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Abstract

The actual historical data of dengue fever in Thailand is collected. The reported
and death cases due to dengue disease are presented by total number, region, month,
age, and occupation. Mathematical modelling is an essential tool to analyze the
dengue fever behavior which the dynamical transmission of dengue virus is described
by SIR (Susceptible-Infected-Recovered) and SEIR (Susceptible-Exposed-Infected-
Recovered) models. The SEIR model is determined by the role of rainfall in Thailand
and the possibility of vertical transmission (VT) while SIR model is analyzed by the
effects of vaccination on the transmission of the disease. The stability of the solution
of the model is analyzed and investigated by using the Routh-Hurwitz criteria. The
numerical solutions of differential equations of the model converges to the disease
free equilibrium state when the basic reproduction number R, is less than 1 and
converges to endemic equilibrium state when Ryis greater than 1. The trajectories of
the numerical solutions for all possibilities projected onto various 2D planes and 3D
spaces are presented. The main contributions are determining the effect of rainfall for
the dynamical transmission model of the dengue fever in Thailand, the effect of

vertical transmission of dengue virus and the role of dengue vaccination in the model.
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Chapter 1
Introduction

1.1 Research Motivation

Dengue fever (DF) is a vector born infection which is normally found in tropical
and subtropical regions around the world [1]. World Health Organization (WHO)
reported the distribution of global dengue risk and it is shown as in Figure 1.1 [2].

Suitability for Dengue
Transmission

o High suncbiiy

[ [r————
] Unsutieble ior aonendamic

Figure 1.1 Distribution of global dengue risk [2]

DF is caused by dengue virus which is transmitted to humans by vector through
the bites of infected Aedes mosquitoes. Dengue virus (DV) is comprising four serotypes,
DEN1-4 which human is the primary host of all serotypes. Transmission of DV is
circulating in blood of human during feeding of female mosquito. So, human is called
host and mosquito is called vector of DF dynamical transmission cycle.

Thailand has dengue spreading nationwide including Bangkok metropolitan.
Bureau of Epidemiology, Ministry of Public Health was reported dengue cases of 2016
from 77 provinces that was total 63,931 reported cases (morbidity rate 97.71/100,000
population) and 64 deaths (mortality rate 0.1/ 100,000 population). The morbidity
rate / 100,000 population by region from South, North, Central, and Northeast were
190.6, 107.97, 78.79, and 72.16 respectively. The top five highest reported cases by
province were from Maehongsorn, Songkla, Pattani, Pattalung, and Chiangmai which
the morbidity rate / 100,000 population were 434.53, 391.20, 336.18, 282.03, and
279.11 respectively. DF of Thailand morbidity rate / 100,000 population by province
of 2016 is shown as Figure 1.2.
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Figure 1.2 Dengue fever’s Thailand morbidity rate of 2016 [3]

There are many factors influencing of the dynamical DV transmission such as
environmental and climate factors, host-pathogen interactions and population
immunolosgical factors. The climate factor directly influences the biology of the vectors
and distribution. This thesis focuses on the dynamical transmission of DV, which is
consequently an important determinant of vector-borne disease epidemics and rainfall
effect. Seecifically, it investicates and analyzes the reported data of Bureau of
Epidemiology, Ministry of Public Health during 2003 — 2015. The mathematical model
is formulated to analyze the behaviors of transovarial transmission, rainfall effect, and
vaccination with dengue fever. The thesis’s results can be supported data in order to

reduce dengue epidemic.

1.2 Objectives of the study
The mathematical model is developed to analyze dengue fever transmission

which is caused by rainfall, vector born infection and vaccinnation effect. The
mathematical analysis is used standard dynamical modeling method in order to
investigate the dynamical behaviors. The objectives of the study are:

1) To study the dynamical transmission of dengue fever by using mathematical
model.

2) To formulate mathematical model of dengue fever influenced by rainfall for

analyzing the epidemic of dengue disease.



3) To develop mathematical model of dengue fever with and without the effect of
transovarial transmission or vertical transmission for investigating the behaviors and
relationships between susceptible, infective, recovered classes.

4) To create mathematical model of dengue fever influenced by vaccination for

observing the epidemic of dengue disease.

1.3 Scopes of the study
The scopes of study are as follows:

1) The data is used reported cases and annual report from Bureau of Epidemiology,
Ministry of Public Health during 2003 - 2015 in order to analyze and study the
behaviors of DF.

2) The mathematical model is developed to analyze the dynamical transmission of
DF influenced by rainfall which assumes the constant population of each class.

3) The mathematical model is developed to analyze the dynamical transmission of
DF with and without the effect of transovarial or vertical or transmission cases, which
assumes the constant population of each class.

4) The mathematical model is developed to analyze the dynamical transmission of
DF influences by vaccination which assumes the constant population of each class.

5) The standard dynamical modeling method is applied in order to investigate and

analyze the dynamical behaviors of DF mathematical model.

1.4 Benefits of the study
This study will be benefit to related parties as follows:

1) The mathematical model will explain the behaviors in order to understand in
detail of DF dynamical transmission.

2) This study will support to better understanding with and without the influence
of transovarial or vertical transmission cases.

3) This study will support to better understanding DF influence by rainfall case.

4) This study will support to better understanding DF influence by vaccination case.

5) This study will be used to reduce the epidemic of DF. The results may be
adopted to prevent the outbreak.



Chapter 2
Theory and Literature Reviews

This chapter will introduce background of dengue fever in order to understand
the behaviors and infectious disease influence by transovarial or vertical transmission,
rainfall and vaccination. The mathematical model used to analyze the dynamical
transmission of dengue disease will explain the densgue infectious disease. The
theoretical background and literature reviews are used in this study which discuss

previous modeling related with the aims of this study.

2.1 Background of dengue fever (DF)

2.1.1 Dengue fever (DF)

Dengue fever is known as dengue which can affect humans of all age [4]. Dengue
is global burden which the incidence of dengue has grown dramatically around the
world in recent decades [5, 6]. The prevalence of dengue is estimated around 3.9
billion people in 128 countries, as shown in Figure. 1.1, which is indicated countries at
risk of infection with dengue viruses. It is about half of the world's population that is
now at risk. Normally urban and semi-urban areas is facing dengue especially tropical
and sub-tropical climates. Dengue is a mosquito-borne viral disease that has rapidly
spread in all regions worldwide. The infection causes flu-like illness but there is no
specific treatment for dengue. Dengue prevention depends on effective vector control.
The early detection and access to proper medical care will lead to lowers fatality rates.

World Health Organization divides the illnesses into 2 categories: dengue and
severe dengue [6, 7]. DF infection causes flu-like illness, and occasionally develops
into a potentially lethal complication called severe dengue [6]. The symptomatic
dengue infection is a systemic and dynamical disease that is followed by three phases:
a febrile phase, a critical phase and a recovery phase. After the incubation period, the
illness begins with a febrile phase that patients typically suddenly develops a high-
grade fever. It usually lasts 2-7 days which normally involves facial flushing, skin
erythema, generalized body ache, myalgia, arthralgia, retro-orbital eye pain,
photophobia and headache. The next phase is called the critical phase, where
conditions worses when patients’ temperatures drops to 37.5-38°C or less. This phase
usually occurs on days 3-8 of illness which patients with increased capillary
permeability may manifest with the warning signs, mostly as a result of plasma leakage.
The last phase is called recovery that the patients survives the 24-48 hour critical

phase. The gradual reabsorption of fluid takes place in the following 48-72 hours. At



this stage, patients’ wellbeing improved, appetite returns, and gastrointestinal

symptoms abate [8, 9]. The course of dengue illness is shown in Figure 2.1 [5].

Days of illness 1 2 3/4 5 6 7 8 9 10

Temperature

>

Reabsorption

Potential Dehydration Fluid overload

clinical issues

Impairment

- \ Platelet
Laboratory
changes Hemaloﬁfl "‘“““-u_

| / lgM/lgG

Viraemiza

. é A
Serology and - -"
virology | e

Course of dengue illness: Febrile Critical — Rerovery Phases

IgM = immunoglobulin M; IgG = immunoglobulin G.
Temperature is given in degrees Celsius (°C)

Figure 2.1 Course of dengue illness [5]

2.1.2 Dengue virus (DV)

DF is spread throughout the tropics with local variations in risk influenced by
rainfall, temperature and unplanned rapid urbanization [6]. DF is an infection caused
by dengue viruses which is transmitted to human through the bites of infected female
mosquitoes. DV is members of the genus Flavivirus in the Family Flaviviridae which
has 4 serotypes including DEN-1, DEN-2, DEN-3 and DEN-4. DV is an Arbovirus that is
required a blood-sucking complete its life cycle. The hosts of DV normally are humans
and mosquitoes [10]. The mature DV genome consists of three structural proteins
including capsid protein C, membrane protein M, and envelope protein E and seven
nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins [11, 12] as shown
in Figure 2.2. The dengue virus has approximately spherical shape with diameter of
around 50 nm [12, 13]. The inner of the virus is the nucleocapsid that is made of the
viral genome and C proteins. The nucleocapsid is surrounded by a membrane of viral
envelope (lipid bilayer) that is taken from the host. Embedded of the viral envelope
are E and M proteins that span through the lipid bilayer. The proteins form a protective

outer layer to controls the entry of the virus into human cells [12, 13]. The protein E



of DV and the structural of DV are shown in Figure 2.3 [11] and Figure 2.4 [12, 13]

respectively.
5'UTR
NS2A NS4A
(M NS I RS
NS28 NS4B ¥ UTR

Figure 2.2 Dengue virus (DV) genome [12]

Viral genome

Nucleocapsid

Viral envelope

Figure 2.4 Structural of dengue virus (DV) [12, 13]

2.1.3 Dengue Vector

The vector of DF is normally Aedes mosquito which the female mosquitoes
mainly of the species of Aedes aegypti and Aedes albopictus transmit an infection of
DV to human by biting. On normal condition, the entire life cycle of Aedes mosquito
consist of 4 stages including egg, larva, pupa, and adult mosquito stages which is
normally completed within 1.5 — 3 weeks depending on environmental conditions [12].
On optimal conditions, the egg of an Aedes mosquito will develop into a larva in less
than a day. The larva will develop into pupa in about four days, which develops into
an adult mosquito after two days. After adult female mosquito has bitten and taken
in blood of human, the mosquito will lay their eggs after 2 days. The life cycle of Aedes
mosquito is shown in Figure 2.5 [14]. Human who is infected with DV first undergo an

incubation period 4-5 days and 12 days. After this incubation period, the infected



human can now transmit DV to Aedes mosquito. When DV is transmitted to Aedes
mosquito, it will take incubation period around 4-10 days. The infected Aedes

mosquito can then transmit the DV for the remaining of its life.

Mosguito

Figure 2.5 The life cycle of Aedes mosquito [14]

The Aedes aegypti mosquito is the main dengue vector which normally lives in
urban area and spread in containers, both indoors and outdoors. The Aedes albopictus
is secondary dengue vector which normally lives in thickets or arboreal vegetation and
spread in used water-filled containers around or away from households mostly
outdoors. Aedes aegypti is the day time feeder, whose peak biting time are usually in
the morning and in the evening before dusk. The vector can multiple bites in one
single feeding [15]. On the other hand, Aedes albopictus is an aggressive feeder, whose
peak biting is in the morning and late afternoon. This vector is high adaptive and can
survive in cooler temperate regions and spread due to the tolerance to temperatures
below freezing, hibernation, and ability to shelter in microhabitats [16]. The Aedes

aegypti and Aedes albopictus mosquitoes are shown in Figure 2.6 [17].

Aedes aegypti
Aedes albopictus

Figure 2.6 Aedes aegypti and Aedes albopictus mosquito [17]



2.2 Rainfall effect of DF

2.2.1 DV influence by rainfall

Normally, the transmission of DV is highly sensitive to environmental conditions
where temperature, precipitation, humidity and rainfall are critical to mosquito survival,
reproduction, and development. The patterns of rainfall can influence mosquito
presence and abundance and higher temperatures reduce the time required for DV to
replicate and disseminate in the mosquito. The higher temperatures associated with
Thailand climate accelerates the mosquito development stages than in countries with
cooler countries. The altered patterns of rainfall also produces more standing water
with potentials for mosquito breedings and increases the dengue transmission. The
altered patterns of rainfall and humidity are identified as a consistent, substantial

weather factor to provide favorable conditions for dengue vectors [18].

2.2.2 DF and rainfall in Thailand

In Thailand, the prevalence of DF is in the raining season from June to September
nationwide. The rainy season provides widely breeding habitats for Aedes mosquito,
which the population density can increase quickly after rainfall. The disposing of solid
waste, domestic water storage containers, and water storage outdoor containers are
the potential breeding site which is suitable for Aedes mosquito egg-laying habitats.
The official dengue reported case in Thailand from Y2003 to Y2015 is shown in Figure
2.7, with peak around the rainy season from June till September [3]. The patterns of

rainfall in Thailand indicates its major impact to the reported cases of DF.
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Figure 2.7 Dengue reported cases in Thailand during Y2003 to Y2015



2.3 Horizontal transmission (HT) and Vertical transmission (VT)

2.3.1 Horizontal transmission (HT)

DF is a mosquito-borne viral disease, in which the DV uses human as a host and
mosquito as a vector. When an Aedes mosquito bites on infected human, the mosquito
feeds the DV into the human blood. After the DV incubation period of around 4-10
days, the Aedes mosquito is now an infected mosquito and can transmit to human by
biting. Human who is bitten by the infected mosquito, is an infected human. This cycle
is called horizontal transmission (HT). Normally, DV generally transmits through HT
(human to mosquito or mosquito to human) which refers to non-parental
transmission while VT refers to parental chains transmission. Another way of DV
transmission is called the transovarial or vertical transmission (VT), in which DV is
transmitted by the pregnancy of infected female mosquito. The infected mosquito
will lay their eggs which is including DV. Then, it will be infected eggs, infected
larvae, infected pupae, and infected Aedes mosquito. Infected mosquito through
transovarial or VT can transmit DV to human as HT. As the result, DV can spread by

both horizontal and transovarial or vertical transmissions as shown in Figure 2.8.

:--m
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Figure 2.8 Horizontal and vertical transmission of dengue virus (DV)

2.3.2 Vertical transmission (VT)
VT provides a possible mechanism supporting DV transmission in nature by the
absence of a recognized host and under unfavorable conditions for mosquito activity

which can transmit from the maternal body to eggs within the ovaries. VT is the
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transmitted directly to subsequent life generation within vector populations. These
have been reports in which Aedes aegypti and Aedes albopictus are involved in the
mosquito which is VT of the DV from experimental environments as well as from
collected mosquito larvae [19, 20]. The prospective field study of transovarial dengue
virus transmission in Bangkok was conducted in two forms of Aedes aegypti mosquitoes
[21] which mosquitoes assayed for dengue virus were proceed in pool to determine
dengue virus inflection status. The newly emerged adult Aedes aegypti were dark
98.2% and pale form 1.8%. The dark and pale form of Aedes aegypti are shown in
Figure 2.9. The minimum infection rate (MIR) by transovarial transmission of dengue
virus was ranged round 0 - 24.4/1,000 mosquitoes which increased gradually peak in
April - June [21]. Transovarial transmission of densue virus infections found in both
form of Aedes aegypti and all dengue virus four serotypes were detected. Water
temperature was affected the development of Aedes aegypti immature which was
varied between 79% - 90% under different temperature conditions [22]. The limitation

temperature for development of Aedes aegypti immature is around 35°C.

Figure 2.9 Aedes aegypti dark form (left) and pale form (right) [21]

2.4 Vaccination of dengue fever

2.4.1 Dengue vaccine worldwide
DF is @ mosquito-borne viral disease where the DV uses human as a host and

mosquito as a vector. Dengue vaccine is a vaccine to prevent DF in humans. WHO
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reported that the first dengue vaccine, Dengvaxia (CYD-TDV), was registered in several
countries in late 2015 and early 2016 [6, 23]. The vaccine can be used in individuals 9
- 45 years of age living in endemic areas. WHO only recommends the vaccine as a
possible option in areas of the world where epidemiological data indicate a high
burden of disease including Thailand. The vaccination schedule consists of 3 injections
of 0.5 mL administered at 6-month intervals, given on a 0/6/12 month schedule, which
is for the prevention of dengue illness caused by dengue virus serotypes 1, 2, 3, and
4. The lower limit of the indication at 9 years old was chosen due to a safety concern
in children. It is not recommended for women in pregnancy and lactating due to lack
of sufficient data in this population. There is no recommendation for vaccination of
travelers or health-care workers at this time. Vaccine efficacy varies by country, with
efficacy ranging from 31.3% in Mexico to 79.0% in Malaysia [23]. This variability in
efficacy reflects in part the baseline seropositivity and circulating serotypes which
affect the performance of the vaccine. Vaccine efficacy against dengue illness of any
severity has been measured in the first and second years post dose 1 that vaccine

efficacy can be evaluated 5-6 years protection post dose 1.

2.4.2 Dengue vaccine in Thailand

WHO has approved and recommended to use dengue vaccine for Thailand in
2016. The first vaccine against the four strains of DV was available in Thailand on
December 2016, which is the evolution of dengue prevention in Thailand in order to
reduce severity and to allow a better quality of life [24]. The launch of the first dengue
vaccine in Thailand has been involved in the development to create a stable immunity
against all four dengue serotypes (DEN1-4) which is complicated due to the
unpredictable predominance of different serotypes at different points in time. The
vaccine has efficacy 65.6% for preventing dengue, efficacy 93.2% for reducing the
severity of the disease, and efficacy 80.8% for reducing hospitalization of dengue which
can be taken by individuals between 9-45 years of age [24]. The live recombinant
tetravalent vaccine has been registered in Thailand. The vaccine is administered as a
3-dose series on a 0/6/12 month schedule. Each person may develop immunity at

different points in time, but immunity usually occurs after 2 shots.

2.5 Mathematical model to analyze dengue fever

2.5.1 Epidemic modelling

Mathematical model has long been used as a tool to analyze the epidemic of
infectious disease. Mathematical modelling allows investigations into the behavior of
the disease e.g. described spreading mechanism, predicting the future epidemic,

controlling the spread of epidemic, etc. The popular epidemiological model is derived
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from Kermack and McKendrick [25], which plays an important role in mathematical
epidemiology. This model assumed a closed and constant population size that is
divided into 3 classes: Susceptible-Infected-Recover, or SIR model. The susceptible
class (S) is people who have no immunity and no infectious. The infected class (1) is
human who are infected with capability of passing on the disease onto vectors. When
the human gets well, the patient passes into the recovery class (R). The proportions in
each class at time t is given as s(t), i(t), and r(t) respectively. The basic system epidemic
of SIR model is described as Figure 2.10.
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Figure 2.10 The basic SIR epidemic model [25]

The differential equations describing this system are defined:

Y1 ) — Beipd

d N

di . :

| i . —(y+ 2.1
[ Psi—(y + i (2.1)
de_ (-

o) n—uwr

J

The variables are s(t): number of susceptible at time t, it): number of infected
at time t and r(t): number of recovery at time t respectively. The parameters are A
birth rate, B: transmission rate, W: death rate, and Y: recovery rate respectively. The
important assumption is closed and constant population that can be defined 1 = s(t)
+1i (t) + r (). Al parameters value is higher than 1. Then, it can be defined A = U and
basic reproductive number, Ry. The basic reproductive number is the number of
secondary infection which is produced by a case of an infection in a population of its
infectious period.

R, = p } (2.2)
H+y

2.5.2 Steady state solution

The steady state can be defined by setting RHS of equation (2.1) to zero which

can be rewritten os follows:

u—psi—pus =0
Psi—yi— i =0
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Equation (2.3) admits 2 steady state solutions, namely the disease free steady
state (i=0) and endemic steady state (iz0). It can be solved to yield both steady state

as follows:
(s,0)=(1,0)
(s, = (é%)

The disease free steady state exists for the value of Ry <I, while the endemic
steady state exists for the value of Ry >1. The stability of the steady states can be

calculated by linearization Equation (2.1). The Jacobian matrix is found by:
—u—pi — s
J = { Hp A } (2.0)
pi s —y —u
Substituting both steady state values into equation (2.4), two Jacobian matrices,

one for each class of steady state, can be derived:

.
/ - {— H >~/ }
disease— free ~—
' 0 —(y+
LR D % (2.5)
_{ — R, —(7’+ﬂ)}
endemic ~
asaan LA PN
2.5.3 Stability analysis of linear systems
The general form of a two-state linear system is defined:
dX, (¢
\ 7 ax, (t)+ bx, (1) +¢,
at (2.6)
dX, (¢t '
dzt( A\ cx, (1) +dx, (1) +c,
The system can be solved in which the solution can be written as:
X, (t)=c, e +c,e™
2.7
X, (1) = c,e™ +cpe™ e

The Jacobian matrix of the linear system is constructed from equation (2.6) as

shown below.

oX, 0oX,
| ox, ox, | _|a b
lE e

ox, 0Ox,
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The eigenvalues of the matrix are the root of the quadratic equation as shown
below equation (2.8) which can be real-valued or complex-valued.

A —(a+d)A+(ad—bc)=0

4 (a+d)*+(a+d)* —4(ad —bc) (2.9)
1,2 — 2

The stability properties of steady state use three quantities as follows:

B =(a+d)
y =ad —bc (2.10)
S=p> -4y
The root of guadratic equation can be rewritten:
_|_
A, = M(real— valued)
2 (2.11)
+ =
An = %(complex— valued)

The steady state can be classified into six cases. Case 1 for Y > 0 and B > 0,
the equilibrium is unstable node while case 2 for Y < 0, the equilibrium is saddle point.
Case 3 for [3 < 0andy > 0, the equilibrium is stable node. Case 4 for [32 < 4y and [3 >
0, the equilibrium is unstable spiral while case 5 for BZ <4y and [3 = 0, the equilibrium

is natural center. Case 6 for [32 < 4y and B < 0, the equilibrium is stable spiral. All
stability type of linear systems is shown as Figure 2.11.

(6) Stable spiral (4) Unstable spiral
% (5) Neutral
center

(3) Stable node (1) Unstable nod_f
(2) Saddle point (2) Saddle point

Figure 2.11 All stability type of linear systems [26]
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2.5.4 Ruth-Hurwitz stability criterion

Considering the general equation and vector notation are shown as below.

dN (¢ .
d_z() = [N, N, s NG =12, k)
t (2.12)

‘;—];/ =F(N),N=(N\,N,,.. N).F =(f1, frsr [3)

The equilibrium point can be calculated by F(N)=0. The stability of the
equilibrium point is obtained by the following equation.

OF —
J=—(N

8N( )

9 9 i

ONy~ 6Ny~ 0N,

(2.13)

J=

e Ui '

ON, oN, = 0N,

9

Jis matrix k x k, and eigenvalues A of this matrix can be determined by

determinant, det (J- Al) = 0. The characteristic equation is written in the form:
A +val ' +a A +a A+ +ra, = 0} (2.14)

From the coefficients of the characteristic polynomial of Equation (2.14), define

the following Hurwitz matrices.

H, =(a), (2.15)
a 1

= ’ (2.16)
as da,
a 1 0

H,=|a, a, a |, (2.17)
as a, a,
a, 1 0 0 0
a, a, a, 1 .. 0

H, = (2.18)
as a, a, a, .. O
Arj dy; o Qyi3 Ay gy a;



a 1 0 0

a, a, a 0
H, =

o o0 .. a,

16

(2.19)

The (n,m) term in the matrix is asn.m for 0 < 2n-m < k, 1 for 2n=m, and 0 for 2n

< m or 2n > k+m. Then all eigenvalues have negative real parts. The steady state is

deemed stable and only if the determinants of all Hurwitz matrices are positive.

det H, > 0,(j = 1,2..., k)

For example, for k=1, 2, 3, 4.
k=1:a,>0.

k=2:a, >0,a, > 0.
k=3:a, >0,a,>0,a >a,.

k=4:a,>0,a, >0,a, >0,a’a, >a;+aja,.



