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Abstract.

On the military training facility of Tekong Island, Singapore, a comprehensive vector-borne disease control

program was started in end-2006 to reduce mosquito populations and negate the need for anti-malaria chemoprophylaxis.
The program was based on 1) preventing importation of malaria through screening of visitors, 2) preventing human-to-
mosquito transmission through early case detection and mosquito control, 3) preventing mosquito-to-human transmission
through personal protection, and 4) contingency plans. Systematic environmental works were performed to reduce breed-
ing sites, and insecticide use targeted both adult mosquitoes and larvae. Mosquito populations declined from 103 mosqui-
toes per sampling site in January 2007 to 6 per site by March 2007 (P < 0.001). The proportion of positive ovitraps declined
from 93% in January 2007-2% in March 2007 (P < 0.001). There were no malaria cases on the island despite chemopro-
phylaxis termination, showing that comprehensive combination vector-control strategies were effective in reducing the

risk of malaria.

INTRODUCTION

Vector-borne disease control programs have been a major
global challenge, especially with the emergence of insecticide
resistance among insect vectors, which resulted in the lim-
ited field success of single-method vector control programs.!?
Integrated vector control programs, which involve combi-
nation strategies have been successful in some locations in
reducing the impact of vector-borne diseases,** but there are
insufficient studies in different tropical settings where many
vector-borne diseases reside.

In Singapore, a tropical city-state in South-East Asia, malaria
was a main vector-borne disease resulting in substantial mor-
bidity and mortality in the early 20th Century. Singapore was
declared malaria-free in 1982 after meeting the World Health
Organization (WHO) assessment of having 1) a comprehen-
sive and efficacious case detection mechanism; 2) reliable
microscopic diagnosis of blood smears; 3) thorough epide-
miological investigations and a satisfactory epidemiological
situation; 4) adequate preventive and remedial actions upon
detection of cases; 5) adequate general health services, effec-
tive system of case notification, and epidemiological follow-up
for prevention of re-establishment of malaria.’

Although Singapore was declared malaria-free, Tekong
Island (a forested island of approximately 5,900 acres located
to the north-east of Singapore that houses a military train-
ing facility, Figure 1) remained malaria-receptive because of
the presence of Anopheles sp. mosquitoes. From 1996 to 2003,
there were 19 cases of malaria on the island attributable to
secondary transmission on the island (5 in May/June 1996,
8 in July to September 1997, and 6 in August to October 2003),
despite the systematic use of anti-malaria prophylaxis for visi-
tors to the island since the 1980s. Because of the side effects of
anti-malaria chemoprophylaxis regimes®® and the operational
costs of chemoprophylaxis, an attempt was made through a
comprehensive integrated vector-borne disease management
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program to reduce the mosquito population and negate the
need for chemoprophylaxis. This work describes the program’s
success and provides additional evidence for the use of combi-
nation strategies against mosquito-borne diseases in forested
environments.

METHODS

To reduce the mosquito population and need for chemo-
prophylaxis, which had been in place since the 1980s, the
Singapore Armed Forces (SAF) performed an integrated vec-
tor-borne disease management program on Tekong Island from
December 2006. Surveillance programs were simultaneously
set up to determine the effectiveness of the interventions.

Tekong Island is located about 2 miles from the main island
of Singapore and is only accessible by sea or air (Figure 1).
The island is forested, with mangrove swamps in the coastal
areas—ideal for the breeding of Anopheles mosquitoes. The
resident human population comprises several thousand con-
script military personnel who reside in the south of the island
and use the island for training. In addition, tens of thousands
of SAF military personnel visit the island annually for field
and jungle training, and thousands of foreign workers work on
construction projects on the island.

FOUR RINGS OF PREVENTION

To reduce the threat from malaria to individuals on the
island, we developed an integrated program to address the
different aspects of disease transmission. This is encapsulated
in the four prevention rings shown in Figure 2, with the aim of
reducing the risk of local transmission of malaria to a negligi-
ble level where chemoprophylaxis can be removed and train-
ing can continue without substantial risk for malaria infections.
These comprise the following measures.

