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Epidemic in Japan in 2013-2014

Kohei MAKITA™ and Takehisa YAMAMOTO"

'Veterinary Epidemiology Unit, Department of Veterinary Medicine, School of Veterinary Medicine,
Rakuno Gakuen University, 582 Bunkyodai Midorimachi, Ebetsu, Hokkaido 069-8501, Japan
2Virology and Epidemiology Division, National Institute of Animal Health,

3-1-5 Kannondai, Tsukuba, Ibaraki 305-0856, Japan
(Received 26 Nov, 2018/Accepted 16 Apr, 2019)

Summary

The Japanese swine industry was heavily affected by the global porcine epidemic diarrhea (PED) outbreaks, started in the country
in 2013. This study was conducted to quantify the infectivity of PED at the farm level in the initial phase of an epidemic in Kagoshima
Prefecture, the largest swine producing area in Japan.

A compartmental model was developed with the following five components of farm status according to the situation of within-
farm PED infection : susceptible with no infected pig (S) ; exposed with at least one infected pig but no pig showing clinical
symptoms (E) ; infectious with at least one pig showing symptoms, but the farmer has not yet reported it to the veterinary authorities,
whether intentionally or unintentionally (/n) ; infectious with pigs showing symptoms, and recognized by the veterinary authorities as
an infected farm (/d) ; and recovered with all pigs having recovered from PED (R). Parameters were solved to maximize the likelihood
of daily new cases and cumulative number of recovered farms modelled given the actual numbers during the first 40 days of the
epidemic using data provided by the Kagoshima Prefectural government. The incubation period was set at two days, and the first case
of each farm was assumed to be reported on the next day to the authority. The basic reproduction number Ro was calculated using the
next generation matrix.

As results, the infectious period and Ry were estimated to be 54.4 days and 5.39, respectively. In conclusion, inter-farm
infectiousness was very high during the initial phase, and the long infectious period at the farm level, in addition to the common source
infections already reported, contributed to the rapid spread of the disease.
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after the end of the previous PED epidemic, the first case of PED

Intr ion . o
troductio in Japan was reported in Okinawa, the southernmost prefecture,

Porcine epidemic diarrhea (PED) is caused by PED virus
(PEDv), which is an enveloped, single-stranded, positive-sense
RNA virus within the family Coronaviridae, genus Alphacorona-
virus. A global PED pandemic that occurred in 2013 involved
then PEDv-free countries such as the United States, Canada,
Mexico, Korea, Taiwan, and Japan'*%161%21.2425 " Seven years
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in October 2013. On December 3, 2013, a PED outbreak occurred
in Kagoshima Prefecture, which is isolated from Okinawa Prefec-
ture by the East China Sea. Kagoshima Prefecture has the largest
swine population in Japan (1.37 million pigs'"), and PED rapidly
spread not only within the prefecture but throughout Japan. Epi-
demiologic studies demonstrated that the factors most associated
with PED spread were cross-contamination at slaughterhouses
and along roads, and an insufficient level of bio-security at
farms'*-***. However, little is known regarding how rapidly the
disease spread between farms.

Infectious disease modeling is a powerful tool for assessing the
rapidity with which an epidemic spreads and for a priori predic-
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tions of disease spread in various scenarios. The basic reproduc-
tion number, denoted as Ry, is defined as the average number of
secondary cases caused by a primary case in a totally susceptible
population®®, and determining this variable is a key objective in
infectious disease modeling. In addition, R, is a useful indicator
of the infectiousness of a disease agent and can be used to esti-
mate the immunity threshold. Although commonly applied at the
individual level, R,is also useful for examining animal health at
the farm level. Only one study on the farm level R, for PED has
been reported from Canada”, which used the incidence decay and
exponential adjustment (IDEA) model. At the animal level, a

study in Japan'”

used a compartment model for understanding
within-farm PED dynamics, without focusing on the estimation
of Ry.

The aims of this study were to quantify the infectiousness of
PEDv during the initial phase of the 2013—2014 epidemic on Ky-
ushu Island, Japan, and assess how rapidly farmers reported the
outbreak to the veterinary authorities, using an infectious disease

modeling approach.

Materials and Methods

Study population

This study was conducted using data regarding the infection
status of the 229 pig farms, including 57 farms affected by PED
during below mentioned 40 days, and the dates of occurrence and
end of the PED outbreak at the affected farms in Higashi-Kushira
town, Kanoya city, Kimotsuki town, Osaki town, and Tarumizu
city (Figure 1), where the initial phase of the epidemic produced
a spatio-temporal disease cluster”. These areas included 105
farrow-to-finisher, 34 reproduction, and 90 fattening farms. The
period used for the analysis encompassed 40 days between
December 3, 2013, the day the PED epidemic in Kagoshima
Prefecture began, and January 11, 2014.

