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Abstract

Foot-and-mouth disease (FMD) is an acute, highly infectious and pathogenic animal disease. In recent years, with the
rapid development of the swine breeding industry in China, pig farms have shown a trend of larger-scale
development. Large-scale pig farms employ standardized management, a high level of automation, and a strict
system. However, these farms have a large trading volume, and increased transmission intensity of FMD is noted
inside the farm. At present, the main control measure against FMD is pig vaccination. However, a standard for
immunization procedures is not available, and currently adopted immunization procedures have not been effectively
and systematically evaluated. Taking a typical large-scale pig farm in China as the research subject and considering
the breeding pattern, piggery structure, age structure and immunization procedures, an individual-based state
probability model is established to evaluate the effectiveness of the immune procedure. Based on numerical
simulation, it is concluded that the optimal immunization program involves primary immunization at 40 days of age
and secondary immunization at 80 days of age for commercial pigs. Breeding boars and breeding sows are
immunized 4 times a year, and reserve pigs are immunized at 169 and 259 days of age. According to the theoretical
analysis, the average control reproduction number of individuals under the optimal immunization procedure in the
farm is 0.4927. In the absence of immunization, the average is 1.7498, indicating that the epidemic cannot be
controlled without immunization procedures.

Keywords: Pig farm, Foot-and-mouth disease, Individual-based state probability model, Immunization procedure,
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Introduction
Foot-and-mouth disease (FMD) is an acute, febrile and
highly contagious disease caused by foot-and-mouth dis-
ease virus (FMDV). In addition, FMD is a global animal
disease (Belsham et al. 2011; Kardjadj 2017). Greater than
70 types of animals are susceptible to FMD, including
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major domestic animals, such as pigs, cattle, sheep and
other domestic and wild cloven-hoofed animals (Wern-
ery and Kinne 2012). Outbreaks of FMD can cause great
economic losses to a country (Carpenter et al. 2011;
Thompson et al. 2002). Since 1958, there have been three
serotypes of FMDV in China: O, A and Asia 1 (Bai et
al. 2011). Recovery from one serotype does not provide
immunity to other serotypes (Rweyemamu et al. 2008).
In China, serotype O FMDV has persisted since 2010.
From 2010 to 2020, a total of 140 outbreaks of FMD were
recorded, including serotype O (99 times), serotype A (34
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times) and unspecified serotype (7 times) (Wang et al.
2021).
There are three modes of FMD transmission among

individuals: direct contact between individuals, indirect
transmission by media and aerosol transmission in the air
(Ringa and Bauch 2014; Alexandersen et al. 2003). Pigs
infected with FMD need 3 − 4 weeks to clear the virus
(Alexandersen et al. 2002). During the infection period,
some pigs show clinical symptoms and will be culled.
Other pigs recover under the action of vaccines (Barnett
et al. 2002). To date, the main prevention and control
measures of FMD are immunization, which is performed
in accordance with several immunological processes. The
immune procedure of the farms determines the immune
antibody qualified rate, which further affects the preva-
lence of FMD.
For FMD, the national purification standard in China

is that the positive rate of pathogen monitoring is less
than or equal to 0.1% (Ministry of Agriculture 2016).
In addition, the national requirement for FMD immu-
nization is that the qualified rate of immune antibodies
should be maintained above 70% year round (Ministry
of Agriculture 2020). The qualified rate of immune anti-
bodies refers to the proportion of successfully immunized
pigs. At present, no standard FMD vaccination proce-
dure is available. For swine, boars and sows are generally
immunized 3 or 4 times a year; pigs should be immu-
nized at least twice during the piglet-nursery-fattening
stage (Liu et al. 2019). The first immunization time is
usually between 40 and 70 days of age, and the second
immunization time is between 80 and 100 days of age.
In the present study, the pathogen positive rate, the qual-
ified rate of immune antibodies and basic reproduction
number were used as indicators to evaluate the effective-
ness of the immune procedure for serotype O FMDV in
pig farms.
The pig breeding modes in China mainly include free-

range breeding and large-scale breeding. In recent years,
free-range farmers have gradually been eliminated or
developed for large-scale breeding. According to the data
in China Animal Husbandry and Veterinary Yearbook, the
number of farms in 2017 was 37,746,624, which is down
54% from 2007. In 2014, the proportion of large-scale
farms was 41.8%, which increased by 7.2% compared with
2010 (Ministry of Agriculture 2017). However, due to the
higher breeding density of large-scale farms, an infected
individual on a large-scale farm has a greater transmis-
sion intensity inside the farm. In 2011, the draft statement
of Measures for the Supervision and Administration of
Transprovincial Transfer of Animals noted that 70% of ani-
mal diseases were related to the movement of animals.
Due to the increased frequency of trading on large-scale
farms, once an epidemic occurs, the transmission speed
and the infection scale will be greater. In this case, it will

be more difficult to control the disease, and correspond-
ingly, leading to a higher loss. Therefore, in the present
study, we take a typical large-scale farm as the research
object to study the transmission and control of FMDV in
the farm.
Some works have applied mathematical models to

investigate the effects of different immunization strategies
(Ringa and Bauch 2014; Wada et al. 2017; Mushayabasa
2020). However, there is no work that applies mathe-
matical models to assess immune procedures in farms.
To investigate immune procedures, the individual-based
state probability model is the most accurate model
and has been widely used in the study of disease
transmission dynamics (Gomez et al. 2010; Pei et al.
2019). The individual-based state probability model based
on discrete-time Markov chain allows us to obtain
the infection and immune status of each pig in the
farm.
In the present study, we take a typical large-scale pig

