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Abstract

Background: Dengue is a major public health problem in the tropics and sub-tropics, but the disease is less known
to non-dengue-endemic countries including in Northeast Asia. However, an unexpected dengue outbreak occurred
in 2014 in Japan. Given that autochthonous (domestic) dengue cases had not been reported for the past 70 years
in Japan, this outbreak was highly unusual and suggests that several environmental factors might have changed in
a way that favors vector mosquitoes in the Northeast Asian region.

Methods: A Climate Risk Factor (CRF) index, as validated in previous work, was constructed using climate and non-
climate factors. This CRF index was compared to the number of reported dengue cases in Tokyo, Japan where the
outbreak was observed in 2014. In order to identify high-risk areas, the CRF index was further estimated at the 5 km
by 5 km resolution and mapped for Japan and South Korea.

Results: The high-risk areas determined by the CRF index corresponded well to the provinces where a high number of
autochthonous cases were reported during the outbreak in Japan. At the provincial-level, high-risk areas for dengue
fever were the Eastern part of Tokyo and Kanakawa, the South-Eastern part of Saitama, and the North-Western part of
Chiba. While a relatively small number of high-risk areas were identified in South Korea compared with Japan, the high-
risk areas in South Korea include popular tourist destinations where international visitors have been increasing.

Conclusion: The recent dengue outbreak in Japan may signal that the two adjacent non-dengue-endemic countries

are also exposed to the risk of temporal and sporadic behavior of dengue fever. It is critical to understand potential
high-risk areas for future outbreaks and to set up appropriate prevention activities at the governmental-level.
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Background

Dengue fever is a major public health concern in many
parts of the tropics and sub-tropics. The disease is trans-
mitted to humans by infective female Aedes mosquitoes,
the two most common species being Aedes aegypti and
Aedes albopitus. The epidemiology of dengue is compli-
cated because there are four antigenically distinctive se-
rotypes. Infection with one serotype provides life-long
immunity to that specific serotype but does not confer
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prolonged protection against the other three serotypes
[1, 2]. While clinical presentations usually exhibit mild
symptoms, a potential lethal complication called severe
dengue can also occur and is the main cause of
hospitalization and death [3, 4].

In South Korea and Japan, a distinctive winter season
exists, and temperatures fall low enough to prevent the
prolonged survival of vectors, which suppresses vector-
borne disease transmission. Thus, it would be difficult
for these countries to be endemic either for dengue or
for any other arboviral diseases. On the other hand, dur-
ing the summer season, the measures of temperature,
precipitation, and humidity in some parts of the two
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countries become similar to those observed in South-
and South-East Asian countries. Despite the influx of
imported dengue viruses into Japan and South Korea (i.e.
carried in by international travelers), a part of the reasons
why dengue infections had not been a major public-health
concern in the two countries previously was because me-
teorological conditions were still unfavorable to the
prolonged vector survival to trigger extensive vector-to-
human and human-to-vector transmission. However, an
unexpected dengue outbreak occurred in Japan during the
summer of 2014, and 160 autochthonous (domestic) cases
of dengue were reported [4, 5]. Although dengue infec-
tions had been continuously reported in Japan, an autoch-
thonous dengue fever had not been identified for 70 years
before this outbreak [5]. It was found that a subset of the
domestically-infected patients visited Yoyoki Park, located
in the central part of the Shinjuku-Shibuya area in Tokyo
[5]. Nonetheless, it is not clear how this outbreak was trig-
gered. Some pointed out that Ae. albopictus, another mos-
quito species which can spread dengue viruses, was
expanding into the northern part of Japan including
Tokyo due to climate changes, while the habitat of Ae.
aegypti was still limited as of 2013 [5-7]. Kutsuna et al.
(2015) [5] also mentioned that this epidemic period coin-
cided with several festivals where a high number of inter-
national travelers and local people gathered, and reported
that imported dengue cases were the source of the disease
spread in densely-populated areas during the summer sea-
son. In South Korea, there has been no dengue outbreak
observed as of March 2018. A previous study indicated
that all of the identified dengue infections between 2006
and 2010 were imported cases [8]. However, Ae. albopic-
tus was found in South Korea as well [8] and, in fact, two
autochthonous cases were reported in 2013 and 2014 [9].
While sequential heterologous infections may lead to
short-term cross-protection or more severe illness indir-
ectly affecting the likelihood of an outbreak occurrence
in dengue-endemic countries [1, 2, 10, 11], this is not
the case in non-dengue-endemic countries. Rather, in
Japan and South Korea—where the majority of popula-
tions are seronegative, and transmission (if any) can be
sustained only in the short-run—potential conditions for
a dengue epidemic would be a large number of vector
mosquitoes and frequent contacts between hosts and
vectors to sustain transmission [1, 2, 12]. In other words,
a dengue epidemic would likely occur when vector mos-
quitoes increase within a short time period in a location
where dengue viruses are currently circulating, and
density of populations with no immunity to one of the
four serotypes is high during the same period [13, 14].
The main interest of this research lies in identifying po-
tential high-risk areas for dengue outbreaks in two non-
dengue-endemic countries: Japan and South Korea. There
are several factors which may cause dengue outbreaks in
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these countries: (1) the number of international visitors
from South and South-East Asian countries where dengue
is highly prevalent has been increasing, (2) domestic trav-
elers may have been infected during their visits in dengue-
endemic countries and become the source of the disease
spread upon their return, (3) the climate conditions have
changed over time to be more favorable to the survival of
vector mosquitoes, causing a longer duration of transmis-
sion probability in the hot and humid summer season in
the two countries. While the first two points have been ob-
served in several years, these factors have not triggered
dengue epidemics in Japan and South Korea. However, the
recent dengue outbreak in Japan indicates that there may
be increasing risks for future dengue outbreaks in both
countries due to the influx of dengue viruses from overseas
combined with the increase in vector population and the
expansion of their habitats caused by climate change.

