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Abstract.

Dengue fever (DF) is a vector-borne disease caused by dengue viruses (DENVs). Epidemic dengue occurs

intermittently in Taiwan. In 2014, Taiwan experienced its largest DF outbreak. There were 15,732 DF cases reported.
There were a total of 136 dengue hemorrhagic fever (DHF) cases, of which 20 resulted in death. Most DF cases were
reported in southern Taiwan. A total of 15,043 (96%) cases were from Kaohsiung, a modern city in southern Taiwan.
This report reviews DF epidemics in Taiwan during 2005-2014. The correlation between DF and DHF along with
temperature and precipitation were conjointly examined. We conclude that most dengue epidemics in Taiwan resulted
from imported DF cases. Results indicate three main factors that may have been associated with this DF outbreak in
Kaohsiung: an underground pipeline explosion combined with subsequent rainfall and higher temperature. These factors
may have enhanced mosquito breeding activity, facilitating DENV transmission.

Dengue fever (DF) is caused by dengue viruses (DENVs)
infection. It is a mosquito-borne viral disease in tropical and
subtropical regions of the world.! In recent decades, the
impact of dengue has increased geographically and in
intensity.! DENV belongs to the genus Flavivirus in the
family of Flaviviridae. DENV contains four serotypes, which
are further identified into different genotypes.>* In 2007, a
fifth dengue serotype was detected in Malaysia,* which may
increase the complexity of diagnosis and disease development
of DENV infection. In recent years, the number of countries
with dengue endemic or epidemic has increased drastically.
This may be due to spread of DENVs through frequent global
traveling and global warming, growing numbers of susceptible
human hosts, and expanding habitat of the dengue vectors
Aedes mosquitoes.'?

Taiwan is located in southeastern coast of mainland China
in the western Pacific Ocean with a warm tropical and sub-
tropical climate. Since the late nineteenth century, dengue
epidemic has been circulating in southern Taiwan, especially
in Kaohsiung City, which has a population of 1.5 million.>®
Dengue vectors Aedes albopictus is found throughout Taiwan,
whereas Aedes aegypti is mainly found in the south.>>

There has been the largest outbreak of DF in Taiwan in
2014 (Figure 1A). According to the reports from the Center
for Disease Control, Taiwan (Taiwan CDC),” there were
15,732 reported cases of DF in 2014, including 15,492 indige-
nous cases and 240 imported cases. The dramatic increase of
DF cases were reported in Kaohsiung City (15,043 cases;
95.6%)’ (Figures 1B and 2A). Results from Figure 2A illus-
trate the cumulative reported cases of DF in association with
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average precipitation and temperature from 2005 to 2013 in
Taiwan (left panel) and the dramatic increase in reported
DF cases in 2014 in Kaohsiung (right panel). The data
indicate that DF cases in Kaohsiung were around 300-
2,000 cases annually during 2005-2013. In 2014, the case
numbers surged in July and August then reached its highest
peak in October (5,335 cases) (Figure 2A). The cause of this
dengue outbreak in Kaohsiung is still unknown.

Kaohsiung is the center of petrochemical industry in
Taiwan and many pipelines run underground Kaohsiung’s
streets. There was an accidental serial explosions of under-
ground pipeline in Kaohsiung at midnight of July 31, 2014.%
The cause of this explosion is suspected to be the leakage of
propylene. As a result, there were 26 deaths and 269 injured
persons.® Most people living nearby the gas explosion areas
were forced to evacuate and leave their homes. There was
continuous rain for several days in early August in Kaohsiung.
The evacuation may have led to an increase of stagnant
waters in unattended containers (such as water storage con-
tainers, flower pots, buckets, and tin cans) in the balconies,
gardens and yards of the houses, as these could not be
checked regularly to remove stagnant water. This may have
led to an increase in habitation and potential breeding sites
for mosquitoes. We found the percentage of Breteau index
(BI) to be above 5-9% (level II) for the measure of mosquito
density increasing from 36% to 48% during July—September
2014. DENV cases surfaced during June—August and decreased
during the winter season (after December) (Figure 1A). We
noted that the DENV cases increased during June and July
2014, which was similar with previous years but DENV cases
dramatically increased after August 2014. These facts impli-
cated that certain factors triggered or enhanced this outbreak.