farm in China as the research subject. The farm is a
leading municipal enterprise that gathers pig breeding,
improvement and sale as one. Its annual output of pigs
is 60000 heads. The pigs in this farm can be roughly
divided into four types: commercial pigs, reserve pigs,
breeding sows, and breeding boars. Commercial pigs are
categorized into piglets, nursery pigs and fattening pigs
according to days of age. Breeding sows are classified
as pregnant sows, lactating sows, and nonpregnant sows
according to the production process. Reserve pigs are clas-
sified as reserve boars and replacement gilts. According
to the actual situation, different types of pigs are raised
in different houses. Each pig house is divided into sev-
eral pens, and a fixed number of pigs are placed in each
pen. The types of pig houses, the corresponding types of
pigs, the corresponding number of pens, and the number
of pigs in each pen are shown in Table S1 in Additional
file 1. The amount of the various pigs on hand is pre-
sented in Table S2 in Additional file 1. Piglets are 1 ∼ 5
week-old commercial pigs raised in the delivery room.
Nursery pigs are 6-12 week-old commercial pigs raised in
a nursery house. Fattening pigs are 13-25 week-old com-
mercial pigs raised in a fattening house. Replacement gilts
and reserve boars are 25-37 week-old gilts and boars. The
farm adopts batch production, and new piglets are pro-
duced. Pigs are eliminated or sold once a week, and each
batch of pigs is transferred between different pig houses
every week, according to age and pregnancy. These details
are introduced in Additional file 2. At present, commer-
cial pigs are vaccinated for the first time at 60 days of
age and again at 90 days of age. Reserve pigs in the
farm were vaccinated at 169 and 259 days of age. Breed-
ing sows and boars are vaccinated 3 times a year. The
disinfection period of the whole farm is approximately
one month.
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In the present study, the pig breedingmode and immune
procedure of a typical large-scale pig farm in China are
introduced first. Second, according to the transmission
mechanism of FMD and discrete-time Markov chain, we
establish an individual-based state probability model to
describe the breeding mode and immune procedure of the
farm. Then, through numerical simulation of the model,
we predicted the immune and infection processes of the
farm in one year and studied the immune antibody qual-
ification rate and positive rate of pathogens in various
types of pig houses in the farm under different immune
procedures. Finally, the individual-based control repro-
duction numbers for various types of pig houses and the
whole farm under different conditions are calculated and
compared.

Results
Prediction of antibody qualified rate and positive rate
By applying system (1), which is introduced in the Meth-
ods section in detail, the immune antibody qualified rate

and the level of pathogen positive rate in this farm within
one year are predicted. Figure 1 shows the immune anti-
body qualified rate for the entire farm and various pig
houses in one year. As noted in Fig. 1a, from January 1 to
May 19 (139 days), the immune antibody qualified rate in
the whole farm will be reduced from 0.8916 to 0.62. From
May 20 to December 31, the immune antibody qualified
rate of the whole farm will have two periods, and each
period is approximately 120 days (4 months). In these two
periods, the minimum qualified rate and average quali-
fied rate of immune antibody in the whole farm did not
reach the national requirement (70%), and the time cor-
responding to the minimum point was the vaccination
time of breeding boars and breeding sows (May 20 and
September 20). Therefore, it can be inferred that chang-
ing the vaccination time of breeding boars and breeding
sows can change the immune antibody qualified rate for
the whole farm. As seen from Fig. 1b, the immune anti-
body qualified rate in the fattening house and the reserve
house is relatively high, and the fluctuation of the curve

Fig. 1 Immune antibody qualified rate of the pig farm in one year. a The whole farm. b Different pig houses
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is small. However, the immune antibody qualified rate in
the delivery room and the nursery house is relatively low,
so it is necessary to increase their immune antibody qual-
ified rate to improve the whole qualified rate. The time
of the minimum immune antibody qualified rate in the
delivery room is the same as that in the pregnancy house,
which is the time of the breeding sows being vaccinated.
Therefore, changing the immunization time or frequency
of breeding sows can change the immune antibody qual-
ified rate in pregnancy houses and delivery houses. The
time difference between the maximum antibody quali-
fied rate in the pregnancy room and the delivery room
is approximately 19 days. For breeding boars and sows,
the immune antibody qualified rate can reach the maxi-
mum at 28 days after vaccination. In addition, given that
the breeding rhythm of the farm is 7 days, the immune
antibody qualified rate of commercial pigs and reserve
pigs are vaccinated in batches and has a small period of 7
days. After May 20, the maximum immune antibody qual-
ified rate in the delivery room and the nursery house does
not reach 70%. In addition, the average antibody qualified
rate in the pregnancy room is greater than 70%, but the
minimum is less than 70%.
As noted in Fig. 2a and b, the positive rate and posi-

tive number of the farm will generally show a downward
trend in the whole year. The positive rate will be reduced
from 0.0083 to 8.83 × 10−5. On April 23, the pathogen
positive rate will drop to 0.001. The positive number will
be reduced from 125 to 1. It can be seen from Fig. 2c
that the pathogen positive number in all types of pig
houses will drop to single digits on March 1. Eventually,
the pathogen-positive number in all types of pig houses
will be less than 1. Figure 2d shows that the infection
probability of pigs in all types of pig houses will increase
and then decrease. On January 22, the infection proba-
bility of all pig houses will reach the maximum, and its
range is [ 0.00034, 0.00038]. By December 31, the infec-
tion probability in all pig houses will be approximately
9.6 × 10−6.