Chapter 3
Research methodology

This chapter presents data preparation, data analysis and the outline of this

thesis. The historical data of dengue disease is prepared by the actual data from Bureau

of vector born disease and Bureau of Epidemiology, Ministry of public health.

3.1 Data preparation

All actual data related with dengue disease are collected and analyzed to get

the thesis results. The historical numbers of dengue disease in Thailand during 1958 -

2016 are shown in Table 3.1 which is including reported cases, death cases, reported

rate, deaths rates, reported fatality rates (%), and population. The reported rates and

death rate is per 100,000 population.

Table 3.1 Historical numbers of dengue disease in Thailand during 1958-2016. [27,28]

Remark: Reported rates and death rates are per 100,000 population
vil Reported Death Reported Death Fatality Population

Case Case Rates Rates Rates
1958 2,158 300 8.87 1.23 13.9 24,315,524
1959 2,706 296 10.92 1.19 10.94 24,791,025
1960 1,851 65 7.01 0.25 3.51 26,388,421
1961 561 36 27 0.13 6.42 27,103,450
1962 5,947 308 21.36 10 5.18 27,840,787
1963 2,215 o 7.74 0.6 7.81 28,601,179
1965 4,094 193 13.56 0.64 4.71 30,194,262
1966 5,816 137 18.74 0.44 2.36 31,028,584
1967 2,060 65 6.46 0.20 3.16 31,889,228
1968 6,430 71 19.62 0.22 1.10 32,777,090
1969 8,670 109 25.73 0.32 1.26 33,694,197
1970 2,767 a7 7.61 0.13 1.70 36,370,000
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Vear Reported Death Reported Death Fatality Population
Case Case Rates Rates Rates
1971 11,540 299 30.85 0.80 2.59 37,409,000
1972 23,782 685 61.81 1.78 2.88 38,477,000
1973 8,280 315 20.92 0.80 3.80 39,576,000
1974 8,160 328 20.05 0.81 4.02 40,707,000
1975 17,767 438 42.43 1.05 2.47 41,869,000
1976 9,616 361 22.43 0.84 3.75 42,880,000
1977 38,768 756 89.24 1.74 1.95 43,441,000
1978 12,547 308 28.22 0.69 2.54 44,455,000
1979 11,478 127 25.25 0.28 1.11 45,460,000
1980 43,382 403 93.38 0.87 0.93 46,455,000
1981 25,670 198 54.06 0.42 0.77 47,488,000
1982 22,250 159 45.89 0.33 0.71 48,490,000
1983 30,025 229 60.71 0.46 0.76 49,459,000
1984 69,101 496 i LN IZA 0.98 0.72 50,396,000
1985 80,076 542 154.94 1.05 0.68 51,681,000
1986 27,837 236 52.88 0.54 0.85 52,646,700
1987 174,285 1,007 oY\, 1.88 0.58 53,605,100
1988 26,926 179 49.37 0.33 0.66 54,534,000
1989 74,391 290 133.95 0.52 0.39 55,537,648
1990 92,005 414 163.43 0.74 0.45 56,296,817
1991 43,511 137 76.79 0.24 0.31 56,661,966
1992 41,125 136 71.16 0.24 0.33 57,788,965
1993 67,017 222 114.88 0.38 0.33 58,336,072
1994 51,688 140 87.47 0.24 0.27 59,095,419
1995 60,330 183 101.46 0.31 0.30 59,460,382
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Vear Reported Death Reported Death Fatality Population
Case Case Rates Rates Rates
1996 37,929 116 63.09 0.19 0.31 60,116,182
1997 101,689 253 167.21 0.42 0.25 60,816,227
1998 129,954 424 211.42 0.68 0.33 61,466,178
1999 24,826 56 40.32 0.09 0.23 61,577,827
2000 18,617 32 30.14 0.05 0.17 61,770,259
2001 139,355 245 255.21 0.40 0.18 61,878,746
2002 114,800 176 184.24 0.28 0.15 62,308,887
2003 63,657 45 101.14 0.12 0.12 62,939,819
2004 39,135 48 62.59 0.08 0.12 62,526,710
2005 45,893 71 73.79 0.11 0.15 62,195,878
2006 46,829 59 74.78 0.09 0.13 62,623,416
2007 65,581 95 104.21 0.15 0.14 62,933,515
2008 89,626 102 141.78 0.16 0.11 63,214,022
2009 56,651 50 89.27 0.08 0.09 63,457,439
2010 116,947 139 183.59 0.22 0.12 63,701,703
2011 69,800 63 109.10 0.09 0.10 63,977,185
2012 RO3 87 123.85 0.14 0.11 64,266,405
2013 154,444 136 241.03 0.21 0.09 64,076,033
2014 41,082 49 63.25 0.08 0.12 64,955,313
2015 144,952 148 222.58 0.23 0.10 65,124,716
2016 63,931 64 97.71 0.10 0.10 65,426,907

3.2 Data analysis

All raw data should classify to analyze the data. The other related data should

also be collected to achieve the thesis results e.¢. amount of rainfall of Thailand and

Bangkok and dengue vaccination. All data in this thesis are analyzed by Mathematica
and MS-office.
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3.3 Research outline

This thesis is organized as follows: Chapter one explains the research
motivation, objectives of thesis, scope of the thesis, benefits of thesis and outline of
the thesis. Theory and literature review are explained in Chapter two which is
introduced the background of DF, rainfall effect of DF, horizontal and vertical
transmission of DF, vaccination of DF, and mathematical model to analyze DF.
Research methodology is presented in Chapter three. Chapter four present the
dengue disease in Thailand and mathematical model for dynamical transmission of
dengue disease (Paper 1). The effect of rainfall for the dynamical transmission model
of the dengue disease in Thailand (Paper 2), the SEIR dynamical transmission model of
dengue disease with and without the vertical transmission of the virus (Paper 3) and
dynamical transmission of dengue disease based on SIR modeling influence by dengue
vaccination (Paper 4) are presented in Chapter five, six and seven respectively. The
conclusion and suggestion are summarized in chapter eight. All research papers for this
thesis title, Mathematical model of dengue fever in Thailand influenced by rainfall,

transovarial transmission, and vaccination, are shown in Figure 3.1

® Thesis title: Mathematical model of dengue fever in Thailand influenced by rainfall,

transovarial transmission, and vaccination

Paper Paper Paper Paper
1 2 3 The SEIR 4
The, dengue Effect of dynamical
i i Rainfall for transmission
dlselase 'S SIR model for
Thailand and the model of
h tical Dynamical dengue fengue
Qukthgmatica " i , disease with
model for Transmission disease with
) effect of
dynamic Madel of the and without deneue
u
transmission Dengue the vertical g .
of dengue Diseasesin transmission jaccination
disease Thailand of the
dengue virus
International Computational Computational
Journal of and American Journal and
Multidisciplinary Mathematical of Applied Mathematical
Academic Methodsin Science Methods in
Research Medicine Medicine

Figure 3.1 Research papers for thesis: Mathematical model of dengue fever in

Thailand influenced by rainfall, transovarial transmission, and vaccination



Chapter 4
Dengue disease in Thailand and mathematical model
for dynamical transmission of dengue disease

In this chapter, we proposed the historical data of dengue disease in Thailand.
The reported case and death due to dengue disease are presented by total number,
region, month, age, and occupation. The mathematical model is the key to analyze
dengue disease which can investicate the reproductive number to control the
outbreak. Currently, the best way to control the outbreak is controlling the

environmental of spreading of dengue disease.

4.1 Introduction

Dengue virus is found in tropical and subtropical region around the world such
as South-East Asia, the Western Pacific and Latin and Central America [1]. Dengue virus
is transmitted to human by biting of Aedes mosquitoes. There are four serotypes: DEN1,
DEN2, DEN3, and DEN4. The mosquitoes can be growth in any places that have stagnant
water which can be found anywhere and anytime in home. Mosquito is the most
dangerous animal on earth because of the number of people killed by mosquito per
year, which is shown in Figure 4.1. Mosquitoes can carry devastating diseases, which

are included malaria, yellow fever, encephalitis and dengue fever.
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Figure 4.1 The number of people killed by animal per year [29]
Source: The Washington Post, April 29, 2014
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Dengue disease is an international public health concern that has no specific
treatment. There is no vaccine available that the appropriate medical care frequently
survives the lives of patients. The way to control dengue disease is focused on
mosquitoes spreading. Therefore, the mathematical model is an important tool to
analyze the spread and control of infectious disease that can provide the dengue
epidemic to better understand the mechanisms.

Dengue disease is a fastest emerging arboviral infection spread by Aedes
mosquitos with major public health consequences in over 100 tropical and sub-tropical
countries in South-East Asia, the Western Pacific and Latin and Central America which
around 2.5 billion people globally live under the threat of dengue fever [1,2]. The rising
level of dengue infections around the world has become seriously an international
concern that has increased with increasing geographic expansion distribution as shown

in Figure 1.1. The color countries are the area where dengue has been reported.

4.2 Dengue disease in Thailand

The first case of dengue disease in Thailand was observed in 1949 and
continued throughout 1950 and the first major outbreak of dengue disease appeared
in Bangkok in 1958 [30]. The historical reported case and death of dengue disease in
Thailand during 1958-2014 is shown in Figure 4.2.
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Figure 4.2 Historical reported and death of dengue disease in Thailand [27,28]

The reported case and death due to dengue disease by regions in Thailand
during 2003-2014 are shown in Figure 4.3 and Figure 4.4 respectively [27, 28]. The

regions are divided by geographical areas which include Bangkok, central (excluding
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Bangkok), north, north east, and south area. The detail of each regional consist of
central (excluding Bangkok) 24 provinces, north 18 provinces, north east 20 provinces,

and south 14 provinces.
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Figure 4.3 The reported of dengue disease in Thailand by regional during 2003-2014
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Figure 4.4 The death of dengue disease in Thailand by regional during 2003-2014

The reported case and death due to dengue disease by month in Thailand

during 2003-2014 are shown in Figure 4.5 and Figure 4.6 respectively [27,28]. The peak
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period for dengue reported is around rainy season in Thailand from May to September
of each year which is the same pattern for death of dengue case. The dengue disease
situation in Thailand has mad badly because of the unseasonably wet and warm
weather which is allowing mosquitoes to reproduce at a rapid rate. Mosquitoes can
breed in clear water which is usually found around housing development in urban area
that is most active in daytime. As the results, seasonal is effected with mosquitoes

breading and reported and deaths of dengue disease in Thailand.
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Figure 4.5 Thailand monthly reported cases of dengue disease during 2003-2014
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Figure 4.6 Thailand monthly death case of dengue disease during 2003-2014
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The reported dengue disease by age in Thailand during 2004-2014 is shown in
Figure 4.7 [27,28]. The high reported of dengue disease remains in age group 10-14 and
15-24. The highest reported changed from the age 10-14 years to 15-24 years in 2009.
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Figure 4.7 The reported of dengue disease in Thailand by age during 2004-2014

The reported dengue disease by occupation in Thailand during 2006-2014 is
shown in Figure 4.8 [27,28]. The highest reported of dengue disease remains in student
occupation. The second and the third main reported of dengue disease are in

employee and agriculturist occupation.
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Figure 4.8 Thailand reported of dengue disease by occupation during 2004-2014
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In 2015, the reported dengue disease cases as of 7 May totaled 5837 cases and
0 deaths from 77 provinces. The spread of the dengue disease situation is shown in
the Figure 4.9. [27,28] The morbidity rate was 9.06 per 100,000 populations. The
reported proportions of dengue disease by age group were 15-24 years old 27.17%,
10-14 years old 20.56%, and 25-34 years old 13.83%.

1 dot = 1 reported

i po

Case Density & Distribution Endemic Area (mean+SD) HotSpot & Trend

Figure 4.9 Dengue disease situation as of 7 May 2015 in Thailand [3]

Dengue disease is an important mosquito-borne viral infection found in tropical
and sup-tropical climates around the world especially urban and semi urban area. The
widespread of dengue disease is throughout the tropic which local variation in risk is
influenced by rainfall, temperature, and unplanned rapid urbanization. The current
decade dengue disease situation in Thailand is shown in Figure 4.2-4.9. The highest
reported cases and deaths were 154,444 cases in 2013 and 139 cases in 2010, during
which the morbidity and mortality rate per 100,000 populations were 241.03 in 2013
and 0.22 in 2010 respectively. In regional level, north-eastern region was reported to
the highest cases in 2013 while the highest deaths were from the southern region in
2010. The highest reported by age group was 15-24 years in 2013, with the student
occupation being the most prevalent. The peak period reported each year appeared
during rainy season in May through September. The total reported, total death, trend
of total reported, and trend of total death during 2003 - 2014 are shown in Figure 4.10
[27,28].



27

180000 160

Total reported and total death of degue disease during Y03 - Y14
160000 140

140000
120

120000

100

100000
BD
BOOOD

60
60000
-
20000 I -
Y 03 Y 07 Y 08 Y 09 Y10 Y1l Y12 Y13 Y14

Y04 Y o5 Y 06

Total reported dengue disease
Total death by dengue disease

mmm Reported e Dz Pol_[Reported)

Poly. [Dead)

Figure 4.10 Dengue disease in Thailand during 2003 - 2014 [3]

4.3 Mathematical model for transmission of dengue disease

The vector of dengue disease is Aedes mosquitoes which transmits the dengue
virus to human by biting infected female mosquitoes. Incubation of dengue virus is
around 4-10 days, during which the infected mosquito can transmit dengue virus for
its entire life. When human received the dengue virus from infected mosquitoes, an
infected human is the source of dengue virus for uninfected mosquito. The patients
infected with dengue virus from an infected mosquito can transmit the dengue virus
to mosquitoes for 4-12 days after the first symptoms occur. The transmission cycle is

completed when uninfected mosquitoes feed on a human with dengue infection.

There are several mathematical models to develop the transmission mechanism
of dengue disease, which the appropriated models can provide a qualitative risk
assessment of the spread of dengue disease. Esteva and Vargas [31] proposed a model
for the transmission of dengue fever in a constant human population and variable
vector population. The global analysis was presented to establish the global stability
of the endemic equilibrium. Naowarat, S. et al. [32] proposed the dynamical model for
determining human susceptibility to dengue fever. The standard method was proposed
to analyze the dynamical of dengue disease system. They have proposed and analyzed
the dynamical transmission of Dengue fever by considering the role played without
immunity in human population. They found that there are two equilibrium states, a
disease-free state and endemic state. When the reproductive number is lower than
one, the disease-free state is locally asymptotically stable. If reproductive number is

more than one, the endemic equilibrium state is locally asymptotically stable. As the



28

result, if the basic reproductive number decreases below one, it can reduce the human

susceptibility to the disease and can reduce the outbreak of the disease.

The works of Pongsumpun P. [33, 34, 35, and 36] proposed the mathematical
models for dengue disease. The dynamical transmission with the effect of extrinsic
incubation period was presented. The standard dynamical analysis to a modified
Susceptible-Infected-Recovered (SIR) model included an annual variation in the length
of the extrinsic incubation period was investigated [33]. It was found that the dynamical
behavior of the endemic state changes as influence of the seasonal variation of the
incubation period. If the influence is increased, the trajectory exhibits sustained
oscillations. The dynamical transmission model for dengue disease with and without
the effect of extrinsic incubation period was compared in [34]. Here, it was found that
the dynamical behaviors of the endemic state changes while the influence of the
seasonal variation of the incubation period become stronger. The modified
mathematical model of dengue disease with effect of incubation period of virus was
considered in [35] that were formulated by separating the human population into
susceptible, infected, infectious and recovered classes. The vector population was
divided into susceptible, infected and infectious classes. It was found in this work that
the infected class reduces the periods of the oscillations in the population. The
seasonal transmission model of dengue virus infection in Thailand was presented in
[36]. This work concluded that the basic reproductive number in high endemic season
is higher than the normalized susceptible classes decrease. And the basic reproductive
number in lower endemic season is higher than normalized inflected classes increase.
This behavior occurs because there is enough susceptible human to be infected from

infectious mosquitoes.

Chanprasopchai P. and Pongsumpun P. [37] proposed the transmission dynamical
of SIR modeling for dengue fever with vector-born infection. The infected vectors
caused by both biting of infected human and vector-born infection are proposed. This
work applies the standard dynamical system method to analyze the mathematical
model. The stability of the model is analyzed by Routh — Hurwitz criteria. Numerical
solutions show that the dynamical behaviors converge to the endemic equilibrium
state and the relation between each individual variable with the biting rate of mosquito
are presented. The work also found that if the mosquito biting is increased, the values
basic reproductive number and susceptible human will increase while infected human

and infected vector will increase.

Pongsumpun, P. and Kongnuy, R. [38, 39] presented the mathematical model to
describe the transmission of dengue disease for pregnant and non-pregnant. In cases

where the basic reproductive is higher, the period of oscillation is shorter. The endemic



29

equilibrium points for proportion of susceptible pregnant and non-pregnant decrease
and proportion of infective pregnant and non-pregnant and infective vector decrease.
These behaviors occur when there is enough of susceptible pregnant and non-pregnant
to be infected from infectious vector. Application of an ultra-low volume amount of
insecticide could reduce the basic reproductive number lower than one and the basic
reproductive number would return to above one once the application is stopped.
Since the endemic state is local stable, the dengue disease would return. So, the
eradication program would have to be a continued one which can increase the

outbreak of dengue disease.

Mathematical model is used to analyze and investigate the dengue disease. The
basic reproductive number from mathematical analysis is applied to control the
outbreak of dengue disease. The outbreak will spread when the basic reproductive
number value is lower than one. On another hand, when the basic reproductive
number is lower than one, it can control the outbreak. As the current, there is no
specific treatment and vaccination for dengue disease. The best way to control the

outbreak is to control spreading of infected mosquitoes.

4.4 Discussion and conclusion

Dengue disease is one of the diseases of international concern affecting human
around the world, especially in tropical and sup-tropical area. Dengue disease is caused
by mosquito which is more dangerous as shown in Figure 4.1. Global incidence of
dengue disease has increased dramatically in the current decade, and around half of
world’s population is living in risk area which has reported of dengue disease as detail
in Figure 1.1. It is not only the number of reported increasing but also the dengue
disease spreads to new area that the dengue disease is endemic in more than 100
countries. Thailand had reported the dengue disease cases since 1950 with the first
outbreak in 1958. The historical dengue disease cases in Thailand is shown in Figure
4.2. Figure 4.3 and Figure 4.4 show the reported cases and death of dengue disease by
region. The monthly report cases and death are presented in Figure 4.5 and Figure 4.6.
The reported dengue disease occurrences by age is shown in Figure 4.7 while Figure
4.8 presents the reported dengue disease occurrences by occupation. The dengue
disease situation in year, 2015, is shown in figure 4.9, while the trend of occurrences

and death of dengue disease is also proposed in Figure 10.

The mathematical model of dengue disease has developed for a long time. The
popular one was proposed by Esteva, L. and C. Vargas in 1999 [31]. Many researchers

developed different mathematical models to find the way to control the outbreak.
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The reproductive number is used to control the outbreak. It is generally known that if
the reproductive number below one, the outbreak would decrease. At present, the
method to control the transmission of dengue disease is mainly through the control
of the spread, such as environmental management of egg laying, waste disposing, and
water storage. The community participation and mobilization will improve the
sustained mosquito control and the insecticides spraying during outbreak is the one of
emergency vector control. Active monitoring of mosquitoes should continue to control
the outbreak [1,2].



Chapter 5
The effect of rainfall for the dynamical transmission
model of the dengue disease in Thailand

In this chapter, the SEIR (Susceptible-Exposed-Infected-Recovered) model is
used to describe the transmission of dengue virus. The main contribution is determining
the role of the rainfall in Thailand in the model. The transmission of dengue disease
is assumed to depend on the nature of the rainfall in Thailand. We analyze the
dynamical transmission of dengue disease. The stability of the solution of the model
is analyzed. It is investicated by using the Routh-Hurwitz criteria. We find two
equilibrium states: a disease free state and an endemic equilibrium state. The basic
reproductive number (Ry) is obtained, indicating the stability of each equilibrium state.
Numerical results taking into account the rainfall is obtained and they are seen to

correspond to the analytical results.

5.1 Introduction

Dengue disease is caused by the dengue virus that is transmitted to human by
the bite of a mosquito. The mosquito is the vector of this disease. The spread of
dengue disease depends on the contact between the human and the mosquitoes.
Therefore, the way to control dengue virus transmission is to either control the
mosquito vectors or interrupt the human-vector contact [1]. Outbreaks of dengue
disease often occur in most tropical countries around the world, with close to 75% of
the global population exposed to the disease living in the Asia-Pacific region [2]. Four
serotypes of the dengue virus, DEN1-DENA4, are responsible for the disease in humans.
They are all transmitted to human through the bites of infected Aedes aegypti and
Aedes albopictus mosquitoes. When the mosquitoes are in immature or lava stages,
they are usually found in waterfilled habitats such as water containers close to
dwellings of humans. In the adult stages, the mosquitoes may spend most of their
lifetimes around the homes of humans. This would lead to the mosquitoes being able
to transmit the dengue virus rapidly between the communities.

In Thailand, dengue disease has been reported nationwide in all parts of
Thailand, including the Bangkok metropolitan area in which three forms of dengue
disease, dengue fever (DF), dengue hemorrhagic fever (DHF), and dengue shock
syndrome (DSS), were reported. The three categories are based on the clinical
presentation of patients. The most severe form of dengue disease is DSS [1, 2]. It
reappears on a regular basis every year with the peak during the rainy season, June-

August. The amount of rainfall is the single most important factor for dengue virus
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transmission, since this condition is most suitable for mosquitoes to lay their eggs and
for the humans and mosquito to come into contact. The historical data in Thailand
indicates that the number of reported cases correlates with the average amount of
rainfall. The relationships between average monthly dengue reported cases and
average monthly amount of rainfall during 2003-2015 in Thailand and Bangkok

metropolitan area are presented in Figures 5.1 and 5.2, respectively [40].
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Figure 5.1 Average monthly rainfall and dengue reported cases
during 2003-2015 in Thailand [40].
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As we can see from Figures 1 and 2, the correlation between the amount of
rainfall and the number of reported cases of dengue disease in the period of this study
is cosine function dependence corresponding to the study of Stolwijk et al. [41]. When
mosquito bites an infectious human being, the mosquito will be feeding on the
infected blood. As a consequence, the mosquito receives the dengue viruses and will
be a vector for the transmission of the dengue viruses. The dengue disease epidemic
can then be analyzed in order to determine a set of parameter values that will allow
a strategy to control the spread of the disease when other factors are taken into
account. The mathematical model to be developed will be a SEIR (Susceptible-
Exposed-Infected-Recovered) mathematical model. Mathematical models have long
been used to describe the dengue transmission.

