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a b s t r a c t

Rabies is a major public health problem in some developing countries including China. One of the

reasons is that there is a very large number of dogs, both domestic and stray, especially in Guangdong

Province which has the third most rabies cases (after Guangxi and Hunan) among the 31 provinces,

autonomous regions and municipalities in Mainland China, and at least 18.2% of the human rabies cases

are caused by stray dogs. In this paper, based on the reported data and characteristics of the rabies

infection in Guangdong Province, we propose a mathematical model for the dog–human transmission

of rabies. We first determine the basic reproduction number R0 and discuss the stability of the disease-

free equilibrium and persistence of the disease. By carrying out sensitivity analysis of the basic

reproduction number in terms of some parameters, we find that the domestic dog vaccination rate, the

recruitment rate of domestic dogs, and the quantity of stray dogs play important roles in the

transmission of rabies. This study suggests that rabies control and prevention strategies should include

public education and awareness about rabies, increase of the domestic dog vaccination rate and

reduction of the stray dog population.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Rabies is a zoonotic viral disease maintained in domestic and
wild carnivores and bats all over the world. It can be transmitted
to other animals and humans through close contacts with saliva
from infected animals. Once symptoms of the disease develop, its
mortality rate is nearly 100%. Human rabies has been eradicated
as a significant public health risk in most parts of the developed
world and some developing countries in Latin America. However,
approximately 55,000 deaths are reported annually world wide
(Knobel et al., 2005), most of them from the developing world
where the disease is a much greater problem, mainly because
rabies is endemic in domestic dog populations (WHO, 1999).
Despite the availability of mass vaccination and other effective
tools for the control of rabies in domestic dog populations, the
disease has been neglected in Asia and Africa where rabies
incidence has been largely attributed to the population growth
of domestic dogs (Knobel et al., 2005; Fooks, 2005).

Similar to the situation in many developing countries, rabies is
a serious reemerging disease in China (Wu et al., 2009). Despite
the high public health burden of more than 120,000 human
deaths from rabies from 1950 to 2010, rabies is still neglected
and not regarded as a priority in the disease control and preven-
tion system in China (Hu et al., 2009). Most of the human rabies
patients were infected by dog bites, accounting for 95% or more of
the total cases (WHO, 2005). The number of dogs has increased
gradually in China since the late 1990s. Now most households in
Guangdong, Guangxi, Guizhou, and Hunan Provinces, where most
of the rabies cases were recorded in recent years, have at least one
dog. However, dog rabies surveillance often has not been carried
out and most people are unaware of the risk of rabies in China.
Domestic dog vaccination rate remains 2.8–6.4% (Hu et al., 2008),
and only 30% or less of infected patients seek medical services or
receive adequate post-exposure prophylaxis (PEP, which consists
of local treatment of the wound, followed by vaccine therapy with
or without rabies immunoglobulin) (Zhang et al., 2003; Si et al.,
2008; Song et al., 2009). In Guangdong Province, there are more
than three million domestic dogs and many stray dogs, but only
about four hundred thousand rabies vaccines are sold every year.
In particular, some infected domestic dogs are not treated
properly and are abandoned by their hosts or run away from
their hosts. From 2003 to 2004, 66.5% of the human rabies cases
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were caused by domestic dogs and at least 18.2% by stray dogs
and others (Si et al., 2008). Between 2006 and 2010, a total of
1671 human rabies cases were reported in Guangdong Province,
the average outbreak rate is about 0.40/100,000, accounting for
12.7% of the total cases of China (DOHG, 2010; MOHC, 2010). See
Table 1. After Guangxi and Hunan Provinces, Guangdong has the
third most rabies cases in China (Si et al., 2008).