Evaluation of immunization procedure
In this subsection, we examine the effectiveness of immu-
nization programs in the absence of infectious processes.
It is assumed that all pigs in the farm at the initial
moment are susceptible. Specifically, the probability of
any pig being susceptible is 1, and the probability of
being immunized is 0. Then, we simulate the system
(2), which is introduced in the Methods section, to dis-
cuss the influence of different primary immunization
times, secondary immunization times and immunization
frequencies on the immune antibody qualified rate in
the farm.
The immune antibody level of breeding sows directly

determines the maternal antibody level of piglets. First,

we increased the immunization frequency per year for
breeding sows and breeding boars to improve the immune
antibody qualified rate in the delivery room.When breed-
ing sows and boars are immunized 4 times a year,
the corresponding set of immunization times is Tv =
{January 20, April 20, July 20, October 20}. The numer-
ical simulation results of system (2) with different immu-
nization frequencies in one year are shown in Fig. 3. (1)
The increase in immunization frequency has no effect
on the immune antibody qualified rate in reserve houses
and fattening houses (2) and has relatively minimal influ-
ence on the immune antibody qualified rate in the nursery
house. (3) Obviously, with the increase in immunization
frequency, the number of periods of immune antibody
qualification in the farm, the delivery room, the preg-
nancy room and the breeding boar station is increased.
(4) In the case of four vaccinations a year, the immune
antibody qualified rate in the whole farm and various pig-
geries shows a periodic steady state after May 20. After
May 20, the maximum, minimum and mean immune
antibody qualified rates of the whole farm increased by
0.0146, 0.0633 and 0.0273, respectively. (5) Similarly, the
maximum, minimum and mean of the immune anti-
body qualified rate in the delivery room can increase
by 0.0138, 0.0984 and 0.0458, respectively. Therefore,
changing the immunization frequency of breeding sows
and breeding boars can change the antibody qualified
rate in the delivery room, pregnancy room and breeding
boar station and improve the minimum antibody qual-
ified rate in the whole farm. However, this change has
a minimal effect on the maximum antibody qualified
rate.
When Tv = {January 20, April 20, July 20, October 20},

the numerical simulation results of system (2)
under the different primary immunization times
(T1ε{40, 45, 50, 55, 60}) of commercial pigs are shown in
Fig. 4. Given that piglets in the delivery room are 1 − 35
days old, the change in the primary immunization time
T1 has no effect on the immune antibody qualified rate of
piglets in the delivery room. The primary immunization
time had no effect on the immune antibody qualified rate
in the pregnancy room, reserve house or boar breeding
station. Figure 4 shows that the primary immunization
time has a greater impact on the antibody qualified rate
in the nursery house and the fattening house. As noted in
Fig. 4a, when the primary immunization time is earlier,
the antibody qualified rate in the nursery house is greater,
and the fluctuation range is smaller. When T1 = 40,
the antibody qualified rate in the nursery is the largest,
the fluctuation is the smallest, and the range at steady
state is [ 0.583, 0.629]. As noted in Fig. 4b, the short
period of the antibody qualified rate in fattening houses
is 7 days. However, the earlier the primary immuniza-
tion time, the smaller the antibody qualified rate in the
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Fig. 2 Infection situation and infection probability of the farm in one year. a The positive rate of the whole farm. b The positive number of the whole
farm. c The positive number of different kinds of pig houses. d The infection probability of susceptible pigs in different types of pig houses

fattening house. When T1 = 40, the range of the antibody
qualified rate in the fattening house at steady state is
[ 0.7842, 0.8015]. When T1 = 60, the range at steady state
is [ 0.8352, 0.8458]. The mean difference of the antibody
qualified rate between above two cases is 0.049.
The immune antibody qualified rate in the fatten-

ing house can be altered by changing the secondary
immunization time (T2). When T1 = 40 and Tv =
{January 20, April 20, July 20, October 20}, the numerical

simulation results of system (2) under the different
secondary immunization times of commercial pigs are
shown in Fig. 5. Figure 5 shows the variation of the
antibody qualified rate in the whole farm and the fatten-
ing house over time. Then, we can obtain the following
results: (1) For the whole farm, the earlier the time of
secondary immunization, the greater the antibody quali-
fied rate. When T2 ∈ {80, 85, 90, 95, 100}, the minimum
antibody qualified rate of the whole farm is less than
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Fig. 3 The numerical simulation results of the immune antibody qualified rate of the system (2) under different immunization frequencies of
breeding sows and breeding boars. a The whole farm. b The delivery room. c The nursery house. d The pregnancy room and breeding boar station
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Fig. 4When Tv = {January 20, April 20, July 20, October 20}, the numerical simulation results of the antibody qualified rate of the system (2) at
different primary immunization times. a The nursery house. b The fattening house

