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a b s t r a c t

Dengue virus infection is a leading health problem in many endemic countries, including
Indonesia, characterized by high morbidity and wide spread. It is known that the risk
factors that influence the transmission intensity vary among different age groups, which
can have implications for dengue control strategies. A time-dependent four � age structure
model of dengue transmission was constructed in this study. A vaccination scenario as
control strategy was also applied to one of the age groups. Daily incidence data of dengue
cases from Santo Borromeus Hospital, Bandung, Indonesia, from 2014 to 2016 was used to
estimate the infection rate. We used two indicators to identify the changes in dengue
transmission intensity for this period in each age group: the annual force of infection (FoI)
and the effective reproduction ratio based on a time-dependent transmission rate. The
results showed that the yearly FoI of children (age 0e4 years) increased significantly from
2014 to 2015, at 10.08%. Overall, the highest FoI before and after vaccination occurred in
youngsters (age 5e14 years), with a FoI of about 6% per year. In addition, based on the daily
effective reproduction ratio, it was found that vaccination of youngsters could reduce the
number of dengue cases in Bandung city faster than vaccination of children.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dengue is an arbovirus that belongs to the genus Flavivirus (family Flaviridae) and is transmitted by female mosquitoes
carrying the dengue virus (Tang et al., 2017). There are four widely known dengue serotypes, namely DENV�1, DENV�2,
DENV�3, and DENV�4 (Yip et al., 2022). All of the serotypes are found in Indonesia (Sasmono et al., 2018). However, after
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more than fifty years, a fifth serotype (DENV�5), which was recently found in the forests of Sarawak, Malaysia, has been
reported in October 2013 (Mustafa et al., 2015). The virus infections have varied clinical manifestations, ranging from
asymptomatic infection to severe clinical symptoms such as dengue shock syndrome. One of the risk factors that influence the
clinical manifestations is age (Egger & Coleman, 2007). Thai et al. (Thai et al., 2011) states that higher age groups, such as
adolescents and young adults, are more likely to develop symptomatic dengue than younger individuals, such as primary
school children. Therefore, the age factor not only plays a key role in characterizing the risks of clinical attack and disease
severity (Thai et al., 2011) but also determines the best strategy for preventing, treating, and controlling the spread of dengue
infection.

Dengue transmission in Indonesia can be categorized as hyper-endemic (Tam et al., 2018). Demographic changes, that is,
changes in birth and death rates, have most probably contributed to the upward shift in the age range among dengue
hemorrhagic fever (DHF) cases in Indonesia (Karyanti et al., 2014). Karyanti et al. (Karyanti et al., 2014) reported that the
highest incidence of DHF in Indonesia from 1968 to 1998 occurred in children aged 5e14 years. However, since 1999, the
highest incidence of DHF has shifted towards older age groups (age above 15 years). Meanwhile, incidence in children aged
under five years has remained relatively low and stable (Karyanti et al., 2014). In addition, Prayitno et al. (Prayitno et al., 2017)
revealed that more than 80% of children aged ten years or over had experienced dengue infection at least once. They even
reported that the constant force of primary infection was 13.1% per year in dengue-naive children aged 1e18 years (Prayitno
et al., 2017). Further, more than half of children in Indonesia had been exposed tomore than one dengue virus serotype, which
indicates the intensity of transmission in children, often associated with severe clinical manifestations (Sasmono et al., 2018).
Using the same data sample as Prayitno et al. (Prayitno et al., 2017) and Sasmono et al. (Sasmono et al., 2018), Tam et al. (Tam
et al., 2018) estimated that each year,14% of seronegative children have their first infection. They also revealed that the dengue
force of infection ranged from 4.3% to 30.0% among urban sub-districts in Indonesia.

Understanding dengue transmission intensity in age groups is essential in determining optimal prevention strategies, such
as future vaccine implementation. Moreover, age is the only restriction for vaccine recommendation in countries with high
endemicity (Aguiar & Stollenwerk, 2018). Dengvaxia is a tetravalent dengue vaccine produced by Sanofi Pasteur, licensed for
trial use in twenty endemic countries, including Indonesia (Thomas & Yoon, 2019). This vaccine is recommended for in-
dividuals aged 9e45 years and is still being evaluated in children (Aguiar, Stollenwerk, & Halstead, 2016; Thomas & Yoon,
2019). Takeda Pharmaceutical Company has developed a new tetravalent dengue vaccine candidate, DENVax (TAK 003). It
has been reported that the vaccine is efficacious against virologically confirmed dengue fever among healthy children and
adolescents aged 4e16 years, regardless of previous dengue exposure (Biswal et al., 2019).

