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Introduction
Dengue fever is a viral infection trans-
mitted by Aedes mosquitoes that has 
recently re-emerged globally as the most 
important arboviral disease.1 �ere are 
four antigenically distinct dengue virus 
serotypes (DEN 1�4) that induce per-
manent serotype-speci�c, IgG antibody-
mediated protective immunity following 
�rst infection.2 Dengue fever presents as 
a spectrum of increasingly severe clinical 
manifestations ranging from classic den-
gue fever to dengue haemorrhagic fever 
to dengue shock syndrome,2 although 
the distinction between these condi-
tions is often blurred.3 In an endemic 
situation, the majority of dengue infec-
tions are subclinical and the risk factors 
for severity of clinical outcome include 
age, viral strain, host genetics and time 
between heterotypic infection.4�6 Classic 
dengue fever is most commonly associ-
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ated with primary viral infection, and in 
fully naive individuals the probability 
of developing clinical disease increases 
with age.5 Early studies in the Philip-
pines demonstrated that the risk of 
classic disease was very high in young 
adults following primary infection,7,8 
while more recent �ndings in Indonesia 
and �ailand indicate that most classic 
illness in children is the result of second-
ary infection.9,10 Due to the complex 
set of factors that contribute to risk of 
dengue haemorrhagic fever, as well as 
the extremely low incidence of  dengue 
haemorrhagic fever in Singapore, this 
analysis has limited its scope to classic 
dengue illness.

Ae. aegypti, the primary vector for 
dengue fever, is well adapted to breeding 
in human-made breeding sites in urban 
and periurban environments.11 Dengue 
is now endemic in over 100 countries, 
with a dramatic increase in incidence 

and geographical range recorded in 
recent years. Reasons for this increase 
include growing levels of urbanization, 
international trade and travel dissemi-
nating both the vector and viruses, and 
the inadequacies of current methods to 
reduce dengue transmission.12

Singapore is one of the few settings 
that have recorded sustained suppres-
sion of the vector population. �e den-
gue control programme combines all 
WHO-recommended control activities, 
including public health education and 
community participation, active breed-
ing site detection, environmental man-
agement, reactive insecticide fogging, 
and geo-referenced entomologic and 
clinical surveillance systems.13 Since the 
�rst legislation to enforce vector control 
was introduced in 1966, Singapore has 
seen the Aedes household index (the per-
centage of all properties with breeding 
sites of Aedes mosquitoes) reduced from 
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over 50% to less than 1% (Fig. 1).14 
However, a contradictory phenomenon 
is occurring in Singapore, whereby the 
incidence of dengue fever has recently 
increased despite the success of the 
vector control programme. Notably, 
the overwhelming majority of cases in 
recent years have been as classic  dengue 
fever, with  dengue haemorrhagic fever 
representing less than 1% of the 21 000 
o�cially reported cases between 2000 
and 2004.15,16

Intuitively, it would be expected 
that a decrease in the mosquito popula-
tion would lower the force of infection 
(the per capita rate at which susceptible 
individuals acquire infection) and con-
sequently decrease disease incidence. 
While the Aedes household index and 
the observed increases in average age of 
clinical dengue17 (Fig. 2) are consistent 
with a decrease in the force of infec-
tion, the disease incidence continues 
to climb. �e number of con�rmed 
dengue cases climbed from a record 
level of 9292 in 2004 to a new high of 
over 13 800 in 2005 (Fig. 1).18 Deter-
mining the temporal pattern of force of 
infection is essential to understanding 
the extent to which vector control in 
Singapore has reduced the intensity of 
dengue transmission, thus helping to 
clarify the unprecedented rise in disease 
incidence.

Force of infection has been  
used widely to understand the inten-
sity of disease transmission within a 

community.19�23 In an endemic situ-
ation, the force of infection can be 
approximated by the reciprocal of the 
average age of infection.19 However, the 
force of infection has likely been in a 
dynamic state in Singapore due to the 
long-term programme to reduce Aedes 
mosquitoes. While estimates of force 
of dengue infection have never been 
published for Singapore, seroprevalence 
surveys have been performed on an 
ad hoc basis for several decades. �ese 

Fig. 1. Observed annual average Aedes household index and annual clinical incidence 
of dengue fever
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a 	2005 household index estimate is not yet available.