70% after July 20. However, when T2 ∈ {80, 85, 90, 95},
the mean antibody qualified rate of the whole farm is
greater than 70% after July 20. (2) The change in the sec-
ondary immunization time had no effect on the antibody
qualification rate in the delivery room, reserve house,
pregnancy room or breeding boar station. (3) Because pigs
in the nursery house are 36 − 84 days old, when T2 ∈
{85, 90, 95, 100}, the antibody qualified rate in the nursery
house does not change. However, when T2 = 80, the anti-
body qualified rate increases, its value range after July 20
is [ 0.5838, 0.6507], and its mean value is 0.6157. (4) The
smaller T2, the higher the antibody qualified rate in the
fattening house. When T2 = 80, the antibody qualified
rate is the highest.
According to the above study, a good immune pro-

cedure can be obtained: T1 = 40, T2 = 80, Tv =

{January 20, April 20, July 20, October 20}, T3 = 169
and T4 = 259. With this immune program, considering
the spread of FMDV, the system (1) is numerically sim-
ulated, and the results are shown in Fig. 6. Compared
with the original immune program, the antibody quali-
fied rate in this case increases significantly. The average
antibody qualified rate in the whole farm is greater than
70%. The minimum antibody qualified rate in the preg-
nancy room is greater than 70%. As noted in Fig. 6a and
b, the large period of the antibody qualified rate in farms,
delivery rooms, pregnancy rooms and boar breeding sta-
tions is approximately 91 days. A 21-day difference in
the time corresponding to the maximum qualified rate
is noted between the delivery room and the pregnancy
room. According to Fig. 6c, using this immune produce,
the positive rate of the farm will be reduced to less than



Ren et al. Animal Diseases             (2022) 2:3 Page 8 of 16

Fig. 5When T1 = 40 and Tv = {January 20, April 20, July 20, October 20}, the numerical simulation results of the antibody qualified rate of system
(2) at different secondary immunization times. a The whole farm. b The fattening house

0.001 after April 2 and will be reduced to 2.16 × 10−5 by
December 31. As noted in Fig. 6d, the infection probability
of the susceptible pig in all pig houses first increases and
then decreases. On January 21, the infection probability
for all pigs will reach the maximum. On December 31, the
infection probability for all types of susceptible pigs will
be approximately 2.62 × 10−6.

Reproduction number
The reproduction number is divided into the basic repro-
duction number and the control reproduction number.
The basic reproduction number is the number of pigs
infected by an infected pig during the average infec-
tion period at the beginning of the disease (Dreessche
and Watmough 2002). The control reproduction num-
ber is defined as the number of pigs infected by an
infected pig during the average infection period with
immunization measures. The specific calculation formula
and its explanation is presented in the Methods section.
Now, we consider the individual reproduction number
in three cases: no vaccination, immune procedure I, and

immune procedure II. The immune procedure I involves
the following: Commercial pigs are first immunized at 60
days old. The second immunization is delivered at 90 days
old. Breeding boars and breeding sows are immunized
thrice a year, and reserve pigs are immunized at 169 and
259 days old. The immune procedure II involves the fol-
lowing: Commercial pigs are first immunized at 40 days
old, and the second immunization is delivered at 80 days
old. Breeding boars and breeding sows are immunized
four times a year, and reserve pigs are immunized at 169
and 259 days old. The values of parameters d, a1 and a2 for
individuals in different types of pig houses are shown in
Table S9 in Additional file 5. The mean values of p1 and p2
of various pig houses and the whole farm in the stable state
under different immune conditions are shown in Table
S10 in Additional file 5. Based on this calculation, the indi-
vidual reproduction number of pigs in various pig houses
under different immune conditions is shown in Table 1. In
the case of no vaccination, the basic reproduction number
of individuals in all types of pig houses and whole farm
is greater than 1. Under immune procedures I and II, the
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Fig. 6When Tv = {January 20, April 20, July 20, October 20}, T1 = 40 and T2 = 80, the antibody qualified rate, infection situation and infection
probability of the pig farm in one year. a Antibody qualified rate of the whole farm. b Antibody qualified rate in different pig houses. c The positive
rate of the whole farm. d The infection probability of susceptible pigs in different pig houses

individual-based control reproduction number in all types
of pig houses and whole farm is less than 1. Breeding boars
are eliminated only when the boar is older than 4 years old,
so the d value of the boar breeding station is small. Thus,
the reproduction number is the largest.

Discussions
The effect of FMD vaccines has always received a great
deal of research attention. In recent decades, consid-
erable work has been performed to study variations
in the antibody protection rate under different vaccine
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Table 1 The individual reproduction number of pigs in various pig houses under different immune conditions