Esteva and Vargas [31] proposed a model with a constant human population
and variable vector population model to describe the transmission of dengue disease
and studied the global stability of the endemic equilibrium. Polwiang [42] presented a
mathematical model for general vector-host infectious disease and used the
reproduction number as a means to evaluate the potential, severity, and persistence
of dengue infection. The dengue infection will depend on the seasonal variation of the
climate and the rainfall which will affect the breeding pool for the mosquitoes to lay
their eggs and to develop into the adult stage. Rodrigues et al. [43] presented disease
transmission with  the effects of seasonality on the vectorial capacity and,
consequently, on the disease development. Using entomological information of the
mosquito’s behavior under different temperatures and rainfall, the time development
of the epidemics was simulated and analyzed. Chompoosri et al. [44] introduced
seasonal dengue infection rates in the Aedes aegypti mosquitoes to study the dengue
infection in suspected patients in 4 central provinces of Thailand. Dengue morbidity
rates used for the patients in all 4 provinces were taken to be the highest in rainy
season. Kesorn et al. [45] discovered that the Aedes aegypti female and larvae
mosquito infection rates significantly positively associated with the morbidity rate,
where the increasing infection rate of female mosquitoes and larvae led to a higher
number of dengue cases. This result supports regarding the largest female populations
to be present in the rainy season (May-June) in Thailand, in which the biting activity
rate of female mosquito increases and more dengue cases occur. Siriyasatien et al. [46]
found that female mosquitoes and seasons were strongly correlated with dengue cases
in Thailand in which infected female mosquitos together with season are directly
correlated to the number of dengue cases. Pongsumpun and Tang [47] analyzed a
model when a seasonal variation in the incubation period of the virus while it was
developing in the mosquito was included in the model. The annual variation in the

length of the extrinsic incubation period was considered by using standard dynamical
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modeling method to analyze the Susceptible-Exposed-Infected-Recovered (SEIR)
model. Chanprasopchai and Pongsumpun [37] used a mathematical model for
transmission dynamical of dengue based on the Susceptible-Infected-Recovered (SIR)
model. The standard dynamical modeling techniques were used to analyze that
model. Relations between each individual variable in the model and the biting rate of
mosquito were obtained. Sungchasit et al. [48] later proposed a transmission model of
dengue virus in which there were two mosquito species, Aedes aegypti and Aedes
albopictus, causing the infection. Separate SIR (Susceptible-Infected-Recovered)
models were proposed to describe the dengue virus transmission by two mosquito
species. Pongsumpun and Tang [49] proposed the transmission of dengue hemorrhagic
fever by Susceptible-Infected-Recovered model considering the influence of age
structure in human population. Human population was divided into two groups, adult
and juvenile groups, in order to analyze the dengue disease transmission and the
equilibrium state, stability, and numerical calculation were presented. Adams et al.
[50] proposed the epidemic pattern observed in Bangkok regarding the result of cross-
protective immunity and presented significantly altered changes in the interserotypic
immune reaction. They used records of the annual number of confirmed cases of
dengue in Bangkok between 1977 and 2000 and used a mathematical model based
on standard SIR formulation forced with an annually periodic transmission rate cosine
function representing seasonal fluctuations in the vector population.

In this study, we consider the transmission of dengue disease by using
mathematical model to investigate the dengue disease mechanism with the effect of
rainy season taken into account. The transmission rates of dengue virus vary during the
season. The Routh-Hurwitz criteria are applied to analyze the system stability of the
SEIR model and the dynamical transmission model of dengue disease is proposed. The
equilibrium state and stability, numerical simulation and results, and conclusion are

presented.

5.2 Materials and Methods

5.2.1 Mathematical Model

The SEIR mathematical model consists of two population compartments,
human’s population and mosquito’s population. Human’s population includes four
epidemiological states, Susceptible human (S,,), Exposed human (E,,), Infected
human (I,,), and Recovered human (R,,), whereas mosquito’s population is divided
into 3 epidemiological states, Susceptible vector (S,), Exposed vector (E,), and

Infected vector (7,). The mosquito’s population cannot recover from infection which
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has no recovery epidemiological states. The dynamical transmission between human’s

population and mosquito’s populations is shown in Figure 5.3.
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Figure 5.3 The dynamical transmission of dengue disease.

In the figure,

S, (t)=Number of susceptible humans at any time t,
S, (1) =Number of susceptible vector at any time t,
E,; (1) =Number of exposed humans at any time t,
E, (1) =Number of exposed vector at any time t,
1,,(¢) =Number of infected humans at any time t,

1, () = Number of infected vector at any time t,

R,, (1) = Number of recovered humans at any time t,
B, = Transmission probability of dengue virus from vector to human,
B, = Transmission probability of dengue virus from human to vector
g, = Intrinsic incubation rate,

g, = Extrinsic incubation rate,

4, = Death rate of human,

4, = Death rate of vector,

y,, = Recovery rate of human,

A,, = Birth rate of human,

A = Constant recruitment rate,

b = Biting rate,

a = Amplitude,

6 = Horizontal shift of the cosine function,

a = Time period, and

T = Number of time periods.
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To simplify the model, we assume that both the human and mosquito
populations are constant and there is no vertical transmission; that is, the eggs cannot
be infected by sexual contacts between the male and female mosquitoes. It means
that total human population is N, =S, +E, +1,+R, and total mosquito

population is N, =S, + E, +1,. The mathematical descriptions of the processes

shown in Figure 5.3 are the seven differential equations given as follows:

S _ bpyacosiC)-0]____

dtH =AuNy =ty Sy — N, Syly

a

di bp,a COS[(F) -0]____ _ _

7 N, Syl, —e, Ey+pu, Ey, (5.1)
i, —

dtH =éyEy —tyly —ryly
dR, — —

dZ‘H =Vuly — 1y Ry
ayl, — —

dl‘V =&, Ey —pp 1y

—  bB,acos[(L)-0]

dE v ? gl 7 | | - t

dtV = N Syl LEERE ;- 11, /B (5.2)

a

g | bp,acos[(—)—40]

DL 5T, u S,

dt N,

Since we have assumed that the total human and mosquito populations are

constant, we have
dt dt dt dt (5.3)
dly  dE, dSy

=0
dt  dt  dt
with
Ny ZA/M} (5.4)
Ay = Hy

Equations (5.1) and (5.2) can be normalized as follows: we first define the

normalized variables as

5,50 g _Eu ; _Tu g _Ru
Ny H Ny Ny (5.5)
S, :i’EV :ﬂ’]V :IL
Vv Vv NV
with
Sy +E, +1,+R, =1 (5.6)
S, +E, +1,=1

Then, there are only five independent variables and only five differential

equations are needed. We pick them to be:
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bﬂuaCOS[(%)—O]

das

d;l =My = HySy — N, Suly N,

a

dE, bp,a cos[(?) -]

dt = N, SylyN, —ey,Ey — By (5.7)
dl
7;1 =eyEy —pyly —Vuly

dE, a

tV = bﬂVOZCOS[(?) —01S,1,; —&/E, — iy E,

dl,

d; =&.E, — w1,

We now have five differential equations involving five independent normalized
population groups (S, ,E,,,1,,,S,,1,). We can set the RHS of equation (5.7) to zero
and find the equilibrium (time-independent) populations. There will be two
equilibrium states for each population group, a disease-free equilibrium point and an
endemic equilibrium point (one with 1,/® = 0 and the other # 0). Calling the five
equilibrium points for the five populations X; (i=1, 2, ... ,5) and letting each of the
independent population groups be equal to the equilibrium point plus a perturbation
Vi which is time-dependent, we insert these new forms of the solution into equation
(5.7) and expand the RHS about the equilibrium populations. Doing this, we get the
5x5 matrix equation.

v IV (5.8)
dt
Where J is the gradient matrix evaluated at the equilibrium

points or “the Jacobian matrix.”

5.2.2 Mathematical Analysis for equilibrium point

The stability of the solutions of equation (5.7) will be considered for 2 cases,
one wheref # a/T and one where @=a/T. It should be noted when@=a/T,
equation (5.7) will be the standard case of SEIR model, where no effects of rainfall are
taken into account. For 8 # a /T, the value of cosine function will change during the
rainy season and will vary according to the amount of rainfall, meaning that the rate
of transmission will change during the rainy season. The change in rate could be due
to the fact that more eggs can be laid or developed quicker or slower depending on
the amount of rain that has fallen. It is also well known that climatic factors control
the development of the mosquitoes and of the dengue virus.

In either case, the equilibrium points must first be determined. This is done by
setting the right-hand side of equation (5.7) to zero. Doing this, we obtain two solutions:

one will be the disease-free equilibrium point (£;) and the other will be the endemic
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equilibrium point (E2). The two possible solutions depend on whether we takey, =0

or 7, # 0. After much work, we find that
Et)=(S,; =1L,E, =0,1;, =0,E, =0,1, =0),

(5.9)
E,(t)=(S; (1), E; (), 15 (1), E} (1),1} (1))
where
o ) = sec [a/T — 0] (ey + piy) (ba cos [a/ T — 0] NyPyeptiss + (Ve + piar) (€31 + i) piyy)
H bafyey (bacos[afT — 8] Ny fyey + Nypig (2 + ) ’
s - _sec [a/T - 6] py (—2!‘)%!2 cos [a/T - 6] NoBufreney + 2 (v + pyg) (e + ) iy (8 + n“v))
S 2bafyey (e + g ) (baccos [afT = 0] Ny By + Ngpg (v + ) '
2 () = - sec[a/T - 0] py (—szaz cos [a/T - 8]* NyBuPverey + 2 (v + prr) (51 + i) iy (& + P’v)) (5.10)
. 2baPy (yy + pig) (e + pr) (bercos [af T = 8] Ny Buey + Ny (8 + piy)) ‘ .
2 * sec [a/T — 0] Nyftgptyy (—2!)20:2 cos [a/T - 9]2 NyByPregey +2 (Ya + ta) (& + pigg) iy (8 + yv))
v (== »

2baNy Byey (e +py) (b cos [afT — O] NyPyegfiy + (yu + i) (B + 1) piv)

sec[a/T — 0] Nypy (—Zanz cos [a/T - 0]* Ny BaBrency + 2 (g +4) (e + ptu) vy (&7 + yv))

I (1) =
v &) 2baNy Py (ev-+ py) (barcos [a/T — 0 NuPyeupa +(vu + pu) (€ + o) piv)

All parameters in the system should be positive definite and the epidemic
region of system will be restricted to the region of interest given by

@S {EY, Prrbes XSS IE GRS, I I Bt Y S0 (5.11)

5.2.3 Mathematical Analysis for local stability

The equilibrium states are locally asymptotically stable if all the eigenvalues
obtained by solving the eigenvalues equation Det |J—i/| = 0 have negative imaginary
parts. This will be true if the characteristic equation has coefficients which satisfy the
Routh-Hurwitz criteria. Performing the calculations, we find that the Jacobian matrix
for equation (5.7) is just

a a
bﬁHacos[(?) -0 ) bﬂyacos[(;) -0

-ty 7N7H1,,NV 0 0 0 T, S,N,
B acosl(H) 0] bpyacosl() 0]
J= - I,N, - 0 0 _ S N,
NH yiVy (8H+/1H) NH o (512)
0 &y =ty +1y) 0 0
0 0 b&acos{(%)—a](l—ly ~E,) (& +u) 0
0 0 0 &, -y

The stability is usually expressed in terms of what is known as the basic
reproduction number. This is the number of secondary infections which is produced
by a case of an infection in a population of its infectious period (VRy). This number is

the best indicator of the potential for disease transmission.
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Proposition 5.1. The equilibrium state £; is asymptotically stable when Ry is
lower than 1; thatis, Rp < 1 and 0 # a/T.

Proof. The local stability of £; is governed by linearization of equation (5.7).
The Ry is shown below. Rearranging the expressions for the equilibrium values of /; or
En. So that they would be in a form & R-1, we find that Ry, will be of the following

form:

2mt

~ b%a 2COS[— — 01°Ny By Breney (5.13)
Ny (Y ‘E#H)(EH + F‘H)(EV + Hy)

The eigenvalues of equation (5.12) are used to evaluate the disease-free

equilibrium point which is determined by solving
Det U-ANl = 0, (5.14)

where JE; is the Jacobian matrix at the equilibrium point £;, Aare eigenvalues,

and /5 is identity 5 x 5 matrix.
Evaluating the determinant of equation (5.12), we obtain the following

characteristic equation:

A+, A + el +e, i’ +e,d +e,)=0 (5.15)

where

e =Yt egtey+ 201y + ty)

ey =ey(yn + &y t gt 2py) tep(ya + 20 +ay) + (Yully + i + 2Yglly + 4ttty + 165)

e =Ex(Yuty + Eplla+ 2ty + Evity + 2lglly +18) + & (Vb + K5+ Vabty + 2lty) + ity (1 + 1)+ (5.16)
Yu(2iaity + 1)

e, —(bz “Cos [—— 9] NVﬁHﬁVEHEV) +0 (v # ) (e )i (e + py)

Routh-Hurwitz criteria required for all of the eigenvalues (solutions) defined by
equation (5.12) are negative real parts and the coefficients must satisfy all conditions

given as follows:

e >0,e,>0,e, >0
o } (5.17)

2 2
eee >e; +e/e,

When this happens and for Ry < 1, disease-free equilibrium will be stable as is

seen in Figure 5.4.
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Figure 5.4 All parameters spaces of disease free equilibrium of £; are satisfied the
Routh-Hurwitz criteria. All parameter value are Ny= 9,200, b=1/3, 1, =1/(70*365),
A, =1/3, p,=01, g =014, =1/14, ¢ =0.1428, &, =0.1667 and A=500.

Proposition 5.2. The equilibrium state £, is asymptotically stable when Ry is
higher than 1; thatis, Ry > 1 and 0 # a/T.
Proof. The local stability of £,is governed by linearization of equation (5.7). The

characteristic equation is now
(X +et+e X +te, X +e A +e)=0 (5.18)

where

e, = CNunnnans + 1 (Nas (Ns1)3 - fyNs) + 13 (Nanats +14117))) / (anjsnans)
€y = (N2 (Nans (o3 - fty1ls) + 113 (Nenkanls + M417)) + 11 (-NoptyMankanls ety (o3 - iy )
13 (Manals + MaM7))) / (Na731atjs)
ey = (M1 (a7 (NaMs - Ly Ms) - NottyMs (s (MeManls = Matl7))= Nan2 (-Nofty MaTans + MaNsMan7 + (ols - f1yMs) (5.19)
13 (Nanans + 1an7)) / (Nianens)
¢, = (-nMapty Mg a7 + (g™ NanlsMs =112 (a7 (N3 - gy 1s) - NsftyMe (a4 + Ma)))) / (Nals)
€5 = (Nyig (v + pur) (e + #H)”V(bzazcos[? ~ 01’ NyBubyeney

—(y + ) (e + )ity (e + )/ baCos[? — O1NuByenity + (vg + i) (e + )ity



where

M =Ny Bufiehey
=(—¥r — Hy)
=(—&y — i)
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2t 2 ot
'14:(bﬂ'C03 [% - 9] NyByey + Nyeyliy + NH.“H#V) (b“COS[% — O1NuByeulty + Yulully + Yullally + Sultafly +

whiy)?

Ns= (baCos[% — OINuPy sy svlly + VYususully + ba’Cos[% — OINuBy sultutly + Yusvitally
+eney bty + eyl + Yatulty + Vallully + enltulty + R

I]GZ(E)RCUS[% — 01Ny Buyucnscvity +

2mt
baCos [— -0
T

2mt
Ny ByYuevitatty + baCos [T - 9] Ny Bututylinlly + NgVutulyllplly

2mt
+baCos T - 9] Ny Buevltity + NyYaevltalty Nyeyeyltilly + Nyyliilty + NyYuenllalty
+NyYulfih + Nysaphis + Napiig)

2
nr=(b*a*Cos [% - 9] NyNy BuPvenevity + b“COS[ZTm — O)NuByenevlty + Yucusvllully

—NyYueuéyliutly +baCos

2nt 2 2 2 2
T O NuBrenlalty + Yasvlliby — NaVusyllaly + Exsyllity

—Nyepeylihlty + epliiity — Nysyltiily + )’_th'ﬂh'ﬂtz’ = NyYueulallt + Vuliie — NuYalGis
+eyliip — Nusqind + uiih — Natipg))))

Ns=(&y + L), and

'19:(5H + .UH)

The endemic equilibrium point of local stability of the system

(5.20)

will have

negative real parts when the coefficients in the characteristic equation (5.18) satisfy

the Routh-Hurwitz conditions now given by

e, >0,e2>0,e,>0,e,>0,e5>0
ee.e;—ei—ete, >0

AN 2 2
(e, —es)(ee,e; —es —eey) —es(ee, — ;) —ees >0

(5.21)

All conditions of equation (5.21) are satisfied for endemic equilibrium point as

is evident by the behaviors seen in Figure 5.5. Next, we consider the case of @=a/T;

equation (5.7) will be the standard case of SEIR model, where no effects of rainfall are

taken into account. As a result, the mathematical equations describing the model are

das bp

d;[ =My —HpSy _T:SHIVNV
dE bp

dtH :T:SHIVNV —epEy —HyEy
dl
T:ZSHEH —Hyly —vyly

dE

dtV =bp,Sy 1, —& Ey, — i Ey
dl

(5.22)
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R, obtained from equation (5.22) is as follows:

, bzi\rvﬁHﬁfoEV (523)
0= .
Nypty (ya + pe) (e + pg) (v + pv)

5.3 Numerical Results

The transmission of dengue disease in this study is based on the SEIR model.
The susceptible class will be people who have no immunity and who are not
infectious. Human beings infected are people who are infectious, that is, able to pass
on the virus onto the mosquitoes. The infectious period will be taken to be the period
during which the person appears to be sick, a period of one to two weeks. When
human gets well, the patient passes into the recovery class with lifelong immunity to
the virus. In this study, the numerical simulations assume the following values of the
parameters; u, = 1/(70 * 365) per day corresponding to a life expectancy of 70 years
in Thai people, A = 5,000 corresponding to constant recruitment rate, Ny = 92,000
corresponding to total number of human population, and b = 1/3 corresponding to
biting rate of vector population.

For case 1, the values of the parameters of case 1 for disease-free equilibrium
are y,=1/14, y, =1/3, p.=0.1, g =01, ¢,=0.1428 and ¢, = 0.1667 which will lead
to Ry < 1, while the set of values of the parameters of case 2 are ,,= 1/14, y, = 1/3,
B,= 05 p, =03 g, = 01428 and g, = 0.1667 which will lead to Ry > 1. The
trajectories of the numerical solutions for case 1 and for case 2 of Sy, Ep, In, Ey, and Iy
are shown in the Figures 5.6 and 5.7, respectively. The trajectories of the numerical
solutions for case 1 and case 2 plotted in the 2D (S, Ep), (S 1w), (Sk, Ev), and (Sy, 1)
planes are shown in Figures 5.8 and 5.9, respectively. The trajectories of the numerical
solutions for case 1 and case 2 in the 3D (Sy, En, 1), (St En, Ev), Sk Eny 1), Sk Evy ),

(Eyy Ev, 1), and (I, Ey, 1) spaces are shown in Figures 5.10 and 5.11, respectively.

5.4 Discussion and Conclusion

The effect of rainfall on the dynamical transmission of dengue disease in
Thailand has been studied using the SEIR model to model the dynamical of the dengue
epidemic in Thailand. The analysis is based on using the Routh-Hurwitz criteria to
establish the local asymptotic stability of the equilibrium points. Two equilibrium
points were found: a disease-free equilibrium point and an endemic equilibrium point.
The disease-free equilibrium point, £, is locally asymptotically stable for Ry < 1 and 6
# a/T. The set of differential equations for the SEIR model of the dengue infections

were solved for different sets of numerical values of the parameters to obtain the
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different trajectories of the different population groups in the model. The trajectories
were projected into the 2D (Sy, En), (S, In), (Sk, Ev), and (Sy, 1) planes and onto the 3D
Sty Eny 11, (St Eny BV, (Sky Eny 1), Swy Ev, 1), (B, Ev, 1), and (ly, Ey, Iy) spaces. These
trajectories are shown in Figures 5.4, 5.6, 5.8, and 5.10, respectively. When the values
of the parameters are such that Ry > and 8 # a /T, then the trajectories ending at the
endemic equilibrium point, £, are described in Figures 5.5, 5.7, 5.9, and 5.11,

respectively. The numerical results correspond to Propositions 1 and 2.

E =
= =
2 | 3
£ / 7]
g &
3 [ 7
S 14 &
o Gl
5 A
+ w1
\_\
B ROoM 40000 (EA000 BADKG.IB00RS. 150500 140000 | x _‘ : -
Times (Day) Times (Day)
11 l.
J'I'.|
-
l
| o0l
g f o f
E | ‘é [
= | 0 0.00002
= i L:E) .
o > | \
=, - b
2 8 Bl :-.mL
E i \ o] ‘
g} = I
= \ = 1 1
Tl awt 3 Ghoad - \
| \
1 ]
1 . ,\:-:(L
[ S\ l
. - Giod _ ;
! 250 A0 a5 &) y - - e N "':__'— ",‘I
Times (Day) Times (Day)
|
7]
o]
I_)
Z }
=
=]
=
Q
'_U 2.000¢
=
200 250 500 =0 400 =00
Times (Day)

\
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Figure 5.11 The trajectories of the numerical solutions of dengue disease for
endemic equilibrium projected onto (S, Ex, In), Sk Eny Bv), Sk Eny W), (Swy Evy 1), (B
Ev, ), and (I, Ey, Iv).
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Looking at the figures, we see that everything is determined by whether R, < 1
or Ry > 1; in the first case, the equilibrium state is the disease-free state, while in the
second case, it is the endemic equilibrium state. Everything depends on the form of
the expression for Ry. In summary, Ry in SEIR model which includes the effect of rainfall
is given by equation (5.24), while Ry in SEIR model which ignores the effect of rainfall
is given by expression equation (5.25). Ry value of the SIR model of Esteva and Vargas
[31] is given by equation (5.26) and the simplest expression is given by Rodrigues et al.
[43] in equation (5.27).

B b*a? cos [27t)T — 0] Ny BuPvensy (5.24)
’ Nypry (v + par) (€ + o) (e + Hv)’
R - b Ny BuPyensy (5.25)
0 = > .
Nty (Ye +tn) (e + o) (s + pv)
R, = b* BerPy Ny (Al py) (5.26)
0 2 ’ ’
(Npr+m)” py (v + bg)
poo UPupyNy (5.27)
; .

- Nygity (ya+pm)-

In expression equation (5.26), m is the number of alternative sources of blood,
that is, other animals.

In-equation (5.24), Ry value is considered the effect of rainfall, where Thailand
has correlation between rainfall and the prevalence of clinical cases of dengue [51].
Thailand’s historical data indicate that rainfall was associated with dengue in many
regions, for example, southern [52], northern [53], northeastern [54], and central [55]
regions. Dengue disease fluctuation is related to climate variability and seasonal factor
is taken into account [46, 56-60] in which the dengue virus transmission is considered
as a cosine function [50, 61]. When R, > 1, this will increase the opportunity of the
outbreak situation. Ry is an important indicator, where the realistic controlling of the
value of Ry will improve the way to control the outbreak. The value of R, simulation
of endemic equilibrium state and the average amount of rainfall are shown in Figure
5.12. It is indicated that there is a relation between the value of R, and the average
amount of rainfall.

In addition, the suitable ways to control the dengue disease are environmental
management to prevent mosquitoes from laying their eggs and breeding and using of
personal household protection to prevent contact between human and mosquito [1,
2]. In the present paper, we did not explicitly take into account the egg and aquatic

stages of the mosquito development (see equation (5.2)) as was done by Erickson et
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al. [62] and Moulay et al. [63]. The lack of these classes precludes any discussion of
the vertical transmission of the disease, since the “sexual” transmission (evidenced by
the presence of the DNA fragments of the dengue virus in the larvae and pupae [64])

occurs at these stages.

The value of R, simulation and the average amount of rainfall
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Chapter 6
The SEIR dynamical transmission model of dengue
disease with and without the vertical transmission of
the dengue virus

In this chapter, the transmission of dengue disease when there is a possibility
of vertical transmission (VT) is studied using mathematical modeling. In the normal
case, the mosquito is infected by the dengue virus when it bites an infectious human
being. Evidence is gathering that the mosquitoes can also be infected through sexual
contact with infected male mosquito. To see the possible consequence of having this
addition mode of transmission, a SEIR, Susceptible-Exposed-Infected-Recovery, model
is constructed. The Routh — Hurwitz criteria are applied to the model in order establish
the stability of the infection. It is seen that the model without the VT model has 2
equilibrium points, a disease-free equilibrium and an endemic equilibrium points, while
the model with the VT has only an endemic equilibrium point. The numerical solutions
of differential equations of the model without the VT mode exhibit dynamical
behaviors that converges to the disease-free equilibrium state when basic reproduction
time Ry is less than 1 and converges to endemic equilibrium state when Ry > 1. The
trajectories of the numerical solutions for all possibilities (with and without VT mode)

projected onto various 2D planes and 3D spaces able are presented.