Various mathematical models have been developed to study
the transmission dynamics of rabies, we refer to Artois et al.
(1997), Smith and Cheeseman (2002), Bohrer et al. (2002), Murray
and Seward (1992), Allen et al. (2002), Langlais and Suppo (2000),
Harnos et al. (2006), Ding et al. (2007), Clayton et al. (2010),
Tischendorf et al. (1998), Rhodes et al. (1998), and the references
cited therein. However, most of their studies focused on the
spread of rabies in wildlife animals such as fox and raccoon.
Recently, some researchers proposed mathematical models for
rabies epidemic in dogs and the transmission from dogs to
humans. For example, Hampson et al. (2007) have studied
synchronous cycles of domestic dog rabies in sub-Saharan Africa.
Zinsstag et al. (2009) proposed a model for dog–human transmis-
sion dynamics and economics of rabies control in an African city.
There are very few studies using mathematical models to study
rabies epidemics in China (Zhang et al., 2011). In this paper,
taking into account some specific characteristics of rabies trans-
mission in Guangdong Province of China, we propose a
susceptible–exposed–infectious–vaccinated (SEIV) model for the
dog–human transmission of rabies taking both domestic and
stray dogs into consideration. We first determine the basic
reproduction number R0 and analyze the stability and uniform
persistence of the system, then we carry out some sensitivity
analysis of R0 on the segmental parameters and discuss the
control of rabies infection in Guangdong Province of China.

The paper is organized as follows. In Section 2, we present the
model and determine the basic reproduction number R0. In
Section 3, we analyze the stability of the disease-free equilibrium
and uniform persistence of the model. Data simulations and
sensitivity analysis of R0 on various model parameters are carried
out in Section 4. Various control measures and a brief discussion
are given in Section 5.

2. Mathematical model and basic reproduction number

We classify each of the stray dog, domestic dog, and human
populations into four subclasses: susceptible, exposed, infective
and vaccinated. Let S0ðtÞ,E0ðtÞ,I0ðtÞ,V0ðtÞ, and S1ðtÞ,E1ðtÞ,I1ðtÞ,V1ðtÞ

denote the densities of susceptible, exposed, infective and vacci-
nated stray dog and domestic dog populations; ShðtÞ,EhðtÞ,
IhðtÞ,VhðtÞ denote the densities of susceptible, exposed, infective
and vaccinated human populations at time t, respectively. The 12
compartments and model variables are given in Fig. 1.

There are some assumptions for the dog–human model: (i) the
annual human birth population is constant; (ii) the infection of
rabies virus is divided into three stages: prodromal, furious (or
excitative) and paralytic. Once infected with rabies virus, dogs
first experience the Symptoms of Prodromal stage, including
lethargy, shyness and the desire to be alone, etc., lasting about

two days, and then enter the furious stage (rabid domestic dogs
leave their hosts to be stray dogs) (Shi, 2005), so we assume that
the transmission rate from domestic dogs to stray dogs is zero;
and (iii) the birth rate of stray dog is zero since newborn stray
dogs are not taken care of by people and do not survive well in
stray, and hence their survival rate is assumed to be almost zero.
The mathematical model is governed by 12 ordinary differential
equations.

Dogs:

dS0

dt
¼ lS1�ðmþcÞS0�b0S0I0þp0E0þd1V0

dE0

dt
¼ lE1þb0S0I0�ðmþcþs0þp0ÞE0

dI0

dt
¼ s0E0þEI1�ðmþcþaÞI0

dV0

dt
¼ lV1�ðmþcþd1ÞV0

dS1

dt
¼ A�bS1I0�b1S1I1�ðdþnþ lÞS1þp1E1þd2V1

dE1

dt
¼ bS1I0þb1S1I1�ðdþnþs1þ lþp1ÞE1

dI1

dt
¼ s1E1�ðdþEþkÞI1

dV1

dt
¼ nðS1þE1Þ�ðdþ lþd2ÞV1 ð1Þ

Humans:

dSh

dt
¼H�mhSh�l1hShI0�l2hShI1þd1hEhþd2hVh

dEh

dt
¼ l1hShI0þl2hShI1�ðmhþshþd1hþnhÞEh

dIh

dt
¼ shEh�ðmhþahÞIh

dVh

dt
¼ nhEh�ðmhþd2hÞVh ð2Þ

The parameters are described in Table 2. One can show that the
region X ¼ fðS0,E0,I0,V0,S1,E1,I1,V1Þ : S0,V0,S1, V140,E0,I0, E1,
I1Z0; S0þE0þ I0þV0þS1þE1þ I1þV1rA=minfmþc,dgg is posi-
tively invariant for model (1). Therefore, S1þE1þ I1þV1rA=dþ l.