Delivery
room

Nursery
house

Fattening
house

Reserve
house

Pregnancy
room

Boar breeding
station

the whole
farm

No vaccination 1.4924 1.6683 1.9887 1.9647 2.0205 2.4563 1.7498

Immune procedure I 0.5062 0.5804 0.6344 0.6283 0.6597 0.7994 0.58

Immune procedure II 0.4329 0.4813 0.5424 0.5358 0.5590 0.6776 0.4927

doses, different injection methods, different immu-
nization procedures, different emergency immunization
strategies and different populations to seek the best
immunization mode to reduce the harm of the epidemic
(Patil et al. 2014; Madhanmohan et al. 2012; Keeling et
al. 2003; Chen et al. 2015; Xiang et al. 2015). Much of
the previous work on immunization procedures was based
on experimental studies on the individual animal. It has
been discussed the first immunization time according to
the changes in maternal antibody levels previously (Wu
and Zhang 2013; Lv et al. 2011; Zhou et al. 2008; Xia
et al. 2013; Yu et al. 2012). Wu and Zhang (2013) pro-
posed that the first immunization should be performed
between 30−45 days old. However, Lv and Zhou et al. pro-
posed that the first immunization should be performed
between 45 − 55 days old (Lv et al. 2011; Zhou et al.
2008). Researchers studied the change law of antibod-
ies under different immunization procedures (Ning et al.
2009; Zhang 2014). It was Ning et al. (2009) suggested that
the best immunization procedure for the swine serotype
O FMDV inactivated vaccine developed by LVRI included
the first immunization at 50 days old and the second
immunization at 90 days old. Zhang (2014) suggested that
the adjusted immunization program was better than the
preadjusted immunization program for bivalent inacti-
vated oil emulsion vaccines of swine serotypeO andAsia 1
FMDV. The adjusted immunization procedure was as fol-
lows: the first immunization is delivered at 25 days old, the
second immunization is administered at 50 days old, the
third immunization is delivered at 90 days old, and then
immunizations are administered once every 3months. For
breeding pigs, He and Yu (2007) demonstrated that immu-
nization three times a year is appropriate. As noted from
the above studies, since the experiment is often influenced
by individual differences, different experimental methods,
different types of vaccines and other factors, conclusions
with relatively large differences are often reported. In this
case, based on experimental data, transmission dynam-
ics and antibody dynamics, the influence of the immu-
nization procedure on the antibody protection level can
be comprehensively studied by applying a mathematical
model.
To date, there has been some work in the field of math-

ematics in performing research on FMD. Wada et al.
(2017) applied a disease simulationmodel to evaluate con-
trol strategies for the 2010 Japanese outbreak of FMD

and to determine the role of emergency vaccination in
epidemic control. Taking cattle as an example and indi-
viduals as the research object, Mushayabasa (2020) estab-
lished an ordinary differential equation dynamics model
to study the effects of low-efficiency vaccines and high-
efficiency vaccines on the transmission dynamics of FMD.
Ringa and Bauch (2014) constructed a pair approxima-
tion model of FMD to describe the spread of FMD, and
their numerical simulation results showed that prophy-
lactic vaccination was more effective than ring vaccina-
tion at the same per capita vaccination rate. The above
work studies which type of vaccination method or how
much immunization rate can prevent the outbreak of the
epidemic and does not study the immunization proce-
dure of a farm. In addition, the previous compartment
model could not be suitable for the study of the anti-
body level in the body of individuals, so it could not
study the problem of immunization procedure. Li et al. (Li
et al. 2009) established a mathematical statistical model
between antibody titer and protection rate to evaluate
the efficacy of vaccines. In fact, the statistical model
is a data-based model without considering antibody
dynamics.
Therefore, in the current study, based on the breed-

ing mode of large-scale farms, transmissionmechanism of
FMD and immunization procedure, an individual-based
state probability model was established, and the relation-
ship between inoculation time and antibody protection
rate, positive rate and reproduction number was given.
Based on the model, this paper considered the changes of
antibody protection rate and positive rate under different
first immunization time (T1ε{40, 45, 50, 55, 60}), second
immunization time (T2 ∈ {85, 90, 95, 100}) and differ-
ent times of immunization (3 − 4 times) and found the
optimal immunization procedure. Specifically, commer-
cial pigs are vaccinated at 40 days old and again at 80 days
old. Reserve pigs are vaccinated at 169 and 259 days old.
Breeding sows and boars are vaccinated 4 times a year.
Lin’s results showed that the optimal immunization pro-

gram includes the first immunization at 40 days old and
the second immunization at 85 days old (Lin et al. 2019).
Some differences are noted between the time of secondary
immunization obtained by the method of establishing the
model in this paper and that obtained by the pig exper-
iment in the literature. This difference is attributed to
the notion that the system in this paper can take into
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account the characteristics of farms inoculating vaccines
in batches according to reproductive rhythm. Compared
with the experimental results, the numerical simula-
tion of the mathematical model can take into account
changes in the antibody levels of all pigs in the farm over
time under different conditions and save experimental
costs.
In addition, different vaccines and different doses of

inoculation will affect the change in antibody levels in
vivo, which are related to parameters k and δ in the model.
Therefore, we can change the values of k and δ to study the
best immunization program for other vaccines or doses.
In the ordinary differential model, the immune antibody
loss rate k is a constant and is based on the assumption
that the antibody protection time obeys an exponential
distribution. Compared with the actual situation, in this
assumption, antibody loss is too rapid. In this model,
according to the experimental data of antibody growth
and decline, we fit the time series of the immune protec-
tion rate with the model provided in Additional file 4 to
obtain k(t) and the immunization rate δ(t), yielding more
accurate results. In future studies, the gamma distribution
can be used to fit k and δ.
In summary, the individual-based state probability

model has universal applicability because it is applica-
ble to farms of different sizes, different vaccines, different
diseases and different populations. Under different back-
grounds, the model parameters should have different val-
ues, and the results can be deduced by numerical simula-
tion. This methodology not only reduces the experimental
cost but also makes the results more comprehensive and
propagable.

Conclusions
Based on the detection data, transmission dynamics and
antibody dynamics, a probability model is established
for a large-scale farm in China. The numerical simula-
tion results reveals the following the preferred immu-
nization procedures: commercial pigs are vaccinated at
40 days old and again at 80 days old. Reserve pigs
are vaccinated at 169 and 259 days old, and breed-
ing sows and boars are vaccinated 4 times a year. The
method used in this study is applicable to different dis-
eases, different vaccines, different doses and different
populations.