Collection of epidemic data

A list of anonymized all pig farms and the beginning and
ending dates of the within-farm PED outbreaks in the above-
mentioned cities and towns were provided by Kagoshima Prefec-
ture.

According to the Act on Domestic Animal Infectious Disease
Control, swine producers are required to immediately report
suspected cases of PED to the local Prefectural Livestock Hygiene
Service Center (LHSC). Soon after receiving a report from a
farm, official veterinarians of the LHSC visit the farm to collect
biological samples and information and confirm the diagnosis of
PED infection using RT-PCR. In the Kagoshima Prefecture
database, the date of the report, which in most cases is the same
as the date of diagnosis, is recorded, and this date was used to
prepare the daily number of new case reports data. To prepare the
accumulated number of recovered farms data, we used the date
following the day when the last case was reported for each farm.
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Fig. 1 Map showing the locations of selected areas in-
volved in the study : Higashi Kushira town, Kanoya
city, Kimotsuki town, Osaki town, and Tarumizu

city of Kagoshima Prefecture.

The infectious disease model

A compartmental model was applied in this study. As the
epidemic data were available at the farm level, the unit of interest
was set at the farm level for the modelling. The total number of
pig farms in the study areas was allocated into five compartments
according to infection status of farms : susceptible with no in-
fected pig (S) ; exposed with at least one infected pig but no pig
showing clinical symptoms (£) ; infectious with at least one pig
showing symptoms, but the farmer has not yet reported it to the
veterinary authorities, whether intentionally or unintentionally
(In) ; infectious with pigs showing symptoms, and recognized by
the veterinary authorities as an infected farm (/d) ; and recovered
with all pigs at the farm having recovered from PED (R). The
number of farms in each of these five compartments changed
daily according to changes in infection status.

The dynamics of the changes in the number of farms in the five
compartments were expressed using the following ordinary dif-
ferential equations (ODEs) :

dS= —pSUn+1d)/(S+E+In+1d+R) Equation 1,
dE=BS(n+1d)/(S+E+In+1d+R)—kE Equation 2,
din=kE+nIn Equation 3,
dld = nln—yld Equation 4, and
dR=yld Equation 5

where [} represents the force of infection, x represents the rate at
which one or more pigs at the infected farm began showing
clinical symptoms, # represents the rate at which owners reported
the occurrence of PED to the veterinary authorities, and y repre-
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Table 1 Fixed and initial values used in the model
Parameters Value Source

Fixed values

Total number of susceptible pig farms 229 Kagoshima Prefecture

before PED epidemic

Incubation period: 1/« (days) 2 Day 2: Madson et al. (2014).

Days between first case at the farm and 1 A scenario taking into account a delay

reporting: 1/ during off-farm time.

Initial values for parameter estimation

Force of infection: 0.1 The value suggested in a preparatory
search of ¢ maximizing the likelihood of
the model

Days between report and recovery at 27 The mean duration between report and

farm level: 1/y recovery at farms calculated from actual
data was 26.6 days.

A period between the start of ODE and 27 Preparatory search of ¢ maximizing the

the first PED case in Kagoshima: ¢ likelihood of the model

sents the rate at which all pigs at the infected farm recovered after
the occurrence of PED.

The ODEs expressed in Equations 1 through 5 were modelled
using the ode() function of the deSolve package, version 1.21%,
with statistic software R version 3.5.1°Y. For the incubation
period, 1/k, a point estimate, was set at 2 days based on the
literature'®. The time taken between the first case at the farm and
reporting : 1/ was assumed to be one day, taking the possibility
of starting symptoms during off-farm hours into account (Table
1). The total number of susceptible pig farms in the study area
before the PED epidemic began was 229. In addition, to ensure a
good fit for the line predicting the number of daily cases and
cumulative number of recovered farms, the period between the
starting date used in the ODEs and the first report to Kagoshima
Prefecture was modeled separately as ¢.

The likelihood function was written using the case count at the
farm level and accumulated number of recovered farms as
Equations 6 to 8.

L(C,CRI0) = T,

Cprd,“ CRprd, ™ ) .