Mathematical modeling can play an important role in considering particular disease control strategies. Several studies
have proposed mathematical models to investigate the effects of vaccination programs on the dynamics of the spread of
dengue disease. Different aspects of vaccination were considered in these studies, such as constant vaccination of adults and
newborns (Bustamam et al., 2018), pulse vaccination (Jan & Xiao, 2019), antibody-depending enhancement (ADE) factors
(Kabir & Tanimoto, 2020; Shim, 2019), vaccine efficacy (Aguiar, Mateus, & Stollenwerk, 2016), vaccine coverage levels and
cost-effectiveness of different strategies for a vaccination program (Polwiang, 2016; Zeng et al., 2018).

Few studies have developed age-structured compartmental models involving vaccination strategies. Supriatna et al.
(Supriatna et al., 2008) presents a two�age structure model, i.e., children and adults, with vaccination of children as control
against the spread of dengue transmission. An effective threshold number that is equivalent to the basic reproduction number
was shown in that study. This suggests that serological screening of children should be done before vaccination to gain an
effective vaccination program. Aguiar et al. (Aguiar, Stollenwerk, & Halstead, 2016) developed a three�age structure model
based on Sanofi's recommendation to vaccinate individuals of age 9e45 years in dengue-endemic countries. They investi-
gated the impact of Dengvaxia administration using two vaccination strategies: vaccination of 4 or 20% of seropositive and
seronegative individuals, and dengue immune individuals only. The results revealed that to reduce the number of dengue
hospitalizations, the vaccination programwas most effective when Dengvaxia was given only to individuals that had already
been exposed to at least one dengue virus (or seropositive individuals). An age-structure model to evaluate the cost-
effectiveness and economic impact of dengue vaccination programs in the Philippines and Yucat�an, Mexico, was studied
by Shim (Shim, 2016) and Shim (Shim, 2017), respectively. The same as the model in Aguiar et al. (Aguiar, Stollenwerk, &
Halstead, 2016), the models in (Shim, 2016, 2017) did not explicitly incorporate mosquitoes into the model. In both
studies, the contribution of mosquitoes to dengue transmissionwas represented by age-dependent transmission rates. These
studies found the vaccination cost threshold per individual at which a dengue vaccination program becomes cost-effective.

In the present study, we developed a time-dependent host-vector model for dengue transmission with a four�age
structure in the human population. We constructed a time-dependent effective reproduction ratio for measuring the
transmission in the population. For measuring the transmission in each age group, we constructed a time-dependent force of
infection. Using these two constructions, we analyzed vaccination efficacy in each age group and the whole population.

The rest of this paper is organized as follows. In Section 2, we present dengue cases in Bandung from 2014 to 2016. The
time-dependent age structure model in the human populationwith vaccination as a control strategy is also given in Section 2.
We propose the time-dependent force of infection and the effective reproduction ratio. The numerical scheme is presented
with a reduction of mosquito dynamics. In Section 3, we present the numerical simulation results, analyses of vaccination
efficacy, and discussion. Section 4 provides our conclusions.
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2. Material and methods

2.1. Datasets

Bandung, West Java Province, is one of the most populous cities in Indonesia. The West Java Provincial Health Office has
reported that Bandung city has the highest number of dengue hemorrhagic fever (DHF) cases in West Java (CNN-Indonesia).
The Bandung City Health Office has noted that DHF mostly affects children aged 5e14 years and productive-age individuals
(15e44 years) (CNN-Indonesia). This study retrieved dengue case data from daily hospitalization data for the years
2014e2016 from Santo Borromeus Hospital, Bandung. This data is assumed to be half of the total dengue cases in Bandung.
We divided the data into four age groups, namely children (0e4 years), youngsters (5e14 years), productive adults (15e60
years), and elders (over 60 years). The normalized data, calculated bymultiplying the total number of daily hospitalizations by
100,000 persons and dividing by the total population for the years 2014e2016, are shown in Fig. 1. This representation is
commonly used in field observation to measure the number of cases per 100,000 persons. The highest peak in dengue cases
was observed in May � June 2016. Fig. 1 also shows that the highest dengue incidence occurred in children and youngsters.
Motivated by this fact, the dengue transmission control strategy in this study was focused on providing the most benefit to
these two age groups. The irregularity of outbreak and transmission intensity from 2014 to 2016 can also be seen in Fig. 1. Our
intention was to analyze the transmission progress by following the transmission characteristics within a yearly period.
2.2. Proposed models and their analysis