Climate changes have a significant impact on the transmis-
sion and incidence of DE.>!? It is essential to examine the asso-
ciation between climatic variables and DF epidemic. Our data
show that precipitation peaked in August and the highest tem-
perature was measured during the months of July—-September
in Kaohsiung. The DF cases also increased dramatically in
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Figure 1. Dengue fever (DF) outbreaks in Taiwan during 2014.
(A) Accumulated DF case numbers reported annually in Taiwan
during 2005-2014. (B) The geographic map of the DF cases distrib-
uted in Taiwan in 2014.

1-2 months after the gas explosion (Figure 2A). Taiwan CDC
reported that major DF cases (10,828; 71.9%) were recorded in
the districts in or nearby the gas explosion areas.” The highest
and earliest annual peak incidence of DF cases that were
reported correlate with climate. We found that the average
temperatures in Kaohsiung from June to September in 2014
were 0.4°C-1.5°C higher than that of previous years (Figure 2A).
The factors leading to the dengue outbreak are very compli-
cated. We analyzed the rainfall and temperature before and
after pipeline explosion with DENV case numbers. We found
rainfall and higher temperature significantly correlate with
2014 dengue outbreak (Spearman correlation analysis; P <
0.0001; = 0.87 and 0.78, respectively). We therefore conclude
that rainfall combined with higher temperatures enhanced the
breeding and activity of mosquitoes. The underground gas
explosion may be one of the factors to initiate or indirectly
contribute to this dengue outbreak.

The life span of a mosquito from egg to adult lasts about
8-10 days. Consecutive raining days may play an important
role contributing to dengue epidemic'! by maintaining a wet
environment. This provides mosquitoes with adequate condi-
tions for eggs to hatch and larva survival. We correlated DF
occurrence with consecutive raining days and found that DF
cases increased in the following 1-2 months after the long
consecutive raining days (Figure 2B). For example, in 2007,

after 19 continuous raining days, there were 2,179 DF cases
occurring. In contrast, in 2008, after short consecutive raining
days (6 days), there were only 714 DF cases occurring
(Figure 2B). We noted that, in 2014, the consecutive raining
days were around 5-8 days during June-August, which
should not have facilitated dengue outbreak. Therefore, we
suggest that other factors, such as underground pipeline
explosion, higher temperature, and higher precipitation may
have synergistically contributed to this dengue outbreak in
2014. Detailed temporal and geographic analyses of DENVs
in Kaohsiung need to be conducted to discern the correlation
between this incident and the dengue outbreak in Kaohsiung.

DENV infection was defined according to the following
criteria: virus isolation, positive result of real-time polymer-
ase chain reaction (PCR), positive seroconversion (> 4-fold
rise in dengue-specific IgM or IgG antibody from the acute
phase compared with convalescent phase) and positive result
of high-titer dengue-specific IgM and IgG antibody in each
serum specimen, in which cross-reaction with Japanese
encephalitis had been excluded and those tested positive by
nonstructural protein (NS1) antigen testing.'?> All these
15,732 DENV cases were laboratory confirmed by Taiwan
CDC using the assays mentioned above. We collected around
4,400 serum samples from laboratory-confirmed dengue cases
from Kaohsiung Municipal Siaogang Hospital, Municipal
Ta-Tung Hospital, and Kaohsiung Medical University Hospi-
tal. These samples were randomly selected for viral isolation.
Serotypes and genotype of DENV were further confirmed
by real-time reverse transcription (RT) PCR and phyloge-
netic analysis, respectively.'” Our results showed that all
outbreak-associated DENYV isolates were genotype I and sero-
type 1 (Table 1).