« o~ Cprdt « »—CRestt
< e e X CR. e Equation 6
CR=%" R, Equation 7
CRprd,=%}2| Rprd, Equation 8

where C, is the observed number of cases, Cprd, is the predicted
number of cases by the ODE, CR, is the cumulated number of
recovered farms R, (Equation 7) and CRprd, is the predicted cu-
mulated number of recovered farms Rprd, (Equation 8) at the day
t. The likelihood function L(C, CR|f) is a conditional to the pa-
rameter set # which consists of the parameters other than x and

1 in Equations 1 through 5 (i.e., f ; 1/y as the farm-level infec-
tious period ; and ¢, as parameter set §).
Parameter estimation

The parameter set § was estimated by maximum-likelihood
estimation (MLE) using the optim() function of the optimx
package'®. Data regarding the daily number of new case reports,
and cumulative number of recovered farms were prepared for the
first 40 days after the start of the epidemic in the study area and
used to maximize the likelihood. Initial values given to the
parameters to be solved are shown in Table 1.

Calculation of inter-farm spread R,

A next-generation matrix (NGM)* was used to calculate the
inter-farm spread R,. Solving the NGM, R, was calculated as
Equation 9. The detail of matrix calculation is provided in the
Supplementary document.

ool

Equation 9
[/

Results

Model checking

The dynamics of the actual PED epidemic are plotted in Figure
2, with curves showing the daily number of cases and cumulative
number of recovered farms predicted using the ODEs. The actual
number of cases increased sharply over the first 7 days and the
predicted curves obtained using the ODEs fit the actual epidemic
and recovery curves well over the study period.
Parameter estimation

Table 2 shows the parameters estimated. The mean period of
the PED epidemic, which is infectious period, at the farm level
was estimated at 54.4 days (1 day until reported, 1/5, and 53.4
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Table 2  Estimates of various parameters using MLE

Parameter Value
Force of infection, f§ 0.099
Days between report and recovery at the farm level, 1/y 53.4
Days between start of ODE and the first case, ¢ 27.0
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Fig. 2 Comparison of the actual daily number of new PED

cases and cumulative number of recovered farms

with predicted curves.

days until recovery after that, 1/y). The days between start of
ODE and the first case, ¢ was estimated to be 27 days.
Estimation of inter-farm spread R,

Using the estimated parameter values, the local inter-farm
spread R, was calculated at 5.39.

Discussion

This study quantified the speed of inter-farm spread of PED
during the initial phase of an epidemic in Kagoshima Prefecture
in 2013 and 2014 that resulted in a nationwide epidemic. Although
R, has generally been used at the individual level in infectious
disease modeling particularly in human populations, farm animals
have characteristics that do not apply to people. For example,
farm animals cannot move freely between farms, while people
move and have contacts randomly among populations. In this
study, as the information on the days of within-farm first case and
recovery were available for each farm, we used a farm as a unit of
interest. The advantages of the farm-level modeling is that the
available data can be utilized and the speed of between-farm
spread can be quantified. But at the same time, it has a disadvantage
that it cannot consider the variability in the dynamics of within-

herd epidemics among different farms. Another challenge emerged
in dealing a farm as a unit of modeling was that a farm per se does
not have known biological characteristics in terms of infection
dynamics, and parameters such as infectious period and recovery
rate cannot be obtained through experiments. We therefore esti-
mated these parameters using the empirical data of farm infection
during the actual epidemic, and calculated R, using NGM®.
Another study on estimating inter-farm R, for PED in Canada
used IDEA model, which has been used for projecting epidemic
process of ebola®® and Middle East respiratory syndrome coro-
navirus (MERS)" infections in human populations. The structure
of IDEA model for PED is simple and has only two parame-
ters : fixed generation interval and control effect”. It successfully
showed the change of control effect over time, but did not describe
mechanic transmission process. Our study employed a compart-
ment model, and is the first study using mechanic transmission
model for PED inter-farm spread.

The calculated R, value was very high, at 5.39, and this number
can be interpreted as indicating that every single farm had the
potential to infect more than five farms with PED during the
initial phase of the epidemic in Kagoshima Prefecture. This farm
level R, was equivalent to highly contagious human infectious
diseases such as rubella (R, 6-7) and mumps (R, 4-7)*® at the
individual level. As R, over 1.0 indicates possibility of major
epidemic, the PED outbreak in this region could be catastrophic.
Theoretically, the final epidemic size can be calculated as 97.7%*
of the farms (224 out of 229 farms) using the R, value 5.39.
However, the actual epidemic was contained to 94 farms as of
2014 July 24™ in this locality, when the local epidemic almost
ceased by then. This can be reasoned by the strengthened control
measures after the detection of the first case. For instance, in
farms, vaccination against PED was encouraged and disinfection
of personnel and vehicle was also strengthened after the an-
nouncement of the first case in Kyushu Island. In addition, in
slaughterhouses, separation of receiving hours and strengthening
of disinfection started (personal communication to veterinary
officers). Further study may be needed to assess the control
effects of such measures using the other modelling approaches
such as IDEA model®. The inter-farm R, in Canada was estimated
to be 1.877, and the R, in Kagoshima Prefecture was much higher
than that. The R, estimation in Canada excluded the initial epi-
demic period caused by a point source exposure related to PEDv
contaminated swine feed”*”, and care should be taken in compar-
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ing between their and our results.