Methods

A previous study indicated that the 2014 outbreak in
Tokyo was related to climate conditions permitting the
amplification of Aedes vectors and the annual peak of vec-
torial capacity [15]. In order to identify potential disease
hotspots for dengue outbreaks, the Climate Risk Factor
(CRF) index, which was previously formulated and vali-
dated against dengue incidence [2, 16], was utilized for
Japan and South Korea. The CRF index was constructed
based upon three climate and two non-climate datasets as
shown in Table 1. Briefly, monthly climate raster files for
temperature, precipitation, and humidity were obtained
from January 2006 to December 2017. The night-lights
data were used to estimate population density at the re-
fined resolution. Because climate raster datasets were at
relatively coarse resolutions, the raster datasets were fur-
ther downscaled to a finer spatial resolution using a
nearest-neighbor resampling algorithm [2, 16]. As indi-
cated by Lee at al. (2017(a), 2017(b)) [2, 16], it was pre-
sumed that a current outbreak is a consequence of the
climate conditions consistently observed during the past
months, rather than single temporal values at present, and
the 12-month moving average was estimated by province
for each climate dataset during the study period.
Temperature and humidity were positively associated with
dengue incidence. However, due to the negative relation-
ship observed between precipitation and dengue cases,
the precipitation variable was reversed [2, 16, 23]. Thus all
three climate datasets go towards the same underlying con-
cept (risk for dengue fever) of the index. The datasets were
standardized by subtracting the mean and by dividing by
the standard deviation. The values were then averaged, and
converted onto a scale from 0 to 100, with a higher number
indicating higher risk. The final CRF index was adjusted by
population density and elevation. The full details on the
construction of the CRF index are available at [2, 16].
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Table 1 Data description

Type Name Resolution® Unit Period Sources

Climate raster Temperature 0.5 by 05 Monthly 2005-2017 17
Precipitation Thy1 Monthly 2005-2017 (18]
Humidity 25by 25 Monthly 2005-2017 [19]

Non-climate raster Night lights (population density) 0.008 by 0.008 Yearly 2005 - 2013° [20]
Elevation 0.008 by 0.008 - - [21]

Dengue cases Japan By province Weekly 2006-2016 [22]
South Korea By municipality Monthly 2006-2017 9]

@ All the climate raster files were resampled into 0.008 by 0.008 degree resolution by taking the nearest-neighbor assignments [2]
® Due to data limitations, the night lights in 2013 was assumed to be consistent in 2014-2017, as the population density would not dramatically change during a

short period of time [2]

The CRF index was first estimated at the provincial
level to observe any signals prior to the epidemic in
2014 and to compare with the rapid increase in the
number of autochthonous cases reported in Tokyo,
Japan. Then, the CRF index was further estimated at the
5km by 5 km resolution to identify potential disease hot-
spots for dengue fever in Japan and South Korea. The
CRF index was categorized into 10 risk levels by cutting
off every 10th value between 0 and 100. Given that there
was a recent outbreak during the summer of 2014 in
Tokyo, the CRF index estimated during the same epi-
demic period in Tokyo was used as a proxy to explain
the potential climate- and non-climate-likelihood of hav-
ing a dengue outbreak if dengue viruses are introduced.
In other words, any geographical locations where risk
levels determined by the CRF index were equal to, or
higher than, the proxy category, were identified as high-
risk areas for potential dengue outbreaks given the influx
of dengue viruses into the areas.

