dl,,

di = ﬁZaSaEZ + 81141 - daIZa - aaIZa’ (31)
dE,
— =nl, - 8(T())E,,

;- (T()E,
dE,
— =nl, — (T (1))E,.

dr niz (T()E,

According to N,(t) = S ,(¢) + I,,(¢) + I,(¢) at time ¢, we get
dN,
= Aa - daNa - a’alza S Aa - daNaa
dt
which yields that
. A,
< 2
tll)rg supN, < 4
Table 1. Interpretation of parameters in model (2.1). (Unit: month™")

Parameter Description Value Reference
A, The domestic poultry birth population 82083300 [A]
d, The sale rate of domestic poultry 0.5 [B]
Bia The transmission rate from E; to S, 5.1507 x 10710 fitting
Bra The transmission rate from E, to S, 19.9161 x 1071° fitting

e The mutation rate from /;, to I, 1.9997 x 10 fitting
o The disease-related mortality rate of domestic poultry 0.66 [C]
n The discharging quantity of virus by Iy, and I, 20 [15]
o(T (1)) The nature decay rate of virus D]
Bin The transmission rate from E, to S, 18.4452 x 1071 fitting
Bon The transmission rate from E, to S, 19.8038 x 107! fitting
a;, The disease-related mortality rate of human 04 [5]
T The average time from infection to death for human 0.7 2]
T The average time from infection to discover for human
p The confirmed rate of human infection 0.4868 x 10~ fitting
N,(0) The initial total number of domestic poultry 3.23 x 10% [26]
ANH(0)) The initial number of the susceptible domestic poultry 0.997 x N,(0)
1,,(0) The initial number of domestic poultry infected H7N9 LPAVI 3 x 1073 x N,(0) [12]
1,(0) The initial number of domestic poultry infected H7N9 HPAVI 0
E(0) The initial quantity of H7N9 LPAVI in the environment nl1,(0)
E>(0) The initial quantity of H7N9 HPAVI in the environment 0
S10) The initial number of the susceptible human 1.1x 108 [27]
0,(0) The initial number of the accumulative confirmed human cases 0
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Due that 6(7'(¢)) is continuous w-periodic function, we can find that 5 = infej0..,) 0(T(2)). Hence,

dE A,
dtl nl, — S(T(O)E; < nly, — 6"E; < - SLE,,
which yields that
li E, < 1A
ZLIPO Sup £y < Ld, ’
In the same way, we can obtain that
. n A,
tll)rg sup E, < od.
Therefore, the feasible region of model (3.1) is
A, n A, n A
_ 5 . a
I'= {(Savlla’IZaaElaEZ) € R+ :0 < Su +Ila +12a = da 0 < El < 6_Ld_ 0< E2 < ﬁd_}

By resolving equations of model (3.1), it is easy to see that model (3.1) always has a disease-
free equilibrium xo = (1140, a0, E10, E20,S0) = (0,0,0,0, 3—:). Referring to the articles on periodic
epidemic models [28, 29], we find that the average basic reproduction number R, could underestimate
or overestimate a threshold to determine whether a disease will die out or not. Therefore, we compute
the basic reproduction number R, according to the method given in [30].

Model (3.1) can be rewritten as the following form:

dx(t)

— = F(t, x(2)) — V(t, x(0)) = f(t, x(2)),

where x = (I14, Ia, E1, E2, S)T,

BiaS oE: dodia + €l
B2aS oEn —ehy + @by, + dulag
T(t, .X) = 0 , (V(t, X) = _nlla - (S(T)El
0 —1nh, — 6(T)E,
0 ﬁlaSaEl +ﬁ2aSaE2 +daSa _Aa-

According to literature [30], it is necessary to satisfy conditions (A1) - (A7). Obviously, conditions
(A1) - (AS) are satisfied.

(A6) p(Py(w)) < 1.

Let £ = (fi, >, f3, f+. f5)7, and define an 1 X 1 matrix

6f5(t, .X()) _

M) = = —d,.
(1) S

Let @y,(7) be the monodromy matrix of the linear w-periodic system L = M(t)z, and p(Dy(w)) is the
spectral radius of ®j,(w). Obviously, conditions (A6) is satisfied.

(A7) p(P_v(w)) < 1.

Only considering variable I,,, I,,, E| and E;, we set two 4 X 4 matrices as follows:

877(t x))’ V() = (8(V(t , X)

j Ox;

F() =( ), j=12,3,4
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Therefore, we obtain

00 2 0 d,+e 0 0 0

00 0 Bl & d,+a, 0 0
F@) = do V(1) = a
=100 0o 0 @ 0 &T) 0

00 0 0 0 -7 0 &7T)

It is easy to see that F(f) is non-negative, and —V/(¢) is cooperative in the sense that the off-diagonal
elements are non-negative. Let @_y(¢) be the monodromy matrix of the linear w-periodic system % =
=V(t)y, and p(®_y(w)) is the spectral radius of ®_y(w). Obviously, conditions (A7) is satisfied.