Methods
Model formulation
Using pigs in the large-scale farm as nodes in the network
and considering the type of pig and pig house, age, and
corresponding transfer, an individual-based state proba-
bility model is established to study the effectiveness of
immune programs. The time unit of the model is taken as
day.

The set of pig types in the farm is denoted by Z =
{c, r, s, b}, where c represents commercial pigs, r repre-
sents reserve pigs, s represents breeding sows, and b
represents breeding boars. We sort and number all pigs,
pig houses and pens. The serial number set of all pigs in
the farm is I = {1, 2, 3, ..., n}, where n is the total num-
ber of pigs. The serial number set of all pig houses in the
farm is H = {1, 2, 3, ...,m}, wherem is the total number of
pig houses; the serial number set of the delivery room is
H1 = {1, 2, 3, ...m1}; the serial number set of the nursery
house is H2 = {m1 + 1,m1 + 2,m1 + 3, ...m2}; the serial
number set of the fattening house is H3 = {m2 + 1,m2 +
2,m2+3, ...m3}; the serial number set of the reserve house
is H4 = {m3 + 1,m3 + 2,m3 + 3, ...m4}; the serial number
set of the pregnancy room is H5 = {m4 + 1,m4 + 2,m4 +
3, ...m5}; and the serial number set of the boar breeding
station is H6 = {m5 + 1,m5 + 2,m5 + 3, ...m}. The serial
number set of all pens in pig houses is F = {1, 2, 3, ..., g},
where g is the total number of pens; the serial number set
of pig pens in the delivery room is F1 = {1, 2, 3, ..., g1}; the
serial number set of pig pens in the nursery house is F2 =
{g1+1, g1+2, g1+3, ..., g2}; the serial number set of pig pens
in the fattening house is F3 = {g2 + 1, g2 + 2, g2 + 3, ..., g3};
the serial number set of pig pens in the reserve house is
F4 = {g3 + 1, g3 + 2, g3 + 3, ..., g4}; the serial number set of
pig pens in the pregnancy room is F5 = {g4+1, g4+2, g4+
3, ..., g5}; and the serial number set of pig pens in the boar
breeding station is F6 = {g5 + 1, g5 + 2, g5 + 3, ..., g}. For
the i-th (i ∈ I) pig, namely, the i-th node, zi(t) denotes the
type of the i-th pig at time t, and zi(t) ∈ Z; ai(t) denotes
the days old of the i-th pig at time t, and ai(t) ≥ 0; hi(t)
denotes the serial number of the pig house where the i-th
pig is located at time t, and hi(t) ∈ H ; and fi(t) denotes
the serial number of the pen where the i-th pig is located
at time t, and fi(t) ∈ F .
When pigs are infected with FMD by direct contact or

environmental transmission, pigs need 3−4 weeks to clear
the virus. During the infection period, some infected pigs
are culled due to clinical symptoms. The remaining pigs
can be self-healing. According to this transmission mech-
anism, each pig may experience four states, including
susceptible, immunized, infected and recovered, which
are expressed as S, V, E and R, respectively. Therefore,
for the i-th node, the probabilities of being in five states
at time t are P(zi(t),ai(t),hi(t),fi(t))

S (i, t), P(zi(t),ai(t),hi(t),fi(t))
V (i, t),

P(zi(t),ai(t),hi(t),fi(t))
E (i, t), and P(zi(t),ai(t),hi(t),fi(t))

R (i, t), respec-
tively. In addition, the birth, transfer, and sale of pigs are
reflected in the superscript (zi(t), ai(t), hi(t), fi(t)). The
above processes of birth, sale, transfer of pigs and state
transfer due to the transmission of FMD can be simulated
by Python software. At time t, the amount of FMDV in the
environment of the l-th pig house is represented by B(l, t),
where l ∈ H .
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ai(t) = ai(t − 1) + 1,
P(zi(t),ai(t),hi(t),fi(t))
S (i, t)=k(t)P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

V (i, t−1)+(1 − λ
fi(t−1)
1 (i, t)

−λ
hi(t−1)
2 (i, t)−δ(t))P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

S (i, t−1),

P(zi(t),ai(t),hi(t),fi(t))
V (i, t)=(1 − k(t))P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

V (i, t−1)

+δ(t)P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))
S (i, t−1),

P(zi(t),ai(t),hi(t),fi(t))
E (i, t)=(1−η)P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

E (i, t−1)+(λ
fi(t−1)
1 (i, t)

+λ
hi(t−1)
2 (i, t))P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

S (i, t−1),

P(zi(t),ai(t),hi(t),fi(t))
R (i, t)=μηP(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

E (i, t−1)

+ P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))
R (i, t−1),

B(l, t) = (1 − ω − ν)B(l, t − 1)+∑j∈I
hj(t−1)=l αP

(zj(t−1),aj(t−1),hj(t−1),fj(t−1))
E (j, t−1).