Epidemiologic and immunologic studies have revealed that
dengue hemorrhagic fever (DHF) and dengue shock syn-
drome (DSS) occur when individuals have secondary infec-
tions with heterotypic DENVs.! In this outbreak, there were
136 cases of DHF, of which 20 resulted in death. Regarding
the clinical symptoms of DENV infection in this outbreak,
fever, rash, lethargy and joint pain were the most common
presentations of DENV-infected patients. These symptoms
were similar with previous records of DENV-infected
patients. Our data show incidence of DHF/DSS to be around
0.5-3.6% annually in Taiwan during 2005-2013 and 0.1-
4.8% monthly in Kaohsiung during 2014 (Figure 2A). This
suggests that these severe dengue-infected patients may have
been previously infected with heterotypic DENVs. However,
the annual incidence of DHF/DSS in 2014 in Kaohsiung was
0.88%, which is lower than the incidence in 20112013 (1.6—
3.6%). Regarding DENV incidence in age distribution,
we found DENV cases to be mainly distributed in elderly
people (83.7 and 88.9 per 100,000 inhabitants of 51-60 and
> 60 years old, respectively) (Supplemental Figure 1). This
distribution pattern is seldom found in children (< 10 years),
but the infection risk of DF increases in elder persons. The
prevalence of DNEV infection is mainly prevalent in individ-
uals above 40 years old, similar with previous DENV infec-
tions during 2005-2013 in Taiwan (Supplemental Figure 1).
A study of clinical dengue incidence by Egger and others'*
in communities of Brazil in 1997 indicated that the risk for
clinical disease after primary dengue infection is relatively
low throughout childhood and increases rapidly through ado-
lescence and early adulthood. Recently, Thai et al.'” indicated
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Ficure 2. Dengue fever (DF) outbreaks in Taiwan. (A) Cumulative imported and indigenous DF cases reported annually in Taiwan during
2005-2013 (left) and cases reported monthly in Kaohsiung City in 2014 (right). The correlation between DF case numbers and the incidence of
dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS) with average temperature and precipitation is illustrated. DHF and DSS
reported case numbers and the incidence rate of DHF/DSS in Kaohsiung City and Taiwan were offered by the Department of Health,
Kaohsiung City Government, and Taiwan Centers for Disease Control and Prevention. The asterisk indicates the month of pipeline explosion
in Kaohsiung City. (B) The correlation between consecutive raining days and number of dengue reported cases in Kaohsiung during 2006-2014

is shown.

that both primary and secondary infections, DENV infection at
higher age showed to result in higher risk of severe clinical con-
dition. They suggested age to be an important modulator of
clinical dengue infection especially for the developing countries
in southeast Asia.

DF cases were identified as imported or indigenous cases
according to the corresponding case definition. The imported
case of DF is defined as the case that 1) came from dengue
endemic or epidemic regions or countries outside Taiwan with
a history of being bitten by mosquito within 15 days before
the onset of illness and has no history of being bitten by mos-
quitoes in domestic regions, 2) the viral gene sequence (such
as envelope (E) gene) from DENV patients is highly homolo-
gous with gene sequence from dengue endemic or epidemic
countries where the patients had traveled. Indigenous case is
defined according to the absence of evidence for the case
being imported. Results from Table 1 showed the serotypes
and genotypes of dengue epidemics in Taiwan during 2000
2014. We found that almost four types of DENVs were
detected in Taiwan during 2010-2013. The data from Taiwan
CDC and partially our laboratory-confirmed DF cases (4,478
cases) by phylogenetic analysis*® and real-time RT-PCR"
showed that all these outbreak-associated DENVs to be of
genotype I of serotype 1 (Table 1). The suspected source of
this outbreak was from Indonesia or Philippines. Result in

Table 1 also shows that in 2012 and 2013, the endemic
dominant strain is DENV-2. This serotype changes in 2014,
which may due to a new imported dengue strain from Indonesia
or Philippines (Table 1). Although DENV-1 was detected in
2012-2013, the subgenotype may be different. A recent
study indicates that 2014 outbreak-associated strains in
Taiwan belonged to subgenotype E4, which is different from
the previous endemic serotype 1 strain.'® The viral factors
that potentially triggered this outbreak in Taiwan need fur-
ther investigation.

