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a b s t r a c t 

Japanese encephalitis virus (JEV) is a zoonotic mosquito-borne virus, persisting in pigs, Ardeid birds and 

Culex mosquitoes. It is endemic to China and Southeastern Asia. The case-fatality ratio (CFR) or the rate 

of permanent psychiatric sequelae is 30% among symptomatic patients. There were no reported local JEV 

human cases between 2006 and 2010 in Hong Kong, but it was followed by a resurgence of cases from 

2011 to 2017. The mechanism behind this “skip-and-resurgence” patterns is unclear. 

This work aims to reveal the mechanism behind the “skip-and-resurgence” patterns using mathemati- 

cal modelling and likelihood-based inference techniques. We found that pig-to-pig transmission increases 

the size of JEV epidemics but is unlikely to maintain the same level of transmission among pigs. The 

disappearance of JEV human cases in 2006–2010 could be explained by a sudden reduction of the popu- 

lation of farm pigs as a result of the implementation of the voluntary “pig-rearing licence surrendering”

policy. The resurgence could be explained by of a new strain in 2011, which increased the transmissibility 

of the virus or the spill-over ratio from reservoir to host or both. 

© 2018 Elsevier Ltd. All rights reserved. 
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. Introduction 

Japanese encephalitis virus (JEV) is a zoonotic and mosquito-

orne virus that is the major cause of viral encephalitis in Asia.

he annual total confirmed human cases has decreased substan-

ially from 12,594 cases to 3429 cases between 2006 and 2012,

nd then resurged to 5399 in 2016 ( Fig. 1 ). The case-fatality ra-

io and the rate of permanent neurologic or psychiatric sequelae

f patients with encephalitis can be 30% ( Arai et al., 2008; Centers

or Disease Control, 2017; Centers for Disease Control and Preven-

ion, 2017; Libraty et al., 2002; Mackenzie et al., 2004; Solomon

nd Winter, 2004; World Health Organization, 2017 ; Lam et al.,

005 ) and over 35% in children ( Kumar et al., 1990 ). JEV persists in

 transmission cycle of pigs, Ardeid birds and mosquitoes. It could

nfect humans through mosquito bites by Culex tritaeniorhynchus

pecies ( Centers for Disease Control and Prevention, 2017; Center

or Health Protection, 2017; World Health Organization, 2017 ). Hu-

ans are dead-end hosts where they cannot develop viremia to

nfect mosquitoes. Population sizes of farm pigs and the size of

ice land, which favors the Culex mosquitoes’ growth, are the two

ey factors affecting local transmission ( Centers for Disease Control

nd Prevention, 2017; Impoinvil et al., 2018; World Health Organi-

ation, 2017 ). 
∗ Corresponding author. 
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Vertical transmission of JEV in mosquitoes and pig-to-pig trans-

ission are the major determinants of the following year’s trans-

ission. Vertical transmission exists between mosquitoes and

heir e.g. Rosen et al. (1989, 1978) ; Takashima and Rosen (1989) .

osquito population increases during spring, peaks in summer and

ecreases during fall annually ( Riley et al., 2007, 2012 ). According

o a recent study by Ricklin et al., pig-to-pig transmission is also

resent ( Ricklin et al., 2016a ). 

JEV transmission via blood transfusion has recently been found

n Hong Kong, which was probably the first case worldwide.

he transmission was reported to come from an asymptomatic

iremic donor to two hospitalized patients ( South China Morning

ost, 2017 ). 

Sero-prevalence of JEV antibodies varied by season among

wines and among human population groups in Hong Kong. Dur-

ng rainy season between May and July, the sero-prevalence among

wines reached 91% compared with 34% that is reported in dry

eason ( Scientific Committee on Vector-borne Diseases, 2017 ). It

as approximately 80%–90% among swines in July and August

rom 20 0 0 to 20 04 ( Riley et al., 2007 ). Another local serological

urvey found that 23.5% of pig farmers and 5.9% of abattoir work-

rs are seropositive to JEV antibodies, in contrast to 0% reported

mong 30 blood donors ( Scientific Committee on Vector-borne Dis-

ases, 2017 ). 

JEV vaccine protection rates has been investigated. The vaccine

as reported to have a high effective protection rate of 93.3% by

https://doi.org/10.1016/j.jtbi.2018.05.017
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2018.05.017&domain=pdf
mailto:daihai.he@polyu.edu.hk
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Fig. 1. Annual JEV confirmations from 2006 to 2016 among the top six JEV endemic 

countries and the total of other countries. Data are obtained from World Health 

Organization (2018) . 
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c  
five years and a predicted protection rate of 85.5% by 10 years

( Desai et al., 2012 ). A recent study by Cao et al. investigated the

current JEV vaccine derived from G3 JEV genotype against the

emerging G5 genotype in mice, and found that the lethal challenge

protection rate was 50%. The same study also reported that neu-

tralizing antibodies against G5 JEV were detected in 35% of vacci-

nated healthy children ( Cao et al., 2016 ). 