6.1 Introduction

Dengue disease is found in the tropical and subtropical areas around the world
such as in South-East Asia, the Western Pacific, America, African, Eastern Mediterranean,
and others [1]. Dengue infection is estimated to infect 50-100 million populations with
almost half of world’ population living in dengue endemic countries [2]. Dengue virus
has four serotypes; i.e. DEN1, DEN2, DEN3, and DEN4 and cannot transmit from human
to human directly. Dengue virus is transmitted to human by the bite of infected Aedes
mosquitoes. It means that human is the main host of the dengue virus and mosquito
are the vectors of the transmission. The mosquitoes can be found around houses and
be infected when they bite an infectious human. This leads to the dengue virus moving
within and between communities. The way to control dengue disease is focused on
the spreading of the mosquitoes.

In Thailand, dengue has been reported in from all regions including the Bangkok
metropolitan area. The reported cases and death cases from 2003 to 2015 are shown
in Figure 6.1. In 2015, the reported cases and deaths cases were 144,952 and 148

respectively [3]. The historical reported data is indicated that dengue disease has



52

potential to spread quickly with the country experiencing large epidemic in both
reported cases and death. There is a high-risk potential for the spread of the dengue
disease when there is a high rate of contact between the host and vector in a large
population of human and mosquito (as in the Bangkok metropolitan). Rainy season is
suitable for mosquito to lay their eggs and Figure 6.2 shows that there is high number
of reported cases during the rainy season. Female mosquitoes will become the vector
for the disease when they feed on the blood of infectious human. As the results, the

mosquito will be able to transmit the virus to an uninfected human when she bites

him.
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Figure 6.1 Thailand dengue reported historical data from 2003 - 2015
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A model of the dengue epidemic is necessary to better understand the
mechanism and behavior in order to analyze the spread and control the spread of the
disease. Mathematical models are often developed to describe the transmission of
dengue disease. Esteva and Vargas [31] proposed a model for the transmission of
dengue fever where the human population is constant but mosquito population varies.
They provided a global analysis to establish the global stability of the endemic
equilibrium. Naowarat, et al. [32] proposed a dynamical model to determine the
human susceptibility to dengue fever. The standard method was used to analyze the
dynamical of dengue disease system. Pongsumpun and co-workers [33, 34, 35, and
36] proposed mathematical models for dengue disease which took into account
additional features of the disease. The dynamical transmission with the effect of
extrinsic incubation period was included. A standard dynamical analysis was applied
to a modified Susceptible-Infected-Recovered (SIR) model included an annual variation
in the length of the extrinsic incubation period in the mosquito [33]. The dynamical
transmission behaviors of dengue disease in the presence and absence of an extrinsic
incubation period were compared [34]. In other study, the effects of there being an
incubation period in the virus was studied in a SEIR model [35]. The vector populations
in this model were divided into susceptible, infected and infectious classes. In a further
study, a seasonal change was introduced into the transmission model used describe
the dengue virus infection in Thailand [36].

Hiroshi [65] proposed a new SIR model to clarify the relative contributions
of a mathematical approach and of a statistical approach to the dengue epidemiology
without having to delve into the mathematical details. He introduced a new method
to determine the basic reproductive number which did not involve extensive
mathematical manipulations. Erickson et al. [66] used a SEIR model to examine the
role of temperature in driving the vector dynamical. Their model used the Aedes
albopictus mosquitoes as the transmitting vector. Bakach I. and Braselton J. [67] looked
at different mathematical models and compared their predicted behaviors with each
other. The evaluation of each model under different scenarios allowed one to identify
the strengths and weakness of each of the model. The effect of the spreading and
progression of the disease were studied in order to determine what the values of the
parameters were. Rodrigues et al. [68] has also studied the transmission of dengue
fever. They used their results to explain outbreak of the disease in Cape Verde. Aldila
et al. [69] a host-vector dengue transmission model to determine what the optimal
control strategy should be. The strategy was based on using different amounts of
mosquito repellent on different segments of the human population.

In another paper, Esteva and Vargas [70] included the possibility of vertical or

transovarial transmission. In this type of transmission, one does not need the host;
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one can pass the virus from mosquito to mosquito without the need of a human or
from human to human without the need of a mosquito. These types of transmission
are vary. The rarity is seen in the report in 2010 of the first putative case of vertical
transmission in China [71]. Thenozhi et al. [72] reported that they had collected
mosquitoes (both male and female) in Kerala State and examined for dengue virus
DNA in them. They found that some of the male mosquitoes in them. Since the
males do not need human blood for the purpose of generating eggs, the most likely
way would be through sexual contact. This has happened in the most recent ZIKA
epidemic [73]. The ZIKA disease is also an airborne disease where the same mosquito
transmitting the virus is the same virus specie transmitting the dengue fever virus. The
latest report is that the ZIKA disease has become a STD (sexually transmitted disease)
which needs a different form of disease control strategy. Whatever the reasons, two
recent reviews have appeared in 2016 on the vertical transmission of spread of dengue
fever [74 and 75].

In this chapter, it will be reconsidering the transmission of dengue virus in the
case where vertical transmission of the virus between the mosquitoes is possible. We
will be using the SEIR model (Susceptible, Exposed, Infected and Recovered) is used
to investigate the dynamical of the disease. We will be analyzing the stability of the
model using standard dynamical analysis. We will consider the dynamical transmission
model of dengue disease for the cases where vertical transmission is or is not possible.
The equilibrium state and stability are considered both behaviors. The numerical

simulation, results and conclusion are presented.
6.2 Material and Methods

6.2.1 Mathematical Model

The mathematical model is for two populations, human and mosquito. In the
SEIR model, the human is divided into four compartments, susceptible human (Sg),
exposed human (Ey), infected human (), and re-denoted as covered human (Rp).
The vector population is partitioned into 3 compartments: susceptible vector (S),
exposed vector (F{,), and infected vector (IT,). In this model, we assumed that the total
number of members of each population is constant. For the vector population, we
further assume that the rate at which the number of susceptible vectors entering into
mosquito population is A per unit time and M is the number of infected mosquitoes
that enter directly by vertical (transovarial) infection if this type of transmission is
possible. As we have mentioned, this transmission mode is rare or nonexistent. We
consider the different behaviors of dynamical transmission of dengue disease with and

without the effect of vertical transmission taken into account (M # 0 and M = 0). The
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dynamical transmission of dengue disease when both modes of transmissions are

possible is shown schematically in Figure 6.3.

Vector population
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Figure 6.3 The dynamical transmission of dengue disease by both biting infected

human and vector born infection

Let:

Sy (t) = Number of susceptible human population at time t,

Ey (t) = Number of exposed human population at time t,

I; (t) = Number of infected human population at time t,

Ry (t) = Number of recovered human population at time t,

Sy (1) = Number of susceptible vector population at time t,

Ey (t) = Number of exposed vector population at time t,

Iy ) = Number of vertically infected population at time t,

A = Constant recruitment rate,

M = Number of mosquitoes which were infected transovarially.

The mathematical representations of the processes shown schematically in
Figure 6.3 are given by equations (6.1) to (6.7). The dynamical change of the human
and mosquito populations is given by equation (6.1) to (6.4) and (6.5) to (6.7)

respectively.
ds BB, ~ ~ -
Tf =AyNy _N—HSH]V — Sy (6.1)
H
dE,, bp, = ~ ~
dtH = N: Suly =&y +1y)E, (6.2)
dl ~ ~
=g, E, —(uy +r,)I, (6.3)

dt
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dR ~ > 6.4

d;I =1yl — Uy Ry (6.4
%_A L SVTH_,UVgV (6.5)

t H

dE, bp, ~ ~ -

T:ZN—HVSV]H — (&, + 1)E, (6.6)
dl, ~ ~

—L=M+¢e,E, —u,l, (6.7)

dt
We have assumed that

NH=§H+EH+INH+EH (6.8)
N, =§V+EV +7V (6.9)
Where

N, = Total number of human population,

N, = Total number of vector population,

iH = Birth rate of human population,
b = = Biting rate of vector population,
B, = Transmission probability of dengue virus from vector population to human,

B, = Transmission probability of dengue virus from human population to vector,
¢y = Intrinsic incubation rate,

&y = Extrinsic incubation rate,

M = Death rate of human population,

My = Death rate of vector population,

'y = Recovery rate of the human population.

The assumption of our model is the total human and vector populations are

constant. This leads to the rate of change for human and vector population being zero,

ie.,

dSy dE, N dl, N dR,,

=0 (6.10)
dt dt dt dt
ds,  dE, dI, _ (6.11)
dt dt dt
From the above equations, we can obtain the following equations:
N, =(4+ M)/ u, (6.12)
y— (6.13)
H H
We now normalized equations (6.1) - (6.9) as following:
S E 1, R
S, =—* FE, =—21, =—%2 R, =—2, .
H NH H NH H NH H NH (6 14)
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S
SV :Nil;’Eu = Ay = = (615)
We also have
1=5,+FE, +1,, +R,
1=8,+E,+1, (6.17)

The mathematical model of equation (6.1) - (6.7) is now reduced to the following

(6.16)

5 equations:
dde:uH(l—SH)—Z;f: Suly N,y (6.18)
dstH = l;f: Syly N, — (&4 + )E, (6.19)
dde =6, E, — (st 40 (6.20)
by, — &+ 1 )Ey (621
dstV - Nﬂ + e E, — i1, (6.22)

6.2.2 Mathematical Analysis for equilibrium point

The mathematical model is now analyzed and investigated in order to find the
equilibrium points and system stability. The equilibrium point is determined by setting
the right-hand side of equation (6.18) - (6.22) to zero. The system stability is
determined by its eigenvalues and RO. After we solved equation (6.18) - (6.22), we

only obtain the endemic disease equilibrium points £; given by

R S, Ead & B0 (6.23)
Where

S}{ = (b*N§BuByencyiiy +
Ny (Nypp(ey + py) (2bByentin + (Yu + un)(€n + tu) tv)
+ bMBy (Yu(ey + un) (& + uy) + uu(bByey + (ey + un) (& + wy))))
- \/(ng (4bM Ny Byiy (vu + puy) ey + uy)(ey + HV)Z(b,BVEH#H
+(vu + pn) (e + ppdiy) + (Ngpg (Ve + wp) (eg + upuy (ey + ) —
bBy(Myy (ey + un)(ev + uy) + uy(bByeg(M + Nyey) + M(ey +
) (& + 1))/
(2bNy By eptin (DB (M + Nyey) + Nypy(ey + uy)))
Ey; = (b2Ni BuByeneyity + Ny(=Nypy (v + i) (e + )ity (v + piy)
+ bMBy(—yu(en + pu)(ev + ty) — pu(—bBven + (en + un) (ev + wy))))
+‘/(ng (4bMNyBypy(vy + un) (e + ug)(ey + ﬂv)z(bﬁVEHllH
+(vu + un) (e + updtty) + (Ngpy (ve + ) (En + pp)iv (v + uy)
—bBy(Myy(ey + un)(&y
+ piy) + iy (bByey(M + Nyey) + M(ey + puy) (v + 1y))))?))) /
(2bNyByey(ey + up)(bBy(M + Nyey) + Nyuy (v + wy))) (6.25)

(6.24)
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]5 = (szlgﬁHﬁVgHgV,uH + Ny (=Nyuy(vy + tn)(Eq + pa)uy (ev + py)
+bMBy(—yu(ey + tu) &y + uy) — uy(—bPyvey + (en + up) (ev + 1y))))
+\/(ng (4bMNy By (vy + un)(en + ug)(ey + ﬂv)z(bﬁfoﬂH
+(Yu + un) (e + upity) + (Ngup (ve + ) (en + up)iy (v + uy)
—bBu(Myy(ey + un) (& + uy)

+uy(bByey (M + Nyey) + M(ey + py)(ey + 1))/
(2bNy By (vu + pu) ey + up) (bBy(M + Nyey) + Nyuy (e + )
E} =(=bMNyBy(yy + tu)(en + )y (ey + 1y)
— NuNypy (Ve + pg) (e + )i (ev + wy)
+b2Ny By Byeyiy (—Mpy + ey (=2M + Nyuy))
+MV\/(NI§ (4bMNyBypn(vy + un) (e + uy)(ey + Hv)z(bﬁVEHﬂH
+(u + tu) (e + uiy) + (Nagpy (Ve + up) (En + ) v (v + wy)
— bBy(Myy(ey + tn)(ev + Uy)
+uy(bByey (M + Nyey) + M(ey + py)(ey + 1y))))?)) /
(Zle;,BHSV(EV + uy) (bByeniy + (vu + uw) (e + i)

I = (b2NZBuByenevity + Ny (=Nupy (Ve + ie) (en + )ity (ey + )
+bMBy(Yu(ey + pu)(ev + pv) + tu(bBren + (ex + py) (&v + 1y))))
+\/(ng (4DMNy By (Vi + ty) (en + ug) (v + py)?

(bBventn + (vu + ) (En + trtty) + (Nypy (v + pu)(en + ma)iv (v + uy)
—bBy(Myy (eg + 1) (ev + uy)
1y (bByey (M + Nyey) + M (e + py) (v + 1w)))*)))/
(2bN By (ey + py) (bBventy + (Vi + 1) ey + tp)ity))

(6.26)

(6.27)

(6.28)

All parameters used in system equation (6.24) — (6.28) are positive and the
epidemic region is
Q= {(S;,EE,IS,EII/*’[;*) 0 SS:ESJS,E}/*,[;* < 1}

6.2.3 Mathematical analysis for local stability

The local stability of the equilibrium point determined from equation (6.18) —
(6.22) is analyzed by first obtaining an expression for the basic reproduction number
Ro and the Jacobian matrix. After these are done, we then solve the eigenvalues
equation which involves the Jacobian matrix. The Jacobian matrix of system equation

(6.18) — (6.22) is as follows:

— 1, - OBy I'N, 0 0 0 By SyN,
NH H
b . b .
Phuren, ey +my) 0 o PPugrn, | (629
J= Ny H
0 gH _(/uH+rH) 0 0
0 0 bB,(1-1; —E;) —(& + i) 0
| 0 0 &y - Uy ]

The basic reproductive number,\/RT, is the number of secondary infection

produced by a typical case of an infection in a population of its infectious period. Ry
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can be indicated the transmission potential of disease. In case of Ry>1, the transmission

has potential to spread between people. The requirement for local stability at the
equilibrium state is stated in proposition 1 given below.

Proposition 6.1. The equilibrium state £; is asymptotically stable when Ry is
higher than 1, Ry > 1.

Proof. The local stability of £; is governed by linearization of system equation
(6.18) - (6.22). The Ry is given as.

Ro = (051 + NVMaz (7Ha3 T Hy ((Z4 + 663)))4- (6.30)

(NIE (a5a2a6a32 (a4lLlll +a6a7lu\/)+ (axasas -a2 (M711a3 +/’lll(a4a9 +Ma3)))2)))
Nyagogo,
Where
a1=b*N¢ BuBveneyin
o= bﬁH
a3=(en + pa) (v + piv)
o4=bPyey
as=(Yu + Un)
a7=(ey + uy)
as=Ny [y ly
(X9:(M el Nng)
The characteristic of equation (29) which determines the eigenvalues is the

eigenvalue equation obtained by solving det .JEI _/USI =0, where

Jer = The Jacobian matrix at the equilibrium point E1,
A = The eigenvalues,
[s= The identity 5x5 matrix.

Evaluating the determinant, we get the following characteristic equation
X +eA' +e, X +e A +el +e,)=0 (6.31)
where
e, =[—F(=vy — U GH + F(=GH] — ujGH (—py — KL))]/N
e, =[(-F(=yy — up)GH] = g GH (=pyy — K + L))
+F(—GHP + GH](—uy — K + L)))]/N
e;= [—F(=yy — py)GHP + GH](—py — K + L)
+FOGH + GHP(—uy — K+ L)]/N
e,=[—FOGH(—puy — K+ L)+ (QH(—K+R)(1 =K+ S)—F((=yy —
Uy) OGH + GHP(—uy — K+ L)) ] / Fu4GH
es = (1/2NyNy (bByeppy + (vu + un)(en + ppdiy))T

where
F =8NjNy BuBieiiey
G= (g + .UV)Z

H= (bM,BH + bNyfyey + Nyeypuy + NH.UHIJV)Z(b.BVEHﬂH + YuEully +
Yuluby + Euinby + nauy)?
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J = ((—SH — up)ug — pi(ey + Z.UV))
K= (szl;ﬁHﬁVgHgVﬂH +Ny(—Nypy(Yy + tu)(Eg + pg)iy (e + )
+bM By (Yu(en + un)(ev + uy) + uy(bPvey + (en + up) (v + wy))))
L = V(NZ(4DMNy Byps (vu + ) (en + e (v + my)? (bByenpy + (v +
b)) (En + tpdiy) + (Nptiy (Ve + tn) (en + up)iy (ey + py) —
bBy(Myy(ey + tn)(ev + ) +up(bByey(M + Nyey) + M(ey +
tr) (v + )N /
(2NyNy (ey + ) (bByenpiy + (Yu + uu) (En + Uu)iv)))))
N = (8N;Ny BuBiehevui(ev + uy)*(bMBy + bNy Byey + Nyeypy +
Nubipity)*(bByentiy + Yueutly + Yuliutty + eqtintly + piiy)?)
(—enw — MH)MI%I(_gV — W)y
(M121(—€V — )y + (—ey — HH)H%I(gv + ZHV))
1/(b:BH (M + Nyey) + Nyuy(ey + .“V)) 4bNy Ny Bi B etieiuy (ey + py)?
= \/(ng (4bMNyBupy(vu + py) (en + py)(ey + ﬂv)z(bﬁVEHﬂH +
(Yu + ta)(En + uiy) + (Ngpg(ve + vu) (Eg + )iy (ey + wy)
—bBy(Myy (&g + n)(ev
+ piy) Hu(bByey (M + Nyey) + M(ey + py) (ey + 14y))))?)))
/(ZbNI;ﬁH (e + ) (bByeyuy + (vy + 1y (e + ,UH)HV))
T =(=b>NiBuBienievitsy + bNy By ey (Nypty (Ve + 1) (en + )y (v +
ty)+ bMBy(=yu(ey + tp) ey + uy) — uu(bByey + (e + 1p)(ey +
wy))) + (bBventy + 2y + i) (e + ) W (VG (NFug vy +
up)?(ey + uy)?uy(ey + py)? + 2bNy By Yy + py) (ey + ) (e +
) (M(yy + up)(En + pgiy (ey + wy) + bByeguy(2Me, + (M —
Nye)py) + b?Ba(Myg (g + py)(ev + iy) + ty(bByen(M + Nyey) +
M(ey + pg)(ev + 1))
R = \/(NI; (4bM Ny Bty (vy + pn) ey + pu) ey + HV)Z(bﬁngliH + (vu +
ta)(En + uiy) + (Ngpyg (v + pa)(En + w) iy (& + ) —
by (Myy(ey + pu)(Ey + uy)+un(bByey(M + Nyey) + M(ey +
) (ev + 1y)))?))

0
P
0
S

The solution of equation (31) is solved through use of the Routh-Hurwitz
criteria. The equilibrium point will be local stability when all eigenvalues have negative

real parts. This will happen if all the coefficients satisfy the following conditions:

e, >0,e, >0,e;>0,e, >0,e. >0 (6.32)
ee,e, > 632 + 61264 (6.33)
(e, —es)ee,e; —e5 —eje,) >es(ee, —e;)” +ees (6.34)

All conditions of equation (32) - (34) are satisfied for endemic equilibrium point
as seen in Figure 6.4.

The dynamical transmission of dengue disease without a vertical mode of
transmission (M = 0) is described by equations (6.18) to (6.21) which are the same as
the case where vertical transmission is possible except that equation (6.22) has been

replaced by the equation below
dl,
T:ZSVEV -1, (6.35)



0.3855

03850

03845

0.3840

0.0199
0.0498
0.0497 - |
~ 3

0.0:496

0.0495 |

0.002460 t
0.002455 |

0.002450 |
L |

@
0.002445 +

0.002440 |
[

0.002435 [
I

o

2805 %1078 [

2.8%10°8

2798 %108

279%107 3
A

[y
2785 %108
295%10°8
2778108

2.7Ix 108

¢)—¢.(ee;

=
2

&

4

00000414

{ 00000413
1
00000412
s
OR000411

0.000041

(ge,—eXee

Figure 6.4 All parameters spaces of endemic disease equilibrium of £; are satisfied
the Routh-Hurwitz criteria. The parameters value are Ny=92,000, b=1/5,
ug=1/ (710*365), yy=0.1428, Ly=0.95, By=0.75, u,=1/24,
ey=0.1428, e4=0.1667, A=5,000 and M=400
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Reanalyzing the new set of equations in the same way as before, we now arrive
at two equilibrium points, a disease-free equilibrium and an endemic disease
equilibrium points defined as.

i Disease free equilibrium point

E, =(1,0,0,0,0) (6.36)
i. Endemic disease equilibrium point
E,=(S; E; I, E 1)) (6.37)
where;

Sy =[Ny (ey + w)(bByentty + (vu + up)(ey + ) iy)] (6.38)

/[bﬁVgH(bNVﬁHgV + Nyuy(ey + .UV))]
E; == [ug(—=b*NyByPyeney + Ny(vy + up)(eg + w)uy (ey + p1y))] (6.39)
/ [bByen(en + 1) (bNyBuey + Nupiy (v + uy))]

15 = [ua(b*NyBuPyeney — Ny vy + uy) (en + u) iy (ev + uy))1/ (6.40)
bBy(vy + un)(en + 1ty) (DNyBréy + Nyptn(ey + fy))
E} =—[punpy (—b*NyBuPveney (6.41)

+Nu (Ve + pn) (En + )iy ey + uy))1/
bNyByey(ev + uy) (bByeupy + (Yu + tu) (En + iy tiv)
17 = =[ug(=b*NyBuPrenev + Ny (vu + 1a) (en + i)ty (v + )1/ (6.42)

bNyBu(ey + uy) (bByeppn + (Yu + ta) (€ + Hpiy)

The Jacobian matrix used to determine the stability of eigenvalues at
E, =(1,0,0,0,0) has the form.

bBy ]
— U 0 0 0 — N
H N, v
by
A 0 —(&y + 1) 0 0 HNV (6.43)
0 En _(/uH+rH) 0 0
0 0 bB, —(&y+1y) 0
. 0 0 &y —Hy

Proposition 2. The equilibrium state £, is asymptotically stable when Ry is less
than 1, Ry < 1.

Proof. The local stability of £, is governed by linearization of system equation
(6.18) - (6.21) and (6.35). The R, will be of the form
_ b Ny By Byeney
 Nutty (v + ) (e + ) (g + i)
The characteristic equation obtained same by solving the determinant

Ro

equation, Equation (6.43) is given by
L +e ' +e, X +e, ' +e, A +e)=0
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Where;
e, =[Nyyy + Nyey + Nyey + 3Nypy + 2Nyuy]/Ny
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e, =[NyYney + Nyyuéey + Nyeyey + 2Nyyyuy + 2Ngeyuy + 3Nyey iy
+3NHﬂ121 + 2Nyyuiy + 2Ngeyuy + Nyeyuy + 6Nguguy + NH.“I%]/ Ny
_ 2
e;=[(NyYuéney + NyYueuliy + 2Nyyneviy + 2Nyepeyiy + Nyyuuy

+NH3H#121 + 3NH3Vﬂ121 + NH”I%I + 2Nyyueuty + Ngyuévity
+ Nyéegyéeyly

+4Nyyuupty + 4Nyegupyiy + 3Ny eypuppy + 6NH.“121MV + NHYHHI%

+Nyeyui + 3Ny )]/ Ny
e, =[=b*NyBuByeney + NyYueneyity + Nyyuevuf + Nyeyey g
+Nyeyity + NyYuepevity + 2Nyyuepiigiy + 2Nyypey ity
+2Nyepey ity + 2NyYupfitty + 2Nyeguipy + 3Nyeyuf iy
+ 2Ny gy
+NyYuentti + 2Nyyyiupy + 2Nyegppith + 3Nypugug)]/Ny

e; = [up(—b*NyByByeney + Ny (vy + un)(ey + ug)ity (sy + puy))1/Ny

All conditions of equation (6.32) - (6.34) are satisfied for disease free equilibrium
point as seen in Figure 6.5.

