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The impact of climate on Japanese encephalitis
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SUMMARY

The aim of this study was to assess the change of seasonal pattern of Japanese encephalitis (JE)
cases in the post-vaccination period and to elucidate whether the lagged climate variables
(precipitation and temperature) were associated with occurrence of JE after adjustment for
seasonal pattern, time trend, geographic areas, pig density, vaccination coverage rate for humans,
and time dependence of time-series numbers of JE cases. A total of 287 confirmed JE cases
between 1991 and 2005 were collected, together with monthly data on socio-ecological archival
data including climate, pig density and vaccination. A time-series generalized autoregressive
Poisson regression model was used to achieve the objectives. The rate of JE increased from 1998
onwards. The seasonal pattern on occurrence of JE cases clustered between May and August
during the period from 1991 to 2005 in Taiwan. In each geographic area, monitoring temperature
and precipitation, two possible proxy variables for mosquito density, in conjunction with seasonal
factors and pig density is of assistance in forecasting JE epidemics.

INTRODUCTION

Japanese encephalitis (JE), a mosquito-borne arbo-
viral infection caused by flavivirus, is prevalent in
South-East Asia and the Western Pacific regions. It
was estimated that about 50 000 cases of JE and more
than 10000 deaths in Asia were reported annually
between 1973 and 1990 [1, 2]. JE not only causes death
but also leads to permanent and psychiatric sequale.
The case-fatality rate varies across regions, ranging
from 10% to 30 % [3, 4].
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JE virus can be found in many kinds of vertebrates
and is transmitted by an infected mosquito that has
previously sucked blood from an infected animal. Pigs
are the most important amplifiers and reservoirs.
With the advent of vaccination and pesticide control,
the morbidity in some countries such as Japan,
Korea, and Taiwan has been reduced over the past
30 years. For example, since mass vaccination was
implemented in Taiwan in 1968, the incidence of
JE has declined from 2-:05/10000 in 1967 to 0-03/
10000 in 1997 [5]. Similar findings were observed
in Japan, Korea and China. Despite this, JE is still
one of the major vector-borne and emerging viral
diseases, particularly in the Southern Asia and
Western Pacific regions [6], posing a threat to hu-
mans, partly because mass vaccination administered
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to humans was incomplete and partly because epi-
demiological patterns and the distribution of JE
have changed after the implementation of mass vac-
cination.

From the socio-ecological viewpoint, an outbreak
of JE may be facilitated by two factors, i.e. global
climate change and the modulation of agriculture
(such as adoption of paddy cultivation, use of pesti-
cides and the creation of modern pig farms). Tem-
perature and precipitation have been reported to be
associated with the density of mosquitoes [7, 8] and
are also highly related to occurrence of JE according
to the Konno transmission model [9], which suggests
that the cyclic outbreak of JE among pigs and humans
is demonstrated by collecting serum specimens
from pigs at weekly interval and isolating the JE
virus from mosquitoes (Culex tritaeniorhynchus) dur-
ing the summer of 1964. Such a relationship is also
supported by regular seasonal epidemics in northern
South-East Asia, China, and Korea. Based on the
above finding, both temperature and precipitation
may be adopted as proxy variables for representing
the level of mosquito density. However, there is a
paucity of direct empirical evidence showing the
temporal relationship between climate variability and
occurrence of JE.

Like Korea and Japan, Taiwan initiated universal
vaccination for children after 1968 and, since then, the
incidence rate of JE has decreased greatly. However,
the chance of a JE epidemic occurring in Taiwan may
still be higher than in both other countries due to
different coverage rates of JE immunization for pigs.
In Korea and Japan, pigs are immunized with killed
vaccine or live attenuated vaccine. There is no com-
pelling and comprehensive immunization programme
for pigs in Taiwan. In most farms, the vaccination is
only applied to sows for the first breeding (because the
fetuses from infected sows are often stillborn or
mummified).

Due to the severe consequences of JE, surveillance
for early detection of epidemics based on climate
factors in combination with other factors may be of
paramount importance in a country with a high vac-
cination rate for children but without a comprehen-
sive immunization programme for pigs. The aims of
this study were therefore:

(1) to report the secular trend of reported cases and
confirmed cases of JE and also of climate varia-
bility during the period from 1991 to 2005 in
Taiwan;
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(2) to investigate whether time trend and seasonal
pattern of JE has changed over the past 15 years;

(3) to elucidate the temporal relationship between the
lagged climate variables (precipitation and tem-
perature) and the occurrence of JE taking into
account seasonal pattern, time trend, vaccination
rate, pig density, area variation and time depen-
dence of time-series number of JE cases.