Riley et al. examined the skip-and-resurgence patterns of JEV

from 1969 to 2004 in Hong Kong ( Riley et al., 2007 ). They sug-

gested that the skip from 1990 to 2002, except for one case re-

ported in 1996, was likely due to the lack of rice production, as

Culex species breed principally in rice fields ( Tian et al., 2015 ). They

proposed that the resurgence from 2003 to 2004 was likely due to

the heightening of infectious disease notification system after the

Severe Acute Respiratory Syndrome (i.e., SARS) outbreak in 2003 in

Hong Kong ( Riley et al., 2007 ). 

In Hong Kong, no locally-acquired JEV case was reported be-

tween 2006 and 2010, but 17 cases were reported between 2011

and June, 2017. Considering the declining local live pig population

from 350,0 0 0 to 60,0 0 0 between 20 04 and 2017 ( Hong Kong, 2017;

Legislative Council of Hong Kong, 2017a; 2017b; The Government

of Hong Kong, Agriculture, Fisheries and Conservation Department,

2017a; 2017c ), the disappearance of local JEV cases between 2006

and 2010 are expected, but the resurgence of local cases is intrigu-

ing. 

Our work aims to identify the mechanism underlying the JEV

skip-and-resurgence patterns between December 2003 and May

2017 in Hong Kong. We hypothesized such behavior could be due

to the surrendering of pig licenses during a pig rearing policy

change in 2006 and/or a new JEV strain invasion around 2011.

These hypotheses are tested using mathematical modelling and

likelihood-based inference techniques. 

2. Data and methods 

2.1. Data 

The monthly JEV cases between December 2003 and May 2017

were retrieved online from the Centre for Health Protection in
ong Kong ( Scientific Committee on Vector-borne Diseases, 2017;

he Government of Hong Kong, Center for Health Protection, 2017 ).

he regional monthly mosquito ovitrap index from December 2003

o December 2016 were retrieved online from the Food and Envi-

onmental Hygiene Department in Hong Kong ( The Government of

ong Kong, Food and Environmental Hygiene Department, 2017 ).

he annual pattern of reported JEV cases and regional mosquito

vitrap index are shown in Fig. 2 . We present the time series of

EV cases and regional mosquito ovitrap index in Fig. 3 . 

The population sizes of live pigs in Hong Kong ( Fig. 4 ) were

btained from local government reports, local news articles, and

eports from Department of Agriculture in the United States

 Hong Kong, 2017; Legislative Council of Hong Kong, 2017a; 2017b;

a Kung Pao, 2017; The Government of Hong Kong, Agricul-

ure, Fisheries and Conservation Department, 2017a; 2017c; FEHD,

017a; 2017b; United States Department of Agriculture, 2017 ).

ince the pig rearing license surrendering policy was implemented

n May 2006, the number of local live pigs has rapidly declined.

43 out of 265 pig farms owners had surrendered their licenses

 Legislative Council of Hong Kong, 2017b ). 

.2. JEV compartmental model 

Ricklin et al. recently reported that pig-to-pig transmission of

EV can also occur without the mosquito vectors ( Ricklin et al.,

016a ). After the infectious period in pigs where JEV in swine

erum are infectious to mosquitoes, there is also a convalescent pe-

iod in which pig sheds JEV virus in their oronasal secretions. Thus,

he pig population could be classified into five compartments: sus-

eptible, exposed, infectious, convalescent and recovered which are

enoted as S p , E p , I p , C p and R p respectively. We considered pig-

o-pig transmission and vector-borne transmission. Fig. 5 shows

he model diagram considering pigs, mosquitoes and humans. JEV

ransmission can be described by the following system of equa-

ions ( Eq. (1) ). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S ′ p = (1 − η) · B p (t) · N p − νp S p −
(
λv p + βp · C p 

N p 

)
S p , 

E ′ p = 

(
λv p + βp · C p 

N p 

)
S p − (σp + νp ) E p , 

I ′ p = η · B p (t) · N p + σp E p − (γp + νp ) I p , 

C ′ p = γp I p − (δp + νp ) C p , 

R 

′ 
p = δp C p − νp R p . 

(1)

able 1 summarizes the model parameters in Eq. (1) . The effects of

 p ( t ) and νp are presented in the dynamics of local live pig popula-

ion because N 

′ 
p = [ B p (t) − νp ] N p . In this model, the total pig pop-

lation is: 

 p = S p + E p + I p + C p + R p , 

here N p is the observed live pig populations in Hong Kong

nd is a time-dependent parameter (see purple dashed line in

ig. 4 ). B p ( t ) is the time-dependent birth rate of local live pigs.

umans are dead-end hosts and cannot further transmit the dis-

ase ( Centers for Disease Control and Prevention, 2017; Impoinvil

t al., 2018; World Health Organization, 2017 ), thus we model hu-

an cases using a variable spill-over ratio ( ρ) in week i ρ i (see

q. (2) ): 

 i = 

∫ 
week i 

ρi γp I p dt. (2)

Please see S.2.2 for more reasoning on model structure. 