Previous studies have indicated that dengue epidemic or
outbreak in Taiwan often originates from imported DF
cases.>*> These studies also reveal the constant importation
of DENVs from the neighboring southeast Asian countries.
We found that earlier trends of imported DF occurrences sig-
nificantly caused the later indigenous epidemics or outbreaks
(Spearman correlation analysis; P < 0.0001) (Supplemental
Figure 2). We noted that most epidemic DENVs in Taiwan
sourced from our neighboring countries (Table 1). At pres-
ent, most imported DENV cases are found through airport
fever screening set up by Taiwan CDC.”'” DF has been clas-
sified as a reportable infectious disease, and suspected cases
must be reported within 24 hours of clinical diagnosis in
Taiwan.!” For effective surveillance, both passive (hospital-
based reporting system) and active (such as health statements
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TaBLE 1
DF in Taiwan during 20002014

Imported cases

Epidemic DENVs

Year Imported Indigenous Serotype Genotype Phylogenetic related source

2000 26 113 DENV-4* Genotype 11 Thailand

2001 54 227 DENV-2* Cosmopolitan Philippines

2002 52 5,336 DENV-1 Genotype 11 Indonesia
DENV-2* Cosmopolitan Philippines

2003 59 86 DENV-2* Cosmopolitan Philippines

2004 91 336 DENV-1* Genotype II Philippines
DENV-4 Genotype 11 Vietnam

2005 104 202 DENV-2 Asian/America Vietnam
DENV-3* Genotype | Philippines
DENV-3 Genotype 11 Vietnam

2006 109 956 DENV-2 Asian | Vietnam
DENV-3* Genotype 11 Cambodia

2007 176 2,000 DENV-1* Genotype | Thailand
DENV-2 Asian 1 Vietnam

2008 226 448 DENV-1* Genotype 1 Vietnam/Thailand
DENV-2 Asian I Cambodia

2009 205 857 DENV-1 Genotype | Thailand
DENV-2 Asian | Vietnam
DENV-3* Genotype 1 Philippines

2010 303 1,585 DENV-1 Genotype | Vietnam/Cambodia
DENV-2 Cosmopolitan Philippines
DENV-3* Genotype 1 Philippines
DENV-4 Genotype II Indonesia

2011 157 1,543 DENV-1 Genotype | Dominican
DENV-2#* Cosmopolitan Philippines
DENV-3* Genotype | Indonesia

2012 207 1,270 DENV-1 Genotype | Dominican
DENV-2#* Cosmopolitan Indonesia/Thailand
DENV-3 Genotype I Indonesia
DENV-4 N/A N/A

2013 261 596 DENV-1 Genotype 1 Dominican/Malaysia
DENV-2* Cosmopolitan Indonesia
DENV-3 Genotype 1 Indonesia

2014 245 15,509 DENV-1* Genotype | Indonesia/Philippines

DENVs * dengue viruses; DF * dengue fever; N/A * no available data.

The genotype and serotype were determined usin_g phylogenetic analysis and real-time reverse transcriptase polymerase chain reaction described previously.'>!* The data are partially from

Taiwan Centers for Disease Control and Prevention” and the references.>>>
*The dominant strain in that year. All these DENVs were laboratory confirmed.

from inbound passengers, self-report, expanded screening of
contacts of confirmed cases, patients with fever of unknown
origin) surveillance systems were established in central and
local health departments. We therefore suggest that active sur-
veillance and retrospective studies are needed to ascertain the
reasons and origin of dengue epidemics or outbreaks.

In 2014, Taiwan experienced its most severe DF outbreak
and most cases were reported in Kaohsiung. During the past
2 vyears (2014-2015) outbreaks of DF have also been
reported in our neighboring countries such as China,'?
Japan,'® Malaysia,'® and Singapore.'® This reminds us that
we ought to pay more attention to this infectious disease as
it is becoming an issue in southeastern Asian countries. We
suggest that active surveillance systems, mosquito vector
monitoring, and development of fast diagnostic assays and
dengue vaccine should be reinforced for effective control of
DENYV infection and dissemination.
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