METHODS
Definition of reported and confirmed JE cases

A JE case was routinely reported according to two
definitions: (1) presentation with clinical symptoms
related to encephalomeningitis, combined with fever,
malaise, nausea, convulsion, headache, nuchal rigid-
ity or flaccid paralysis; or (2) asymptomatic but
highly suspected by a physician, or conforming to
epidemiological evidence. A JE case was further con-
firmed by laboratory diagnosis with haemagglutina-
tion inhibition and neutralization tests.

Data sources

Several archival data were collected to perform the
following time-series analysis, including:

(1) JE cases: reported and confirmed cases during
1991-2005 were collected from the routinely re-
ported infectious disease system [10]. A total of
4058 reported cases were identified between 1991
and 2005. Of 4058 reported cases, a total of 287
confirmed cases were identified following the
above definition.

(2) Climate variability: information on monthly tem-
perature and precipitation was obtained from the
meteorological stations scattered throughout
Taiwan island [11]. Data on monthly basis were
accrued between 1991 and 2005.

(3) The pig density was estimated as number of pigs
per km?, which was derived from the Annual
Statistical Report of Agriculture [12].

(4) Population data was abstracted from the
annual statistic report issued by the Ministry
of the Interior [13]. As population density
varies by area, population size in each area
between 1991 and 2005 was also collected
from the Ministry of the Interior in order to pro-
vide person-years for the following time-series
generalized autoregressive Poisson regression
analysis.
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Fig. 1. Secular trend of reported cases and confirmed cases of Japanese encephalitis by month between 1991 and 2005. The
three smaller panels represent the monthly confirmed cases aggregated from each S-year period.

(5) Data on vaccination status was derived from
the Ministry of Health’s annual health statistical
report [14].

Statistical analysis

To assess the impact of the lagged climate variable on
occurrence of confirmed JE with adjustment for sea-
sonal pattern and time trend, pig density, vaccination
rate and geographic area, we used a generalized auto-
regressive Poisson regression model which assumed
that the occurrence of JE is rare and followed Poisson
distribution.

This method has been applied to model a time-
series of the monthly number of cases of poliomyelitis
in the United States [15] and is also documented in
chapter 6 of the textbook by Fahrmeir & Tutz [16].
Another merit of using a generalized autoregressive
Poisson regression model is to consider time depen-
dence of JE cases in successive time by incorporation
of autoregressive order, which has been defined as
“the regression of JE counts at time 7 on the JE counts
at earlier time 1 — 1 (i.e y, vs. y,_1)". The model form is
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written as follows:

log(E(elyi—1, -+ Yi—1; X1+ Xp, t, My - - - 7))

=In(PY)+a+ ZV;CTMH,

k=1
m

+ Y wRa i+ Bixi+ - +B,%
i=1

/
+61[+(U1(m1)+ tee +w11(mll)+ Z'y_/yr—j,
Jj=1

where y,=number of JE confirmed cases by month at
time ¢; Xy, ..., x,=covariates such as pig density,
variation rate and geographical area; ¢t =Ilinear trend;
my, ..., my =seasonal pattern (modelled as 11 dummy
variables); y, _;=autoregressive order j (number of
JE confirmed cases at time ¢ —j) and In (PY) = person-
years (offset).

n m
E Vi Ty, , and E 7iRa,_;
k=1 i=1

represents the lagged temperature at time 7—k and
the lagged precipitation at time ¢ — i multiply by two
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Fig. 2. Secular trend of precipitation and temperature by month between 1991 and 2005.

regression coefficients, v, and m;, respectively; Sy, ...,
Bp» 01, @y, ..., w1z and y; represent coeflicients for the
corresponding covariates in the above equation.

To check where there is extra-Poisson variation
(over-dispersion), heterogeneity factor (deviance div-
ided by degrees of freedom) was used as an indicator
to assess whether it is larger than 1.