(1)

The variation of the above 4 probabilities with the
course of infection and immunization and the state prob-
ability transfer diagram of the i-th pig are shown in Fig. 7,
and system (1) is its corresponding system.
In this model, twomodes of transmission, direct contact

transmission and environmental transmission, are consid-
ered. The probabilities of the i-th pig being infected by
the two methods at time t are expressed as λ

fi(t−1)
1 (i, t)

and λ
hi(t−1)
2 (i, t), respectively. The specific expressions

for λ
fi(t−1)
1 (i, t) and λ

hi(t−1)
2 (i, t) and meanings of other

parameters in system (1) are interpreted as follows.
(1) λ

fi(t−1)
1 (i, t). Direct contact can only occur in the

same pen. The probability of a susceptible pig being
infected by an infected pig in the same pen through direct
contact per unit time is denoted by β . Therefore, the prob-
ability that the i-th pig cannot be infected by the j-th pig
in the same pen per unit time is

1−βP(zj(t−1),aj(t−1),hj(t−1),fj(t−1))
E (j, t−1);

The probability that the i-th pig is not infected by all pigs
in the same pen is

∏

j∈I,j �=i
fj(t−1)=fi(t−1)

[
1 − βP(zj(t−1),aj(t−1),hj(t−1),fj(t−1))

E (j, t − 1)
]
.

Therefore, the probability of the i-th pig being infected
through direct contact is
λ
fi(t−1)
1 (i, t) =1−

∏

j∈I,j �=i
fj(t−1)=fi(t−1)

[
1−βP(zj(t−1),aj(t−1),hj(t−1),fj(t−1))

E (j, t−1)
]
.

(2) λ
hi(t−1)
2 (i, t). For environmental transmission, it is

necessary to consider not only the transmission caused by
media or aerosols within pig houses but also the trans-
mission caused by media and human activities among pig
houses. Here, γ is the infection rate coefficient of virus in
the environment to one susceptible pig, and p is the prob-
ability that pigs are exposed to viruses in the environment
in different pig houses. At time t, the probability that the
i-th pig is infected by the virus in the environment in the
same pig house is γB(hi(t−1), t−1); the probability that
the i-th pig is infected by the virus in the environment in
different pig houses is

∑h̄∈H
h̄�=hi(t−1) pγB(h̄, t−1). Therefore,

at time t, the probability that the i-th pig is infected by
FMDV in the environment is
λ
hi(t−1)
2 (i, t) = γB(hi(t − 1), t − 1) +

∑

h̄∈H
h̄ �=hi(t−1)

pγB(h̄, t − 1).

(3) k(t): Antibody decay rate.
(4) δ(t): Antibody growth rate.
(5) η: Virus clearance rate.
(6) μ: The probability of self-recovery.
(7) α: The amount of virus excreted by the infected pig

per unit time.

Fig. 7 State probability transfer diagram of the i th pig on the farm
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(8) ω: The natural decay rate of the virus in the environ-
ment per unit time.
(9) ν: The disinfection rate of the virus in the environ-

ment per unit time.
If the infection process of the farm is not considered and

only immunization, production and sale are considered,
the system (1) becomes the following:
At time t, the number of pigs whose immune antibody is

qualified in the whole farm is
∑

i∈I P
(zi(t),ai(t),hi(t),fi(t))
V (i, t),

the immune antibody qualified rate in population is
∑

i∈I P
(zi(t),ai(t),hi(t),fi(t))
V (i,t)

N(t) , the positive number of pigs being
infected is

∑
i∈I P

(zi(t),ai(t),hi(t),fi(t))
E (i, t), and the positive

rate in population is
∑

i∈I P
(zi(t),ai(t),hi(t),fi(t))
E (i,t)

N(t) .

Parameter values and initial values
The values and sources of parameters in system (1) are
interpreted as follows:
(1) Pigs infected with FMD require 3 − 4 weeks to

remove the virus (Alexandersen et al. 2002). So, η = 1
28 .

(2) According to the actual situation, no pigs with symp-
toms were culled at the farm from 2016 to 2019. So, μ =
1.
(3) The average peak amount of virus discharged by pigs

per day can reach 106.1TCID50 (Zhang et al. 2019). So, α =
106.1.
(4) The survival time of the virus in the environment is

approximately 30 days (Zhang et al. 2019). So, ω = 1
30 .

(5) The farm is generally sterilized once a month. Each
time disinfection rate is assumed to reach 100%. Thus, ν =
1
30 .
(6) In Additional file 3, we establish an ordinary dif-

ferential dynamical system (system (0.1)) for the farm to
describe the spread of FMD within the pig population.
By applying the data fitting of system (0.1) with real data,
β = 0.9948 is obtained, and its biological meaning is the
product of the probability that a susceptible pig is infected
by an infected pig per contact and the number of con-
tacts in a year. The biological meaning of β in the system
(1) is the probability that a susceptible pig is infected by
direct contact with an infected pig in the same pen within
one day. Given that the average number of pigs per pen is
15, the average number of direct contacts is 15. Thus, for
system (1), β = 0.9948 ÷ 365 ÷ 15 ≈ 0.0002.
(7) In Additional file 3, the time unit of the ordinary dif-

ferential dynamic system is year, and γ = 4.5029× 10−10.
The time unit of system (1) is day. Therefore, for system
(1), γ = 4.5029 × 10−10 ÷ 365 ≈ 1.23 × 10−12.
(8) Assume that p = 0.25.
(9) According to Additional file 4, maternal antibodies,

primary immunization and secondary immunization cor-
respond to different k(t) and δ(t). The maternal antibody
of piglets reached a maximum at 7 days old. The antibody