.3. Model framework 

JEV cases were modelled as a Partially Observed Markov Pro-

ess (POMP), also known as Hidden Markov model, using R pack-
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Fig. 2. Skip-and-resurgence of JEV epidemic from 1980 to 2017 in Hong Kong. Panel (a) shows the area of local rice production and self-supporting vegetable ratio. Panel 

(b) the orange line shows the number of local live pigs. Panel (c) shows the reported annual (i.e. both local and imported) JEV cases in Hong Kong. The arrow indicates the 

timing of SARS outbreak. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 1 

Model input parameters. We denote JEV transmitted from vectors to pigs as “v → p”, and from pigs to humans as “p → h” respectively. Please see S.2.1 

for more information of the initial proportions. 

Parameters Notations Values Ranges Remarks/Units Sources 

Force of infection λvp - time-dependent v → p, per year Eq. (3) 

Latent period in pigs σ−1 
p 1.5 1–2 days Kodama et al. (1968) ; 

Ricklin et al. (2016a) 

Infection period in pigs γ −1 
p 3 2–4 days Centers for Disease Control (2017) ; 

Kodama et al. (1968) ; Ricklin et al. 

(2016a,b) ; Williams et al. (2001) 

Convalescent period in pigs δ−1 
p 2.5 1–4 days Ricklin et al. (2016a) 

Proportion of infected among imported pigs η 1.0% 0.43%–1.45% pigs, Nil Eq. (8) 

Effective contact rate βp estimate 0.0–0.4 pigs, per days Eq. (10) 

Lifespan of pigs ν−1 
p 234.0 234.0 days Eq. (7) 

Population size of pigs N p - time-dependent see Fig. 4 Hong Kong (2017) ; Legislative 

Council of Hong Kong (2017a,b) ; 

Scientific Committee on 

Vector-borne Diseases (2017) ; The 

Government of Hong Kong, 

Agriculture, Fisheries and 

Conservation Department (2017a,c) 

Spill-over ratio ρ - time-dependent p → h, Nil Eq. (5) 

Initial proportion of susceptible S p 0 estimate 45–75% Nil Center for Health Protection (2017) ; 

Konno (1969) ; Riley et al. (2007) 

Initial proportion of exposed E p 0 0.1% – Nil assumed 

Initial proportion of infectious I p 0 0.1% – Nil assumed 

Initial proportion of convalescent C p 0 0.1% – Nil assumed 

Initial proportion of recovered R p 0 estimate 25–55% Nil Center for Health Protection (2017) ; 

Konno (1969) ; Riley et al. (2007) 

a  

l  

t  

F  

e  

t  

B  

p  

m  

(

 

H  
ge “POMP ” ( King, 2017 ). The iterated filtering and plug-and-play

ikelihood-based inference frameworks were employed to fit the

ime series ( Gao et al., 2016; He et al., 2010; King et al., 2016 ).

urthermore, the Maximum Likelihood Estimate (MLE) was used to

stimate the model parameters. To quantify the tradeoff between

he goodness-of-fit of a model and its complexity ( Schwarz, 1978 ),
ayesian Information Criterion (BIC) was used for model com-

arison. Simulations were performed by implementing the Euler-

ultinomial integration method with a fixed time-step of one day

 Allen et al., 2008; He et al., 2010 ). 

The model was first validated with the observed JEV cases in

ong Kong, based on information about the size of pig popula-
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Fig. 3. Panel (a) shows the monthly reported local JEV cases in Hong Kong, and 

panel (b) shows the average monthly ovitrap index of regions (i.e., including Yuen 

Kong, Yuen Long and Tin Shui Wai) around Yuen Long district in Hong Kong. 

For both panels, darker lines represent annual averages, lighter lines represent 

smoothed data. Dots represent the annual reported data from 2004 to 2016. 

Fig. 4. Local live pig populations and their daily consumptions from January 2004 

to May 2017 in Hong Kong. Purple line represents the annual live pig populations, 

connected by their reported and estimated numbers, which are depicted in filled 

and hollow circles respectively ( N p ). Violet red line and dots represent the daily 

local live pig consumptions ( νp N p ). Vertical grey dashed line denotes the time when 

the pig rearing license surrendering policy was implemented in Hong Kong. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 5. JEV model diagram. Infectious classes are denoted in red, and JEV human 

cases are in grey (i.e., Z h , or Z i in Eq. (2) ). The transition paths are represented in 

black arrows. Red dashed arrows represent paths of transmission. Births and deaths 

(including slaughtering) of pigs are represented in light blue arrows. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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W  
tion. Mosquito abundance is a time-dependent parameter, which

was smoothed over time based on the ovitrap index ( ω). The

force of infection ( λvp ) from vectors to reservoirs is another time-

dependent parameter. The spill-over ratio ( ρ) is estimated through

ω. 

The monthly observed cases, C i , were assumed to follow a Pois-

son distribution (Poi), with a mean Z i , the underlying monthly

cases modelled by Eq. (2) . Hence, we have: 

 i ∼ Poi ( λ = Z i ) with mean : μi = Z i . 

Thus, the overall log-likelihood function, l , was given by: 

l(�| C 1 , . . . , C n ) = 

n ∑ 

i =1 

ln f (C i | C 1:(i −1) , �) 

where � denotes the parameter vector being estimated,

f (C i | C 1:(i −1) , �) was the posterior probability measurement

function for C i given C 1:(i −1) , which were then numerically com-

puted by Sequential Monte Carlo (SMC, also known as particle

filtering) ( He et al., 2010 ), and n denotes the total number of

months during the study period. 
Using the profile likelihood method, the confidence intervals

C.I.) of the model output parameters were estimated based on the

odel input parameter ranges as described in Table 1 . Parameters

stimation and statistical analyses are conducted using R (version

.4.1) ( R, 2018 ). 