Regarding the details of the other covariates con-
sidered in the multivariable regression model men-
tioned above, seasonal months were incorporated as
11 dummy variables (m; —my;) by taking December
as the baseline group. Only linear time trend was
considered because the quadratic term was not
statistically significant. It is well know that paddy
cultivation is another crucial factor for occurrence of
JE. However, we did not collect information on this
variable. As the distribution of paddy cultivation
varies with geographic area, we used a proxy variable,
23 geographic areas of Taiwan, to capture the het-
erogeneity of JE occurrence caused by this factor. As
location of pig farm also varies with area, the incor-
poration of pig density from 23 geographic areas may
also capture the heterogeneity of location of pig farm.
We also considered assessing whether the effect of
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climate factors on JE may vary with 23 areas since
climate factors vary across geographic
However, lack of statistical power may result if 23
areas are stratified. We therefore grouped 23 areas
into four main areas and checked whether the results
based on the four main areas are identical to those
based on 23 areas. The statistically significant level
was set at 0-05.

areas.

RESULTS
Secular trend and seasonal pattern of JE

The upper curve in Figure 1 (top panel) shows the
secular trend of reported cases from January 1991 to
December 2005. Apparently, there was a remarkable
seasonal pattern, clustering between May and
October. The seasonal pattern between 1991 and 1997
remained stable. However, the variability of seasonal
pattern after 1998 tended to be larger than before. The
lower curve in Figure 1 (top panel) is the corre-
sponding time trend for confirmed cases. A similar
curved shape, although the rate was smaller, was ob-
served for confirmed cases. The three smaller panels in
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Table 1. Results of univariate analysis and multivariate analysis of the
lagged climate variable in association with occurrence of Japanese

encephalitis

Variable Estimate S.E. Ve P value

Univariate analysis*
Temperature at time lag 1 0-4507 0-0793 32-32 <0-01
Temperature at time lag 2 0-1877 0-0614 9-34 <0-01
Precipitation at time lag 1 0-1340 0-0626 4-58 0-03
Precipitation at time lag 2 —0-1420 0-0460 9-52 <001
Pig density 1-3522 0-2190 38-14 <001
Vaccination rate —0-0017 0-0068 0-06 0-80

Multivariate analysisT
Temperature at time lag 2 0-1884 0-0611 9-51 <0-01
Precipitation at time lag 1 0-1178 0-0621 3-:60 0-05
Pig density 1-3136 0-2170 36:63 <001
Vaccination rate —0-0026 0-0070 0-14 0-71
January n.a. n.a. n.a. n.a.
February 1-0818 1-4585 0-55 0-45
March 1-4113 1-4931 0-89 0-34
April n.a. n.a. n.a. n.a.
May 3-8207 1-0661 12-84 <001
June 4-5448 1-0215 19-79 <001
July 3-9484 10266 14-79 <001
August 2:4774 1-0483 5-58 0-01
September 1:6635 1-0739 2-40 0-12
October 1-8475 1-0643 3-01 0-08
November 12319 1-0913 1-27 0-25
December 0-0000 — — —
Time trend (linear) 0-0102 0-0016 38-30 <0-01

n.a., Not available for estimation because of the sparse number of cases.

* Adjusted for geographic area, autoregressive order 7— 1, seasonal pattern and
time trend.

+ Adjusted for geographic area, autoregressive order ¢ — 1.

Figure 1 represent the monthly confirmed cases
aggregated from each 5-year period. The confirmed
JE cases in 1991-1995 clustered between June and
October whereas those between 1996 and 2000
and those between 2001 and 2005 clustered from
May to August.

Figure 2 also shows the secular trends regarding
temperature and precipitation. The fluctuation of
both patterns shows remarkable seasonal type as ob-
served for JE cases.

Analysis of generalized autoregressive Poisson
regression model

Univariate analysis for the associations between con-
firmed cases and relevant factors after adjustment
for geographic areas are shown in the upper panel
of Table 1 by generalized autoregressive Poisson
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regression model. The lagged temperature and pre-
cipitation variables at ¢ — 2 (time lag 2) were found to
be statistically significantly associated with the oc-
currence of JE at time . The pig density was statisti-
cally positively associated with number of confirmed
cases. For seasonal factors, occurrence of JE shows
a remarkable increase from May to August. The
relationship between vaccination rate and counts of
confirmed cases was not statistically significant.
Table 1 also presents the multivariate analysis ad-
justing for variables in each other, including pig
density, vaccination rate, area, autoregressive order,
seasonal factors and linear time trend. The joint effect
of the lagged ¢ — 2 of temperature and the lagged ¢ — 1
of precipitation on occurrence of cases at time ¢ was
statistically significant. After adjustment for tem-
perature and precipitation, the influence of pig density
on confirmed cases still remained. It should be noted
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Fig. 3. Map of Taiwan (grouped into four areas).

that as the autoregressive second order was not sig-
nificant only the first order was retained in the uni-
variate and multivariate analysis.