2.2.1. Classical model
In this Subsection, we review the host-vector model that was developed by Esteva and Vargas (Esteva & Vargas, 1998),

which describes the spread of dengue disease transmission within human and mosquito populations. To fit with the real
conditions in the field, we allowed the infection rates to vary over time. The following SIR-UV model is given:

dSðtÞ
dt

¼ Ah �
bhðtÞ
Nh

SðtÞVðtÞ � mhSðtÞ

dIðtÞ
dt

¼ bhðtÞ
Nh

SðtÞVðtÞ � ðgþ mhÞIðtÞ

dRðtÞ
dt

¼ gIðtÞ � mhRðtÞ

dUðtÞ
dt

¼ Am � bvðtÞ
Nh

UðtÞIðtÞ � mmUðtÞ

dVðtÞ
dt

¼ bvðtÞ
Nh

UðtÞIðtÞ � mmVðtÞ;

(1)
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Fig. 1. The number of dengue cases per 100,000 persons between 2014 and 2016.

432



J.W. Puspita, M. Fakhruddin, N. Nuraini et al. Infectious Disease Modelling 7 (2022) 430e447
where S(t), I(t), R(t), U(t), and V(t) represent the number of susceptible humans, infected humans, recovered humans, sus-
ceptible mosquitoes, and infected mosquitoes, at time t, respectively. The total human and mosquito populations are defined
by Nh ¼ S(t) þ I(t) þ R(t) and Nm ¼ U(t) þ V(t), respectively. Note that dNh

dt ¼ 0 and dNm
dt ¼ 0, which implies that Nh and Nm are

constant. The descriptions of the parameters are given in Table 1. For constant infection rates, a non-dimensional quantity
called the basic reproduction ratio (R0) can be derived, which represents the expected number of secondary cases from one
primary case in a completely susceptible population during the infection period (Diekmann et al., 2010). The basic repro-
duction ratio of a classical SIR-UV model is given by:

R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bhbvNm

mmðgþ mhÞNh

s
: (2)
As time evolves, the basic reproduction ratio as an endemic indicator in the early infection phase may not be valid for
tracking the progress of transmission. The evolution of the indicator can be constructed by defining the effective reproduction
ratio (Duijzer et al., 2016; Zhao et al., 2020),

Reff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bhbvUðtÞShðtÞ
mmðgþ mhÞN2

h

s
¼ R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ShðtÞ
Nh

UðtÞ
Nm

s
: (3)

It is natural to adopt and to generalize indicator (3) for model with time-dependent transmission rates as:
Reff ðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bhðtÞbvðtÞUðtÞShðtÞ

mmðgþ mhÞN2
h

s
: (4)
Furthermore, we defined the force of infection (FoI) for model (1) as follows:

F ¼ 1
T

ZT
0

bhðsÞVðsÞ
Nh

ds;

which represents the yearly average of probability of a susceptible human being infected per unit time.

2.2.2. Age structure model
In this Subsection, we construct a time-dependent four�age structure model of dengue transmission. Let Si(t), Ii(t), R(t)

denote the number of susceptible, infected, recovered humans, with i ¼ 1 … 4 referring to the age structure of children,
youngsters, productive adults, and elders, respectively. Meanwhile, U and V denote the number of susceptible and infected
mosquitoes, respectively, at time t. We also involve vaccination as an intervention for dengue outbreak control. Based on
dengue cases in Bandung, we assume that vaccination is only given to children and youngsters, respectively. The vaccination
scenario is implemented only to susceptible individuals. The vaccination parameter for children and youngsters is denoted by
Table 1
Parameter definition and value.

Parameter Definition Value Source

Ah Human recruitment rate (Day�1) - (Bandung, 2015, 2016, 2017)
Am Mosquito recruitment rate (Day�1) mm � Nm Assumed
a1 Transition rate from children to youngsters (Day�1) 1

5� 365
-

a2 Transition rate from youngsters to productive adults (Day�1) 1
10� 365

-

a3 Transition rate from productive adults to elders (Day�1) 1
46� 365

-

bh1
Transmission rate from mosquitoes to children (Day�1) Fitted -

bh2
Transmission rate from mosquitoes to youngsters (Day�1) Fitted -

bh3
Transmission rate from mosquitoes to productive adults (Day�1) Fitted -

bh4
Transmission rate from mosquitoes to elders (Day�1) Fitted -

bv Transmission rate from humans to mosquitoes (Day�1) 2 � mm (Fauzi et al., 2019)
mh Mean mortality (Day�1) Ah