.4. Parameter estimation 

.4.1. Force of infection from vectors to reservoirs ( λvp ) 

We can express λvp as λv p = aϑ v p · I v 
N p 

, where a is the mosquito

iting rate; ϑvp is the transmission probability of JEV per mosquito

ite; and I v is the number of infected mosquitoes. However, in this

tudy, we simplify λvp as a function of ovitrap index over time,

ince we are employing a vector-free modelling framework. This

s justifiable by assuming that a and ϑvp are constant, while I v 
N p 

is

oughly proportional to the ovitrap index. Briefly, we assume: 

v p = k · ω(t) + b (3)

here ω is the time series of ovitrap index in Hong Kong, k and b

re model parameters under estimation. Constant b represents the

ontribution of the vertical transmission from adult mosquitoes to

heir eggs. The vertical transmission ratio of Culex tritaeniorhynchus

s varied from 12% to nearly 100% ( Rosen et al., 1989; Takashima

nd Rosen, 1989 ). By using Eq. (3) , we also incorporate the case

hat despite the ovitrap index is close to zero during a dry season,

he transmission rate can still be positive due to vertical transmis-

ion of vectors. 

To investigate the mechanism of the observed resurgence of JEV

fter 2011 in Hong Kong, we partitioned the force of infection into

ime segments based on the hypothesis that the re-emergence was

ue to the invasion of a new JEV strain. This hypothesis is then

alidated using statistical approaches. We assume the force of in-

ection ( λvp ) takes the following form: 

v p = 

{
k 1 · ω(t) + b, t < T 0 

k 2 · ω(t) + b, t � T 0 
(4)

here T 0 is the time when the new JEV strain invaded. 

Biologically, the force of infection ( λvp ) under the new strain in-

asion scenario is higher than the no-invasion scenario, since the

ig population is immunologically naive in the first few years after

nvasion. Thus, under the new-strain invasion hypothesis, we have

 2 > k 1 > 0. The average spill-over ratio 〈 λvp 〉 after invasion should

e much higher than that before invasion. Without new strain in-

asion, we have the special case where k 1 = k 2 in Eq. (4) . 

.4.2. Spill-over ratio from reservoirs to humans ( ρ) 

In Eq. (2) , we assume that humans are dead-end hosts ( Centers

or Disease Control and Prevention, 2017; Impoinvil et al., 2018;

orld Health Organization, 2017 ). Thus, the reported JEV human
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β  
ases are proportional to pig infections according to the time-

ependent spill-over ratio( ρ). Since the number of human cases

re related to the total number of vectors, we can further assume

he spill-over ratio as a function of ovitrap index: 

= ξ · ω(t − τ ) (5) 

here ξ is the strength of infectivity parameter under estimation

nd τ is the sum of incubation period of mosquitoes (i.e. 6–12

ays) ( Konno, 1969; Takashima and Rosen, 1989; Van den Hurk

t al., 2009 ), latent period in humans (i.e. 5–13 days) ( Centers for

isease Control, 2017; Centers for Disease Control and Prevention,

017; Center for Health Protection, 2017 ) and case-reporting delay.

or simplicity, we fix τ to be 15 days for this study. 

To investigate the mechanism of the observed resurgence of JEV

fter 2011 in Hong Kong, we partitioned the spill-over ratio into

ime segments based on the hypothesis that the re-emergence was

ue to the invasion of a new JEV strain. This hypothesis is then val-

dated using statistical approaches. We assume the spill-over ratio

 ρ) takes the following form from Tien et al. (2010) : 

= 

{
ξ1 · ω(t − τ ) , t < T 0 

ξ2 · ω(t − τ ) , t � T 0 
(6) 

here T 0 is the time when the new JEV strain invaded. 

Biologically, the spill-over ratio ( ρ) under the new strain inva-

ion scenario is much higher than the no-invasion scenario, since

he pig population is immunologically naive in the first few years

fter invasion. Thus, under the new-strain invasion hypothesis, we

ave ξ 2 > ξ 1 > 0. The average spill-over ratio 〈 ρ〉 after invasion

hould be much higher than that before invasion. Without new

train invasion, we have the special case where ξ1 = ξ2 in Eq. (6) . 