Ethics approval and consent to participate

The current study does not contain any individual per-
sons data, thus ethics approval and consent to partici-
pate were not required.

Permission to access data
The datasets analyzed in the current study were publi-
cally available.

Results

Considering that autochthonous cases had been rarely
reported for the past 70 years in Japan [4, 5], the dengue
outbreak which resulted in a number of domestically-
infected patients in 2014 was surprising. According to
the Ministry of Health in Japan [24], a total of 161 au-
tochthonous cases were confirmed in 2014. Figure 1
shows a list of provinces where at least one domestic
case was reported during 2014 in Japan. The total num-
ber of domestic cases in 2014 was by far the highest in

Tokyo, with 108 confirmed episodes, followed by Kana-
gawa, Saitama, and Chiba provinces.

Figure 2 shows the CRF index and the number of re-
ported dengue cases over time in Tokyo, Japan. The
number of imported cases had been consistently re-
ported from 2006 to 2016 in Tokyo, but the total num-
ber of imported cases generally remained low, with the
highest number being 19 cases in September 2013. In
the case of domestic episodes, no patient had been re-
ported in Tokyo before 2014 (except one in 2006), but
there was a dramatic increase in the number of autoch-
thonous dengue patients during the summer of 2014
when the outbreak occurred. Given that the number of
imported dengue cases in 2014 was not much higher
than the numbers reported in other years, this epidemic
was not thought to be solely caused by the influx of den-
gue viruses into Tokyo from travelers. Looking at the
trend of the CRF index over time in Tokyo, it can be
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Fig. 1 The number of domestic cases by province during 2014
in Japan
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Fig. 2 The CRF index and dengue cases over time in Tokyo, Japan

observed that the CRF index reached its peak during the
same period, potentially indicating the impact of the
changes in climate and non-climate factors on a large
surge of infected dengue patients. The rising trend of
the CRF index in 2014 was different also from other
years. In Tokyo, temperature and humidity generally hit
their highest levels during the summer season and go
down from September to February. Though the same
patterns were observed over the discrete monthly values
in 2013, the CRF index did not fall even after the sum-
mer season and instead continued to rise throughout the
winter until the early summer of 2014. This is because
the winter of 2013 to 2014 was warmer and more humid
than the winter of 2012 to 2013, leading to the increas-
ing trend of the 12month-moving averages for
temperature and humidity. More importantly, a substan-
tial drop in precipitation, which is negatively associated
with dengue incidence, was observed throughout the
first-half of 2014 and contributed to the overall increase
of the CRF index. Combining all, transmission probabil-
ity between hosts and vectors may have been escalated
and prolonged in this densely populated city due in part
to the more favorable environmental conditions for vec-
tor survival.

The geographical variation of the CRF index was fur-
ther estimated at the 5km by 5 km resolution during the
epidemic period in Japan, and is shown in Fig. 3a. At the
provincial-level (Fig. 3b), high-risk areas for dengue fever
were the Eastern part of Tokyo and Kanakawa, the
South-Eastern part of Saitama, and the North-Western
part of Chiba. These areas exactly correspond to the top
four provinces where the majority of autochthonous
cases were identified in Fig. 1. Small fractions of the
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Southern part of Shizuoka and Aichi also appear to be
high-risk areas. Previously, Kutuna et al. (2015) [5]
followed up on a subset of domestically-infected cases
during the 2014 epidemic in Tokyo and found that 15
out of 19 patients were bitten by mosquitoes during
their visits to Yoyogi Park, and the rest of the patients
visited Shinjuku Central Park, Meiji-Jingu Shrine, Meiji-
Jingu Gaien, and Ueno Park. The CRF index in Fig. 3¢
clearly indicates that all five public parks were at the
greatest risk in 2014.

Figure 4 demonstrates potential disease hotspots dur-
ing the summer of 2017 using the most recent climate-
and non-climate datasets. In Japan, while the Southern
part of Shizuoka and Aichi provinces is no longer at
high risk in 2017, the other four aforementioned prov-
inces still appear to be high-risk areas for dengue fever.
In general, the risk levels for dengue outbreaks are lower
in South Korea than in Japan. Nonetheless, the following
locations in South Korea were identified as high-risk
areas in the case that dengue viruses start circulating:
Dongnae, Yeonje, Busanjin, Suyeong, and Haeundae in
Busan; the Western part of Ulsan; Gunsan; the Southern
part of Muan; the Northern and Southern parts of Jeju
island. In particular, both Busan and Jeju are popular
tourist destinations among domestic and international
travelers including those from dengue-endemic coun-
tries. It should be noted that the central and Western
parts of Seoul are also at risk, although the city is not at
the highest risk-level.