For extra-Poisson variation, the heterogeneity fac-
tor, calculated by using deviance divided by degrees of
freedom, was equal to 0-4. This suggests a lack of
heterogeneity (P=1-00).

In order to assess whether the effect of the lagged
temperature and precipitation on JE may vary by
different geographic characteristics, 21 areas (exclud-
ing two areas without JE-confirmed cases during
1991-2005) were grouped into four areas (Fig. 3)
(Northern area: Taipei county, Ilan county, Taoyuan
county, Hsinchu county, Taipei city and Hsinchu city.
Middle area: Miaoli county, Taichung county,
Changhua county, Nantou county, Yunlin county,
Chiai county, Taichung city, and Chiai city. Southern
area: Tainan county, Kaohsiung county, Pingtung
county, Kaohsiung city, and Tainan city. Eastern
area: Taitung county and Hualien county). The
likelihood ratio test was performed to verify whether
the model with four merged areas is different from
that consisting of 21 areas. However, there was a lack
of significant difference between the two models. The
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results of univariate analysis using four areas are
identical to that using 21 areas.

Table 2 shows the effect of the lagged temperature
and precipitation variables on JE by the four areas
obtained from the generalized autoregressive Poisson
regression model. The corresponding effect of tem-
perature in the Northern, Middle and Southern areas
was found at time lag 2. The effect of precipitation on
JE in the Northern and Southern areas was observed
at time lag 1. The corresponding effect of precipi-
tation in the Middle area was found at time lag 2.
However, the impact of both factors on JE was not
substantial in the Eastern area.

DISCUSSION

There are two main findings in the current study.
First, seasonal pattern related to occurrence of JE
cases between 1991 and 2005 clusters between May
and August and may last longer, up to October in
Taiwan (smaller panels in Fig. 1). The earlier shift
to May since 1991 is similar to the phenomenon
found in the previous study that the seasonal pattern
in JE occurrence tended to shift from August in
the 1960s to June in 1980s [5]. This change may
also reflect the higher likelihood of being infected
with JE through a mosquito bite, as individual mos-
quito density may also have undergone ecological
change parallel to temperature and precipitation as
shown in the current study. The current universal
vaccination for JE in children has been conducted
between the March and May annually. Based on
the above findings on the change of occurrence of first
JE cases, advancing the time for routine vaccination
may be considered in order to prevent JE cases in
humans.

Second, the effects of time-lagged temperature and
precipitation on the occurrence of JE were quantified
in this study with adjustment for other factors in-
cluding seasonal pattern, time trend, pig density, 23
geographic areas representing location of farm and
paddy cultivation, and vaccination coverage rate for
humans. However, it may be argued that mosquito
density has not been controlled in the current study.
As mentioned before, as our study focuses on the ef-
fect of ecological components such as climate factors
on the occurrence of JE cases we assumed tempera-
ture and precipitation as two proxy variables for
mosquito density. The change of mosquito density
may be in parallel to the ecological change of tem-
perature and precipitation.
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Table 2. Estimated results of univariate analysis for the effect of time order of temperature and precipitation

Area Order of temperature Estimate S.E. Ve P value
Northern Temperature at time order 1 0-2323 0-0421 30-52 0-0001
area Temperature at time order 2 0-0901 0-0311 8-40 0-0037
Precipitation at time order 1 0-4964 0-1461 11-55 0-0001
Precipitation at time order 2 —0-0562 0-1233 0-21 0-6487
Middle Temperature at time order 1 0-3529 0-0467 57-05 0-0001
area Temperature at time order 2 0-1228 0-0271 20-59 0-0001
Precipitation at time order 1 0-6760 0-0945 51-16 0-0001
Precipitation at time order 2 0-2391 0-0658 13-19 0-0003
Southern Temperature at time order 1 0-3210 0-0527 37-08 0-0001
area Temperature at time order 2 0-0733 0-0331 4-90 0-0269
Precipitation at time order 1 0-4584 0-0773 35-13 0-0001
Precipitation at time order 2 0-0853 0-0514 2-75 0-0972
Eastern Temperature at time order 1 0-1459 0-0763 3-65 0-0559
area Temperature at time order 2 0-0570 0-0694 0-67 04115
Precipitation at time order 1 0-3250 0-2131 2-33 0-1272
Precipitation at time order 2 —0-2346 0-1792 1-71 0-1905