Prevent importation. A restriction period was imposed on
all visitors to the island who had visited malaria endemic areas
over the past 8 weeks (the long end of the average incubation
period for malaria). All foreign workers who work on
construction projects on the island would also be screened for
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Ficure 1. Map of Singapore and Pulau Tekong.

malaria using reverse transcription-polymerase chain reaction
(RT-PCR) after the quarantine period. In addition, any military
serviceman with fever of unknown origin would be screened
using real-time fluorescence-based RT-PCR for malaria
parasites performed by a certified laboratory, DSO National
Laboratories (Singapore). Positive cases were referred for
clinical management and prevented from entry to the island.

Early detection of human cases. All servicemen and
medical staff on the island and military camps in Singapore
were educated on malaria and the need for early reporting
of symptoms. Cases of fever (= 37.5°C) with no localizing
symptoms were tested for malaria and other common vector-
borne diseases in Singapore, and all confirmed malaria cases
were temporarily removed from the island.

Mosquito control program. The vector-control program
consists of environmental works to reduce mosquito breeding
habitats and an intense insecticide regimen. Malaria vectors
in Singapore were previously identified as Anopheles
sundaicus and Anopheles maculates.” Anopheles sinensis has
also recently been suspected to be a vector. Their respective
habitats, marshland with brackish water, streams in hilly areas,
and small pools, were thus specially targeted.

Systematic environmental and infrastructural improvements
were made to reduce breeding sites. They include shoreline
works to reduce the mixing of salt and fresh water, improve-
ments to drainage around built-up areas to reduce water pool-
ing, maintenance of drains, including clearance of vegetation
and undergrowth to allow accessibility across the island, and
filling up pools of water. Clearance of vegetation and under-
growth was maintained on a 3-monthly cycle to prevent rapid
re-growth in a jungle habitat. Residents were also encouraged

to reduce mosquito breeding habitats within the built-up areas
through education programs.

Insecticide use targeted mosquito larvae through the use
of Bacillus thuringiensis israelensis (Bti) larvicide by ultra-
low volume mist fogging. Bacillus thuringiensis israelensis has
been shown to be effective in sustained reduction of mosquito
populations in the control of malaria.!*!? This strategy used
a combination of vehicle-mounted ultra-low volume mist-
foggers for treatment of large areas along roads/tracks, and
man-packed mist-foggers for reaching deep forested areas
inaccessible to vehicles. Before the application of Bti, con-
ventional fogging using a combination of s-bioallethrin, per-
methrin, and piperonyl butoxide (Resigen, Bayer Cropscience,
Kuala Lumpur, Malaysia) and cypermethrin (New Cyper,
Agrolex Agrochemicals Manufacturing, Jiangsu, China) was
done daily for 3 consecutive days to reduce the adult mosquito
population. Bacillus thuringiensis israelensis was then admin-
istered across the island covering 200 g per acre of the entire
island at least four times per month. Handheld Global posi-
tional systems (GPS) were used to ensure systematic cover-
age of the entire island. In addition, indoor residual spraying
with alphacypermethrin 1.5 sc (Fendona, BASF, Malaysia) or
Resigen was applied by mist blowers in the existing buildings
to reduce exposure of the resident population to mosquitoes.

Personal protection. Existing personal protection measures
were continued to prevent mosquito-to-human transmission.
These included the use of bed nets, pre-treatment of uniforms
with permethrin, and application of N,N-Diethyl-meta-
toluamide (DEET) insect repellent regularly during jungle
training.

Malaria contingency plan. A response plan involving
multiple agencies was developed in the event of an outbreak
of malaria (defined as a single case of malaria on the island)
despite the previous measures. In addition to routine clinical
management, this plan comprised active surveillance for
malaria cases and intensified vector surveillance. This was
done in conjunction with the DSO National Laboratories,
tertiary hospitals in Singapore, the Ministry of Health (MOH),
and the National Environment Agency (NEA).

MOSQUITO SURVEILLANCE

To monitor the outcomes of reduction potential mosquito vec-
tors, which are most likely anthropophillic and anthrozoophillic,
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Ficure 2. The four rings of prevention of the malaria control program on Tekong Island.
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human bare leg catch was conducted by a commercial pest
control contractor without any soldiers being involved. A sys-
tematic surveillance at 60 fixed sites across the island was con-
ducted on a weekly basis using 20 men from 1800 to 0700 hrs
the following day, from November 2006 to April 2007. This was
reduced to fortnightly intervals from April 2007, and the num-
ber of sites was then reduced to 40 from June 2007 when the
initial vector-control target of 90% reduction was achieved.
Ovitraps were also placed in 50 fixed sites and any immatures
(ova or larvae) found in the trap would classify the trap as
positive for breeding.