Nh

Assumed

mm Natural death rate of mosquitoes (Day�1) 1
14

(Supriatna et al., 2008)

g Recovery rate of infected humans (Day�1) 1
14

(Supriatna et al., 2008)

q1, q2 Vaccination parameter with qj ¼ qh, j ¼ 1, 2, where q is vaccine efficacy and h is vaccination
rate (Day�1)

q ¼ 50%;
h ¼ 1%

Assumed based on (Ndii et al.,
2020)
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qj¼ qh for j¼ 1, 2, where q denotes the vaccine efficacy and h denotes the vaccination rate. Based on the transmission diagram
in Fig. 2 and the associated parameters in Table 1, the SIR-UV time-dependent model with a four�age structure is given by:

dXðtÞ
dt

¼ FðXðtÞÞ; (5)

where XðtÞ ¼ ðS1ðtÞ; S2ðtÞ; S3ðtÞ; S4ðtÞ; I1ðtÞ; I2ðtÞ; I3ðtÞ; I4ðtÞ;RðtÞ;UðtÞ;VðtÞÞT , which can be written in detail as follows:

dS1ðtÞ
dt

¼ Ah �
bh1

ðtÞ
Nh

S1ðtÞVðtÞ � ða1 þ mh þ q1ÞS1ðtÞ

dI1ðtÞ
dt

¼ bh1
ðtÞ

Nh
S1ðtÞVðtÞ � ða1 þ gþ mhÞI1ðtÞ

dS2ðtÞ
dt

¼ a1S1ðtÞ �
bh2

ðtÞ
Nh

S2ðtÞVðtÞ � ða2 þ mh þ q2ÞS2ðtÞ

dI2ðtÞ
dt

¼ a1I1ðtÞ þ
bh2

ðtÞ
Nh

S2ðtÞVðtÞ � ða2 þ gþ mhÞI2ðtÞ

dS3ðtÞ
dt

¼ a2S2ðtÞ �
bh3

ðtÞ
Nh

S3ðtÞVðtÞ � ða3 þ mhÞS3ðtÞ

dI3ðtÞ
dt

¼ a2I2ðtÞ þ
bh3

ðtÞ
Nh

S3ðtÞVðtÞ � ða3 þ gþ mhÞI3ðtÞ

dS4ðtÞ
dt

¼ a3S3ðtÞ �
bh4

ðtÞ
Nh

S4ðtÞVðtÞ � mhS4ðtÞ

dI4ðtÞ
dt

¼ a3I3ðtÞ þ
bh4

ðtÞ
Nh

S4ðtÞVðtÞ � ðgþ mhÞI4ðtÞ

dRðtÞ
dt

¼ P4
i¼1

gIiðtÞ þ q1S1ðtÞ þ q2S2ðtÞ � mhRðtÞ

dUðtÞ
dt

¼ Am � bvðtÞ
Nh

X4
i¼1

UðtÞIiðtÞ � mmUðtÞ

dVðtÞ
dt

¼ bvðtÞ
Nh

X4
i¼1

UðtÞIiðtÞ � mmVðtÞ;

(6)

with Nh ¼P4
i¼1ðSiðtÞþIiðtÞÞ þ RðtÞ and Nm¼ U(t)þ V(t) denoting the total human andmosquito populations, respectively. We

assume that the human and mosquito populations are constant, i.e., Nh ¼ Ah
mh

and Nm ¼ Am
mm
. There is no information about

mortality for each age structure, thus, the mortality rate is assumed as the mean of mortality with mh ¼ Ah
Nh
.

2.2.3. Reproduction ratio
In this Subsection, we consider the case of constant infection rates to derive the corresponding reproduction ratios. The

disease-free equilibrium of model (6) is given by:

DFE ¼
�
S1 ¼ Ah

a1 þ mh þ q1
; I1 ¼ 0; S2 ¼ Aha1

ða1 þ mh þ q1Þða2 þ mh þ q2Þ
;

I2 ¼ 0; S3 ¼ Aha1a2
ða1 þ mh þ q1Þða2 þ mh þ q2Þða3 þ mhÞ

; I3 ¼ 0;

S4 ¼ Aha1a2a3
mhða1 þ mh þ q1Þða2 þ mh þ q2Þða3 þ mhÞ

; I4 ¼ 0;