The basic reproduction number R, of model (3.1) is the spectrum of an operator and the general
expression can be found in literature [30]. To calculate R,, we consider the following w—periodic
equation

dw 3 @ o)
E_[ V() + p lw, teR, 1€(0,00).

Therefore,

W(w,0,4) = exp[fw(—V(t) + ?)dt]
0

—d, —¢ 0 Bada 0

BraAg
= exp[f‘m & —da — 0 2:1_/1 dt]
0 n 0 —o(T) 0
0 n 0 -6(T)

According to Theorem 2.1 in literature [30], 4 = R, is the unique solution of p(W(w,0,1)) = 1
if Ry > 0. It is known that the basic reproduction number of model (3.1) is determined by A and we
calculate R, using numerical method.

4. Parameters estimation

We apply model (4.1) to simulate the monthly newly confirmed cases of human infection in Guang-
dong province and apply least-squares estimation to calculate partial parameter values which cannot
be obtained easily by literature. Based on parameter values in Table 1, we can calculate the value of
basic reproduction number R, and the average basic reproduction number R,.
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The partial parameter values are interpreted as follows:

ds,
dt = Aa _IBIaSaEl _ﬁlaSaEZ - daSa’
dl,
= aSaE - Iu_dalaa
dt 51 1 — &l 1
dl,
di = ﬂZaSaEZ + glla - daIZa - aaIZa,
dE
—= = nha = STO)E,, (4.1)
dE,
— =nbh, —T@))E,,
b (T()E,
ds
d_th = —BuSEr — BonS hE>,
d
% = pBuSrE1 + BonS nEr).

[A] Assuming that the total amount of domestic poultry farming is constant. In order to maintain
the balance of domestic poultry in stock, monthly sold and slaughter number of poultry is generally
the same as the monthly birth population. From Guangdong Statistical Yearbook, we obtain annual
sold and slaughter number of domestic poultry from 2013 to 2016. Then, the average monthly sold
and slaughter number can be calculated as 82083300, and it is taken as the monthly birth population of
domestic poultry A,.

[B] A domestic poultry is sold to market at about two months old. So, the sale rate of domestic
poultry each month d, is about 1/2.

[C] According to the Official Veterinary Bulletin, we get the infected and corresponding death
number of domestic poultry infected with avian influenza H7N9 virus in mainland China in March,
May, June and August 2017. By averaging them, the disease-related mortality rate a, can be obtained
as 0.66.

[D] The change of the nature decay rate of avian influenza H7NO virus in the environment with
temperature is described as §(T) = 30 - a - ’, where a = 0.014, b = 0.123 [25].

4.1. Temperature fitting

The change of temperature with time 7 is described as a periodic function: T(¢) = k; + k, sin(k3(t +
k4)). Then, the parameter values are estimated as follows:
(1) According to Figure 4, the period of the temperature with time 7 is 12 months in Guangdong
province. So,
Wom_m
T127 6
(i1) The mean of the highest and lowest temperature in each epidemic is used as the maximum and
minimum of the periodic function. Therefore,

13.05 < ky + ky sin(r/6(t + kq)) < 28.75,

and hence 2875 + 13.05 28.75 — 13.05
= 2T D 909, k= — 222 o 78s,

k
: 2 2
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(111) Fitting the periodic function 7'(r) with the actual temperature of Guangdong province by apply-
ing the least square method, we can get k4 = 4.8. The fitting result is shown in Figure 5. The red dots
represent the actual temperature in Guangdong province from October 2013 to September 2017 while
the blue solid line represents the fitting temperature of model. Therefore, the change of temperature
with time 7 is described as: T = 20.9 + 7.85 sin(7r/6(t + 4.8)).

DN W
Qe <o

C
N4
-

5

Temperature unit:
e p— 1 (5]
(=) =] <> N

-
'S

p—
[ 5]

p—
<

2013.10

1
< ~ =
—

2014.1
2015.1
2016.1
2017.1

Time unit:month
Figure 5. Comparison map between the actual temperature and the fitting temperature in
Guangdong province from October 2013 to September 2017. The red dots represent the
actual temperature while the blue solid curve is the fitting temperature.