The Jacobian matrix at £, = (S5, E; , I, EX, I7)is

- H—bﬂH IF'N, 0 0 0 —é’é)iSf;NV
H H
b ) b -
u 2, ey ) 0 VAIYLD
H H
0 €n —(ty +ry) 0 0
0 0 bp, (1-1) ~E}) —(& +4,) 0
0 0 0 &y — Uy,

(6.44)

Proposition 3. The equilibrium state £, is asymptotically stable when Ry is
higher than 1, Rp > 1.

Proof. The local stability of E, is established through the linearization of
equations (6.18) - (6.21) and (6.35) which leads to the determinant equation previously

obtained. Solving the eigenvalue equation, we get a similar characteristic equation,

X +e ' +e, X +e, . +e, A +e)=0
Except that the coefficients are now
Where:

e, =[—(—UH + GH(—py + V)] / GH

) :[_
e, =[—(=UH(=W3; W+ Wi Wi) + GH(Wi— W+ W3 W) (—uy + V)] /GH
e,=[(1/YIHY)(A +V + p, V) =Ys(WiW>GH + GH(—=W3Wo+WiW4)) (—uy +

(=GH(Wi—W:>+ W3 Wy) +GUH (—py + V)] /GH

V)] /GHY;
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es=[—tu(Yu + un)(en + MH)MV(_szV,BH,BVSHEV + Ny(Yu + tn)(ey +

)iy (ey + uy))] /Ny(bByepiy + (Yu + tn) (En + Uu)ity)
Where:

U=(yn +éen+ev+2uy+ 2py)

V =[ﬂH(_b2NVﬁHﬁVSH5V + Ny(vu + up)(en + upuy (e + liv))] /
[Nu(ey + wy)(bByenuy + (vy + ) (en + ug)pv)]

Wi =(=Yu — bu)(—&n — tn)

W2 =(—&y — W)ty

Ws=(yuy + eq + 2pp)

We=(ey + 2uy)

Y1 = (bNyByey + Nyuy(ey + ty)) BNENG BaBrened (ey + uy)®

Y>=(bBveutn + (vu + tu)(En + ur)itv)),

V5= N13NV,3H.3531215V

These coefficients of this new characteristic equation will also satisfy the Routh-
Hurwitz criteria, equation (6.32) - (6.34) for the coefficients defined above (See Figure
6.6) and so the eigenvalues by the characteristic equation above will all have negative

imaginary parts and the endemic disease equilibrium point will be stable.

6.3 Numerical Results

The numerical analysis in this study considers the transmission of dengue
disease in models where the values of the parameter values are listed in Table 6.1,
which gives different values for three sets of parameters which leads to the three cases
we are looking at case 1 are the values when vertical transmission occurs and the
equilibrium state is the endemic state. Case 2 are the values when there is no vertical
transmission is possible but the equilibrium state will be the disease-free state. Finally,
case 3 are the values when there is no vertical transmission but the equilibrium state
will be the endemic state.

The trajectories of the numerical solutions case 1, case 2, and case 3 projected
onto Sy, En Iy Ev and Iy are shown in the Figure 6.7, Figure 6.8, and Figure 6.9
respectively. The trajectory of the numerical solutions case 1, case 2, and case 3
projected onto (S, En), (Sw, In), (Sky EV), (Sky 1), (Ery Ev) and (I, 1) are shown in the Figure
6.10, Figure 6.11, and Figure 6.12 respectively. The trajectory of the numerical solutions
case 1, case 2, and case 3 projected onto (Sy, Ex, It), (Sk, Ery Ev), (Sw Eny 1), (S Evy 1),
(Ey, Ey, 1), and (I, Ey, 1) are shown in the Figure 6.13, Figure 6.14, and Figure 6.15

respectively.
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Figure 6.5 All parameters spaces of disease free equilibrium of £, are satisfied the
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Table 6.1 Parameter are used involved in the transmission of dengue disease

Parameters Case 1 Case 2 Case 3
Uy 1/(70*365) 1/(70*365) 1/(70*365)
Ny 92,000 92,000 92,000
b 1/5 1/5 1/5
A 5,000 5,000 5,000
Uy 1/24 1/24 1/24
M 400 0 0
Yu 0.1428 0.01428 0.01428
Bu 0.95 0.65 0.65
By 0.75 0.65 0.65
&y 0.1428 0.01428 0.1428
Ey 0.1667 0.01667 0.1667
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Figure 6.7 The time trajectories of the numerical solutions of the model

when vertical transmission occurs for Sy, Ex, I, £y and y are shown.
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Figure 6.8 The time trajectories of the numerical solutions of the model when there
is no vertical transmission of the virus of Sy, £y Iy, Evand fy lead to the equilibrium
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6.4 Discussion and Conclusion

In this paper, the dynamical transmission of dengue disease using SEIR
mathematical models which focus on the transmission of the virus in the mosquito by
its being bitten by an infected human or by vertical transmission mode, i.e., through
sexual contact with a male mosquito is studied. It is shown that the presence of
vertical transmission insures that the endemic equilibrium state is the only possible
outcome. In the absence of vertical transmission, the model leads to two possible
outcomes, a disease-free equilibrium state and an endemic equilibrium state which
depend on whether Ry < 1 or Ry >1. The Routh-Hurwitz criteria for the coefficients of
the characteristics equations for the system are used to determine whether all the
eigenvalues have negative imaginary parts.

When there is vertical transmission of the virus in the mosquito and the values
of the parameters are such that Ry > 1, the only equilibrium state is the endemic
equilibrium point, £, and it is local asymptotically stable as can be seen from Figure
6.4 which shows the values of the parameters satisfy the Routh-Hurwitz criteria. The
time trajectories of Sy, Ex, I, Ev and Iy are plotted on Figure 6.7. The trajectories of the
numerical solutions are plotted on the 2D (Sy, En), (Sy 1), (Sw Ev), (Sy, 1), (E, EV) and
(I, 1) planes and in the 3D (S, Ep, 1), (Sky Evy EV), (Sky Eny 1), (St Ev, 1), (B, Ey, 1), and
(I, Ey, 1) spaces seen in Figure 6.10 and Figure 6.13 respectively.

In the absence of vertical transmission, the disease-free equilibrium point, £,
will be local asymptotically stable when R, < 1. The range of values of the parameters
for which the coefficients of the characteristic equation for eigenvalues satisfy the
Routh-Hurwitz criteria for the disease-free state to be local asymptotical stable are
shown in Figure 6.5. Picking the values (the ones listed for case 2 in Table 6.1 and given
in figure caption), the time dependences of Sy, Ex, I, Ev and 1y, are plotted in Figure 6.8.
The trajectories of the numerical solutions are plotted in the 2D (S, E4), (Sp, I+, (Sk
Ev), (Sp, W), (En, EV) and (I, 1) and the 3D (S, Ex, In), (Sw, Ery EV), Sk Eny 1), (Sw, Ev, 1), (Eny
Ey, 1), and (I, Ey I\) space in Figures 6.11 and 6.14 respectively. The endemic
equilibrium point, E;, is local asymptotically stable for Ry > 1. The behaviors of the
populations for this case (case 3) are shown in Figures 6.9, 6.12, and 6.15.

To see the influence of vertical transmission in the mosquitoes on the human
and mosquito populations, we have plotted on Figures 6.16(a) and 6.16(b) the time
dependence of the infectious humans and mosquitoes in the presence or absence of
vertical transmission of the virus in the mosquitoes of Iy and /. In both cases, the
equilibrium state was the endemic state. We see that the equilibrium states were

reached slower when vertical transmission of the virus in the mosquito occurs.
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Chapter 7
SIR model for dengue disease

with effect of dengue vaccination

The dengue disease is caused by dengue virus and there is no specific
treatment. The medical care by an experienced physicians and nurses will save life
and will lower the mortality rate. A dengue vaccine to control the disease has been
available in Thailand since late 2016. Mathematical model would be an important
way to analyze the effects of the vaccination on the transmission of the disease. We
have formulated a SIR (Susceptible-Infected-Recovered) model of the transmission of
the disease which includes the effect of vaccination and used standard dynamical
modeling methods to analyze the effects. The equilibrium states and their stabilities
are investigated. The trajectories of the numerical solutions plotted into the 2D planes
and 3D spaces are presented. The main contribution is determining the role of dengue
vaccination in the model. From the analysis, we find that there is a significant reduction

in the total hospitalization time needed to treat the illness.

7.1 Introduction

Dengue disease is a mosquito-borne viral infection caused by 4 serotypes of
dengue virus, DEN-1, DEN-2, DEN-3, and DEN-4. Dengue disease is widely spread in
tropical and sub-tropical region of the world. Dengue virus is transmitted to human by
the bite of the female mosquito of the species, Aedes aegypti and Aedes albopictus
[1]. An estimated 3.9 billion people in 128 countries are at risk to this disease. The
countries at danger to infection by the dengue viruses around the world are shown on
Figure 1.1 [2].

Thailand is located in tropical region where dengue virus is widely circulating.
Dengue is spreading nationwide in Thailand including the Bangkok metropolitan area.
Thailand is in special danger since three of the four species of the dengue virus have
been found in Thailand and both of the Aedes vector species are present. The Bureau
of Epidemiology, Ministry of Public Health has reported dengue cases in all provinces
in 2016, a total of 63,931 cases with 64 deaths [3]. At the present time, there is no
special treatment for dengue disease but early detection and the appropriated medical
care will decrease the fatality rates. A dengue vaccine would be another way to reduce
the fatality rates. WHO reported the first dengue vaccine, called as Dengvaxia (CYD-
TDV). It was registered in several countries in late 2015 and early 2016. It was
recommended for use only in high dengue disease burden countries such as Thailand

[1]. Dengue vaccine against four strains of the dengue virus was first launched in
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Thailand in late 2016. The vaccine would be suitable for use in individuals between
9-45 years of age living in endemic areas. Since the reported incidence of dengue
peaks in the rainy season between June to September, the vaccination should in
advance of the peak period in order for the immunity to develop.

There were many mathematical models for describing and analyzing the
behaviors of dengue disease. Esteva and Vargas [31] proposed a SIR (susceptible-
Infected-Recovery) model to describe the transmission of dengue disease with
constant human and vector populations while Chanprasopchai et al. [76] proposed a
SEIR (Susceptible-Exposed-Infected-Recovered) model for Thailand to deter-mine the
effect of the rainfall on the spread of dengue in Thailand model. The transmission of
dengue disease is assumed to depend on the nature of the rainfall in different
countries. The stability of the solution of the model was then analyzed. Numerical
results taking into account the rainfall was obtained and they were seen to correspond
to the analytical results. Using standard dynamical analysis techniques,
Chanprasopchai and Pongsumpun [37] established relations between the different
variables in a SIR model of the dengue transmission model in which the biting rate of
mosquito became as factor. Pongsumpun and Tang [49] analyzed the transmission of
dengue hemorrhagic fever in a SIR model which included an age structure in human
population.

Recently, Shim [77] studied the recently approved dengue vaccination program
in the Philippines and showed that with appropriated pricing of dengue vaccination,
reduction of the burden of the dengue disease in the Philippines and a significant
potential to confer excellent value were possible. Aguiar et al. [78] has proposed a
mathematical modeling for investigating the impact of the newly licensed dengue
vaccine using different scenarios and presented the results for achieving significant
reduction in disease burden. The vaccination program is most effective when only
individuals have been already been exposed to at least one dengue virus. Recker et
al. [79] reported that the availability of epidemiological and clinical data from the trials
of vaccine provided a great opportunity for formulating mathematical models in which
the vaccine efficacy depends on the serotype, age, host immune status, and severity.
Mathematical modelling becomes a valuable tool in the policy-making process to
estimate what the consequences of any decisions taken could be.

In this study, we propose a SIR mathematical model to analyze the behaviors
of the transmission of dengue disease with vaccination effect and apply it to Thailand.
The standard analysis method using Routh — Hurwitz criteria is applied to investigate
the system stability which the dynamical transmission model of dengue disease,

equilibrium state, stability, numerical simulation, results and conclusion are presented.
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7.2 Methodology

In our SIR model, the population is divided into 2 populations, a human and a
vector populations. The human population consists of three epidemiological states;
susceptible humans (s,), infected humans (7,,), and recovered humans (), while
the vector population has two epidemiological states; susceptible vector (s,) and
infected vector (7,).Mosquito has no recovery state since the mosquito dies before it
can recover from the disease. Susceptible mosquito state is un-immune and un-
infected while in the infected state, it is infected with dengue virus and can transmit
the virus. Recovery state in the human population is a person who has recovered from
an infection by the dengue virus. We assumed that the human and vector populations
are constant. The dynamical transmission of human and mosquito population with

effect of vaccination is shown in Figure 7.1.

. S.(1, +1,,) _vector population

(3 A
d, E dy E

Figure 7.1 Dynamical transmission of human and mosquito with effect of vaccination

where;
8,() = Number of susceptible humans population who has unvaccinated at time t,
1,(t) = Number of infected humans population who has unvaccinated at time t,

Ry(0)
S (1) = Number of susceptible humans population who has vaccinated at time t,

Number of recovered humans population who has unvaccinated at time t,

Iy = Number of infected humans population who has vaccinated at time t,
S, = Number of susceptible vector population at time t,
1,(t) = Number of infected vector population at time t,

dy.dy = Death rate of human population, Vector population,
Ny, N, = Total human population, total vector population,
BBy = Transmission rate of dengue virus from vector to human, human to vector,
by = Birth rate of human population,
= Constant recruitment rate of vector population,

A
o = Vaccine efficacy, and
p = fraction of newborns vaccinated.
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The transmission model of dengue disease with effect of vaccination can be

described by the following differential equations:

ds S 7 S
TlH:(l_p)bHNH_ﬂHSHIV_dHSH
dly e
Tt”:ﬂ,,S,,IV—}/[”—d,,[,,

dR, — — e

“ =y, +T,,)=d, R,

ds,, S 1.-d. S
#:PbHNH7(17a)ﬂHSHVIV7dHSHV (71)
di,, ST T —d T
TT:(l—a)ﬁ,,S,,VIV—}’IW_dulm’
ds, T LT 5
4,5,y + 1) =4, 5,

A, i T

d; =B Sy Uy +1y)—dy 1,

The total human and vector populations are assumed to be governed by the

following conditions:

§+Z+E+SHV+E:NH (72)
§+K=NV
where:

N, = Total number the human population, and
N, = Total number the vector population
If total human and vector populations are constants, then the rates of change

for total human and vector populations are 0. As the results, we will have the following

equations:
dSy , dl,  dRy dS,  dly _,
dt — dt di dt dt (7.3)
ds, . dl, _,
dt dt
MR (7.4)
bH = dH
Normalizing the equations by introducing the following normalized variables:
SH :‘giﬁ’IH - I—H,RH e RfH’SHV 2 h,]m _ IHV
ﬁH ﬁH NH NH NH (75)
S, = &,,y _r
N, N,

Introducing these normalized variables into equations (7.1) we get the new set

of equations of states:

ds

TtH =(1-pby = BySyl, N, —-dyS,

dl

7;1 =BySylyNy -y —dyly,

ds,

?:pr -(=-a)By Sy Ny —dySy, (76)
dl,,

7 =(1-a)BySy Iy Ny =y —d

dl,

Z:ﬁVSV(IH +1y)Ny —d, I,
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The equilibrium states are obtained by setting the right-hand side of equations
(7.6) to be 0. Doing this, we obtain an expression for something known as the basic
production number Ry This number is defined as

R &(—(2+a)e,d, + N, ((1-pa)d, +&N,L,)5,)
! JeH(@262d] +2a6,d, N, (1+ p(-2+@))d,, +(~1+2p)e,N, B,) B, + N3 (<14 pa)d, + &N, B,) B7)

When Ro < 1, the equilibrium state will be the disease free state £1 defined as
E\®) =Sy =1-p, g =0,Sgy = p.I1gy =01y =0),

and when Ry > 1, the equilibrium state is the endemic state defined as

E, (1) = (S, (D110, S (0,1 (0,1, (1))

where;

S0 = g (as,d, +&,6,)+ &5
" 20d &

« g(—as,d, +(1+a-2pa)s,)—¢&;
1, (1) = 5
aeg,&,

& (—ae,d, +&,6,)+ &

ST (t) =
(@) 26sad, e,

. _g(ag,dy, +&(-1+2pa)e,)—&; and
IHV ([) -

28,08,8,
. e (—(2+a)s,d, +&,8,)—&s
[V (t) = 2 0
2¢,6,d,N; By
with

& = dHNVﬂH
& =(y+dy)
& =(-1+a)

&= NHNVSVﬂHﬂV

&5 = \/dI%INLZﬂ/i (a2(7 + dH )zdlz + \/2(—1 +2p)(-1+a)a(y + dH )dVNHNVSVﬂHﬁV

(=1 +a) N NS B2 e
Eg = NHer‘SVﬁ[%nBV‘

The equilibrium states are local asymptotically stable if all the eigenvalues

have negative real parts. The eigenvalues (A) are obtained by solving the eigenvalue
matrix equation

Det|lJ - Al| =0 (7.7)

where

J is the Jacobian matrix of each equilibrium point,

Ais the eigenvalue and

l'is the identity matrix.

Constructing the Jacobian matrix from equation (7.6) and evaluating it at the

two equilibrium points, we obtain the eigenvalue equation
(A-y-d)Pr+ e +er2 +esl +eg)=0 (7.8)
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For the disease free state £; and the eigenvalue equation

(/15 +e1,14 +e2,13 +e3/12 +e4/11 +es)=0 (7.9)

For the endemic state £..

The eigenvalues of disease free equilibrium state will have negative real parts
when the coefficients of equation (7.8) have values satisfying the Routh-Hurwitz criteria

e >0,e; >0,e, >0

2, 2 } (7.10)
eee, >e; +ee,

The eigenvalues of endemic equilibrium state will have negative real parts
when the coefficients of equation (7.9) have values which satisfy a different Routh-
Hurwitz criteria

e, >0,e, >0,e, >0,e,>0,e, >0

ee,e,—e; —efe, >0 (7.11)

2 2 2 2
(eje, —es)(ee,es —ey —ee,)—es(ee, —ey)” —ees >0

7.3 Results and discussion

The transmission of dengue disease in this study is based on the SIR model
with vaccination. The non-zero values of & and p are the parameters are the
parameters pertaining to the vaccination program. The numerical simulations were
done using the following values of parameters; dy=1/(65%*365) per day corresponding
to a life expectancy of 65 years for the Thai people, dy=1/12 corresponding to a life
expectancy of 12 days of mosquito population. For disease free equilibrium state, the
parameter values were A=1,000, Ny=1,000, v, =1/3, g, =0.000012, g, =0.000012,
p=0.8, and =0.8 while the parameters value of endemic equilibrium state, were
A=500, Nu=500, y, =0.03, g. =0.000045, g, =0.000045, p=0.75, and Q=0.75. These
numerical values in the first set gave Ry < I while the values in the second set gave Ry
> 1. The trajectories of the numerical simulations for disease free and endemic states
of Sty Ity Shy, Iny, and fy are shown in the Figure 7.2 and Figure 7.3, respectively. The
trajectories of the numerical simulation for disease free and endemic states plotted in
the 2D planes (Su, In), (Sh, Shv), (Sk, 1av), Sk, W), Uk, Sav), Uy 1), Uy W), (Shy, Tiv), Sk, V)
and (lyy, Iv) planes are shown in the Figure 7.4 and Figure 7.5, respectively. The
trajectories of the numerical solutions for disease free and endemic states plotted in
the 3D spaces (Sy, I, Stv), (Sh, ny Tav)s Sk, Ty W), (Sh, Sy, 1), (Shy Shvs V) and (S, Tay, Iv)
spaces are shown in the Figure 7.6 and Figure 7.7, respectively.
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Figure 7.3 The trajectory of Sy, I, Sty Iny, and Iy towards the endemic equilibrium
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7.4 Conclusion

In this study, the dynamical transmission of dengue disease based on a SIR
model where a dengue vaccination campaign in the human population has occurred
is studied. Again, it is found that the model system has two equilibrium points, a
disease free and an endemic states. The occurrence of the two equilibrium states
depend on whether Ry < 1 and Ry > 1 where Ry is the basic reproduction number or
number of secondary infection caused by an initial infection. The conditions for the
stability of disease free and endemic equilibrium states were established. The time
series solution of disease free and endemic equilibrium states are presented in Figure
7.2 and 7.3 respectively. The trajectories of disease free and endemic equilibrium
projected onto 2D planes are showed in Figure 7.4 and 7.5 while the trajectories of
disease free and endemic equilibrium projected onto 3D planes are showed in Figure
7.6 and 7.7, respectively.

In order to analyze the effect of dengue vaccination, we have investigated both
the disease free and endemic states using different values of parameters which would
give Ryg < 1 and Ry > 1. These same set of numerical values were used for numerical
simulation with and without the influence of dengue vaccination campaign. & = 0 and
p = 0 were used in the simulation to get the trajectories in the case where there was
no vaccine administrated. The influence of densgue vaccination is seen in Figures 7.8
and 7.9. Figure 7.8 show that the disease free state is sooner when there are dengue
viruses vaccines administrated than when there was not vaccines administrated. This
means that the hospitalization time can be reduced. Figure 7.9 shows the effects of

the vaccine when the parameters are such that the endemic state is equilibrium state.

Infected Human, without vaccination

Infiected Human, with ¥igcination

. Times (Day) . . Times (Day)
(a) Without vaccination (b) With vaccination

Figure 7.8 Infected human without vaccination (a) and with vaccination (b)

comparison by time series to disease free equilibrium point
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Infected Human, without vaccination
Infected Human, with vaccination

Times (Day) Times (Day)

(a) Without vaccination (b) With vaccination

Figure 7.9 Infected human without vaccination (a) and with vaccination (b)

comparison by time series to endemic equilibrium point

The presence of oscillations around the endemic equilibrium E, means that the
imaginary part of the eigenvalue is not zero. For the simulation shown in Figure 7.3,
the imaginary part of the complex roots is approximately 0.000238428. This leads to
an estimate of the period of the oscillations or Tseriod = 2T/W where W = imaginary
part of A or 211/0.000238428~72.20 years. This value is the approximation to the
period of the solutions [31].

In any vaccination campaigns, one must take into account the difference in the
efficacy of the vaccine. It may not be the same for all age groups. Since one is not
sure about the safety of the vaccine to children, the vaccination has been
recommended only for people between the ages of 9 and 45. As of now, the
vaccination schedule consists of 3 injections of 0.5 mL administered at 6-month
intervals, given on a 0/6/12 month schedule [80].

The campaign in Thailand began in December 2016 and information on efficacy
of the vaccine against the different serotypes and the difference in the efficacy for
different age groups is being collected. Dengue disease in Thailand occurs in urban
and suburban area [52, 53, 54, 55] with peak transmission rates during the rainy season
[42, 76]. Seasonal and climate are affect the dengue fluctuation [43, 56, 57, 61]. At
present, it is not recommended to give dengue vaccination to pregnant women and

travelers or health-care workers at this time due to lack of sufficient data.



Chapter 8
Conclusions and Suggestions

8.1 Conclusions

DF is caused by dengue virus which is transmitted to humans through the bites
of infected Aedes mosquitoes vector. Transmission of DV is circulating in blood of
human during feeding of female mosquito. In this respect the human is called host
and the mosquito is called vector of DF dynamical transmission cycle. Dengue fever is
recarded one of the most important arboviral infections in the world, whose global
incidence has increased dramatically in the current decade. In fact, around half of
world’s population, including Thailand is living at risk area, and the dengue fever
spreads more than 100 countries.