This operational program, including use of the human
bait method for collection of mosquitoes, was approved by
the Singapore Armed Forces Medical Review Committee.
The program cost about SGD1 million per year (1 SGD =
US$0.664 in 2007).

STATISTICAL METHODS

The y* and Fisher’s exact tests were used to compare the
categorical outcomes for bivariate analysis. The non-paramet-
ric Mann-Whitney test was used for two-group comparisons
continuous outcomes. Statistical analyses were performed
using Stata (version 9.0, Stata Corp., College Station, TX), and
all tests were conducted at the 5% level of significance.

RESULTS

By the end of 2008, 8,303 foreign workers had been screened
by DSO National Laboratories by RT-PCR before entry to the
island (100% compliance rate based on documented entry into
the island), and seven individuals tested positive for malaria.
They were barred from entering the island pending successful
treatment and evaluation.

The coastal construction work was completed by January
2007 with 12.5 km of silted and earthen drains cleared and
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concretized, respectively, and 187 large permanent water
pools identified and filled across the island. For the insecti-
cide program, after one round of adulticide fogging, an initial
9 weekly cycles of Bti were applied across the entire island
from December 2006 to February 2007, and maintained at two
cycles per month thereafter.

Two months after program initiation, the mosquito catch
rate declined from a mean of 103 mosquitoes per human bait-
ing sampling site in January to 6 per site in March 2007 (P <
0.001), and maintained at between 2 and 6 per site through
December 2008 (Figure 3 and Figure 4). This represents a
decline of more than 94% of initial mosquito catch rate before
the program was instituted in December 2006. The proportion
of ovitraps that were positive declined from 93% in January
2007 to a nadir of 2% in March 2007 (P < 0.001), and main-
tained at a median of 12% through December 2008 (Figure 5).
The proportion of Anopheles mosquitoes (the main vector
of concern) remained low and did not change significantly
throughout the treatment period—from 1.63% in end 2006
and early 2007 to 1.32% in 2008 (P = 0.41). This suggests a
similar reduction in the Anopheles population.

Subjective surveys on visitors to the island suggested a
substantial reduction in the number of mosquitoes and mos-
quito bites on the island compared with previous visits before
December 2006 when the program was started.

Because of the successful vector control efforts and strin-
gent malaria screening policies for visitors, the requirement
for malaria chemoprophylaxis on the island was lifted from
April 2007. Since April 2007 to the end of 2009, there had not
been any reported case of malaria on Tekong Island despite
the absence of chemoprophylaxis.

DISCUSSION

We have shown that a comprehensive combination approach
can reduce the overall mosquito population in a densely
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FiGure 3. Mean number of mosquitoes trapped by live human baiting per site from December 2006 to December 2008 (sixty sites from Dec

2006 to Jun 2007, 40 sites after Jun 2007).
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FiGure 4. Adult mosquito surveillance through human baiting ¢
December 2008.

forested area, and this success can reasonably be maintained
across time. Although our circumstances and geography are
unique, different portions of the program can be extrapolated
in other forested areas where vector-borne disease control is
desirable. Elimination of breeding sites in forested areas is chal-
lenging, but we have done so through a systematic approach
using traditional methods together with more advanced tech-
nologies such as vehicle-mounted Bti application and GPS
mapping. The application of Bti together with environmental
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atches—at the start of the vector control program in January 2007 and in

works gave the program success in achieving control. Results
of our program show a likely systematic reduction of all mos-
quitoes before and after intervention.