Now we derive the basic reproduction number of the model by
the next generation matrix formulated in Diekmann et al. (1990)
and van den Driessche and Watmough (2002). It is easy to see
that model (1) always has a disease-free equilibrium P0 ¼ ðS

0
0,0;0,

V0
0, S0

1,0;0,V0
1Þ, where

S0
0 ¼

AlðM3M7þd1nÞ
ðmþcÞM3ðM4M7�d2nÞ

, S0
1 ¼

AM7

M4M7�d2n

V0
0 ¼

Aln
M3ðM4M7�d2nÞ

, V0
1 ¼

An
M4M7�d2n

and

M1 ¼ mþcþs0þp0, M2 ¼ mþcþa, M3 ¼ mþcþd1

M4 ¼ dþ lþn, M5 ¼ dþnþ lþs1þp1, M6 ¼ dþkþE
M7 ¼ dþ lþd2

We define the basic reproduction number by

R0 ¼
Hþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2
�4G

p
2M1M2M5M6

ð3Þ

where

H¼ s0b0M5M6S0
0þbðs0lM6þs1EM1ÞS

0
1þs1b1M1M2S0

1

G¼ s0s1b0b1M1M2M5M6S0
0S0

1

Note that

H2
�4GZðs0b0M5M6S0

0�s1b1M1M2S0
1Þ

2
Z0

Table 1
Reported human rabies cases in Guangdong Province and China, 2006–2010.

Year 2006 2007 2008 2009 2010

Guangdong 387 334 319 330 301

China 3279 3300 2246 2213 2049

Percentage 11.8 10.2 14.2 14.9 14.7
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3. Extinction and uniform persistence of the disease

In this section, we investigate the global stability of disease-
free equilibrium and uniform persistence of model (1).

Theorem 1. If R0o1, then the disease-free equilibrium P0 of model

(1) is globally asymptotically stable.

Proof. From the equations of model (1), we have

dV1

dt
¼ nðS1þE1Þ�dV1�lV1�d2V1

rn A

dþ l
�I1�V1

� �
�dV1�lV1�d2V1

r
An

dþ l
�nV1�dV1�lV1�d2V1

and

dðS1þE1Þ

dt
¼ Aþd2V1�ðdþ lþnÞðS1þE1Þ�s1E1

rAþd2V0
1�ðdþ lþnÞðS1þE1Þ

Thus,

lim
t-1

sup V1 ¼ V0
1, lim

t-1
supðS1þE1Þ ¼

Aþd2V0
1

dþ lþn
Because E1Z0, it follows that

lim
t-1

sup S1 ¼
Aþd2V0

1

dþ lþn ¼ S0
1

From the first two equations of model (1), we have

dðS0þE0Þ

dt
¼ lðS1þE1Þþd1V0�ðmþcÞðE0þS0Þ�s0E0

r lS0
1þd1V0

0�ðmþcÞðE0þS0Þ

Fig. 1. Flowchart of rabies transmission between domestic and stray dogs and humans.
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Because E0Z0, it follows that

lim
t-1

sup S0 ¼
lS0

1þd1V0
0

mþc
¼ S0

0

Hence, we have proved that S0rS0
0,S1rS0

1.

From model (1), we also know that

dE0

dt
r lE1þb0S0

0I0�mE0�cE0�s0E0�p0E0

dI0

dt
¼ s0E0þEI1�mI0�cI0�aI0

dE1

dt
rbS0

1I0þb1S0
1I1�dE1�nE1�s1E1�lE1�p1E1

dI1

dt
¼ s1E1�dI1�EI1�kI1

8>>>>>>>>>>><
>>>>>>>>>>>:

for tZ0. Consider the following auxiliary system:

d ~E0

dt
¼ l ~E1þb0S0

0
~I0�ðmþcþs0þp0Þ

~E0

~dI0

dt
¼ s0

~E0þE ~I1�ðmþcþaÞ ~I0

~dE1

dt
¼ bS0

1
~I0þb1S0

1
~I1�ðdþnþ lþs1þp1Þ

~E1

~dI1

dt
¼ s1

~E1�d ~I1�E ~I1�k ~I1

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð4Þ

Since R0o1, (0, 0, 0, 0) of system (4) is a global attractor. By the

comparison principle, we can conclude that limt-þ1EiðtÞ ¼ 0 and

limt-þ1IiðtÞ ¼ 0, it follows that limt-þ1SiðtÞ ¼ S0
i and limt-þ1ViðtÞ

¼ V0
i , i¼ 0;1. Therefore, model (1) is an asymptotically autonomous

system with limit affine system

dS0

dt
¼ lS1�ðmþcÞS0þd1V0

dI0

dt
¼ lV1�ðmþcþd1ÞV0

dE1

dt
¼ A�ðdþnþ lÞS1þd2V1

dI1

dt
¼ nS1�ðdþ lþd2ÞV1

8>>>>>>>>>>><
>>>>>>>>>>>:

ð5Þ

It is known that the positive equilibrium ðS0
0,V0

0,S0
1,V0

1Þ of (5) is

globally asymptotically stable. This completes the proof. &

Next, let FtðxÞ ¼Fðt,xðtÞÞ be the continuous flow on X gener-
ated by the solution x(t) of model (1) with initial condition
xð0Þ ¼ ðS0ð0Þ,E0ð0Þ,I0ð0Þ,V0ð0Þ,S1ð0Þ,E1ð0Þ,I1ð0Þ,V1ð0ÞÞAX.
oðyÞ ¼

T
tZ0Fð½t,1Þ � fygÞ, @X is the boundary of X, and O is the

maximal invariant set of FtðxÞ on @X. We have the following
result.

Theorem 2. If R041, then the flow FtðxÞ on X is uniformly

persistent for any solution x(t) with Sið0Þ,Við0Þ40,i¼ 0;1, and

E0ð0Þ,I0ð0Þ40 or E1ð0Þ,I1ð0Þ40.

Proof. Let

O¼
[

yAY

oðyÞ

Y ¼ fx¼ ðS0,E0,I0,V0,S1,E1,I1,V1ÞA@X; FtðxÞA@X,8t40g

By analyzing model (1), we know that O consists of a unique
equilibrium P0 on the boundary of X. Thus, fP0g represents an
acyclic covering for O.

Table 2

Parameters and their values (unit: year�1).

Parameter Value Interpretation Source

A 7:7� 105 Domestic dog recruitment rate Fitting

l 0.014 Rate of domestic dog abandoned Fitting

m 0.24 Stray dog mortality rate Assumption

c 0.06 Stray dog culling rate Assumption

d1 0.5 Stray dog loss of vaccination immunity rate Assumption

d2 0.5 Domestic dog loss of vaccination immunity rate Assumption

s0 0.35 Rate of clinical outcome of exposed stray dogs [A]

s1 0.37 Rate of clinical outcome of exposed domestic dogs [A]

p0 0.35 Rate of no clinical outcome of exposed stray dogs [A]

p1 0.37 Rate of no clinical outcome of exposed domestic dogs [A]

Eð4 lÞ 0.1 Transfer rate from rabid dogs to stray dogs Fitting

a 1 Rabid dog mortality rate MOHC (2009)

b0 8� 10�6 Transmission rate from stray dogs to stray dogs Fitting

b 4� 10�6 Transmission rate from stray dogs to domestic dogs Fitting

b1 3:2� 10�7 Transmission rate from domestic dogs to domestic dogs Fitting

d 0.11 Domestic dog mortality rate Assumption

n 0.133 Domestic dog vaccination rate Si et al. (2007)

k 0.79 Domestic rabid dog culling rate [B]

H 106 Annual human birth population GSY (2010b)

mh 4:6� 10�3 Human mortality rate GSY (2010a)

l1h 3:6� 10�9 Transmission rate from stray dogs to humans Fitting

l2h 4:8� 10�10 Transmission rate from domestic dogs to humans Fitting

d1h 0.33 Rate of no clinical outcome of exposed humans [A]

d2h 1 Human loss of vaccination immunity rate [B]

sh 0.33 Rate of clinical outcome of exposed humans [A]

nh 0.328 Human vaccination rate Si et al. (2008)

ah 1 Rabid human mortality rate MOHC (2009)

Notes: [A] The rate of clinical outcome of the exposed dogs is about 30–70% (CCDC, 2006). Here, we estimate that it is 50%, so the probability of stray dog survival and

clinical outbreak is ð1�0:24�0:06Þ � 0:5¼ 0:35. Similarly, the probability of domestic dog (human) survival and clinical outbreak is about 0.37 (0.33).