.4.3. Lifespan of pigs ( ν−1 
p ) 

Hong Kong people consumed approximately 265 live domestic

igs per day during 2016–17 ( FEHD, 2017a; 2017b ), and roughly

75 live domestic pigs per day in around 2012 ( Ta Kung Pao, 2017 ),

hereas the consumption was around 1450 live domestic pigs back

n 2004 ( Legislative Council of Hong Kong, 2017b ). The total pig

opulation has fallen from 350,0 0 0 in 20 04–05 ( Legislative Council

f Hong Kong, 2017a; 2017b; The Government of Hong Kong, Agri-

ulture, Fisheries and Conservation Department, 2017c ), to 65,0 0 0

n 2012 ( The Government of Hong Kong, Agriculture, Fisheries and

onservation Department, 2017a ) and further dropped to 60,0 0 0 in

016–17 ( Hong Kong, 2017 ). Thus the average lifespan of pigs 〈 ν−1 
p 〉

an be estimated as: 

uring 2004-05 : 〈 ν−1 
p 〉 = 

N p 

daily consumptions 

= 

350 0 0 0 

1450 

≈ 241 . 38 days , 

In 2012 : 〈 ν−1 
p 〉 = 

N p 

daily consumptions 

= 

650 0 0 

275 

≈ 236 . 36 days , 

During 2016-17 : 〈 ν−1 
p 〉 = 

N p 

daily consumptions 

= 

60 0 0 0 

265 

≈ 226 . 42 days . (7) 

y averaging the above, we computed the average lifespan of pigs
−1 
p to be approximately 234 days. 

.4.4. Pigs’ population (N p ) 

Given that the average local living pig consumption is 650 live

igs per day in 2007 ( Legislative Council of Hong Kong, 2017b ),

e approximate the total number of pigs ( N p ) to be 234 × 650 =
52 , 100 . The sudden drop in the number of live pigs between
006 and 2007 was due to the surrendering of pig rearing li-

enses in early 2006, which result in 243 out of 265 pig farm

wners turning over their licenses ( Legislative Council of Hong

ong, 2017b ). Although the daily live pig consumption is not in-

luded as a modelling parameter, given the pig’s average lifespan,

e could infer the total number of live pigs from the amount of

aily consumption. 

.4.5. Infection ratio among imported pigs ( η) 

η can be computed as: 

= 〈 IAR p 〉 · γ −1 
p + δ−1 

p 

〈 ν−1 
p 〉 , (8) 

here 〈 IAR p 〉 is the average attack rate over the average lifespan

f pigs 〈 ν−1 
p 〉 . According to the value of parameter in Table 1 , if

−1 
p is 1.5 day, δ−1 

p is 2.5 days, 〈 ν−1 
p 〉 is 234 days and 〈 IAR p 〉 ∈ [25%,

5%] ( Center for Health Protection, 2017; Khan et al., 2014 ), we es-

imated that η ∈ [0.43%, 1.45%]. 

. Results 

.1. Model fitting results 

In addition to the simulated median, we also present the sim-

lated annual means of the model prediction using the approach

escribed in Camacho et al. (2014) , since simulated means demon-

trated fitting results more consistently when the data are being

estricted as integers and are subject to stochastic noise. 

The model fitting results under the new JEV strain invasion sce-

ario are shown in Fig. 6 . The estimated model parameters are

ummarized in Table 2 . Although the long-term fitting suffers from

evere stochastic noise (i.e. zero, one or two cases per month), the

5% simulated quantile interval covers all observed data, and the

imulated average annual pattern is consistent with the observed

attern. 

BIC reduces more than 28 units when we went from the base-

ine (i.e. no invasion, see S.1.1) scenario to the new strain invasion

cenario (see Fig. 6 and explanation I3 in Table 3 ). We modelled

nother new strain invasion scenario where only the force of in-

ection λvp is partitioned (see explanation I2 in Table 3 and S.1.3).

he BIC increases approximately 1.0 unit which implies an almost

quivalent fitting performance to the main results (see Fig. 6 and

xplanation I3 in Table 3 ). The partitioned force of infection with

o partition on spill-over ratio is presented in S.1.3 (see explana-

ion I2 in Table 3 ). Another invasion scenario with time-dependent

vp and ρ are investigated in S.1.2 (see explanation I1 in Table 3 ),

nd BIC increases 4.55 unit. The detailed model performance and

xplanation of are in Table 3 and Supplementary Information. 

.2. Basic reproduction number of pig-to-pig transmission 

Using the next generation matrix method ( Brauer et al., 2016;

an den Driessche and Watmough, 2002 ), the basic reproduction

umber, R pp , of pig-to-pig transmission is computed as: 

 pp = 

βp γp · (ηνp + σp ) 

[(1 − η)(γp + δp + νp ) νp + γp δp ](νp + σp ) 
. (9) 

We consider that imported infections are rare ( η ≈ 0 + ), and

oth incubation period and infection period of JEV in pigs are neg-

igible (i.e., σ−1 
p ≈ 0 + and γ −1 

p ≈ 0 + ). Then, it could be seen that

 pp ≈ βp 

δp + νp 
, which is consistent with the standard SIR compart-

ental model ( Allen et al., 2008 ). We estimated R pp to be 0.0013

95% C.I.: [0.00,0.31]) under the invasion scenario (see Fig. 7 ). Fur-

hermore, the range of effective contact rate, 

p ∈ [0 . 0 , 0 . 4] , (10)