level of the first and second immunizations reached a
maximum at 28 days after vaccine injection. When the
immune antibody protection rate increases, k(t) = 0.
When the immune antibody protection rate decreases,
δ(t) = 0. Commercial pigs are vaccinated at T1 and T2
days of age. Therefore, according to the fitting results of
the antibody fluctuation rule in Additional file 4, when
zi(t) = c,

k(t) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0, 1 ≤ ai(t) ≤ 7,
0.0154, 7 < ai(t) ≤ T1,
0, T1 < ai(t) ≤ T1 + 28,
0.0212, T1 + 28 < ai(t) ≤ T2,
0, T2 < ai(t) ≤ T2 + 28,
0.0043, ai(t) > T2 + 28,

and

δ(t) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

0.2299, 1 ≤ ai(t) ≤ 7,
0, 7 < ai(t) ≤ T1,
0.027, T1 < ai(t) ≤ T1 + 28,
0, T1 + 28 < ai(t) ≤ T2,
0.0727, T2 < ai(t) ≤ T2 + 28,
0, ai(t) > T2 + 28.

It is assumed that the increase and decrease in the anti-
body protection rate in the reserve pig, breeding boar
and breeding sow after vaccination is the same as that
in piglets after secondary immunization. Reserve pigs are
vaccinated at T3 and T4 days of age. Therefore, when
zi(t) = r,

k(t) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0.0043, ai(t) ≤ T3,
0, T3 < ai(t) ≤ T3 + 28,
0.0043, T3 + 28 < ai(t) ≤ T4,
0, T4 < ai(t) ≤ T4 + 28,
0.0043, ai(t) > T4 + 28,

and

δ(t) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, ai(t) ≤ T3,
0.0727, T3 < ai(t) ≤ T3 + 28,
0, T3 + 28 < ai(t) ≤ T4,
0.0727, T4 < ai(t) ≤ T4 + 28,
0, ai(t) > T4 + 28.

Breeding boars and breeding sows are vaccinated thrice
a year, and the set of immunization times is Tv =
{January 20, May 20, September 20}. Therefore, when
zi(t) ∈ {s, b},

k(t) =
{
0, within 28 days after vaccination,
0.0043, other time,

and

δ(t) =
{
0.0727, within 28 days after vaccination,
0, other time.

In addition, according to the actual situation of the farm
considered in this paper, T1 = 60, T2 = 90, T3 = 169 and
T4 = 259.
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⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ai(t) = ai(t − 1) + 1,
P(zi(t),ai(t),hi(t),fi(t))
S (i, t)= k(t)P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

V (i, t−1)
+(1 −δ(t))P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

S (i, t−1),
P(zi(t),ai(t),hi(t),fi(t))
V (i, t)= (1 − k(t))P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

V (i, t−1)
+δ(t)P(zi(t−1),ai(t−1),hi(t−1),fi(t−1))

S (i, t−1).

(2)

(10) By applying system (1), the data in 2019 are used
as the initial value to predict the qualified rate of immune
antibodies and the level of pathogen positive rate in the
pig population within one year. According to the survey
in 2019, the immunization antibody qualification rate in
the pig population was 89.16%. The pathogen positive rate
was 0.0083; thus, the proportion of infected pigs (E) was
0.83%. Assume that the number of pigs that recover (R) is
0 and the number of viruses (B) in the environment is 0.
According to Table S2 in Additional file 1, the total num-
ber of pigs in the farm (N) is 15063. It can be calculated
that there were 1508 susceptible pigs, 13430 immune pigs
and 125 infected pigs in the farm.
(11) For system (2), it is assumed that all pigs in the farm

at the initial moment are susceptible. Thus, the probabil-
ity of any pig being susceptible is 1, and the probability
of being immunized is 0. We simulate the system (2) to
consider the influence of different primary immunization
times, secondary immunization times and immunization
frequencies on the immune antibody qualified rate in
the farm. The immune antibody level of breeding sows
directly determines the maternal antibody level of piglets.

The control reproduction number
For one pig in a certain type of pig house, its individual
basic reproduction number (Keeling and Grenfell 2000) is

R0 =
∫ ∞

0
[ a1β + a2γ h(B) + (N − a2)pγ h(B)]Tf(T)dT ,

and its individual control reproduction number is

Rc=
∫ ∞

0
[ a1βp1+a2γ h(B)p1+(N−a2)pγ h(B)p2]Tf(T)dT .

where (1) a1 is the number of pigs in the same pen. p1 is
the proportion of susceptible pigs in the same pig house.
(2) Let the right end of dB

dt = αE− (ω+ν)B in system (0.1)
in Additional file 3 be equal to 0; then, B = αE

ω+ν
. There-

fore, at steady state, the amount of virus released into the
air by a pig is h(B) = α

ω+ν
. a2 is the number of pigs in

the same house. N − a2 is the number of pigs that are not
in the same pen. p2 is the proportion of susceptible pigs
in the whole farm. (3) T is the infection period and obeys
an exponential distribution, namely, T ∼ Exp(η + d).
Then, the density function is f(T) = (η + d)e−(η+d)T ,
and the average infection period is

∫ ∞
0 Tf(T)dT = 1

η+d .

Therefore,

Rc = p1
(

1
η + d

) (

βa1 + γαa2
ω + ν

)

+ p2
(

1
η + d

) (
pγα(N − a2)

ω + ν

)

,

which is used as an evaluation index.
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