R ¼ Ahða1q2 þ ða2 þ mh þ q2Þq1Þ
mhða1 þ mh þ q1Þða2 þ mh þ q2Þ

;U ¼ Am

mm
;V ¼ 0

�
:

Let J be the Jacobian of I1, I2, I3, I4, V at the DFE. Following the construction of a next generation matrix (NGM) in (Van den
Driessche, 2017), we decompose J ¼ F � V, where F consists of new infections (per unit time) coming into each compartment,
434



Fig. 2. Schematic diagram of the four � age structure model of dengue transmission. The dash lines represent the contribution of infected mosquitoes or infected
humans to dengue transmission.
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and V is the transition matrix. The choice of the linear transition matrix V will contribute to different formulations of the
reproduction ratio. Here, we select

V ¼

2
66664
a1 þ mh þ g 0 0 0 0

�a1 a2 þ mh þ g 0 0 0
0 �a2 a3 þ mh þ g 0 0
0 0 �a3 mh þ g 0
0 0 0 0 mm

3
77775:

with the corresponding F as:

F ¼

2
66664

0 0 0 0 n15
0 0 0 0 n25
0 0 0 0 n35
0 0 0 0 n45
n51 n52 n53 n54 0

3
77775;

where,

n15 ¼ bh1
mh

a1 þ mh þ q1

n25 ¼ bh2
a1mh

ða1 þ mh þ q1Þða2 þ mh þ q2Þ

n35 ¼ bh3
a1a2mh

ða1 þ mh þ q1Þða2 þ mh þ q2Þða3 þ mhÞ

n45 ¼ bh4
a1a2a3

ða1 þ mh þ q1Þða2 þ mh þ q2Þða3 þ mhÞ

n51 ¼ n52 ¼ n53 ¼ n54 ¼ Ambvmh
Ahmm

:

With this separation, it is possible to construct the next generation matrix,
435
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NGM ¼ FV�1 ¼

2
666666666666666664

0 0 0 0
n15
mm

0 0 0 0
n25
mm

0 0 0 0
n35
mm

0 0 0 0
n45
mm

n51
mh þ g

n52
mh þ g

n53
mh þ g

n54
mh þ g

0

3
777777777777777775

: (7)

We have the characteristic polynomial,

PðlÞ ¼ l3ðp2l2 � p0Þ; (8)

where,

p2 ¼ Ahmm
2ða1 þ mh þ q1Þða2 þ mh þ q2Þða3 þ mhÞðmh þ gÞ

p0 ¼ Ambvmh

�
bh1

mh
3 þ �ðq2 þ a2 þ a3Þbh1

þ a1bh2

�
mh

2 þ�
a3ðq2 þ a2Þbh1

þ a1
�
a2bh3

þ a3bh2

� �
mh þ a1a2a3bh4

�
:

Thus, we obtain the basic reproduction ratio in explicit form as follows:

R0 ¼
ffiffiffiffiffi
p0
p2

r
: (9)

Furthermore, we perform the sensitivity analysis of R0 as proposed by Tay et al. (Tay et al., 2022) to determine which of the
model parameters affect the dynamic behavior of the model (Musa et al., 2020).

Following construction of the corresponding effective reproduction ratio in Eqs. (3) and (4) with time-dependent trans-
mission rates, we obtain

Reff ðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bvðtÞUðtÞ

�P4
i¼1bhi

ðtÞSiðtÞ
�

N2
hmmðmh þ gÞ

vuut
: (10)

Note that the vaccination parameters, qj for j ¼ 1, 2, do not appear explicitly in Eq. (10). The effect of vaccination is hidden in
the dynamics of Sj(t).

2.2.4. Time-dependent reduced age structure model
In this Subsection, we reduce model (6) by freezing the infected mosquito dynamic, see for example in (G€otz et al., 2017).