Thailand had reported the dengue fever since 1950 with the first outbreak in
1958. The dynamical transmission of DV is consequently an important determinant of
vector-borne disease epidemics and rainfall effect. This investigation and analysis used
reported data from the Bureau of Epidemiology, Ministry of Public Health during 2003
- 2015. The mathematical model is formulated to analyze the behaviors of vector
born infection and rainfall effect with dengue fever. The classic mathematical model
was proposed by Esteva, L. and C. Vargas in 1999 [31]. Many researchers developed
various the mathematical models to find the way to control the outbreak and the
reproductive number is used to control the outbreak.

The effect of rainfall on the dynamical transmission of dengue disease in
Thailand has been studied using the SEIR model to model the dynamical of the dengue
epidemic in Thailand. The analysis is based on application of the Routh-Hurwitz criteria
to establish the local asymptotic stability of the equilibrium points. Two equilibrium
points were found: a disease-free equilibrium point and an endemic equilibrium point.
The disease-free equilibrium point, £;, is locally asymptotically stable for Ry < 1 and
0 # a/T. When the values of the parameters are such that Ry > 1 and 0 # a/T, the
trajectories ending at the endemic equilibrium point, £, is locally asymptotically
stable. Everything depends on the form of the basic reproduction number Ry, and
whether Ry < 1, yielding the disease-free equilibrium, or R, > 1 for the endemic
equilibrium. Thailand’s historical data indicates that rainfall is associated with dengue,
where the dengue fever fluctuation is seen to relate to climate variability and seasonal
factor. Ry is an important indicator, where the realistic controlling of the value of Ry
will improve the way to control the outbreak.

The SEIR mathematical models considering the transmission of the virus in the

mosquito through being bitten by an infected human and by vertical transmission
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mode, i.e., through sexual contact with a male mosquito are studied. The presence
of vertical transmission ensures that the endemic equilibrium state is the only possible
outcome. In the absence of vertical transmission, the model leads to two possible
outcomes, a disease-free equilibrium state and an endemic equilibrium state, both of
which depending on whether R, < 1 or Ry >1. When there is vertical transmission of
the virus in the mosquito and the values of the parameters are such that R, > 1, the
only equilibrium state is the endemic equilibrium point. In the absence of vertical
transmission, the disease-free equilibrium point, will be asymptotically stable locally
when Ry < 1. The endemic equilibrium point is asymptotically stable clocally for Ry >
1. The influence of vertical transmission in the mosquitoes on the human and
mosquito populations, is such that, the equilibrium states are reached slower when
vertical transmission of the virus in the mosquito occurs.

The dynamical transmission of dengue disease based on a SIR model with
dengue vaccination campaign in the human population is studied. The model system
has two equilibrium points, a disease free and an endemic states. The occurrence of
the two equilibrium states again depends on whether Ry < 1 and Ry > 1. To analyze
the effect of dengue vaccination, both the disease free and endemic states are
investigated using different parameter values which would give Ry < 1 and Ry > 1.
These same set of numerical values were used for numerical simulation with and
without the influence of dengue vaccination campaign. The influence of dengue
vaccination shows that the disease free state is reach sooner under the administration
of the viruses vaccines, than under the absence of such administration. This revelation
means that the hospitalization time can be reduced. In any vaccination campaigns,
one must take into account the difference in the efficacy of the vaccine. The campaign
in Thailand began in December 2016 and information on efficacy of the vaccine against
the different serotypes and the difference in the efficacy for different age groups is
being collected. At present, it is not recommended to give dengue vaccination to
pregnant women and travelers or health-care workers at this time due to lack of

sufficient data.

8.2 Suggestions

The presence of vertical transmission can reduce the time of convergence to the
equilibrium state when we decrease the number of transovarially infected mosquitoes
(M), the transmission probability of dengue virus from vector population to human (
B.,) and the transmission probability of dengue virus from human population to vector
(B,). The effect of reducing these parameters in the vertical transmission i.e. M=100,
B,,=0.65 and B, =0.65 to determine the equilibrium state which the trajectories of the

numerical solutions projected onto Sy, Ex, Iy, Ev and Iy are shown in the Figure 8.1. The
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vertical transmission of the virus in the mosquito yields only the endemic equilibrium

point (Ry > 1). Figure 8.2 show the relationship between M and R,. Note also that our

chosen M value effectively guarantees the endemic equilibrium point.

Susceplible Human

Exposed Human
Infectious Human

Times (Day) = N “Times (Day)

Times. (Day)

Exposed Vector
_ Infectious Vector L

Figure 8.1 The time trajectories of the reduced parameters value (M=100, f3,, =0.65,

and ﬁV =0.65) involved in the vertical transmission for Sy, £y, Iy, Evand |y, are shown.

B

0.8

0.4

0.2

Relationship between M and R,

=

5 10 15 20 25 30 35 40
M

Figure 8.2 The relationship between M and R, is shown.
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Department of Disease Control (DDC) reported that the available Dengvaxia
dengue vaccine contains some side effects for people who have not previously been
infected [80]. People should have a medical consultation before administering the
vaccine, even though no ill effects had yet been detected in Thailand [80]. Althrough,
the Ministry of Public Health retains the registration of the Dengvaxia dengue vaccine,
they will however adjust some wordings on the drug label, and will advise doctors to
exercise caution in vaccination [81]. People have not been infected with dengue may
still suffer severe dengue fever if inoculated with the vaccine, but the dengue vaccine
works well with people who are used to contract the disease [81].

At present, the traditional method to control the transmission of dengue fever
is controlling the spread of mosquitoes such as environmental management of egg
laying, waste disposing, and water storage. In addition, the suitable ways to control the
dengue disease are environmental management to prevent mosquitoes from laying
their eggs and breeding and using of personal household protection to prevent contact

between human and mosquitoes [1, 2].
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ABSTRACT

In this paper. we proposed the historical data of dengue disease in Thailand. The reported
case and death due to dengue disease are presented by total number, region, month, age. and
occupation. The mathematical model is the key to analyze dengue disease which can
investigate the reproductive number in order to control the outbreak. At the current, the best
way to control the outbreak is controlling the environmental of spreading of dengue disease.

Kevwords: Basic reproductive number, dengue disease, endemic equilibrium state,
mathematical model. outbreak.

INTRODUCTION

Dengue virus is found in tropical and subtropical region around the world such as South-East
Asia, the Western Pacific and Latin and Central America [1]. Dengue virus is transmitted to
human by biting of Aedes mosquitoes, There 1s four serotypes: DEN1, DEN2. DEN3, and
DEN4, The mosquitoes can be growth in any places that have stagnant water which can be
found anywhere and anytime in home. Mosquito is the most dangerous animal on earth
because of the number of people killed by mosquito per year. The Washington Post, April 29,
2014, stated that mosquito 1s the animal that can kill most of people. Mosquitoes can carry
devastating diseases. which are imcluded malaria, yellow fever, encephalitis and dengue
fever. Dengue disease is an international public health concern that is no specific treatment.
There is no vaccine available that the appropriate medical care frequently survives the lives
of patients. The way to control dengue diseass is focused on mosquitoes spreading.
Therefore. the mathematical model is an important tool in order to analyze the spread and
control of infectious disease that can provide the dengue epidemic in order to better
understand the mechanisms.

Dengue disease is a fastest emerging arboviral infection spread by Adedes mosquitos with
major public health consequences in over 100 tropical and sub-tropical countries in South-
East Asia, the Western Pacific and Latin and Central America which around 2.5 billion
people globally live under the threat of dengue fever (WHO, 2013). The rising level of
dengue infections around the world has become seriously an international concern that has
increased with increasing geographic expansion distribution [1].

DENGUE DISEASE IN THAILAND

The first case of dengue disease in Thailand observed in 1949 and continued throughout 1950
and the first major outbreak of dengue disease was appeared in Bangkok in 1958 [2]. The
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historical reported case and death of dengue disease in Thailand during 1958-2014 are shown
in Figure 1.

A0 12040
10000 -+

I.l -0
Tidk A0y

140408
- RaR

120000
1WA -+ Ll

#0000 TR
|

| l
= el

PP FESSLLLELESLFLFEFRPSSELSESHS

Death of dengue disease in Thailad duing L1358 - Y2014

Eeported of dengne diveare in Thailaod during 1958 - w2014

Figure 1: Historical reported and death of dengue disease in Thailand
Source: The Bureau of vector born disease. Thai ministry of public health [3]

The reported of deaths, reported rates. deaths rates, reported fatality rates (%). and population
of dengue disease are presented[3]. The reported case and death due to dengue disease by
regional in Thailand during 2003-2014 are shown in Figure 2 and Figure 3 respectively. The
regional are divided by geographical arcas which include Bangkok. central (excluding
Bangkok). north. north east. and south areca. The detail of each regional consist of central
(excluding Bangkok) 24 provinces, north 18 provinees. north east 20 provinees, and south 14
prm;irlces.‘
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Figure 2: The reported of dengue disease in Thailand by regional during 2003-2014
Source: The Bureau of Epidemiology. Thai ministry of public health [4]
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Figure 3: The death of dengue disease in Thailand by regional during 2003-2014
Source: The Bureau of Epidemiology. Thai ministry of public health [4]

The reported case and death due to dengue disease by month in Thailand during 2003-2014
are shown in Figure 4 and Figure 5 respectively. The peak period for dengue reported is
around rainy season in Thailand from May to September of each year which is the same
pattern for death of dengue case. The dengue disease situation in Thailand has mad badly
because of the unseasonably wet and warm weather which is allowmg mosquitoes to
reproduce at a rapid rate. Mosquitoes can breed in clear water which is usually found around
housing development in urban area that is most active in daytime. As the results, seasonal is
effected with mosquitoes breading and also reported and deaths of dengue disease in
Thailand.
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Figure 4: The reported cases of dengue disease in Thailand by month during 2003-2014
Source: The Bureau of Epidemiology. Thai ministry of public health [4]
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The reported dengue disease by age in Thailand during 2004-2014 is shown in Figure 6. The

high reported of dengue disease remains in age group 10-14 and 15-24, The highest reported
changed from the age 10-14 years to 15-24 years in 2009.
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Figure 6: The reported of dengue disease in Thailand by age during 2004-2014
Source: The Bureau of Epidemiology. Thai ministry of public health [13]

The reported dengue disease by occupation in Thailand during 2006-2014 is shown in Figure
7. The highest reported of dengue disease remains in student occupation. The second and the
third main reported of dengue disease are in employee and agriculturist occupation.
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In 2015, the reported of dengue disease as of 7 May was total 5837 reported cases and 0
deaths from 77 provinces which dengue disease situation is shown in the Figure 10. The
morbidity rate was 9.06 per 100.000 populations. The reported proportions of dengue disease
by age group were 15-24 vears old 27.17%, 10-14 years old 20.56%, and 25-34 years olds
13.83%.

Dengue disease 15 an umportant mosquito-borne viral infection found in tropical and sup-
tropical chimates around the world especially urban and semi urban area. The widespread of
dengue disease is throughout the tropic which local variation in risk is influenced by rainfall,
temperature, and unplanned rapid urbanization. The current decade dengue disease situation
in Thailand is shown in Figure 1 — 7. The highest reported and deaths were 154.444 cases in
2013 and 139 cases in 2010 which the morbidity and mortality rate per 100,000 populations
were 241.03 in 2013 and 0.22 in 2010 respectively. In regional level. north-eastern region
was reported the highest cases in 2013 while the highest deaths was south region in 2010.
The highest reported by age group was aged 15-24 years in 2013 and main reported of
occupation was student. The peak period reported each year was appeared during rainy
season in May through September. The total reported. total death. trend of total reported. and
trend of total death during 2003 - 2014 are shown in Figure 8.
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Figure 8: Drfngﬁe disease in Thailand during 2003 - 2014
MATHEMATICAL MODEL FOR TRANSMISSION OF DENGUE DISEASE

Aedes mosquito is vector of dengue disease. It can transmit dengue virus to human through
biting of infeeted female mosquitoes. Incubation of dengue virus is around 4-10 days that
infected mosquito is able to transmit dengue virus for the whole life. When human got
dengue virus from infected mosquitoes. an infected human is the source of dengue virus for
uninfected mosquito. The patients who got denzue virus from infected mosquito can transmit
dengue virus to mosquitoes for 4-12 days after the first symptoms occur. The transmission
cyele is completed when uninfected mosquitoes feed on a human with dengue infection.

There are several mathematical models to develop the transmission mechanism of dengue
disease. the appropriated models can provide a qualitative risk assessment of the spread of
dengue disease. Esteva and Vargas [5] proposed a model for the transmission of dengue fever
in a constant human population and variable vector population. The global analysis was
present to establish the global stability of the endemie equilibrium. Naowarat, S. et al. [6]
proposed the dynamical model for determining human susceptibility to dengue fever. The
standard method was proposed to analyze the dynamic of dengue disease system. They have
proposed and analyzed the dynamical transmission model of Dengue fever by taking into
account the role played without immunity in human population. They found that there are
two equilibriuin states, a disease-free state and endemic state. When the reproductive number
15 lower than one, the discase-free state is locally asymptotically stable. If reproductive
number is more than one. the endemic equilibrium state is locally asymptotically stable. As
the results, if the basic reproductive number decreases below one. it can reduce the human
susceptibility to the disease and can reduce the outbreak of the disease.

Pongsumpun P. [7, 8, 9. and 10] proposed the mathematical models for dengue disease. The
dynamical transmission model with the effect of extrinsic incubation period was present and
the standard dynamical analysis to a modified Susceptible-Infected-Recovered (SIR) model
included an annual variation in the length of the extrinsic incubation period was investigated
[7]. They found that the dynamic behavior of the endemic state changes as influence of the
seasonal variation of the incubation period. If the influence is increased, the trajectory
exhibits sustained oscillations. The dynamic transmission model for dengue disease with and
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without the effect of extrinsic incubation period was compared [8]. The found that the
dynamic behaviors of the endemic state changes while the influence of the seasonal variation
of the incubation period become stronger. The modified mathematical model of dengue
disease with effect of incubation period of virus was considered [9] that were formulated by
separating the human population into susceptible. infected. infectious and recovered classes.
The vector population was divided into susceptible, infected and infectious classes. She found
that the infected class reduces the periods of the oscillations in the population. The seasonal
transmission model of dengue virus infection in Thailand was presented [10]. She found that
the basic reproductive number in high endemic season is higher than the normalized
susceptible classes decrease. The basic reproductive number in lower endemic season is
higher than normalized infected human classes inerease. This behavior occurs because there
is enough susceptible human to be infected from infectious mosquitoes.

Chanprasopchai P. and Pongsumpun P. [11] proposed the transmission dynamic of SIR
model for dengue fever with vector-born infection. The infected vectors caused by both biting
of infected human and vector-born infection are proposed. We apply standard dynamic
modeling method to analysis our mathematical model and the stability of the model is
analyzed by Routh — Huwrwitz criteria. The numerical solutions show that the dynamical
behaviors converge to the endemic equilibrivm state and the relation between each individual
variable with the biting rate of mosquito are presented. We found that if the mosquito biting
is increased. the values basic reproductive number and susceptible human will increase while
infected human and infected vector will increase.

Pongsumpun. P. and Kongnuy. R. [12, 13] presented the mathematieal model to describe the
transmission of dengue disease for pregnant and non-pregnant. In case of the basic
reproductive is higher. the period of oscillation is shorter. The endemic equilibrinm points for
proportion of susceptible pregnant and non-pregnant decrease and proportion of infective
pregnant and non-pregnant and infective vector decrease. These behaviors oceur when there
15 enough of susceptible pregnant and non-pregnant to be infected from infectious vector,
Application of an ultra-low volume amount of insecticide could reduce the basic reproductive
number lower than one and the basic reproductive number would return to above one once
the application is stopped. Since the endemie state 15 local stable. the dengue disease would
return. So, the eradication program would have to be a continued one which can increase the
outbreak of dengue disease.

Mathematical model is used to analyze and investigate the dengue disease. The basic
reprocuctive number from mathematical analysis is applied to control the outbreak of dengue
disease. The outbreak will spread when the basic reproductive number value is lower than
one. On another hand, when the basic reproductive number is lower than one, it can control
the outbreak. As the current. there is no specific treatment and vaccination for dengue
disease. The best way to control the outbreak 1s to control spreading of infected mosquitoes,

CONCLUSION AND DISCUSSION

Dengue disease is an international concern disease affecting human around the world
especially tropical and sup-tropical area. Dengue disease is caused by mosquito which is
more dangerous. Global incidence of dengue disease has mereased dramatically in the current
decade and around half of world” population i1s living at risk area which has reported of
dengue disease. It is not only the numbers of reported cases are increasing but also the
dengue disease spreads to new area that the dengue disease is endemic in more than 100
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countries. Thailand had reported of dengue disease since 1950 and the first outbreak in 1958.
The historical reported of dengue disease in Thailand are shown in Figure 1. Figure 2 and 3
show the reported and death of dengue disease by regional. The report and death of dengue
disease by month are presented in Figure 4 and Figure 5. The reported of dengue disease by
age is shown in Figure 6 while Figure 7 presented the reported of dengue disease by
occupation. The dengue disease situation in this year, 2015. is shown in figure 8 while the

trend of reported and death of dengue disease is also proposed in Figure 5.

The mathematical model of dengue disease has developed for long time. The popular one was
proposed by Esteva. L. and C. Vargus in 1999. Many researchers developed the
mathematical model to find the way to control the outbreak. The reproductive number is used
to control the outbreak. The reproductive number is lower than one will decrease the
outbreak. At the present. the method to conirol the transmission of dengue disease is
controlled the spreading of mosquitoes such as environmental management of egg laying.
waste disposing, and water storage. The community participation and mobilization will
improve the sustained mosquito control and the insecticides spraying during outbreak is the
one of emergency vector control. The active monitoring of mosquitoes should be continued to
control the outbreak [14].

REFERENCES

[1] World Health Organization. (2013) Dengue, guidelines for diagnosis, treatinent,
prevention and control. Geneva, Switzerland.

[2] Kriengsak, L. et al.( 2014) Epidemiological trend of dengue disease in Thailand (2000-
2011): a systematic literature review. PLOS Neglected Tropical Diseases, 8. 14, ¢3241.

[3] The Bureau of vector born disease, Thai ministry of public health. Available from
http://www.thaivbd.org.

[4] The Bureau of Epidemiology, Thai ministry of public health. Available from
http:/iwww.boe.moph.go.th.

[5] Esteva. L. and Vargas. C.(1999) Analysis of a dengue disease transmission model.
Mathematical Bioscience. 150, 131-151.

[6] Naowarat. S. et al. (2011) Dynamical model for determining human susceptibility to
dengue fever. American Journal of Applied Seience. 8 (11). 1101-1106.

[7] Pongsumpun. P. (2006) Dengue disease model with the effect of extrinsie incubation
period. Proceedings of the 2006 International Conference on Mathematical Biology and
Ecology. Miami, Florida. USA. 43-48.

[8] Pongsumpun. P. (2006) Transmission model for dengue disease with and without the
effect of extrinsic incubation period. KMITL Science and Technology Journal . 6(2), 74-82.
[9] Pongsumpun, P. (2007) Effect of incubation period of virus for the mathematical model
of dengue disease. Proceedings of the 3rd International Conference on Dynamical Systems
and Control. Arachon, France. 182-187.

[10] Pongsumpun. P. (2011) Seasonal transmission model of dengue virus infection n
Thailand. Journal of Basic and Applies Scientific Research, 1{10), 1372-1379.

[11] Chanprasopchai. P. and Pongsumpun, P.(2014) The transmission dynamic of SIR
modeling for dengue fever with vector-born infection. Proceedings of the Burapha University
International Conference 2014, Pattaya. Thailand, STO684-37, 295-301

[12] Pongsumpun, P. and Kongnuy. R. (2007) Dengue disease transmission model of
pregnant and non-pregnant humans. Proceeding of the 3rd International Conference on
Dynamial Systems and Control. Arachon. France, 188-193.

Multidisciplinary Journals
www.multidisciplinaryjournals com E



111

53

mternational Journal of Multidisciplinary Academic Research

SSN 2309-321¢

[13] Pongsumpun, P. and Kongnuy. R.( 2007) Model for the transmission of dengue disease
in pregnant and non-pregnant patients. International Journal of Mathematical Models and
Methods in Applied Sciences. 1(3). 127-132.

[14] World Health Organization, Dengue and severe dengue Awvailable from
http://www.who.int/'mediacentre/factsheets/fs117/en/.

Multidisciplinary Journals|
www. multidisciplinaryjournals com @




112

Appendix B
Paper 2
The effect of rainfall for the dynamical transmission

model of the dengue disease in Thailand



Hindawi

Computational and Mathematical Methods in Medicine
Volume 2017, Article ID 2541862, 17 pages
httpe://dolorg/10.1155/2017/2341862

113

Hindawi

Research Article

Effect of Rainfall for the Dynamical Transmission Model of
the Dengue Disease in Thailand

Pratchaya Chanprasopchai,’' Puntani Pongsumpun,' and I. Ming Tang’

"Department of Mathematics, Faculty of Science, King Mongkuf's Institute of Technology Ladkrabang, Chalongkrung Road,
Ladkrabang, Bangkok 10520, Thailand

“Computational e Applied Science for Smart Innovation Cluster (CLASSIC), Faculiy of Science,

King Mongkuf's University of Technology Thonburi, Bangkok 10140, Thailand

Correspondence should be addressed to Puntani Pongsumpun; kppuntan@kmitl.ac.th
Received 6 April 2017; Revised 5 June 2017; Accepted 11 June 2017; Published 8 August 2017
Academic Editor: Chung-Min Liao

Copyright @ 2017 Pratchaya Chanprasopchaiet al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The SEIR (Susceptible-Exposed-Infected-Recovered) model is used to describe the transmission of dengue virus. The main
contribution is determining the role of the rainfall in Thailand in the model. The transmission of dengue disease is assumed to
depend on the nature of the rainfall in Thailand. We analyze the dynamic transmission of dengue disease. The stability of the
solution of the model is analyzed. It is investigated by using the Routh-Hurwitz criferia. We find two equilibrium states: a disease-
free state and an endemic equilibrium state. The basic reproductive number (R;) is obtained, which indicates the stability of each
equilibrium state. Numerical results taking into account the rainfall are obtained and they are seen to correspond to the analytical

results.

1. Introduction

Dengue disease is caused by the dengue virus that is transmit-
ted to human by the bite of a mosquito. The mosquito is the
vector of this disease. The spread of dengue disease depends
on the contact between the human and the mosquitoes.
Therefore, the way to control dengue virus transmission is to
either control the mosquito vectors or interrupt the human-
vector contact [1]. Outbreaks of dengue disease often occur in
maost tropical countries around the world, with close to 75%
of the global population exposed to the disease living in the
Asia-Pacific region [2]. Four serotypes of the dengue virus,
DENI-DEN4, are responsible for the disease in humans. They
are all transmitted to human through the bites of infected
Aedes aegypti and Aedes albopictus mosquitoes. When the
mosquitoes are in immature or lava stages, they are usually
found in water-filled habitats such as water containers close to
dwellings of humans. In the adult stages, the mosquitoes may
spend most of their lifetimes around the homes of humans.

This would lead to the mosquitoes being able to transmit the
dengue virus rapidly between the communities.