Discussion

The current study investigated the potential causes of
the dengue outbreak in 2014 in Japan by using the CRF
index which was previously formulated in other dengue-
endemic countries [2, 16]. The high-risk areas deter-
mined by the CRF index corresponded well to the prov-
inces where a high number of autochthonous cases were
reported during the outbreak in Japan. The CRF index
was further estimated at a 5km by 5km resolution in
order to identify high-risk areas for future dengue out-
breaks in Japan and South Korea. In both countries, den-
gue fever has not been prevalent. However, the recent
dengue outbreak in Japan may signal that the two adja-
cent non-dengue-endemic countries might also be ex-
posed to the risk of temporal and sporadic behavior of
dengue fever. Because the disease has not been widely
known in both countries, it is particularly challenging to
raise the awareness of the general public and among
health officials, and to prepare for potential outbreaks.
For example, in South Korea there was an outbreak of
Middle East Respiratory Syndrome (MERS) in 2015 but,
although the healthcare infrastructure was well-
established in the country, not many people were aware
of the disease. Furthermore, the outbreak of the disease,
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which originated from a Middle-Eastern country, was
completely unexpected. Late diagnosis, quarantine fail-
ure of super spreaders, and poor communication by the
government resulted in the failure to control the disease
spread during the early phase of the disease introduc-
tion, and this put the entire society in a chaotic situ-
ation, affecting the regular routines of the general public
[25]. This clearly indicates that understanding the poten-
tial risks and geographical variation of a disease are crit-
ical to minimizing the detrimental impacts of an
outbreak. Even if dengue fever is not a major public
health concern in both countries, the previous outbreak
in Japan and the changes in environmental conditions
provide the lesson that non-dengue-endemic countries
can be also exposed to temporal epidemics of vector-
borne diseases.

Some areas of uncertainty deserve attention. The CRF
index may not be the only factor that causes dengue out-
breaks. It should be noted that the CRF index itself does
not take into account whether any dengue viruses are
currently circulating in an area or not. In other words,
even when the level of the CRF index is high, dengue

infections cannot occur if there is no virus circulating
within an area of interest. Furthermore, it would be rare
to experience dengue outbreaks in non-dengue-endemic
countries if the sources of transmission potentials were
reduced by various control activities and case monitor-
ing. For example, in 2017 there was no outbreak re-
ported in Tokyo even though the CRF index value was
relatively high. Apart from the fact that the CRF index
value in 2017 was still lower than the one observed dur-
ing the outbreak in 2014, this may in part have been due
to the enhanced case monitoring and control activities
in Japan since the 2014 outbreak. Indeed, the Ministry of
Health of Japan officially announced updated guidelines
for mosquito-borne infectious diseases in April 2015,
after the outbreak [26]. The climate datasets were at
coarse resolutions; while the datasets were resampled
using the nearest neighbor assignments, the study out-
comes can be further improved upon by the availability of
climate datasets at much finer resolutions. Lastly, due to
the limited number of observed autochthonous cases over
time in these non-dengue-endemic countries, the current
study took advantage of the statistical association
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previously validated between the CRF index and dengue
incidence [2, 16]. In particular, it was shown that the rapid
increase of the CRF index was highly sensitive to a dengue
outbreak [16]. Nonetheless, further research is needed to
understand country-specific relationships between the
CRF index and dengue epidemics as more autochthonous
cases are accumulated in the two countries in the future.
Given the unexpected dengue outbreak observed in
Japan, this study attempted to disentangle potential causes
of the epidemic by taking into account the changes in cli-
mate and non-climate patterns in Japan and South Korea.
Because both countries are non-dengue-endemic, pre-
emptive vaccinations may not be necessary. Rather, it is
worth exploring the potential option of reactive vaccina-
tions by planning a stockpile of a safe and effective dengue
vaccine. Dengvaxia, CYD-TDV is the only available vac-
cine at the time of this research, but the recent reports an-
nounced by the vaccine manufacturer and by WHO
indicate that vaccinating seronegative individuals with
CYD-TDV may increase the risk of experiencing more se-
vere illness when a breakthrough infection occurs after

vaccination [27-29]. Thus, the use of CYD-TDV is not
recommended for Japan and South Korea given that the
majority of their populations are seronegatives. Instead,
the two countries may consider other second-generation
vaccine candidates that are currently in phase 3 trials.

Conclusions

In sum, the CRF index estimated in the current study
can be a useful tool for public health officials to identify
potential disease hotspots and to prepare for effective
intervention strategies, such as vector control activities,
enhanced monitoring system for imported cases, and
vaccination in high-risk areas.

Abbreviation
CRF: Climate Risk Factors
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