4.2. The newly confirmed human cases fitting

We take October 2013 as the start time of simulation, apply model (4.1) to fit the newly confirmed
cases of human infection with avian influenza H7N9 virus in Guangdong province from October 2013
to September 2017, and obtain values of estimated parameters as follows:

Bia = 5.1507 x 10719, Boa = 19.9161 x 107",
Bin = 18.4452 x 1071, Bon = 19.8038 x 107!,
e=1.9997 x 107*, p = 0.4868 x 107

Fitting curve of the model with human cases is presented in Figure 6. As seen from Figure 6, the model
we established helps explain the dynamics of historical human infection with avian influenza H7N9
virus outbreaks, which illustrates that the model is reasonable to some extent. Therefore, the model can
be used to explore the transmission mechanism of avian influenza H7NO virus that cannot be detected
in practice.

By comparing the estimated values of parameters 3,, and 35, with 1, and S, it is concluded that
the transmission rate of H7N9 HPAVI to human beings is almost unchanged, but the transmission rate
to domestic poultry is about 3.87 times higher of LPAVI. The parameter p = 0.4868 x 10~* indicates
that only a small proportion of human beings infected with avian influenza H7NO virus had been
confirmed. And we can reverse that at least 5279376 human beings had been infected with avian
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influenza H7NO virus in Guangdong province from March 2013 to September 2017, but most of them
were not confirmed, since they had no obvious symptoms or had been cured by regarding as common
cold.
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Figure 6. The number of newly confirmed human cases and fitted curve in Guangdong
province from October 2013 to September 2017. The red dots represent the real data while
the blue solid curve is fitted by using model.

In a real-world scenario, the transmission situation of avian influenza H7N9 virus among domestic
poultry is not clear, and only local situations can be obtained through monitoring periodically. Using
the dynamical model, we can obtain long-term trends of the epidemic situation of H7N9 LPAIV and
H7N9 HPAIV with time among domestic poultry, as shown in Figure 7. From Figure 7, we conclude
that the number of domestic poultry infected by H7N9 HPAIV is increasing while that infected by
H7N9 LPAIV is decreasing with the development of the epidemic. From October 2013 to September
2015, H7N9 LPAIV is the prevailing strain. However, since February 2016, H/N9 HPAIV became
the dominant strain among domestic poultry, and the number of infected poultry surged in the fifth
epidemic, which makes it easy for researchers to detect the H/N9 HPAIV from regular monitoring.

If the virus did not mutate into be high pathogenic in 2016, the cases of human infection with avian
influenza H7N9 virus would disappear in the fifth epidemic wave, as shown in Figure 8. By comparing
Figure 6 and Figure 8, it is virus mutation to lead to the surge of the number of influenza H7NO virus
human cases.

4.3. Calculation of basic reproduction number

The basic reproduction number Ry is a threshold to determine whether avian influenza H7N9 virus
sustains in the domestic poultry population. From Figure 9(a) and 9(b), it is ease to see that when
Ro < 1, the number of infected domestic poultry tends to zero. In contrast, the number of infected
domestic poultry tends to a periodic solution when Ry, > 1. According to parameter values shown
in Table 1, applying MATLAB, we calculate the basic reproduction number R, = 1.3042 > 1. This
indicates that avian influenza H7N9 virus in Guangdong province will persist with time under the
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current circumstance.
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Figure 7. The epidemic of H7N9 LPAIV and H7N9 HPAIV among domestic poultry in
Guangdong province from October 2013 to September 2017. The blue and red solid curves
represent the number of domestic poultry infected with H7N9 LPAIV and H7N9 HPALYV,
respectively.
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Figure 8. The theoretic number of newly confirmed human cases in Guangdong province
from October 2013 to September 2018 without virus mutation.

Let
1 12
[6(0)] = — fo s(ydt,

the model (2) become autonomous systems. According to literature [31], we obtain the basic repro-
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duction number
:8 laAan IBZaAan

d(dy + &KD" duldy + a,)[5(T)]
which is called the average basic reproduction number of model (2). At the same time, we calculate
Ro = 1.0712 > 1. It depicts that the average basic reproduction number underestimates the risk of
transmission of domestic poultry.

I3
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Figure 9. The variations of the number of infected domestic poultry with different value of
Ro. (a) When d, = 0.45, 0.5, and 0.6, Ry = 1.2865, 1.1034, and 0.8399, respectively. (b)
When «, = 0.6, 0.75, and 0.8, Ry = 1.1693, 1.0167, and 0.9739, respectively. The value of
other parameters are presented in Table 1.