This reduction is used with the understanding that mosquito dynamics are much faster than those of humans. Then, from the
last two equations in model (6) we have

VðtÞ ¼ Nv
P4

i¼1IiðtÞP4
i¼1IiðtÞ þ 4Nh

; (11)

where 4 ¼ mm
bv
. Thus, we have the following reduced age structure model:

dXðtÞ
dt

¼ FðXðtÞÞ; (12)

with XðtÞ ¼ ðS1ðtÞ; I1ðtÞ; S2ðtÞ; I2ðtÞ; S3ðtÞ; I3ðtÞ; S4ðtÞ; I4ðtÞ;RðtÞÞT , written in detail:
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dS1ðtÞ
dt

¼ Ah �
bh1

ðtÞNvS1ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ða1 þ mh þ q1ÞS1ðtÞ

dI1ðtÞ
dt

¼
bh1

ðtÞNvS1ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ða1 þ gþ mhÞI1ðtÞ

dS2ðtÞ
dt

¼ a1S1ðtÞ �
bh2

ðtÞNvS2ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ða2 þ mh þ q2ÞS2ðtÞ

dI2ðtÞ
dt

¼ a1I1ðtÞ þ
bh2

ðtÞNvS2ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ða2 þ gþ mhÞI2ðtÞ

dS3ðtÞ
dt

¼ a2S2ðtÞ �
bh3

ðtÞNvS3ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ða3 þ mhÞS3ðtÞ

dI3ðtÞ
dt

¼ a2I2ðtÞ þ
bh3

ðtÞNvS3ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ða3 þ gþ mhÞI3ðtÞ

dS4ðtÞ
dt

¼ a3S3ðtÞ �
bh4

ðtÞNvS4ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� mhS4ðtÞ

dI4ðtÞ
dt

¼ a3I3ðtÞ þ
bh4

ðtÞNvS4ðtÞ
X4

i¼1
IiðtÞ

Nh

 X4
i¼1

IiðtÞ þ 4Nh

!� ðgþ mhÞI4ðtÞ

dRðtÞ
dt

¼ P4
i¼1 gIiðtÞ þ q1S1ðtÞ þ q2S2ðtÞ � mhRðtÞ:

(13)

Note that for constant transmission rates, this reduction does not change the equilibria and the corresponding reproduction
ratios.

We then perform fitting of the reduced model (13) with the incidence data by approaching the first derivative of each
compartment using a forward difference approximation for t ¼ 0… T� 1 and Dt ¼ 1, as introduced by Chen et al. (Chen et al.,
2020). Furthermore, we approximate bhi

ðtÞ from smoothed infected data, ÎiðtÞ, for i ¼ 1 … 4 as follows:

bhi
ðtÞz Nh

SðtÞVðtÞ ð̂Iiðtþ1Þ� ð1�ai �mh �gÞ̂IiðtÞ�ai�1 Îi�1ðtÞÞ; (14)
Table 2
Birth and total population data of Bandung (Bandung, 2015, 2016, 2017).

Age Structure Number of Birth Ah Total Population ðNhi
Þ

2014 2015 2016 2014 2015 2016

Children 20090 22900 21847 105286 106578 102883
Youngsters - - - 184804 188079 182947
Productive Adults - - - 855507 858414 861993
Elders - - - 89803 87663 97487
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Fig. 3. Fit between the total number of daily hospitalizations (smoothed data) and the age structure model for (a) 2014, (b) 2015, and (c) 2016.
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Fig. 4. Time-dependent transmission rates of the age structure model for (a) 2014, (b) 2015, and (c) 2016.
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where a0 ¼ a4¼ 0 and bhi
ðtÞ are non-negative functions of t. We set the initial condition Sið0Þ ¼ Nhi

� Iið0Þ, whereNhi
denotes

the total population of age structure i, Ii(0) are the first observation data, R(0) ¼ 0, and we assume that the total mosquito
Table 3
Sensitivity indices of R0.

Parameter (k) Sensitivity Indices (4k)

2014 2015 2016

bh1
þ 0.33859 þ 0.37197 þ 0.38034

bh2
þ 0.05025 þ 0.04863 þ 0.04400

bh3
þ 0.05711 þ 0.05307 þ 0.05484

bh4
þ 0.05405 þ 0.02630 þ 0.02081

bv þ 0.50000 þ 0.50000 þ 0.50000
q1 � 0.44703 � 0.44655 � 0.44675
q2 � 0.15175 � 0.12022 � 0.11242
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population is proportional to the total human population. Moreover, we compute the time-dependent effective reproduction
ratio in Eq. (10) using the parameter bhi

ðtÞ, which reflects the effectiveness of the control strategies.

2.2.5. Force of infection in each age-group
Wedefine the annual force of infection (FoI) in each age group as the average rate for a single susceptible individual in each

group to get infected. This indicator is formulated as:

Fi ¼
1
T

ZT
0

bhi
ðsÞNv

P4
j¼1IjðsÞ

Nh

�P4
j¼1IjðsÞ þ 4Nh

� ds;

for i ¼ 1, 2, 3, 4. This indicator is good for monitoring the shift in each group's infectivity over different periods (Cummings
et al., 2009).
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Fig. 5. Daily effective reproduction ratio for (a) 2014, (b) 2015, and (c) 2016.