[B] k¼ 1�d�E. In China, the valid time of rabies vaccination for humans is six months to one year, so we have d2h ¼ 1.

Q. Hou et al. / Journal of Theoretical Biology 300 (2012) 39–4742
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We analyze the behavior of any solution x(t) of model (1) close

to P0. We divide the initial conditions into two cases.

(i) If Iið0Þ ¼ Eið0Þ ¼ 0,i¼ 0;1, then EiðtÞ ¼ IiðtÞ � 0,i¼ 0;1. Model

(1) implies that ðSiðtÞ,ViðtÞÞ,i¼ 0;1, goes away from P0 as t-�1.

(ii) If E0ð0Þ,I0ð0Þ40 or E1ð0Þ,I1ð0Þ40, then E0ðtÞ,I0ðtÞZ0 or

E1ðtÞ,I1ðtÞZ0 for all t40. When x(t) stays close to P0, by model

(1) there exists some r such that

dE0

dt
4 ~a11E0þ ~a12E1þ ~a13I0þ0

dE1

dt
40þ ~a22E1þ ~a23I0þ ~a24I1

dI0

dt
4 ~a31E0þ0þ ~a33I0þ ~a34I1

dI1

dt
40þ ~a42E1þ0þ ~a44I1

8>>>>>>>>>>><
>>>>>>>>>>>:

ð6Þ

where ~a11 ¼�M1�r, ~a12 ¼ l�r,a13 ¼ b0S0
0�r, ~a22 ¼�M5�r, ~a23 ¼

bS0
1�r, ~a24 ¼ b1S0

1�r, ~a31 ¼ s0�r, ~a33 ¼�M2�r, ~a34 ¼ E�r, ~a42 ¼

s1�r, ~a44 ¼�M6�r, and the largest eigenvalue of the matrix
~Að ~aijÞ in (6) is positive, since R041 (Diekmann et al., 1990).

Hence, the solutions of the linear quasi-monotonic system

dx0

dt
¼ ~a11x0þ ~a12x1þ ~a13y0

dx1

dt
¼ ~a22x1þ ~a23y0þ ~a24y1

dy0

dt
¼ ~a31x0þ ~a33y0þ ~a34y1

dy1

dt
¼ ~a42x1þ ~a44y1

8>>>>>>>>>>><
>>>>>>>>>>>:
with xi,yi40,i¼ 0;1 are exponentially increasing as t-1. By the

comparison principle, ðE0,E1,I0,I1Þ goes away from (0, 0, 0, 0).

Therefore, fP0g is an isolated invariant set of the flow FtðxÞ. Using

Theorem 4.3 in Freedman et al. (1994), model (1) is uniformly

persistent. This completes the proof. &

Remark 3. The semiflow FtðxÞ we defined above is point dis-
sipative, all the solutions of the system are ultimately bounded in
X, and disease is uniformly persistent if R041 from Theorem 2.
Thus, by a well known result in persistence theory (see Hutson
and Schmitt, 1992; Zhao, 2003) we know that the system has at
least one positive equilibrium Pn

¼ ðSn

0,En

0,In0,Vn

0,Sn

1,En

1, In1,Vn

1,Sn

h,En

h,
Inh,Vn

hÞ. However, since there are 12 equations in the model, we are
unable to express Pn explicitly and determine its stability.

4. Data simulations and sensitivity analysis

In this section, we simulate the reported human rabies data
from Guangdong Province, China, and carry out some sensitivity
analysis on some parameters.