Fig. 2. Observed average age of clinical cases of dengue fever reported in Singaporea
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a 	National dengue control activities were instigated in 1966.

data provide a historical record of the 
percentage of the population that have 
ever been infected by dengue virus.  
Here we develop a mathematical model 
that allows the changes in force of 
dengue infection in Singapore to be 
reconstructed from these published, 
age-strati�ed seroprevalence data. �e 
modelling procedures and resulting 
insights have major implications for 
routine surveillance activities, the long-
term monitoring of control activities 
and the choice of strategies aimed at 
controlling dengue fever, not only in  
Singapore but across all endemic set-
tings.

Materials and methods
Age-strati�ed seroprevalence data
Five age-strati�ed seroprevalence sur-
veys of dengue IgG antibodies con-
ducted in Singapore were identi�ed in 
the literature. �ese surveys, conducted 
in 1982, 1991, 1993, 1999 and 2002, 
included serosamples from a total of 
3954 individuals (Table 1).17,24,25 �e 
studies reported the number sampled 
and number seropositive in a variety 
of di�erent age categories. For model 
�tting purposes, the midpoint age (to 
the nearest half year) for each category 
was used.

�e surveys performed in 1982, 
1991 and 1993 used the hemagglutina-
tion-inhibition procedure.26 All three 
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Table 1. Summary of deviance and percentage deviance explained by models

Survey Number  
sampleda

Total  
deviance

Year-on-year  
model b

Polynomial  
model b

1982 	 425 	(8) 181.3 13.3 (92.66%) 18.4 (89.84%)
1991 	 1409 	(11) 531.4 25.8 (95.14%) 29.6 (94.43%)
1993 	 912 	(7) 344.9 17.5 (94.92%) 18.1 (94.74%)
1999 	 901 	(16) 297.2 24.5 (91.74%) 26.4 (91.10%)
2002 	 298 	(3) 48.2 7.2 (85.15%) 7.5 (84.36%)
Overall 	 3945 	(45) 1403.1 88.3 (93.70%) 100.1 (92.86%)

a  Number of age classes presented in parentheses.
b  Percentage explained presented in parentheses.

surveys used dengue serotype 2 virus as 
the antigen; however, the hemaggluti-
nation-inhibition test is broadly cross-
reactive and would detect antibodies 
to all four serotypes of dengue virus.27 
For the 1982 survey, a titre of 7 8 was 
considered negative, while in 1991 and 
1993 a titre of 7 10 was considered 
negative. �e surveys performed in 
1999 and 2002 both used the PanBio  
(PanBio, Brisbane, Australia) dengue 
IgG-ELISA test kit. Similar to the 
hemagglutination-inhibition test, the 
IgG-ELISA procedure does not distin-
guish viral serotype, and seroprevalence 
from these surveys is based on infection 
with any of the four dengue serotypes. 
For the purposes of this paper, the 
relative di�erence in seroprevalence 
between age classes, not absolute se-
roprevalence, is important. �erefore, 
while the hemagglutination-inhibition 
and IgG-ELISA tests may have relatively 
low speci�city and have likely underes-
timated seroprevalence in Singapore, 
there is no evidence that speci�city 
for either test is age-dependent so this 
should not signi�cantly a�ect the pro-
portional increase in seroprevalence 
between age classes.