440



J.W. Puspita, M. Fakhruddin, N. Nuraini et al. Infectious Disease Modelling 7 (2022) 430e447
3. Results and discussion

We applied the time-dependent model to explain the spread of dengue in Bandung, West Java Province, Indonesia.
However, the data used in this study was only a sample of dengue cases in Bandung, thus we assumed that the birth and total
human population data in this study were half of the birth and total population in Bandung, respectively (see Table 2).
Because the data for each age structure fluctuated highly (see Fig. 1), we did preprocessing on the raw real data by using
smoothing method, as in (Demongeot et al., 2020), (Al-Turaiki et al., 2021) and (Zhao et al., 2021). Here, we used the
smoothdata functionwith a Gaussian method to smooth the data, as shown in Fig. 3. This daily smoothed data was then used
to calculate the daily effective reproduction ratio, Reff(t), with q1 ¼ q2 ¼ 0. Hence, one first needs to determine the time-
dependent transmission rates, bhi

ðtÞ, i ¼ 1 … 4, for which the time-dependent reduced model has the best agreement
with the smoothed data. Since the parameter bhi

ðtÞ is non-negative, we set it to 0 if it is less than 0.
Fig. 3 illustrates a simulationmadewith the time-dependent age structuremodel and how it fit the data. It can be seen that

the time-dependent model had good results in fitting the smoothed data. Here we use time series bootstraps of the residuals
from the fitted model to obtain 95% confidence intervals, as in (Carpenter & Bithell, 2000).

In Fig. 4, we show themeasured bhi
ðtÞ, for i¼ 1… 4 at time t. Furthermore, a sensitivity analysis of R0 was performed using

the parameter values in Table 1 and taking the value of bhi
as the average value of bhi

ðtÞ. The sensitivity indices of the selected
parameters are given in Table 3. We found that the sensitivity index of the transmission rate parameter of the age group of
children for every year was greater than the transmission rate parameter for the other age groups, where 4bh1

¼ þ 0:33859,
which means that increasing (or decreasing) bh1

by 10% will increase (or decrease) R0 by 3.3859%. Meanwhile, increasing (or
decreasing) the vaccination parameter for the age group of children, q1, by 10% will decrease (or increase) R0 by 4.4703%.

The daily effective reproduction ratio for each year obtained using the corresponding bhi
ðtÞ is shown in Fig. 5. Note that

Reff ¼ 1 is the threshold between control of the outbreak is likely (Reff < 1) and a sustained infection rate is likely (Reff > 1)
(Arroyo-Marioli et al., 2021). We can see that the value of the daily effective reproduction ratio fluctuated around the
threshold and mostly below the threshold.

The annual force of infection (FoI) for each age group before and after vaccinationwas also obtained, as presented in Table
4. Ndii et al. (Ndii et al., 2020) state that the efficacy level of a licensed dengue vaccine to reduce dengue transmission is
42e80%. Therefore, for vaccination scenarios, we assumed that vaccines are given to susceptible children or youngsters with a
vaccination rate of 1% per day and that vaccine efficacy is 50%. From Table 4, the FoI values for children before vaccination
continued to increase from 2014 to 2016, while the reverse held for youngsters. In 2015, the FoI values for children even
increased significantly. In addition, the FoI for youngsters was higher than for the other age groups, both before and after
vaccination. This indicates that youngsters received intense dengue exposure. Consistent with this, Nealon et al. (Nealon et al.,
2020) found that the estimated age at which 80% of children become dengue seropositive was 11 years for Indonesia, and 10
years for West Java. They also reported that the estimated dengue FoI for children aged 1e13 and 14e18 years in Indonesia
(West Java) was 15.1% (17%) and 4.1% (�4.6%), respectively, with the age-constant FoI at 14.7% (16.1%). After vaccination, the
FoI value declined slightly, but it contributed to a significant decrease in dengue infection, as shown in Figs. 6 and 7. An
increase in vaccination rate (h) further decreased the FoI value, see Table 4.
Table 4
Annual force of infection (FoI).