From the Department of Health of Guangdong Province, we
can obtain the data on human rabies cases. However, the data
involving dogs cannot be acquired easily since there are very few
published studies on the population dynamics of dogs. Thus, we
rely on reality to make some rational assumptions or data fitting.
The values of parameters are listed in Table 2. In Guangdong
Province, there are two million dogs on rabies exposure every
year (He et al., 2009), the vaccination rate is only 32.8% or less,
hence we estimate that the number of vaccinated dogs is
0.6 million, so Vhð0Þ ¼ 6� 105. Ihð0Þ ¼ 3:87� 102, we make the
data fitting to obtain that Ehð0Þ ¼ 7:13� 102, then Shð0Þ ¼ 7:988�
107 (GSY, 2010b); there are about three million dogs and four
hundred thousand rabies vaccines every year (Si et al., 2007),
thus, we estimate V1ð0Þ ¼ 6� 105,S1ð0Þ ¼ 2:4� 106 and assume

S0ð0Þ ¼ 4� 104,E0ð0Þ ¼ 4� 102, I0ð0Þ ¼ 2:04� 103,V0ð0Þ ¼ 0, and
data fitting gives E1ð0Þ ¼ 2:9� 104,I1ð0Þ ¼ 2� 104.

Using models (1) and (2), we simulate the data from 2006 to
2010 and predict the trend of human rabies infection in Guangdong
Province. Fig. 2 shows that the simulation of our model with
reasonable parameter values provides a good match to the data on
infected human rabies cases in Guangdong Province from 2006 to
2010. With the current control measures, our model predicts that
the human rabies infection cases would continue decreasing in the
next a couple of years and then may increase slightly afterward.
With the simulated parameter values, we estimate that R0 ¼ 1:65.
Thus, human rabies will persist in Guangdong Province under the
current control and prevention measures.

If we fix all parameters except l (the rate at which domestic
dogs are abandoned) and E (the rate rabid domestic dogs become
stray dogs), the basic reproduction number R0 increases as l and E
increase. Fig. 3 represents the relationship between R0 and the
quantity of stray dogs. We can see that the influence of parameter
E on the basic reproduction number R0 is greater than that of
parameter l, thus, culling domestic infected dogs at the right time
can effectively decrease R0. From Fig. 4, we can also see that
culling stray dog population (increasing c) can reduce R0: More-
over, in order to control rabies, the larger E is, the more important
it is to target culling stray dogs.

Though both vaccinating susceptible dogs and culling stray
dogs are effective control measures, comparing Fig. 5(a) and (b),
we find that R0 can become less than one if the vaccination rate n
is greater than 50% but cannot become less than one even though
the culling rate is 100%. Thus, culling stray dogs alone is not a
good control measure while vaccination is a more effective one.

Fig. 6 depicts the plots of R0 in terms of ðn,cÞ and ðn,EÞ,
respectively. We can see that increasing the vaccination rate
and the culling rate of rabid domestic dogs is more effective than
increasing the vaccination rate and the culling rate of stray dogs.
Therefore, culling of infected dogs and vaccination are most
important and effective means to control rabies infection.

5. Discussion

As a zoonotic and incurable disease, rabies has always been
given due respect both in human and veterinary medicine. Most
rabies cases in China are still diagnosed in dogs which confirms

2006 2007 2008 2009 2010 2011 2012 2013 2014
280

300

320

340

360

380

400

t(year)

I h

Fig. 2. Simulation of human rabies infection cases over time for Guangdong

Province of China. The smooth curve represents the solution Ih of models (1) and

(2) and the stars are the reported data on human cases.
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the role of the dog as the reservoir and primary perpetrator of the
disease. In a recent paper (Zhang et al., 2011), a deterministic
model was proposed to study the transmission dynamics of rabies
in China. The model consists of susceptible, exposed, infectious,
and recovered subpopulations of both dogs and humans and was
described by eight ordinary differential equations. The model was
used to simulate the human rabies data from 1996 to 2010
reported by the Chinese Ministry of Health. It was shown that
reducing dog birth rate and increasing dog immunization cover-
age rate are the most effective methods for controlling rabies in
China and large scale culling of susceptible dogs can be replaced
by the immunization of them.