Epidemiological and entomologic 
data
O�cial records of annual classic dengue 
fever incidence from 1960 (when o�cial 
records began) to 2002 (the latest sero-
survey year), and the Aedes household 
index collated between 1966 (when 
records began) and 2002, were obtained 
from the appropriate Singapore govern-
ment departments (Fig. 1). It is worth 
noting most dengue cases in Singapore 
acquire the infection locally, rather than 
through imported cases.28

�e average age of dengue fever 
cases was calculated from the number 
of cases recorded in seven age categories 
(0�4, 5�14, 15�24, 25�34, 35�44, 
45�54 and G 55 years) for each year 
from 1975, when age-strati�ed records 
were �rst available, to 2002. �e best 
estimate of the average age of clinical 
disease was calculated using the mid-
age of each category, assuming 65 years 
for the oldest age class.

The basic model
�e model population age structure was 
divided into 0.5 yearly increments. �e 
age-speci�c seroprevalence, ia, in year t 
was described by

for individuals aged 0.5 years, assuming 
there are no remaining maternal anti-
bodies by six months of age, and

for all other ages G 1 year, in which 
a is the age years and ¦t is the age-
independent force of infection in year t.  
To illustrate this model, consider a se-
rologic survey conducted in the year 
2000. �e observed di�erence in mean 
seroprevalence from this survey between 
�ve-year-olds (i.e. born in 1995) and six-
year-olds (i.e. born in 1994) is a measure 
of the force of infection between 1994 
and 1995. Our model assumes the 
seroresponse following �rst infection 
is lifelong.9 �e model further assumes 
an endemic situation in 1960 with the 
age-speci�c seroprevalence pro�le in 
that year given by

Fitting the year-on-year model
�e force of infection in each year from 
1960 to 2002 was varied to maximize 
the likelihood between the observed and 
model-predicted age seroprevalence.29 
�e time period over which the force of 
infection was allowed to �uctuate was 
chosen as clinical incidence measures are 
only available from 1960 and the latest 
seroprevalence survey was conducted in 
2002. �e signi�cance of this full year-
on-year model (with 43 independent es-
timates of ¦ t from t = 1960 to t = 2002) 
was assessed by comparing the model 
deviance with total deviance, using the 
likelihood ratio test.30 Model deviance 
was calculated using model-estimated 
seroprevalence for each age group, 

whereas total deviance was calculated by 
�tting the overall mean seroprevalence 
across all ages in all surveys.

Fitting the polynomial model
A simpli�ed model was also �tted in 
which the temporal pro�le of the force 
of infection from 1960 onwards was 
described by a polynomial of the form

in which j is a positive integer from 0  
to k. �e likelihood ratio test30 was used 
to determine the minimal adequate 
model with the lowest polynomial order 
(i.e. the minimum value of k, whereby 
moving to a higher order k+1 poly-
nomial did not result in a statistically 
signi�cant decrease in the amount of 
deviance).31 All model �tting was per-
formed using the Solver add-in func-
tion in Excel 2000 (Microsoft, Reading, 
United Kingdom).

Estimating the proportion and 
average age of susceptibles
�e proportion of each age fully sus-
ceptible to any dengue virus infection 
in year t was simply taken as 1-ia ,t .  
�e total susceptible proportion of the 
population was then calculated as

where p is the proportion of the popu-
lation aged a years in year t, which 
was estimated from o�cial Singapore 
government �gures, and assuming a  
maximum age of 90 years in the popu-
lation. �e average age of the suscep-
tible proportion of the population in a 
given year, At, was calculated as
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(1– ia,t)pa,t a

St and At were calculated for both the 
year-on-year and polynomial models.

Trends in model outputs
For both models, temporal trends in 
the predicted outcomes following the 
instigation of control activities in 1966 
were investigated using linear regression 
conducted in Stata version 8 (StataCorp, 
College Station, TX, United States of 
America).

Periodicity
Autocorrelation analysis was used to 
compare the periodicity of clinical 
incidence, Aedes household index and 
predicted local year-on-year forces of 
infection.32 Each of the three time series 
was �rst made stationary by taking the 
natural log, regressing the logged value 
against time to determine the log-linear 
trend, and �nally subtracting this trend 
from the logged value. All transforma-
tions and autocorrelations were con-
ducted in Stata version 8.