6 S. Zhao et al. / Journal of Theoretical Biology 454 (2018) 1–10 

Fig. 6. Model fitting results of JEV local cases in Hong Kong from 2004 to 2016 under new JEV strain invasion scenario with variable ρ . Panel (a) and (b) are the scaled 

force of infection (from vectors to pigs, scaled by the population size of pigs) and simulation results from 2004 to 2016 respectively. Panel (c) and (d) are the one-year- 

average scaled force of infection and simulation results from 2004 to 2016 respectively. In panel (a) and (b), black dashed lines are the scaled force of infection. In panel (b) 

and (d), blue lines are the simulation results, shaded regions are 95% quantile interval from simulation, pink dots are the reported (i.e., observed) JEV local cases and red 

lines are the smoothed (by loess function) reported JEV cases. The vertical grey dashed line marks the time point when Hong Kong government triggered the pig rearing 

licences surrender policy. The vertical dark green dashed line marks the time point when the new JEV strain introduced to the pigs’ population. The inset panel shows the 

maximum log-likelihood (MLL) values of different k 1 s and k 2 s , the red dot with the highest MLL are selected for fitting in main panels. The model scenario is associated 

with explanation I3 in Table 3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 

Summary table of model parameters’ estimates under new JEV strain invasion scenario with both variable λvp 

and ρ . X p 0 denotes the initial proportion of class X p . 

Parameter Notation Value Type Initial status Unit/Remarks 

Average force of infection 2004–10: 〈 λvp 〉 0.0043 estimated time-dependent before invasion 

Average force of infection 2011–16: 〈 λvp 〉 0.0071 estimated time-dependent after invasion 

Pig latent period σ−1 
p 1.5 fixed 1–2 days 

Pig infection period γ −1 
p 3 fixed 2–4 days 

Pig convalescent period δ−1 
p 2.5 fixed 1–4 days 

Imported infection ratio η 1.0% fixed 0.43%-1.45% Nil 

Effective contact rate βp 0.0058 estimated 0.0-0.4 per days 

Pig living period ν−1 
p 234 fixed 234 days 

Pig population N p – – time-dependent pigs 

Average spill over ratio 2004–10: 〈 ρ〉 0.0 0 02 estimated time-dependent before invasion 

Average spill over ratio 2011-16: 〈 ρ〉 0.0013 estimated time-dependent after invasion 

Average ovitrap index 〈 ω〉 0.0564 given time-dependent Nil 

Initial susceptible S p 0 0.6470 estimated 45–75% Nil 

Initial exposed E p 0 0.001 assumed 0.0-0.25% Nil 

Initial infectious I p 0 0.001 assumed 0.0-0.25% Nil 

Initial convalescent C p 0 0.001 assumed 0.0-0.25% Nil 

Initial recovered R p 0 0.3400 estimated 25–55% Nil 

BIC BIC 144.8174 estimated – Nil 
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1  
(see Tables 1 and 2 ) is set corresponding to R pp ∈ [0 . 0 , 1 . 0] . 

The range of R pp could be inferred as follows: JEV sero-positive

rates among pigs quickly decreases in winter ( Riley et al., 2007 ).

Mosquito abundance is almost zero during the same time period.

Thus, this indicates the vector-free transmission of JEV among pigs

cannot persist. Therefore, R pp is less 1.0 and positive (i.e., greater

than 0). 

3.3. Critical community size 

The critical community size (CCS) is defined as “the minimum

size of a closed population within which a host-to-host, non-zoonotic

pathogen can persist indefinitely ” ( Bartlett, 1960 ). Nåsell (2005) pre-

sented a method of approximating the CCS from simple compart-

p  
ental models of directly-transmitted diseases. This is relevant to

ur study concerning pig-to-pig transmission. CCS can be formu-

ated (obtained from Eq. (12.1) in Nåsell, 2005 ) as: 

CS ≈ 2 π

ln 2 

· R 0 · α1 . 5 
p 

(R 0 − 1) 1 . 5 
, (11)

here αp = 

γp + νp 

νp 
denotes the ratio of average lifespan of pigs

 ν−1 
p ) to the average duration of infection. The basic reproduc-

ion number of pig-to-pig transmission, R pp in Eq. (9) is rela-

ively small compared to that of vector-borne transmission, R v p .

 modelling study by Khan et al. estimated R v p to be 1.2 among

igs ( Khan et al., 2014 ). Also, R v p is believed to be greater than

.0, as JEV does spread during every rainy season. Applying the

arameters under the new strain invasion scenario in Table 2
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Table 3 

Summary of model fitting results and associated trait(s) under different scenarios. 

Label Scenario and its trait(s) BIC 
 BIC a Remarks 

B baseline (no invasion) 168.7009 28.4376 see S.1.1 

I1 invasion ( ρ changed since 2011) 140.2633 0.0 see S.1.2 

I2 invasion ( λvp changed since 2011) 141.2743 1.0110 see S.1.3 

I3 invasion ( ρ and λvp changed since 2011) 144.8174 4.5541 see Fig. 6 and Table 2 

a 
 BIC = BIC − BIC min , where BIC min is the minimum of BICs of all scenarios. Here, BIC min = 140 . 2633 

(see S.1.2). 