5. Sensitivity analysis and disease control

In this section, we discuss the influences of parameters A,, d,, € and @, on the number of newly con-
firmed cases of human infection with avian influenza H7N9 virus in Figure 10. Figure 10(a) illustrates
that the number of newly confirmed cases of human infection falls with the decrease of A,. When other
parameters are fixed, by decreasing the value of A, to its 87.8%, that is 72083300, the number of newly
confirmed cases of human infection can reduce 95% in February 2017. The impact of parameters d,
and a, on newly confirmed cases are presented in Figure 10(b) and Figure 10(d), respectively. From
Figure 10(b) and Figure 10(d), we get that the number of newly confirmed cases falls with the increase
of d, and ,. When other parameters are fixed, by increasing the value of d, to its 120%, that is 0.6, the
number of cases of newly confirmed cases of human infection can reduce 99%, while the number of
cases can reduce 83% with an increasing of , to its 115%, that is 0.76 in February 2017. From Figure
10(c), we obtain that the number of newly confirmed cases falls with the decrease of & from October
2015 to October 2021.

To reduce the risk of human infection with H7N9 avian influenza virus, we have to reduce or
eliminate infections in domestic poultry. Therefore, we carry out the sensitivity analysis of parameters
A,, d,, € and a, on Ry. Figure 11(a) shows that the value of R, increases with the increasing of
parameter A,, and they have a linear relationship. When other parameters are fixed, Ry < 1 when
A, is less than 74383300. This indicates that breeders should minimize birth population of domestic
poultry less than 74383300 to control the spread of avian influenza H7N9 virus. Figure 11(b) and
Figure 11(d) illustrate that the value of R, decreases with the increasing of parameter d, and «,, and
they have a non-linear relationship. When other parameters are fixed, Ry < 1 when d, is more than
0.54 and Ry < 1 when «, is more than 0.77. This indicates that reducing the age of domestic poultry
when they are sold to market to be less than 55 days can control the spread of avian influenza H7N9
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virus among domestic poultry. It also illustrates that if the disease-related mortality rate of domestic
poultry is more than 0.77, the spread of avian influenza H7N9 virus among domestic poultry can be
controlled. As shown in Figure 11(c), parameter € is independent of R,. In other words, reducing the
birth population of domestic poultry, speeding up the circulation of poultry in the market and raising
the rate of disease-related death of domestic poultry are conducive to control the transmission of the
avian influenza H7N9 virus.
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Figure 10. The influence of A,, d,, €, @, on newly confirmed cases of human infection with
H7N9 avian influenza. (a) different values of A,; (b) different values of d,,; (c) different values
of g; (d) different values of «,.
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6. Conclusion and discussion

The avian influenza H7N9 virus has been prevalent for six years in China. It was just low
pathogenicity to domestic poultry and high pathogenicity to human beings in the first four epidemics
(2013.3-2016.9). While in the fifth epidemic the virus had mutated into high pathogenicity to domestic
poultry (2016.10-2017.9).

In this paper, in order to evaluate the effect of virus mutation on the transmission of avian influenza
H7NO virus, we establish a non-autonomous dynamic model to illustrate avian influenza H7N9 virus
transmission among domestic poultry and from domestic poultry to human beings. Based on the newly
confirmed cases of human infection with avian influenza H7N9 virus in Guangdong province from
October 2013 to September 2017, we confirm the retionality of model and apply it to explore the
transmission of avian influenza H7N9 virus.

According to parameter values in Table 1, we estimate the basic reproduction number Ry = 1.3042,
which indicates that avian influenza H7N9 virus cannot disappear with time with the current circum-
stance. Zhifei Liu et al. [16] estimated the basic reproduction number R, of poultry-to-poultry is 1.582
from March 18 to April 14, 2013. In a word, avian influenza H7N9 virus is still serious in these years,
which impels related government departments in China to take more effective measures to control the
spread of virus.
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Yuhai Bi et al. [24] found that the avian influenza H7NO virus only evolves in domestic poultry and
then infects human. Hence, the main measures to prevent human infection is to control domestic poul-
try. Then, we perform some sensitivity analysis of the newly confirmed cases of human infection and
the basic reproduction number R, in terms of parameters occurred in our model. And, it is concluded
that reducing the birth population of domestic poultry, speeding up the circulation of poultry in the
market and raising the rate of disease-related death of domestic poultry are conducive to control the
transmission of the avian influenza H7N9 virus. Moreover, we also give the threshold of correspond-
ing parameters to control the spread of avian influenza H7N9 vivus, which can provide reference for
related government departments.

62 64 66 68 7 72 74 16 18 8 82 04 0.45 05 0.55 0.6 0.65 07
(a) ‘ w (b) ‘

(C) 2 22 24 2.6 2.8 "( 32 34 3.6 38 xmr: (d) 0.6 0.65 0.7 0.75 12! 0.85 0.9 0.95 1
Figure 11. The influence of parameters A,, d,, € and a, on Ry: (a)versus A,, (b) versus d,,
(c) versus ¢, (d) versus «,.
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