A very important fact that was not considered in Zhang et al.
(2011) is that there is a very large number of stray dogs in China. It
was reported that at least 18.2% of the human rabies cases in
Guangdong Province are caused by stray dogs (Si et al., 2008). In
this paper, taking this fact into consideration and using rabies data
from Guangdong Province, we proposed an SEIVS model for the
dog–human transmission of rabies in which both domestic and
stray dogs are considered. The model consists of 12 ordinary
differential equations and counts for susceptible, exposed, infec-
tious and recovered domestic dog, stay dog, and human. By the
analysis of the model, we concluded that the cases of rabies in
Guangdong would decrease gradually in the next a few year and

increase slightly afterward, which indicates that rabies cannot be
controlled or eradicated under the current strategies. By carrying
out some sensitivity analysis of the basic reproduction number in
terms of various parameters, we found that the vaccination rate of
domestic dogs, the recruitment rate of domestic dogs, the number
of stray dogs and the valid time of the immunity play very
important roles for the transmission of rabies. From Fig. 7(a), we
can see that the acute infection in humans in Guangdong Province
would be reduced evidently through the decrease of the stray dog
population. Moreover, reducing the transfer from infected domes-
tic dogs to stray dogs is more effective than decreasing domestic
dogs that are abandoned. As shown in Figs. 5(a) and 7(b), rabies
can be controlled with the vaccination coverage rate over 75%
which is a little bit higher than the recommended vaccination rate
by WHO, the main reason is that a large number of stray dogs
exists in most areas of Guangdong Province. However, from
Fig. 7(b), although acute infection cases can be reduced by culling
stray dogs, rabies cannot be eventually eradicated by this measure
alone. Therefore, culling stray dogs is not a good strategy in
controlling rabies. To prevent and control rabies in stray dogs, as
suggested in Zhang et al. (2011), fostering of stray dogs could be
introduced and encouraged, food baits containing abortifacient oral
vaccine in capsules could be distributed in order to reduce the
stray dog population and vaccinate stray dogs.
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The differences between the studies in Zhang et al. (2011) and
that in this paper are that only domestic dogs were considered in
Zhang et al. (2011) while both domestic and stray dogs are
included in model (1) of this paper; Zhang et al. (2011) used the
model to simulate the human rabies data from the whole country
from 1996 to 2010 while we employ model (1) to simulate the
human rabies data from Guangdong Province from 2006 to 2010.
We should point out that the latter is the reason that the basic
reproduction number for rabies in China was estimated to be
R0 ¼ 2 in Zhang et al. (2011) while in this study it is estimated
that R0 ¼ 1.65 for Guangdong Province. Indeed, the human rabies
cases increased continuously and dramatically in China from
1996 to 2006 and then started to decrease steadily (see Fig. 2 in
Zhang et al., 2011). In another study (Zhang et al., submitted for
publication) we used the data from 2004 to 2010 for the whole
country and it was estimated that the ‘‘average’’ basic reproduc-
tion number for China for this time period is R1 ¼ 1:25: These
results indicate that human rabies in Guangdong Province is more
severe than the average in China.

According to WHO, as long as victims bitten by animals receive
proper PEP timely, human rabies can be prevented (Wang, 2002).
Fig. 8 indicates that the rabies infection rate can be reduced with
the increase of using PEP. Thus, publicity and education on the
risk and prevention of rabies is necessary and important to
control the epidemic and should be strengthened in endemic
areas, especially in rural areas.

In summary, only when both animal rabies surveillance and
control and human PEP are emphasized and strengthened at the
same time, the serious human rabies epidemic in Guangdong
Province of China could be effectively controlled. We also would
like to point out that our model may be applied to study the
rabies spread in other regions, such as the provinces of Guangxi,
Hunan, Guizhou, etc., where rabies is endemic.

There are some limitations in this study. Firstly, the influence
of season was not included in the model, while rabies may have
different infection rates and different transmission patterns in
different seasons (see Zhang et al., submitted for publication).
Secondly, dog rabies surveillance often has not been carried out
systematically because dog is not an important economic animal
in China, the data was limited. Thirdly, dispersal was not taken
into account in the model. Future studies should consider season-
ality and dispersal in the model. Moreover, more detailed data
need to be collected so that the model parameters can be

measured or estimated more accurately. We leave these for future
consideration.
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