Although the previous study has indicated the re-
lationship of climate such as precipitation and tem-
perature to JE, the exact temporal sequence with
adjustment for relevant factors has never been
addressed. The significant effect of the lagged climate
variables on JE occurrence in humans has been demon-
strated in the present study using a generalized auto-
regressive model taking seasonal factors, time
trend, pig density, vaccination rate and area into ac-
count. This result suggests that JE occurrence in the
present month is related to temperature and precipi-
tation of 1-2 months previously which is analogous to
the findings of Bi er al. [17], although, several corre-
lates were not controlled in their study. Our finding
was also consistent with the Konno transmission
model of JE [9] and supports the hypothesis that
temperature may be regarded as catalyst in forming
viraemia of pigs and in facilitating multiplication
of mosquitoes, and precipitation may be regarded as
the promoter for increasing the number of mos-
quitoes.

The results were also consistent with the previous
findings. An epidemiological survey in Sri Lanka
demonstrated an increase in mosquitoes following
heavy rainfall [18, 19]. This further led to the presence
of seroconversion and JE in humans. Another study
in Thailand indicated that non-immune sentinel pigs
in the dry hot season were not susceptible to infection
until several weeks after the first rains of the weather
season [20]. One study in China also found that re-
duced rainfall led to a decrease in the C. tritae-
niorhynchus mosquito population in 1980 and 1981.
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This further resulted in a decrease in JE in Beijing in
1982 and 1983 [21].

It should be noted that the above temporal re-
lationship may vary by different geographic areas
and other factors, such as pig density and vaccine
coverage rate. The finding on time lag 1 of climate
variables for the Southern area in Taiwan suggests
that it takes 1 month for temperature and precipi-
tation to effect occurrence of JE in humans. High
density of pig breeders and the mosquito population
in these areas may account for shorter duration be-
cause both factors may facilitate reaching threshold
density of the mosquito population.

There is one concern as to whether an increased
incidence in JE cases since 1998 has been attributed to
changing the diagnostic criteria of JE. A surveillance
system of JE commenced in 1990 and clinical diag-
nostic criteria have not been changed since then;
therefore we could hardly attribute such an increase
to the changed diagnostic criteria since 1998.
However, we do speculate whether surveillance
awareness due to foot-and-mouth disease (FMD) is
one of the major contributions. In 1997, FMD swept
through swine husbandry in Taiwan resulting in
large-scale slaughtering of pigs and huge financial
losses for the pork industry. This may account for a
sharp increase in JE cases since 1998. Other ecological
viewpoints may also explain the change in level after
1998. Global climate change is an interesting topic
on climatic factors in association with health. For
instance, the El Nifio Southern Oscillation (ENSO) is
a classical example. The relation between El Nifio and
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intense rainfall is strong in several areas during
1997-1998. In Taiwan, the average temperature has
increased since 1998 and the precipitation was also
elevated in 1998, 2001 and 2005. Both may account
for the change in level after 1998.

Vaccination is effective in reducing occurrence of
JE but this does not mean the vaccination rate can
effect the occurrence of JE cases after vaccine intro-
duction. A universal vaccination schedule for JE has
been built up over the past 30 years in Taiwan. The
vaccination has been regularly conducted in children
and the overall coverage is up to 80 % in each county
since 1968 in Taiwan. There is a lack of significant
difference of vaccination across time and counties.
This might be why vaccination rate was not associated
with JE occurrence in Table 1.

In fact, the change of two climate factors may re-
flect the evolution of mosquito density. The impli-
cation for JE surveillance is that if one can add the
change of temperature and precipitation into estab-
lished information on seasonal factors and pig den-
sity, one can perceive in advance whether a JE
epidemic will break out. The incorporation of two
proxy variables for mosquito density is particularly
useful for monitoring high-incidence areas such as the
Southern area.

In conclusion, the seasonal pattern on occurrence
of JE cases clusters between May and August during
the period from 1991 to 2005 in Taiwan. The ecarlier
shift to May suggests the current schedule of vac-
cination may need to be advanced earlier. In each
geographic area, monitoring temperature and pre-
cipitation, two possible proxy variables for mosquito
density, in conjunction with seasonal factors and pig
density is of assistance in forecasting JE epidemics.
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