Year FoI Before Vaccination

Children Increase/Decrease
(%)

Youngsters Increase/Decrease
(%)

Productive
Adults

Increase/Decrease
(%)

Elders Increase/Decrease
(%)

2014 0.046720 � 0.067273 � 0.029102 � 0.020571 �
2015 0.051431 10.08 0.065368 �2.83 0.028731 �1.28 0.012125 �41.06
2016 0.054876 6.70 0.061632 �5.72 0.030145 4.92 0.009204 �24.09

Year FoI for Vaccinated Children

Children Youngsters Productive Adults Elders

h ¼ 0.005 (%) h ¼ 0.01 (%) h ¼ 0.005 (%) h ¼ 0.01 (%) h ¼ 0.005 (%) h ¼ 0.01 (%) h ¼ 0.005 (%) h ¼ 0.01 (%)

2014 0.046675
(4.67)

0.046645 (4.66) 0.067231
(6.72)

0.067175 (6.72) 0.029076 (2.91) 0.029060 (2.91) 0.020548
(2.05)

0.020534 (2.05)

2015 0.051323
(5.13)

0.051253 (5.13) 0.065248
(6.52)

0.065173 (6.52) 0.028687 (2.87) 0.028659 (2.87) 0.012106
(1.21)

0.012094 (1.21)

2016 0.054826
(5.48)

0.054794 (5.48) 0.061576
(6.16)

0.061542 (6.15) 0.030120 (3.01) 0.030105 (3.01) 0.009197
(0.92)

0.009192 (0.92)

FoI for Vaccinated Youngsters

2014 0.046614
(4.66)

0.046540 (4.65) 0.067119
(6.71)

0.067011 (6.70) 0.029036 (2.90) 0.028989 (2.90) 0.020510
(2.05)

0.020469 (2.05)

2015 0.051260
(5.13)

0.051146 (5.11) 0.065117
(6.51)

0.064951 (6.50) 0.028638 (2.86) 0.028576 (2.86) 0.012094
(1.21)

0.012073 (1.21)

2016 0.054771
(5.48)

0.054700 (5.47) 0.061501
(6.15)

0.061414 (6.14) 0.030088 (3.01) 0.030050 (3.01) 0.009187
(0.92)

0.009175 (0.92)
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Fig. 6. Dynamics of infected humans for time-dependent age structure model with vaccinated children (h ¼ 0.01) in (a) 2014, (b) 2015, and (c) 2016.
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Fig. 7. Dynamics of infected humans for time-dependent age structure model with vaccinated youngsters (h ¼ 0.01) in (a) 2014, (b) 2015, and (c) 2016.
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Fig. 8. Daily effective reproduction ratio for vaccinated children in (a) 2014, (b) 2015, and (c) 2016.
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Fig. 9. Daily effective reproduction ratio for vaccinated youngsters in (a) 2014, (b) 2015, and (c) 2016.
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Furthermore, we used the values of parameter bhi
ðtÞ, for i ¼ 1 … 4 generated by the numerical simulation to compute the

value of the daily effective reproduction ratio for vaccinated children and vaccinated youngsters, respectively. Assuming that
vaccination is given up to 1% per day, with 50% vaccine efficacy, we obtained the daily effective reproduction ratio as shown in
Figs. 8 and 9.

Figs. 8 and 9 present the daily effective reproduction ratio for vaccinated children and vaccinated youngsters, respectively,
from 2014 to 2016. From the two figures, it can be seen that the daily effective reproduction ratio declined slowly when the
vaccination rate was increased. Furthermore, note that vaccination of youngsters caused the effective reproduction ratio to
decrease more rapidly than vaccination of children. This shows that vaccination of youngsters is the best control strategy to
reduce the spread of dengue.

4. Conclusions

We constructed a time-dependent age structure model with vaccination to explore the dengue transmission dynamics in
Bandung city based on daily dengue incidence. The time-dependent model fit well with the incidence data, fromwhich daily
transmitting rates were obtained. The time-dependent transmission rates for each age group obtained were used to compute
the daily effective reproduction ratio as a daily threshold parameter to assess the effectiveness of vaccination in one of the age
groups. Furthermore, the annual force of infection (FoI) for each age group, both before and after vaccination, was calculated
to determine the dengue transmission intensity for each age group. The highest dengue transmission intensity was observed
in the youngster group, both before and after vaccination. After vaccination, there was a relatively small decrease in the force
of infection, but it resulted in a significant decline in annual dengue cases. In addition, we found that vaccination of
youngsters had the most significant impact on reducing annual dengue cases in Bandung city based on the daily effective
reproduction ratio. Limitations of this study include the assumption of population homogeneity, the number of the popu-
lation of each age group being assumed to be constant over time and other assumptions used in the model and simulation, as
well as other factors that were not involved.
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