Previous studies have also showed the efficacy of biological
larvicides alone in the control of malaria vector populations,
established the treatment doses, and frequencies of B#i.° This
program, which led to a significant reduction in mosquito pop-
ulations, is a translation of these results to show how Bti can
be incorporated into a comprehensive vector-control program
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FIGURE 5. Percentage of ovitraps that was positive for mosquito ova from January 2007 to December 2008.
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and effectively mitigate vector-borne disease risk. Many other
countries have also used Bti as part of vector-control pro-
grams to control various mosquito species such as Anopheles
gambiae, Anopheles sundaicus, and Aedes agypti, with success
rates of 50-99% .-

Bacillus thuringiensis israelensis treatment, although effec-
tive in reducing mosquito populations, did not totally eradicate
them and additional measures, such as screening for malaria
cases, was effective in identifying previously undetected cases.
Other combination programs were effective in different envi-
ronments. One was in the Region of Peel, Ontario, North
America, a region struck by multiple West Nile virus epidem-
ics.” In 2004, several initiatives were implemented including
the treatment of water with larvicide (Bti and methoprene),
using Larvasonic devices with acoustic energy to kill mos-
quito larvae, and using fathead minnow fish for vector lar-
vae control.” The post-treatment pupal monitoring indicated
the methoprene pellet’s and Larvasonic device’s efficacy rate
was 90% each.” For treatment of stagnant water using Bti
products, pre- and post-treatment counts of mosquito larva
revealed an efficacy of 100% at one site, and an average effi-
cacy of 76.5% in nine other monitored sites. Between 1998 and
2004, the incidence of vector-borne malaria cases in Eriteria
was reduced substantially with the implementation of insec-
ticide-impregnated mosquito nets, indoor residual spraying,
and larval control measures.!*?* As part of the WHO initia-
tive, Intergrated vector management (IVM) programs are cur-
rently being implemented in multiple countries in Africa, and
early results of mosquito eradication and disease incidence
reduction appears promising.”’

From a public health policy standpoint, this comprehensive
program not only reduced the potential threat of mosquito-
borne diseases but also the need for anti-malaria chemopro-
phylaxis. Systematic chemoprophylaxis of a large number of
individuals with drugs that have substantial side-effects will
result in constant morbidity and occasional severe effects. Side
effects for mefloquine include neurological and cardiac distu-
bances; for doxycycline include gastrointestinal disturbances
and hypersensitivty reactions; for malarone include gastroin-
testinal disturbances and blood abnormalities. Reducing the
need for chemoprophylaxis was therefore a desirable out-
come of the program. The four rings allowed for the entire
program to work even if individual rings are not 100% effec-
tive. For example, although the mosquito population has been
significantly reduced, mosquitoes are still present. The addi-
tional screening program, which identified human malaria
cases, helped to reduce the risk of parasite introduction to
the island. The importance of program maintenance must
be emphasized. Bacillus thuringiensis israelensis needs to be
continually applied to all breeding and potential breeding
sites at regular intervals and environmental works must be
regularly maintained. Our results have also shown that low
vector populations are sustainable with a consistent, com-
prehensive, and multi-faceted program that is maintained
across time.

Compared with the occasional clusters of locally transmit-
ted malaria despite anti-malaria chemoprophylaxis previously,
we have not had a case with this program in more than 2 years
with the increased surveillance. The seven individuals iden-
tified to have possible malaria infection may have resulted
in outbreaks if they were allowed to enter the island and if
mosquito populations were at previous levels. However, the

number of human infections of malaria attributable to Tekong
Island during the period of chemoprophylaxis were low and
longer term follow-up is necessary to determine if the preven-
tive measures and mosquito population is below the threshold
required for such rare outbreaks to occur.

There were some limitations encountered in this program.
The substantial vector control and environmental works
may have affected the eco-system of the surrounding areas.
However, the combination strategy with Bfi (which has less
ecological impact) and other larvicides may have helped to
reduce the impact of excessive use of any single method. The
use of the human baiting method for surveillance also meant
that the mosquitoes caught were mainly of the human-biting
variety. However, these are the mosquito species that are most
relevant to the spread of vector-borne diseases. Finally, the pro-
gram used multiple layers of protection to ensure the reduction
of risk from vector-borne diseases, and may not be easily repro-
duced in its entirety in rural regions. However, components of
the program such as visitor screening, Bfi spraying, and per-
sonal protection can be combined for use in various settings.

CONCLUSION

We have shown that comprehensive combination vector-
control strategies are effective in reducing and maintaining
low mosquito populations and reduce the risk of disease trans-
mission. These lessons can be extrapolated in other forested
environments to reduce the threat of vector-borne infectious
diseases.
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