In Thailand, dengue disease has been reported nation-
wide in all parts of Thailand, including the Bangkok
metropolitan area in which three forms of dengue disease,
dengue fever (DF), dengue hemorrhagic fever (DHF), and
dengue shock syndrome (DSS), were reported. The three cat-
egories are based on the clinical presentation of patients. The
most severe form of dengue disease is DSS [1, 2]. It reappears
on a regular basis every year with the peak during the rainy
season, June-August. The amount of rainfall is the single
most important factor for dengue virus transmission, since
this condition is most suitable for mosquitoes to lay their
eggs and for the humans and mosquito to come into contact.
The historical data in Thailand indicates that the number
of reported cases correlates with the average amount of
rainfall. The relationships between average monthly dengue
reported cases and average monthly amount of rainfall during
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Average monthly rainfall versus dengue reported cases
in Thailand during 2003-2015
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Frcure I: Average monthly rainfall and dengue reported cases during 2003-2015 in Thailand [3].

Average monthly rainfall versus dengue reported cases
in Bangkok during 2003-2015
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Figurk 2: Average monthly rainfall and dengue reported cases during 2003-2015 in Bangkok [3].

2003-2015 in Thailand and Bangkok metropolitan area are
presented in Figures [ and 2, respectively [3].

As we can see from Figures | and 2, the correlation
between the amount of rainfall and the number of reported
cases of dengue disease in the period of this study is cosine
function dependence corresponding to the study of Stolwijk
et al. [4]. When mosquito bites an infectious human being,
the mosquito will be feeding on the infected blood. As a
consequence, the mosquito receives the dengue viruses and
will be a vector for the transmission of the dengue viruses.
The dengue disease epidemic can then be analyzed in order
to determine a set of parameter values that will allow a
strategy to control the spread of the disease when other
factors are taken into account. The mathematical model to

be developed will be a SEIR (Susceptible-Exposed-Infected-
Recovered) mathematical model. Mathematical models have
long been used to describe the dengue transmission.

Esteva and Vargas [5] proposed a model with a constant
human population and variable vector population model
to describe the transmission of dengue disease and studied
the global stability of the endemic equilibrium. Polwiang
[6] presented a mathematical model for general vector-host
infectious disease and used the reproduction number as a
means to evaluate the potential, severity, and persistence
of dengue infection. The dengue infection will depend on
the seasonal variation of the climate and the rainfall which
will affect the breeding pool for the mosquitoes to lay
their eggs and to develop into the adult stage. Rodrigues
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Frcure 3: The dynamical transmission of dengue disease.

et al. [7] presented disease transmission with the effects of
seasonality on the vectorial capacity and, consequently, on
the disease development. Using entomological information
of the mosquito’s behavior under different temperatures and
rainfall, the time development of the epidemics was simulated
and analyzed. Chompoosri et al. [8] introduced seasonal
dengue infection rates in the Aedes aegypti mosquitoes
to study the dengue infection in suspected patients in 4
central provinces of Thailand. Dengue morbidity rates used
for the patients in all 4 provinces were taken to be the
highest in rainy season. Kesorn et al. [9] discovered that
the Aedes aegypti female and larvae mosquito infection rates
significantly positively associated with the morbidity rate,
where the increasing infection rate of female mosquitoes
and larvae led to a higher number of dengue cases. This
result supports regarding the largest female populations to
be present in the rainy season (May-June) in Thailand, in
which the biting activity rate of female mosquitoes increases
and more dengue cases occur. Siriyasatien et al. [10] found
that female mosquitoes and seasons were strongly correlated
with dengue cases in Thailand in which infected female
mosquitos together with season are directly correlated to
the number of dengue cases. Pongsumpun and Tang [11]
analyzed a model when a seasonal variation in the incubation
period of the virus while it was developing in the mosquito
was included in the model. The annual variation in the
length of the extrinsic incubation period was considered
by using standard dynamical modeling method to analyze
the Susceptible-Exposed-Infected-Recovered (SEIR) model.
Chanprasopchai and Pongsumpun [12] used a mathematical
model for transmission dynamics of dengue based on the
Susceptible-Infected-Recovered (SIR) model. The standard
dynamical modeling techniques were used to analyze that
model. Relations between each individual variable in the
model and the biting rate of mosquito were obtained. Sungch-
asit et al. [13] later proposed a transmission model of dengue
virus in which there were two mosquito species, Aedes aegypti
and Aedes albopictus, causing the infection. Separate SIR
(Susceptible-Infected-Recovered) models were proposed to
describe the dengue virus transmission by two mosquito

species. Pongsumpun and Tang [14] proposed the transmis-
sion of dengue hemorrhagic fever by Susceptible-Infected-
Recovered model considering the influence of age structure
in human population. Human population was divided into
two groups, adult and juvenile groups, in order to analyze
the dengue disease transmission and the equilibrium state,
stability, and numerical calculation were presented. Adams et
al. [15] proposed the epidemic pattern abserved in Bangkok
regarding the result of cross-protective immunity and pre-
sented significantly altered changes in the interserotypic
immune reaction. They used records of the annual number
of confirmed cases of dengue in Bangkok between 1977 and
2000 and used a mathematical model based on standard SIR
formulation forced with an annually periodic transmission
rate cosine function representing seasonal fluctuations in the
vector population.

In this study, we consider the transmission of dengue dis-
ease by using mathematical model to investigate the dengue
disease mechanism with the effect of rainy season taken
into account. The transmission rates of dengue virus vary
during the season. The Routh-Hurwitz criteria are applied
to analyze the system stability of the SEIR model and the
dynamical transmission model of dengue disease is proposed.
The equilibrium state and stability, numerical simulation and
results, and conclusion are presented.

2. Materials and Methods

2.1. Mathematical Model. The SEIR mathematical model con-
sists of two population compartments, human’s population
and mosquito’s population. Human's population includes four
epidemiological states, Susceptible human (ﬁ], Exposed
human (E}, Infected human {E}, and Recovered human
(E), whereas mosquitos population is divided into 3 epi-
demiological states, Susceptible vector (S_\,-), Exposed vector
(E), and Infected vector (E}. The mosquitos population
cannot recover from infection which has no recovery epi-
demiological states. The dynamical transmission between
human’s population and mosquitos populations is shown in
Figure 3.



In the figure, Sy,(t) is number of susceptible humans at
any time £, S, (t) is number of susceptible vectors at any time
f, ﬁ(f) is number of exposed humans at any time f, E_V(f}
is number of exposed vectors at any time f, E{t} is number
of infected humans at any time £, Ty(t) is number of infected
vectors at any time f, E(t) is number of recovered humans
at any time f, 3, 3, are transmission probabilities of dengue
virus from vector to human and from human to vector, e
is intrinsic incubation rate, €, is extrinsic incubation rate,
figys iy are death rates of human and vector, A, y,, are birth
rate of human and recovery rate of human, respectively, A,b
are constant recruitment rate and biting rate, respectively, o, 6
are amplitude and horizontal shift of the cosine function, and
a, T are time period and number of time periods.

To simplify the model, we assume that both the human
and mosquito populations are constant and there is no
vertical transmission; that is, the eggs cannot be infected by
sexual contacts between the male and female mosquitoes. It
means that total human populationis N, = 8, +E;;+ I +Ryy
and total mosquito population is Ny, = $ + .‘E_T,r + I The
mathematical descriptions of the processes shown in Figure 3
are the seven differential equations given as follows:

S, p o acos [(@/T) —0)——
T;I = ANy — pySu = %V—SH Iy,
Nu

dE, = bB; TEoEEN A g
H =MSHI#‘SHEH+P‘HEH=

o N 0
% = &y Eyy — iyl - ?HH'

% = Vel — B

% =& By ik,

ddi? = bpvacos [(a/T) ~ 6] CG-‘:Y(F':U’T) e BIS_VE — By By, N2)
B - —*’ﬁv““’;ﬁ:"r”‘ﬂ'm—ws—v-

Since we have assumed that the total human and
mosquito populations are constant, we have

T d Ta T =0,
o (3)
di, dE, dS,
e ?
with
N'lu":i:
ty (4)
Ay =ty
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Equations (1) and (2) can be normalized as follows: we
first define the normalized variables as

Su

NH'

E,= =
H NH'
Iy

Iy=—=2,
H NH
Ry
Ry=—, (5)
H Niy
5
S, =—2,
Ny
E,
%,
Ny
I,
IV= v
Ny

with

SH+EH+‘I'H+RH= 1,
(6)
Sy +E,+I,=1.

Then, there are only five independent variables and only
five differential equations are needed. We pick them to be

B sy DD L
% % %WSHIVNV —eyEy

—#aky )
% = euEy - paly - yaly
% =&.E; — iy I

We now have five time differential equations
involving five independent normalized population groups
(St Egpy Iy Sy, Iy). We can set the RHS of (7) to zero
and find the equilibrium (time-independent) populations.
There will be two equilibrium states for each population
group, a disease-free equilibrium point and an endemic
equilibrium point (one with Ivlm = 0 and the other # 0).
Calling the five equilibrium points for the five populations
X; (i = L2,...,5) and letting each of the independent
population groups be equal to the equilibrium point plus a
perturbation V; which is time-dependent, we insert these
new forms of the solution into (7) and expand the RHS about
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the equilibrium populations. Doing this, we get the 5 x 5
matrix equation.

v

& 8
Al (8)

where ] is the gradient matrix evaluated at the equilibrium
points or “the Jacobian matrix.”

2.2. Mathematical Analysis for Equilibrium Point. The sta-
bility of the solutions of (7) will be considered for 2 cases,
one where @ # a/T and one where @ = a/T. It should
be noted that when & = a/T, the argument of the cosine
function will be zero, meaning that there are no changes in
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the fact that more eggs can be laid or developed quicker or
slower depending on the amount of rain that has fallen. It is
also well known that climatic factors control the development
of the mosquitoes and of the dengue virus.

In either case, the equilibrium points must first be
determined. This is done by setting the right-hand side of (7)
to zero. Doing this, we obtain two solutions: one will be the
disease-free equilibrium point (E, ) and the other will be the
endemic equilibrium point (E;). The two possible solutions
depend on whether we take I, = 0 or I, # 0. After much
work, we find that

E, (1) = (8}, = 1E,, = 0,1, = 0,E}, =0,I}, =0),

the rate of infection due to increasing or decreasing rainfall. (9)
For 8 # a/T, the value of cosine function will change during E, (=8, EX (1), 1 (1), EX (1), 12 (1)),
the rainy season and will vary according to the amount of :0) ( 1 05 017 ) P })
rainfall, meaning that the rate of transmission will change
during the rainy season. The change in rate could be due to~ where
& (tf = sec [a/T =6} (e, + ) (borcos [T — B) Nyt iy + (v + i) (51 + ) i)
H befye; (bocos [afT = 0] Nyfgey + Nupy (e + pv) '
B () =— sec [a/T 8] uy (‘252“2 cos[a/T - BIZNVﬁHF‘VEHSV +2 (PH + P‘H} (EH' & P‘H) oy (Ev + P‘L’))
' 2boPyey (& + par) (beccos [afT — 8] Ny rey + Napy (v + i) ’
i Red sec [a/T — 8] g (—25’2“2 cos[a/T - 9]2 Ny PPty +2 (]’H + ) (EH - P’H) oy (Ev + P’v}) (10)
i 2baPy (pr + ) (81 # o) (e cos [a/ T — B Ny Byey + Nyt (& + iy ) i
B () = sec[a/T = ) Nypapy (—zbzﬁz cos [a/T - 8] NyBaBveaer + 2 (ye + pr) (e + pa) o (80 + Pz\,-))
\ 2boNy By (& + piy ) (boccos [af T = 0] Nttty + (Vi + ) (B0 + ) 1) ,
AN sec [a/T - 6] Nyt (—Ebzrxz cos [a/T — B Ny BaPreaty + 2 (pr+ i) (e + prr) oy (8 + p;,—]]
()=

All parameters in the system should be positive definite
and the epidemic region of system will be restricted to the
region of interest given by

2baNy B,y (& + i) (box cos [f T — 8] NyProtogptes + (v + Hy) (20 + i) thr)

2.3, Mathematical Analysis for Local Stability. The equilib-
rium states are locally asymptotically stable if all the eigen-

values obtained by solving the eigenvalues equation Det|J -
Al|l = 0 have negative imaginary parts. This will be true if

0= [E bEy i 0 the characteristic equation has coefficients which satisfy the
R T R, (1) Routh-Hurwitz criteria. Pe rforming the calculations, we find
L PR R Eir Lo Iy By Ei dp Iy £ l} . that the Jacobian matrix for (7) is just
T
- bfya cmhg(a,n"T) -] Iy 0 0 " _bfya cor;E(a,l‘T) -0 SNy
H H
bfyeccos[(a/T) - 8] bfiyecos [(a/T) - 8)
N—vaNv —(ex + 1) 0 0 N—HSHNV (12)
B 0 £ = (g +7) 0 0
ry
0 0 bf3ya cos (—) —9] (1-Iy —Ey) -(ey +py) 0
T
0 0 0 Ey —iy




The stability is usually expressed in terms of what is
known as the basic reproduction number. This is the number
of secondary infections which is produced by a case of an
infection in a population of its infectious period (+/Ry). This
number is the best indicator of the potential for disease
transmission.

Proposition 1. The equilibrium state E, is asymptotically
stable when Ry is lower than I; that is, Ry < 1 and 8 # a/T.

Proof. The local stability of E, is governed by linearization of
(7). Rearranging the expressions for the equilibrium values of
Iy or Ey so that they would be in a form « R - 1, we find
that R, will be of the following form:

ol cos [2mt/T = 0" Ny B fyenty

= .o (13)
! Nty (Vi # phaa) (e + ) (&5 +oy7)

The eigenvalues of (12) are used to evaluate the disease-
free equilibrium point which is determined by solving

Det[] - M| = 0, (14)
where Jg_is the Jacobian matrix at the equilibrium point E;,
A are eigenvalues, and I. is identity 5 x 5 matrix.

Evaluating the determinant of (12), we obtain the follow-
ing characteristic equation:

(A+py) (14 3 M +e M +e) + 94) =0, (15
where
e =Ya+ &ty +2 (gt by)s

€

=t (Y + &y + gy + 2y) + &y (Y + 2 + 1ty

+ (}’HP'H + F"'iz-l + 2ty + 4y + Pﬂz,) :

_ (=tmamsnans +ny (narts (gt = piys) + 113 (natiatls + 1))
(mutans)
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€
2
=&y (PHEV + ey iy + Qypliy + eyfiy + 2ppiy + J”V)
. 2
+éy (?H!‘H + i+ Yapy + ZFH.HV)

+ gty (g + pv) + ¥ (2FH|I"¢V + ptir),

€y
2
= (bzaz cos [E - 6‘] NVﬁHﬁVEH&V)
T
+ (Y + ) (e + i) v (8 + ) -
(16)

Routh-Hurwitz criteria required for all of the eigenvalues
(solutions) defined by (12) are negative real parts and the
coefficients must satisfy all conditions given as follows:

e, >0,
e; >0,

(17)
ey >0,

2 2
€16,€3 > €3 + €1€4.

When this happens and for Ry < 1, disease-free
equilibrium will be stable as is seen in Figure 4. M

Proposition 2. The equilibrium state E, is asymptotically
stable when Ry is higher than I; R > 1 and 8 # a/T.

Proof. The local stability of E, is governed by linearization of
(7). The characteristic equation is now

()Ls e +el el ve ) + e;) =0, (18)

where

{‘W?z (*?4*?5 (*?9*?3 - .“vﬁ’s) T3 (’]’sm’?s + ‘74’1:)) T f‘ﬂgﬂv’?s’?ﬂs T H3tlgtatly (‘?9*13 - P‘v’?s) RLE (V.’s’hﬂs + *14*?7)))

e =

&

(’?1?15’14’?5)

H

(11 (it (st — by ) = e tis (s (gt + ity )) =ttty (=tepimigiatts = gttty + (s = pris) + s (s + ) (19)

’

(11115114115
oz ["h'?aﬂv"?sz'i'az'h + (’h'i’sl'h'fsﬂs = 1111y (Mghany (Matls = tls) — Habivtls (Mstatts + '1'4'77))))
! (mnshatis) '
. [Nn.“n (prr + 1) (37 + 1) e (bz o cos [271t/T - 9]1 NyBroByeaty — (Vi + trr) (e + ) iy (6 + .“V)))
s =

bacos [2m1 [T = 6] Ny By ety + (?n + P‘H) (511 + .”H) Uy

»
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F1GURE 4: All parameters spaces of disease-free equilibrium of E, satisfy the Routh-Hurwitz criteria. All parameter values are Ny, = 9,200,
b= 13, pyy = 1/(70 % 365), yyy = 13, By = 0.1, By = 0.1,y = 1/14, 8, = 0.1428, &, = 0.1667, and A = 500.

where
M = NuPbyertys
M= (~¥u = a)s
My = (~&v — )

2t
Hy = (boz cos [T - 8] Ny Brey + Nyeylig

2 2t
+ NHP‘H#V) (b“ cos lT - 3] NyPreupiy
.\
+ Yutubv t Yubabv + tglulbv + J“HP‘V) »
2t
Hs = (boz cos [T - 8] Ny Brentyty + Yatutvity
2t
+ b cos [T - 6] NyPyenbinly + Yutylipby

i 2 2 2
+ ety + Eyfigly + Yatply + Yalally

ettt + ).

M

i

I

< (ba cos [% - 8] Ny Pryueneviv

.
2t
+ bacos % - 0| Ny Buvuevbaty
+ bt cos ? - 0\ Ny Bytyty ity
+ NyYututviiuy
+bacos ? =8| Ny Byeyttigity

2 2 3
+ NyyutviinpvNueusvtinply + Nuevpigiy

2 L) 12
+ NyVutububy + Notababy + Notalipby

+ NH.I“?—]I“%/’) ’
L) 2mt 2 .
=|ba cos[T —9] NyNyByByenevin

2t
+baccos [% - 6] NH,BWHEVP‘?{
+ Yututviuby — NoYututviinby

2t
+bacos [T - 5] NH,BVEHF‘?{FV + }’HEVP"?{F‘V



2 2 2

= NuYutvlalty + atvlinhy — Ngtgtyliy iy
3 N 2

+ &yl — NutyPglly + Yatalialby

- NHYHEHFHF’E/ + }’H#IZ-IIM‘E,’ - NH}’H#?-LIHE,’

232 21 32 32
+ eglily — Nyenfiylty + iplty - NHF‘HFV) )
Mg = (EV + P*v} :
Mo = (EH + PH) .
(20)

The endemic equilibrium point of local stability of the
system will have negative real parts when the coefficients
in the characteristic equation (18) satisfy the Routh-Hurwitz
conditions now given by

e >0,

e >0,

e; >0,

e, >0,

e > 0, (21)
€,€,6; — eﬁ - efedl >0,

.

(€18, - €5) (‘?1‘32"’3 = ei & 9%94) —e:(e,e, - &3)

—ele§ > 0.

All conditions of (21) are satisfied for endemic equilib-
rium point as is evident by the behaviors seen in Figure 5.
Next, we consider the case of 6 = a/T; (7) will be the standard
case of SEIR model, where no effects of rainfall are taken into
account. As a result, the mathematical equations describing
the model are

ds
d_tH = Uy — Pdy = %:SHIVNV)

dE,; b
a1 ESHIVNV-EHEH-HHEH,

&Ny
dl )

d_f = tyBy —pnly - yuly, (22)
dEy , )

d: =bPySyly —evEy - pyEy,

dl,

I = EVEV - IHVIV'
R, obtained from (22) is as follows:

2 .
b NVIBH rEgéy

- : (23)
* " Nupy (ya + ) (g1 + ) (e + 1)

M
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3. Numerical Results

The transmission of dengue disease in this study is based
on the SEIR model. The susceptible class will be people who
have no immunity and who are not infectious. Human beings
infected are people who are infectious, that is, able to pass on
the virus onto the mosquitoes. The infectious period will be
taken to be the period during which the person appears to be
sick, a period of one to two weeks. When human gets well, the
patient passes into the recovery class with lifelong immunity
to the virus. In this study, the numerical simulations assume
the following values of the parameters; p; = 1/(70 = 365)
per day corresponding to a life expectancy of 70 years in Thai
people, A = 5,000 corresponding to constant recruitment
rate, N = 92,000 corresponding to total number of human
population, and b = 1/3 corresponding to biting rate of vector
population.

For case 1, the values of the parameters of case 1 for
disease-free equilibrium are g, = 1/14, yy = 1/3, iy = 0.1,
By = 0.1, & = 0.1428, and &y = 0.1667 which will lead to
R, < 1, while the set of values of the parameters of case 2 are
by = 1/14,p; = 1/3, By = 05, B, = 03, ¢, = 0.1428, and
¢y = 0.1667 which will lead to R, > 1. The trajectories of
the numerical solutions for case 1 and for case 2 of Sy, Eyy,
Iy, Ey,and I, are shown in the Figures 6 and 7, respectively.
The trajectories of the numerical solutions for case 1 and
case 2 plotted in the 2D (S, Ey), (Sg.Iy)s (Sq, Ev), and
(Sg» Iy) planes are shown in Figures 8 and 9, respectively. The
trajectories of the numerical solutions for case1 and case 2 in
the 3D (SH’ EH’ IH]’ (SH, EH’EV)’ (SH'EH’IV‘)’ (SH’ Ev,fv),
(Egs Eys 1), and (I, By, 1) spaces are shown in Figures 10
and 11, respectively,

4, Discussion and Conclusion

The effect of rainfall on the dynamic transmission of dengue
disease in Thailand has been studied using the SEIR model
to model the dynamics of the dengue epidemic in Thailand.
The analysis is based on using the Routh-Hurwitz criteria
to establish the local asymptotic stability of the equilibrium
points. Two equilibrium points were found: a disease-free
equilibrium point and an endemic equilibrium point. The
disease-free equilibrium point, E, is locally asymptotically
stable for Ry < 1and 8 # a/T. The set of differential
equations for the SEIR model of the dengue infections were
solved for different sets of numerical values of the parameters
to obtain the different trajectories of the different population
groups in the model. The trajectories were projected into the
2D (S5, Epp), (S Iy, (Spg Eyp), and (S, I) planes and onto
the 3D (Ser, Ex Irt)s (Spas Brts Ev)s (S By ) (S Bvs ),
(Eg By, Iy), and (I, Ey, 1) spaces. These trajectories are
shown in Figures 4, 6,8, and 10, respectively. When the values
of the parameters are such that Ry > 1and 6 # /T, then
the trajectories ending at the endemic equilibrium point, E,,
are described in Figures 5, 7, 9, and 11. The numerical results
correspond to Propositions 1 and 2.

Looking at the figures, we see that everything is deter-
mined by whether R, < L or Ry > I; in the first case, the
equilibrium state is the disease-free state, while in the second
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F1gure 5: All parameters spaces of endemic equilibrium of E, satisfy the Routh-Hurwitz criteria. All parameter values are Nj; =9,200,b = 1/3,
Ug=1/(70  365), yy = 1/3, By = 0.5, By = 03, jty = 1/14, & = 0.1428, 5, = 0.1667, and A = 500.
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case, it is the endemic equilibrium state. Everything depends
on the form of the expression for Ry. In summary, R, in SEIR
model which includes the effect of rainfall is given by (24),
while R, in SEIR model which ignores the effect of rainfall is
given by expression (25). R, value of the SIR model of Esteva
and Vargas [5] is given by (26) and the simplest expression is
given by Rodrigues et al. [7] in (27).

_ bPa’ cos [2nt T - 6]’ Ny Breney
Nty (y + i) (51 + 1) (e + i)’

szwBHﬁvsHaV
+ ) (e + i) (8 + piy)

Ry (24)

R, (25)

) Nypty (vm

b’BufvNy (Alpy)
{0 = 2 ) (26)
(N +m) iy (g + 1)
2
R = b ﬁHﬁVNV (27)

o Nyt (pe + l""H).

In expression (26), 1 is the number of alternative sources
of blood, that is, other animals.