Fig. 7. The results of estimation of the basic reproduction number of pig-to-pig 

transmission ( R pp ) under new JEV strain invasion scenario with variable ρ . The 

horizontal blue dashed line is the 95% confidence threshold. The model scenario 

is associated with explanation I3 in Table 3 . (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 

(  

i  

p  

n

R

 

2  

s  

t  

i

 

6  

i  

r  

t  

p  

K

 

o  

s  

o  

t  

i  

o  

S  

a  

i  

p  

f  

s  

R  

t  

r  

f

4

 

w  

b  

1  

G  

t  

b  

2  

1  

C  

l  

p  

H  

2  

w  

2  

o  

2  

S  

(  

J  

2  

I

 

i  

J  

h  

c  

(  

t  

T  

b  

t

 

t  

a  

a  

o  

t  

l

 

e  

p  

e  

e  
explanation I3 in Table 3 ) to Eq. (9) , R pp is merely 0.0013, which

s much smaller than R v p . By using the next generation matrix ap-

roach ( Brauer et al., 2016; Gao et al., 2016 ), the basic reproduction

umber is: 

 0 = 

R pp + 

√ 

R 

2 
pp + 4 R 

2 
v p 

2 

. 

If we ignore the effects of R pp (i.e., R pp ≈ 0 + as in Gao et al.,

016 ), we have R 0 ≈ R v p . If we fix ν−1 
p = 234 . 0 (see Eq. (7) ), and

et R 0 ∈ [1 . 10 , 1 . 40] and γ −1 
p ∈ [2 . 0 , 4 . 0] (thus, αp ∈ [59.5, 118.0]),

he relationship among αp , R 0 and CCS (in Eq. (11) ) are illustrated

n Fig. 8 . 

The number of local live pigs was reduced from 80,0 0 0 to

0,0 0 0 since 2008 after the pig license surrendering policy came

nto effect ( Fig. 4 ) ( Legislative Council of Hong Kong, 2017b ). With

elatively low R 0 , CCS is greater than 150,0 0 0 (see the area below

he blue line in Fig. 8 ) over a broad range of αp ’s. This could ex-

lain the local JEV case disappearance from 2006 to 2010 in Hong

ong. 

Moreover, for the invasion scenario, we found that the force

f infection, λvp , could increase after the introduction of new JEV

train while assuming a fixed spill-over ratio, ρ . The fitting results

f the partitioned force of infection, which did not partition on

he spill-over ratio, are presented in the S.1.3 (see explanation I2

n Table 3 ). The goodness-of-fit is almost equivalent to the previ-

us scenario. We modelled the partitioned λvp and ρ scenario in

.1.2 (see explanation I1 in Table 3 ). Although the fitting results

re not as good as in the invasion scenario,(i.e. the main results

n Fig. 6 and explanation I3 in Table 3 ), it is still a significant im-

rovement from the baseline (no invasion) scenario. The estimated
orce of infection, λvp , also increases after introducing a new JEV

train (see S.1.2 and explanation I1 in Table 3 ). With an increased

 0 due to an increased λvp , the CCS level could become lower than

he local live pig’s population level (see Fig. 8 ), which explains the

esurgence of JEV cases. Further discussion on R 0 and CCS can be

ound in S.2.3 

. Discussion 

In this study, we argue that the resurgence of JEV after 2011

as likely due to new strain invasion that has a higher transmissi-

ility. some indirect overseas evidence does exist: (i) JEV genotype

 (G1) strain since 20 0 0: In Southeast Asia, studies reported that

enotype 3 was predominant during the late 20th century, and

hen genotype 1 started to replace genotype 3 around 20 0 0 and

ecome dominant thereafter ( Gao et al., 2015; Mackenzie et al.,

004; Pan et al., 2011 ). One genetic study found that the genotype

 strain was not observed until 2008 in the regions of Mainland

hina surrounding Hong Kong ( Gao et al., 2013 ). Thus, it is very

ikely that there is a newly introduced JEV strain from pigs im-

orted from these Mainland Chinese regions ( The Government of

ong Kong, Agriculture, Fisheries and Conservation Department,

017b ); (ii) JEV genotype 5 (G5) strain: Similar JEV resurgences

ere observed in South Korea in 1998 and 2010 ( Sunwoo et al.,

016 ). The resurgence in 1998 was likely due to the introduction

f G1 strain in the mid-1990’s ( Gao et al., 2013; Mackenzie et al.,

004 ). The first isolated local G5 strain was reported in 2010 in

outh Korea, which coincided with the resurgence of JEV in 2010

 Takhampunya et al., 2011 ), where the average number of annual

EV cases increased approximately six- to eight-fold ( Sunwoo et al.,

016 ). This is also consistent with our results of explanation I1 and

3 in Table 3 . 

We achieved almost equivalent goodness-of-fit under the two

nvasion scenarios. There are three potential explanations for the

EV resurgence since 2011: ( I1 ) The newly introduced JEV strain

as slightly increased the transmissibility from vectors to pigs, and

onsiderably increased the spill-over ratio from pigs to humans;

 I2 ) The newly introduced JEV strain has considerably increased

he transmissibility, but the spill-over ratio is held constant; ( I3 )

he main results: the newly introduced JEV strain has increased

oth the transmissibility and the spill-over ratio. Please also see

he summary of I1 - I3 in Table 3 . 