Previous reports identified several reasons for the rapid spread
in Japan over the first few months of the epidemic : common
source infections in slaughterhouses, pig excrement transportation
services, common composting, and roads™*”. As Equation 9
shows, in addition to the high force of infection £, this high R,
was also due to the long infectious period at each farm. According
to personal communications with swine veterinarians, generally
within-farm epidemic persisted, even with a short period of
absence of additional cases before their final recovery from PED
infection (which contributed to the long infectious period) in the
study area, and this persistence of the disease at the farm level
facilitated the rapid spread of PED.

The time between the onset of the first case at the farm and
reporting was fixed at 1.0 day, considering a scenario that PED
symptoms started during off-farm hours for several farms.
According to two field swine veterinarians from the study area,
the symptoms were obvious in susceptible piglets” and generally
farmers called a veterinarian and LHSC immediately after they
confirmed symptoms. Therefore the assumption of 1.0 day as the
average time to report was thought to be reasonable (personal
communications). In our model, all farms were assumed to report
on the next day of disease onset of the first case. This is simply
because the observed data dealt with only reported case farms as
cases. There is, therefore, a limitation that the model ignored the
force of infection from non-reported but infected farms.

There is another limitation in this study that our model assumed
that all of the pig farms were homogenous ; however, there are
different types of pig farms, and farrow-to-finisher and reproduc-
tion farms were reported to have significantly higher hazard ratios
for PED compared with fattening farms®”. Susceptibility to PED
differs according to age ; piglets are highly susceptible, whereas
older pigs, including weaners and finishers, exhibit self-limiting
clinical signs'?. The data provided did not include much detailed
information to have these farms further categorized, and all the
farms were dealt equally.

In terms of incubation period, this study employed a setting of
2 days. Shorter incubation periods have been reported in a study
inoculating US strain PC21A to 10- to 35-day-old pigs” (2448
hours), and in another study an S-INDEL-variant isolate to 5-day-
old pigs (1 day)?. However, based on the experiments involving

D and 3-week-old pigs'?, the most common incu-

3—4 days piglets
bation period in piglets was considered to be 2 days. Considering
the farm situation, the starting time of infectivity refers to the start
of a scenario in which PEDv shed by infected pigs is carried to
another farm. Our study dealt with inter-farm spread, and the
employment of 2 days for farm-level incubation time was thus
appropriate.

In conclusion, this study quantified the between-farm infec-
tiousness during the initial phase of a PEDv epidemic on Kyushu

Island, Japan. The approach used in this study could be applied to

compare the infectiousness of PEDv during epidemics in other
areas or at other times. The R, was very high, and we found that
one reason for this was the long infectious period. Therefore,
during PED epidemics, in addition to strengthening bio-security
to prevent infection at susceptible farms, PED control at affected
farms is critically important.
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Supplementary document 2
Matrix calculation to obtain PED inter-farm spread R,.

NGM= —TX"' Equation S1
where the matrix 7 represents transmission, and the matrix X represents transitions®. The term T'is expressed as Equation S2, where the

horizontal order from left to right shows the status causing transmission, E, In, and /d, and the vertical order from top to bottom shows
the status being transmitted to (/n and /d, the second and third columns can transmit to £, the first row).

0 5 B
T=]10 0 0 Equation S2
0 0 0

The term X is expressed as Equation S3, where the relationship of transition in the status of a farm in the order of £, /n, and Id, from

rows to columns, as same as that for 7.

-k 0 0
X=| k —-n O

0 n -y

Equation S3

The inverse of X, X' 7', is calculated as Equation S4:

ny 0 0
Yl=———|ky Ky O Equation S4
Kny
Kn Kn Kn

Using Equation S1, the NGM is obtained as Equation S5:

NGM= Ty "'= -1

Pr(y+n) Br(y+n) Prn
Kny

0 0 ) Equation S5
0 0 0

R, is the largest eigenvalue A of the NGM and is solved by taking the determinant of the following equation (Equations S6):

s aled) 2

NGM— Al = v V2 V120 Equation S6
0 ) 0
0 0 -2

when / represents the unit matrix; and
5 1 1 .
A f\—+—])—1;=0 Equation S7

nov

Thus, the eigenvalue A and R, are solved as follows:

A= [O,B <% + %)} Equation S8, and

Ry=p <— + —> Equation 9
n
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