Results
�e reconstructed year-on-year changes 
in force of dengue infection are shown 
in Fig. 3. �e observed and predicted 
age-strati�ed seroprevalence recorded in 
each cross-sectional survey are shown in 
Fig. 4, Fig. 5, Fig. 6, Fig. 7 and Fig. 8.  
�e model produced a highly signi�-
cant �t to the data (°† = 2630, degrees 
of freedom, d.f. = 42, P ~ 0) explaining 
almost 94% of the variation in sero-
prevalence (Table 1).

A third-order polynomial was the 
lowest-order model that was not signi�-
cantly di�erent from the year-on-year 
model (°† = 23.6, d.f. = 39, P = 0.976) 
and could not be signi�cantly improved 
by moving to a higher, forth-order poly-
nomial (°† = 1.30, d.f. = 1, P = 0.254). 
Estimates and 95% con�dence inter-
vals for the parameters describing the 
polynomial are shown in Table 2 and 
the predicted temporal changes in force 
of infection in Fig. 3. �e polynomial 
model �t to the age seroprevalence sur-
veys, which explained almost 93% of the 
deviance (Table 1), are shown in Fig. 4, 
Fig. 5, Fig. 6, Fig. 7 and Fig. 8.

Fig. 3 shows that over the period 
of e�ective vector control from 1966 
onwards, there were highly signi�cant 

Fig. 3. Annual forces of infection predicted by models
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Fig. 5. Seroprevalence observed in the 1991 survey and �tted age estimates using models
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Fig. 4. Seroprevalence observed in the 1982 survey and �tted age estimates using models
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Fig. 6. Seroprevalence observed in the 1993 survey and �tted age estimates using models
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Fig. 7. Seroprevalence observed in the 1999 survey and �tted age estimates using models
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Fig. 8. Seroprevalence observed in the 2002 survey and �tted age estimates using models
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negative trends in the forces of infec-
tion predicted by both the year-on-year 
model (correlation coe�cient = �0.545, 
P = 4.837 × 10 �4) and the simpli�ed 
polynomial model (correlation coe�-
cient = �0.766, P = 3.342 × 10 �8).

�ere were also signi�cant positive 
trends in the percentage (Fig. 9) and 
average age (Fig. 10) of the population 
susceptible to infection by any dengue 
virus serotype from 1966 onwards. 
�ese trends resulted from the force 
of infection estimates from both the 
year-on-year and polynomial models 
(Table 3). �e observed average age 
of clinical dengue cases was consis-
tently higher than the model-estimated  
average age of the susceptible popula-
tion (Fig. 10). �is is consistent with 
the probability of infection resulting in 
clinical disease being greater in older 
susceptible individuals.5

�e forces of infection predicted 
by the year-on-year model show high 
levels of inter-annual variation, with the 
major peaks in transmission intensity 
corresponding well with the recorded 
peaks in clinical incidence (Fig. 11 
and Fig. 12). �e autocorrelograms 
for clinical incidence, Aedes household 
index and predicted year-on-year force 
of infection from 1966 to 2002 are  
shown in Fig. 13. �ere was a strong 
similarity between the correlogram for 
the model-predicted forces of infec-
tion, with a distinct 5�6 year periodic-
ity, and the pro�le and periodicity ob-
served in clinical incidence. By contrast, 
the Aedes household index displayed no 
such periodicity.

Discussion
Adhering to all WHO recommenda-
tions, Singapore has dramatically re-
duced the percentage of households  
with Aedes mosquitoes since the incep-
tion of its vector control programme. 
�e fact that incidence of clinical den-
gue fever has recently increased despite 
this sustained reduction in the Aedes 
mosquito population has been di�cult 
to explain.

Four main suggestions have been 
proposed to reconcile this contradic-
tory phenomenon: (1) A shift in dengue 
virus transmission from the household 
to other sites, such as schools and 
workplaces.17 (2) Increased dengue virus 
transmission by other Aedes mosquito 
species, most notably Ae. albopictus, 
which is not targeted by current control 
activities. However, evidence suggests 