The symptomatic ratio of JEV could be further used to refine

he mathematical model. As the majority of JEV infections are

symptomatic, and the mortality ratio for clinical JEV cases are

pproximately 30% ( Table 4 ). We assume the symptomatic ratio

f JEV among pigs are the same as that of humans, and asymp-

omatic pigs have negligible JEV transmissibility to vectors due to

ow within-host viral loads. 

Our main results are derived from I3 ( Fig. 6 ). In Table 2 , we

stimated the annual force of infection 〈 λvp 〉 to be 0.0042 and the

roportion of susceptible pigs S p 0 to be 68% at the beginning of

ach year ( Center for Health Protection, 2017; Konno, 1969; Riley

t al., 2007 ), the annual average JEV infection attack rate (IAR p )
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Fig. 8. Contour plot of the relationships between critical community size (CCS), αp and the basic reproduction number R 0 . Numbers indicating the different CCS levels. 

Table 4 

Symptomatic JEV infection ratio and case-fatality ratio (CFR) of JEV with clinical illness from various sources. The numbers in brackets are the geometric average of the 

upper and lower ranges. 

Symptomatics 
Total Infections 

(Symptomatic%) CFR = 

Mortality 
Clinical Illness 

Source(s) 

(0.48%) 0.4%–0.5% 30% Centers for Disease Control (2017) ; World Health Organization (2017) 

< 1% 20%–30% Arai et al. (2008) ; Centers for Disease Control and Prevention (2017) 

(0.81%) 0.33%–2% 25% Libraty et al. (2002) 

(0.63%) 0.1%–4% 25%–30% Mackenzie et al. (2004) ; Solomon and Winter (2004) 

4% (occasionally) – Van den Hurk et al. (2009) 

(0.63%) 0.1%-4% – Chakraborty et al. (1980) ; Grossman et al. (1973, 1973) ; Halstead and Grosz (1962) ; Konishi and Suzuki (2002) 

– 35% Monath et al. (20 0 0) 

– 36.4% (children) Kumar et al. (1990) 
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among pigs could be computed as 

IAR p = 

〈 λv p 〉 · S p0 

Symptomatic % 

where Symptomatic% is the JEV symptomatic rate, by which IAR p 

is estimated from 35.26% to 59.50% (with Symptomatic% ∈ [0.48%,

0.81%]), which is consistent with ( Center for Health Protection,

2017; Khan et al., 2014; Riley et al., 2007 ). The results correspond-

ing to I2 are presented in S.1.3, where the annual transmission rate

〈 λvp 〉 is set to be 0.0044 and 0.1763 before and after invasion, re-

spectively. The larger annual force of infection after invasion pro-

duces unreasonable IAR p . With parameter values in S.1.3, 〈 λv p 〉 =
0 . 1763 and S p0 = 57 . 67% lead to IAR p ∈ [1255%, 2118%], which is

larger than 100%. The mechanism I3 implies increase in both λvp 

and ρ after invasion (see S.1.2). With S p0 = 64% , IAR p is increased

from [33.98%,57.33%] to [56.10%, 94.67%] after invasion, within ac-

ceptable ranges. Therefore, according to the range of IAR p , I1 and

I3 are likely to be the possible explanations of the resurgence of

JEV epidemics in 2011, while I2 is unlikely since it predicts unrea-

sonable values of IAR p . 

Furthermore, I3 could be more biologically reasonable than I1 .

In I1 , we assumed the force of infection (i.e., λvp ) unchanged but

only change the value of spill-over rate before/after the new JEV

invasion. However, with the force of infection in I1 , the JEV epi-

demic is unlike to maintain according to the estimation results of

CCS (i.e., in this case, the pig population is lower than the CCS). On
he contrary, with increased force of infection in I3 , the JEV epi-

emic is very likely to come back (i.e., resurgent) since 2011. Fur-

her work is needed in order to identify the biological evidences

nd mechanisms of I3 . 

In this work, we only investigated the scenarios of new JEV in-

asion, more possible causes (or scenarios) due to various other

actors can be further explored. 

. Conclusions 

We developed a simple mathematical model to investigate the

echanisms behind the skip-and-resurgence patterns of JEV hu-

an cases in Hong Kong. The critical community size (CCS) es-

imated through the model indicates that the pig rearing license

urrender policy on May 2006 could be responsible for the disap-

earance of JEV human during 2006–10, assuming that other fac-

ors remain unchanged. Compared with the results of baseline (no

nvasion) scenario (see S.1.1), our fitting results in the hypothetical

cenario imply that the resurgence of JEV in 2011 was likely due to

he introduction of new strains which has a higher transmissibility

nd/or a spill-over ratio. 

The basic reproduction number ( R pp ) of pig-to-pig transmis-

ion is estimated to be 0.0013 (95% C.I.: [0.00,0.30]). Although the

ector-free JEV transmission route exists ( Ricklin et al., 2016a ) and

t could increase the epidemic size and prolongs the outbreak, JEV

s unable to spread among pigs without vectors. 
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Thus vector control remains the most important and effective

easure in mitigating JEV outbreaks in Hong Kong. Apparently, the

eduction in local farm pig did not lead to elimination of JEV in

ong Kong. But monitoring JEV among pigs is still very important.

his work shed light on the understanding of JEV epidemic in the

ther parts of Asia. 
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