In (24), R, value is considered the effect of rainfall, where
Thailand has correlation between rainfall and the preva-
lence of clinical cases of dengue [16]. Thailand’s historical
data indicate that rainfall was associated with dengue in
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many regions, for example, southern [17], northern [18],
northeastern [19], and central [20] regions. Dengue disease
fluctuation is related to climate variability and seasonal factor
is taken into account [10, 21-25] in which the dengue virus
transmission is considered as a cosine function [15, 26].
When R; > 1, this will increase the opportunity of the
outbreak situation. R, is an important indicator, where the
realistic controlling of the value of Ry will improve the way to
control the outbreak. The value of R, simulation of endemic
equilibrium state and the average amount of rainfall are
shown in Figure 12. It is indicated that there is a relation
between the value of R and the average amount of rainfall.
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In addition, the suitable ways to control the dengue dis-
ease are environmental management to prevent mosquitoes
from laying their eggs and breeding and using of personal
household protection to prevent contact between human and
mosquito [1, 2]. In the present paper, we did not explicitly
take into account the egg and aquatic stages of the mosquito
development (see (2)) as was done by Erickson et al. [27] and
Moulay et al. [28]. The lack of these classes precludes any
discussion of the vertical transmission of the disease, since
the “sexual” transmission (evidenced by the presence of the

DNA fragments of the dengue virus in the larvae and pupae
[29]) occurs at these stages.
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The value of R, simulation and the average amount of rainfall
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Abstract: The transmission of dengue disease when there is a possibility of
Vertical Transmission (VT) is studied using mathematical modeling. In the
normal case, the mosquito is infected by the dengue virus when it bites an
infectious human being. Evidence is gathering that the mosquitoes can also

. be infected through sexnal contact with infected male mosquito. To see the
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possible consequence of having this addition mode of fransmission. a SEIR.
Susceptible-Exposed-Infected-Recovery. model is constructed. The Routh —
Hurwitz criteria are applied to the model in order to establish the stability
of the infection. It is seen that the model without the VT model has 2
equilibrium points, a disease free equilibrium point and an endemic
equilibrium point. while the model with the VT has only an endemic
equilibrium point. The numerical solutions of differential equations of the
model without the VT mode exhibit dynamical behaviors that converges to
the disease free equilibrinm state when basic reproduction time Rj i8 less
than 1 and converges to endemic equilibrium state when R;>1. The
trajectories of the numerical solutions for all possibilities (with and without
VT mode) projected onto various 2D planes and 3D spaces are presented.

Keywords: Dengue Disease. Vertical Transmission Infection Mode, SEIR
Model. Disease Free and Endemic Equilibrium State. Routh — Hurwitz

Introduction

Dengue disease is found i the tropical and
subtropical areas around the world such as m South-East
Asia, the Western Pacific. America. African. Eastern
Mediterranean and others (WHO, 2011). Dengue
mfection is estimated to infect 50-100 million
populations with almost half of world’ population living
m dengue endemic countries (WHO, 2012). Dengue
virus has four serotypes: i.e.. DEN1. DEN2. DEN3 and
DEN4 and cannot transmit from human fo human
directly. Dengue virus is transmitted to human by the
bite of infected Adedes mosquitoes. It means that
human is the main host of the dengue virus and
mosquito are the vectors of the transmission. The
mosquitoes can be found around houses and are
infected when they bite an infectious human. This
leads to the dengue virus moving within and between
communities. The way to control dengue disease is
focused on the spreading of the mosquitoes.

Criteria. Basic Reproductive Number

In Thailand. dengue has been reported from all
regions including the Bangkok metropolitan area. The
reported cases and death cases fom 2003 to 2015 are
shown in Fig. 1. Tn 2015, the reported cases and deaths
cases were 144.952 and 148 respectively (Bureau of
Epidemiology, 2015). The historical reported data is
indicated that dengue disease has potential to spread
quickly with the country experiencing large epidemic in
both reported cases and death. There is a high risk
potential for the spread of the dengue disease when there
is a high rate of contact between the host and vector in a
large population of human and mosquito (as in the
Bangkok meiropolitan). Rainy season is suitable for
mosquito to lay their eggs and Fig. 2 shows that there is
high number of reported cases during the rainy seasor.
Female mosquitoes will become the vector for the disease
when they feed on the blood of infectious human. As the
results. the mosquito will be able to transmit the virus to
an uninfected human when she bites him.

% Science © 2017 Pratchaya Chanprasopchai. I Ming Tang and Puntani Pongsumpun. This open access article is distributed under a
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Fig. 2: Thailand dengue reported cases from 2003 to 2015 (month by month)

A model of the dengue epidemic is necessary Lo
better understand the mechanisi and behavior in order
to analyze the spread and control the spread of the
disease. Mathematical models are often developed to
describe the transmission of dengue disease. Esteva and
Vargas (1999) proposed a model for the transmission of
dengue fever where the human population 1s constant but
mosquito population varies. They provided a global
analysis to establish the global stability of the endemic
equilibrium. Naowarat ef al. (2011) proposed a
dynamical model to determine the human susceptibility
to dengue fever. The standard method was used to
analyze the dynamic of dengue disease system.
Pongsumpun and co-workers proposed mathematical
models for dengue disease which took into account
additional features of the disease. The dynamic

transmission with the effect of extrinsic ncubation
period was included. An standard dynamic analysis was
applied to a modified Susceptible-Infected-Recovered
(SIR) model included an annual variation in the length of
the extrinsic incubation period i the mosquito
(Pongsumpun. 2006a). The dynamic transmission
behaviors of dengue disease in the presence and absence
of an exminsic incubation period were compared
(Pongsumpun, 2006b). In other study. the effects of there
being an incubation period in the virus was studied in a
SEIR  model (Pongsumpun, 2007). The vector
populations in this model were divided into susceptible,
infected and infectious classes. In a further smdy. a
seasonal change was introduced into the transmission
model used describe the dengue virus infection in
Thailand (Pongsumpun. 2011).
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Hiroshi (2006) proposed a new SIR model to clarify
the relative contributions of a mathematical approach
and of a statistical approach to the dengue epidemiology
without having to delve info the mathematical details. He
introduced a new method to determine the basic
reproductive number which did not involve extensive
mathematical manipulations. Erickson er al. (2010) used
a SEIR model to examine the role of temperature in
driving the vector dynamics. Their model used the Aedes
albopictus mosquitoes as the transmitting vector. Bakach
and Braselton (2015) looked at different mathematical
models and compared their predicted behaviors with
each other. The evaluation of each model under different
scenarios allowed one to identify the strengths and
weakness of each of the model. The effect of the
spreading and progression of the disease were studied in
order to determine what the values of the parameters
were. Rodrigues er al. (2011) has also studied the
transmission of dengue fever. They used their results
to explain outbreak of the disease in Cape Verde.
Aldila er al. (2013) a host-vector dengue transmission
model to determine what the optimal control strategy
should be. The strategy was based on using different
amounts of mosquito repellent on different segments
of the human population.

In another paper, Esteva and Vargas (2000) included
the possibility of vertical or transovarial transmission. In
this fype of transmission, one does not need the host; one
can pass the virus from mosquito to mosquito without
the need of a human or from human to human without
the need of a mosquito. These types of transmission are
very. The rarity is seen in the report i 2010 of the first
putative case of vertical transmission in China (Yin er
al., 2010) Thenmozhi er al. (2007) reported that they had
collected mosquitoes (both male and female) in Kerala
State and examined for dengue virus DNA in them. They
found that some of the male mosquitoes in them. Since
the males do not need human blood for the purpose of
generating eggs. the most likely way would be through
sexual contact. This has happen in the most recent ZIKA
epidemic (Lequime ef al., 2016). The ZIKA disease is
also an airborne disease where the same mosquito
rransmitting the virus is the same virus specie
ransmitting the dengue fever virus. The latest report is
that the ZIKA disease has become a STD (sexually
transmitted disease) which needs a different form of
disease control strategy. Whatever the reasons, two
recent reviews have appeared in 2016 on the vertical
transmission of spread of dengue fever (Grunnil and
Boots. 2016: D’Ortenzio er al., 2016).

In this study, we will be reconsidering the
transmission of dengue virus in the case where vertical
rransmission of the virus between the mosquitoes is

possible. We will be using the SEIR model (Susceptible,
Exposed, Infected and Recovered) is used to investigate
the dynamics of the disease. We will be analyzing the
stability of the model using standard dynamic analysis.
We will consider the dynamical transmission model of
dengue disease for the cases where vertical transmission
is or 1s not possible. The equilibrium state and stability
are considered both behaviors. The numerical
simulation, results and conclusion are presented.

Materials and Methods
Mathematical Model

The mathematical model is for two populations,
human and mosquito. In the SEIR model. the human is
divided into four compartments. susceptible human

(SH). exposed human (E#) , infected human (/A7) and

re-denoted as covered human (RH). The vector
population 1is partitioned into 3 compartments:
Susceptible vector susceptible vector (S7). exposed
vector (EV)and infected vector (7,). In this model, we
assumed that the total number of members of each
population is constant. For the vector population, we
further assume that the rate at which the number of
susceptible vectors entering info mosquito population is
A4 per unit time and M is the number of infected
mosquitoes that enter directly by vertical (transovarial)
infection if this type of transmission is possible. As we
have mentioned. this ftransmission mode is rare or
nonexistent. We consider the different behaviors of
dynamical transmission of dengue disease with and
without the effect of vertical transmission taken into
account (M # 0 and M = 0). The dynamic transmission of
dengue disease when both modes of transmissions are
possible is shown schematically in Fig. 3.
Let:

(SH) = Number of susceptible humans population at
time ¢

(EH) = Number of exposed humans population at time ¢

(IH) = Number of infcted humans population at time ¢

(RH) = Number of recovered humans population at
time ¢

(§7) = Number of susceptible vector population at
time 7

(EV) = Number of exposed vector population at time ¢

(L) = Number of vertically infected population at

time ¢

A = Constant recruitment rate

M =Number of mosquitoes which were infected
transovarially
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Fig. 3: The dynamic transmission of dengue disease by both biting infected human and vector born infection

The mathematical representations of the processes
shown schemarically in Fig. 3 are given by equations (1)
to (7). The dynamic change of the human and mosquito
populations are given by Equation (1) to (4) and (5) to
(7) respectively:

ds, bfy -~ =

Tj:/{b“vﬁ_ﬁs)‘{[r — Sy (1)
dE; | bf, == >

T;:N_:SH‘[J'_(EH+#H)EH (2)
dI = g 3

_H:EHEH _(,UH _]-])Is (J)
dt

dl, - ;

—= il — Ry (4)
dt

ds, bB, = - = 3

D=4 —%5;! Ty <145, ()

EZ%;_EH _(EI’-I—«"’F)EI' (6)
dt Ny

Ar _yps e By — i1, (7
dt

We have assumed that:

Ny=S,+E,+1,+R, (8)
N, =S, +E +1, 9
Where:

Ny = Total number of human population

Ny = Total number of vector population

Az = Birthrate of human population

b = Bitingrate of vector population

Pz = Transmission probability of dengue virus from
vector population to human

Br = Transmission probability of dengue virus from
human population to vector

gz = Infrinsic incubation rate

ey = Exminsic incubation rate

Wz = Death rate of human population

up = Deathrate of vector population

ry = Recoveryrate of the human population

The assumption of our model is the total human and
vector populations are constant. This leads to the rate of
change for human and vector population being zero. i.e.:
ﬂ‘_ﬁ_ﬁ+ﬂ_ﬂ+ﬁ:0 (]0)

dt ~dt dt  dt

ﬁ.q.ﬂ.;.ﬁ:() (1)
dt dt dt

From the above equations, we can obfain the
following equations:

N, =(4+M)/ 1, (12)
Ay =y (13)

We now normalized equations (1) - (9) as following:

5 E, I, R,

Sy=-—E E,=—2], ="E R ="E (14)
Ny Ny PN N
S, E, I,

s =S p by I (15)
N, NN,
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We also have:
1=S,+E,+1,+R, (16)
1=5, +E, +1, (17)

The mathematical model of Equation (1) — (7) is now
reduced to the following 5 Equations:

‘%‘f :,ﬂﬁ(lfsﬁ)f%sﬁfrm (13)
% = %SHIFNI. — (e + U)Ey, (19)
W—H:EHEH—WH_??HE (20)
dt

% =bf, S, (% 1)E, 1)
% = ir—f +e B — 11 (22)

Ny

Mathematical Analvsis for Equilibrium Point

The mathematical model is now analyzed and
mvestigated in order to find the equilibrium points and
system stability. The equilibrium point is determined by
setting the right hand side of Equation (18) — (22) fo
zero. The system stability is determined by its
eigenvalues and R, Affer we solved Equation (18) -
(22), we only obtain the endemic disease equilibrium
points E; given by:

E =(S5.EL. B ES D) (23)

Where:

Sy = (b°N; B B 8, 1t +

Ny (N s (5 + 2D Bty +

(Ve + M )8y + ) 16)

DM e (7 (25 + s (&0 + 1)

+lyy (B ey + (8 + Uy )(Er + 1))

N (N2 (ADMN B iy (Vs + J WEg + g NEp + 1)’ (24)
(Df ety + (Ve + Ut )y + 1) 1) +

Nopdlyy (i + Mg e + 1)1ty (8 + 11)

b (M (eq + 1t )(Er + f4:) +

(B (M + Ny ) + M(ey + g )&y + 16,))))/
(2bN,- B2 fl (B (M + N8 ) + Nl (8, + i)

1127

Ey = (U'N; By Byt bty

NP (Nt (Vg + My NEg + My ) e (8 + 18)

+DM By (=7 (8 + M )(Ep + 11)

— i (—D ey + (e + f1) (& + 117))))

+ ""‘I(N;' (ADMN g B flyy (Ve + Hz)

(85 + )&y + 1) (DB e iz (25)
(g + g ey + fg) 1) +

Nty (g + i )8y + )18, (8, + 14,)

DBy (Mg (e + )2y + 1)

s (08 (M + Nyep) + M(ex + 1)(er + 4)))/
(2DN, By (8 + 1ty )(DPe (M + Np&p )+ Nyl (55 + 14)))

L= Ny Bafye ity +

Ny (=Nt (F g + e WEg + ) 11 (8 + 1)+

B By (5 + Ny #ti)

—Hy (DBEy + (64 + Uz )& + 411))))

A NFABMN By (e + 1) + )5 + 11)°
(bfreg ity + (re+ My )En + Hy) 1) (26)
(N i (Vg + Uy ) + U ) 1 (S + 10,)

DB (Myy(ey + 1z ) + 1t)

+ily (D eg(M + Ny&p) + Mieg + 11 )& + J”I')))):)))) /
(20N B (Vi = M N8 + )

DBy (M + Ny&p) + Nyl (& + 14)))

Er = (DM B (e + g (&3 + 183 ) 16+ 1)

NN, (7 + 11,6y + 1) 165, + 14,)

0" Ny By B g (—M 1ty + 8, (~2M + Nyfi)

+ it N (V7 (BBMN B tie (7 + 1)

(&5 + )& = tir ) (Do 27)
+(75 + g N+ Mltr) +

(Nortty (i + e + )1t e+ f)

DB (Myg(sy + s )& + i)

+ by (M + Nypgr) + M (€5 + 11 )& = 14 )))))/

(203 Bsy (e + 11 )by sttss + (7 + i) 65 = H i)

Ill’g = (b:NﬁﬁHﬁf'gﬁgl'.UE +Ny

(=Nattz (ra + g ) (€5 + g ) (53 + 1)

DM B (75 (85 + e )8 + 1)

+ly(bBrey + (&4 + tiy )& + 1))

+AJI[NJ‘J{(4b‘WHﬁHﬂH()’H + g )6 + g )& + 1) (28)
(0B Extt + (7 + 1) (&5 + M) 11y)

(Nl (Vg + U N8 + M )18 + 1)

DB (Myy(eg + U )e, + 11,)

(DB (M + Ny )+ M(sy + 1 X6 + 16,)))/
(20N; B (& + Dbt + (e + M )& + ) i)
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All parameters used in system (24) — (28) are positive
and the epidemic region is:

Q={(Sy.Eq.I4.E Iy ): 0< Sy By I ELI <1

Mathematical Analysis for Local Stabiliry

The local stability of the equilibrium point
determined from Equation (18) — (22) is analyzed by
first obtaining an expression for the basic reproduction
number Ry and the Jacobian matrix. After these are done,
we then solve the eigenvalues equation which involves
the Jacobian matrix. The Jacobian matrix of system (18)
—(22) is as follows:

e 0 0 0

=
ity ——Z ['N,, 25N,
‘H A\VH F'F N, gl §

"

b (29)
s B T 0 gy
= E 4
£y g +7g) 0 0
0 BRA-B =B g+ 0
0 0 =S —lg

The basic reproductive number, VR, is the number of
secondary mfection produced by a typical case of an
infection in a population of its infectious period. R, can
be indicated the ransmission potential of disease. In case
of Ry>1. the transmission has potential to spread
between people. The requirement for local stability at the
equilibrium state is stated in proposition 1 given below.

Proposition 1.

The equilibrium state E; is asymptotically stable
when Ry is higher than 1, Ry>1.

Proof.

The local stability of E; is governed by linearization
of system (18)-(22). The Ry is given as:

Ry =(o, + NoMa, (ypo: + ly (@, + 2)) +

Ny (00,040 (&, g + @ ) (30)

(%]

(G, — 0, (M e, + iy (@,e, +Ma))))
Ny o .

Where:

ay b:‘\G{ﬁHﬁ'EHé‘r.{"H
ay = bBH

a; = (extpg) (gt
ay = bﬁr’c‘&%’

as = 4NzugM

ag = (yrrum)

ar = (extpz)

as = Nyugly

ay = (M+Nyep)

The characteristic of equation (29) which determines
the eigenvalues is the eigenvalue equation obtained by
solving det:

7, - ax|=0

Where:

Jz; = The Jacobian matrix at the equilibrium point £
L = The eigenvalues

I; = The identity 5x5 matrix

Evaluating the determinant, we get the following
Evaluating the determinant, we get the following:

(Frei +el +e i +ed +e)=0 (31)
Where:

[—F (s — l)i4GH } .

| +F(~GHJ — 11, GH(~ pt; — KL))

P [(~F(=yy = i) GHJ — 1, GH (— 11, K —L])} .

| +F(~GHP + GHJ (~{t; - K +L)))

€=

|=F(~7y = ;) GHP + GHJ (~lt, =K L) | | .

€3 =
| +FOGH +GHP(~tt, ~K+1) ]

oy = | FOCHug =K+ L)+ (QH(-K + R)(I-K + 3)} FuzGH
—F (< = i) OGH + GHP(~tiy ~ K +1))

es = (1/2Ng Ny (bPregia (v~ pe) (B + uz)up)T

Where:

F o= SN

G = et \

o (DM By + BN, B &)+ Ny &yl + Nig U 1)

(B Eglly ¥/ ubully + Vallytly + E bl 11, + 10 (0.)
(&g ~pe )itz - 113 (6, +241,))
(b:m:'ﬁ;{ﬂrg}{grf"'a

TN (=N e (e + ey )(E + 1 ) 1 (& + 18:)
M By (7z (65 + Ug ) (& + 1)

iy (Dfres + (&5 + 1z )& + 115))))

ey
1l

V(NFADMNy Bt (75 + &t + o + 147)°

Ofegtly + (75 + ) (&5

(Nt (g + 1l )€ + gy ) 1t (& + 14:) —

b (Myy (& + lt )& + )

ity (bBe, (M + Nog, )+ Mg, + 11,)(8 + 1))/

(NN (& + )DLty + (Vg + Mz )8y + 1))

(SN Ny B B 66 (6 + 1)’

N = (BMB, +bN,fue. + Nyt + N g, )}
(D&l + VuSially + Vb lly + Ellgbly + i3 1)’)

0 = (&~ HH):U;{(_EF — ) fly

+ e )il ) +
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Po= ((=g — )ty + (=65 = ) 115 (5, +208,))

1/ (bﬁH(M +NI'51') + ‘VHI"H(EI’ + iy ))

AN N B Frrerth (& + 11, )

\“I(N!:' (4DMN it (g + 11 )8 + 1 W&+ ."'f'r')2

DB, &ty + 7V + 1y )Ey + L )11,)

HN g (7 + 10 )& + )14 (& + 18

D (M (&g + 1106 + 1)

+ity (0. 6,(M+N,&,)+ Mg, + 10, )&, +14,)))
(22BN B, (& + 1 WD € tty +(7, + 1, )(E, + )11,
= (b Ny B fr e

TN, €ty (N flr (Vi + o (&5 ey Y (& = fy)
+OM ffy (=7 (8a + )& + 1)

U (BB, 65 + (6 + H )& + 14))))

+(0fr &5tz + 207 + i NEx + Jlr ) )

V(N (N 7+ 1) 6+ 1) 1 (& 11y
2N Pty (Vy + iy (&g + 1y Y&y + )

(Mg + ey e+ Hz ) 1t-(& + 1)

b ey 1t (2M e, +(M —N,.&)1t,)

_bzﬁ;{ (ﬂ’fﬁ"ﬁ(g}{ y i"}{)('gr + /"1')

1ty (Bfy 65 (M + Ny &)+ M(E; =~ )& + 1))
V(N (4DMN g oo g (Vs + ft WE g + )&+ 11
(D Ex g + (g + ) e+l ) thyr)

(Nl (Vg + Uz )(E + ) 1 (6 + 142)

DB (M (eg + M) (& + 1)

+i15 (BB eg (M + Npgp) + M (£ + itz )& + !fr-'))))l))}

Q =

The solution of equation (31) is solved through use of
the Routh-Hurwitz criteria. The equilibrium point will be
local stability when all eigenvalues have negative real
parts. This will happen if all the coefficients satisfy the
following conditions:

¢ >0.e,>0.¢ >0.g 0. >0 (32)
cee >e +ee, (33)
(ee,—e,)eee —e —ee)>e(qe, —e) +ee 34)

All conditions of equation (32) - (34) are satisfied for
endemic equilibrium point as seen in Fig. 4.

The dynamic transmission of dengue disease without
a vertical mode of transmission (M = 0) is described by
equations (18) to (21) which are the same as the case
where vertical transmission is possible except that
Equation (22) has been replaced by the equation below:

% =& L, - 11, (35

Reanalyzing the new set of equations in the same
way as before, we now arrive at two equilibrivm points,
a disease free equilibrium point and an endemic disease
equilibrium point defined as.

1. Disease free equilibrium point
E, =(1.0.0,0.0) (36)
ii.  Endemic disease equilibrium point:

E, =(S;.E;.I;.EX.I7) (

(%)
—1
—

Where:

Sz = Nu (& + 4 ) OBty + (Vg + )6 + ) )]
/[bf, (BN, Bty + Noity (& + 11,))]

(38)

=
| DN, Bl N+ et i+ 4)) | (39)
"f[bﬁ"gg(ga + 1 XON Bty + N5+ lfr))]

- a“g(b:Nr'ﬁHﬂVEHE!’
Ny (7 + i ey + ) 10 (8 + 11))
BB (g =ty Vo + 1t NON By + Nyt (8 + 117))

(40)

Er:" :_[fl‘{_ﬁ'-”f'(_bJNr'IgHﬁI'EHEP
+NH (f’.&' ¥ rl"H)(gﬁ' i .I"H).“r(gr + ,H]'D] (41)
(b Brér (& + Lo JDBrstty + (Vi + e ) Ex + H) L)

e
At (BN, BBy + N, (7 + 10, )E i) (8, + 1)) (42)
VBN s (6 + 1 X bt + (Vi + M G M) 1)

The Jacobian matrix used to determine the stability of
eigenvalues at Eg = (1,0,0.0.0) has the form:

U™ 0 0 O .
N,
e 0 ey +u) 0 0 b\'g;’ N, (43)
&y ~(thy+13) 0 0
0 b Hg+) 0
00 0 &

Proposition 2.

The equilibrium state E, is asymptotically stable
when Ry is less than 1, Ry < 1.
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Proof.

The local stability of E; 1s governed by linearization of
system (18) - (21) and (35). The R, will be of the form:

_ D'N.B. e 8,
Nt (Ve + 1 ) Ex + Uz )& + 1)

The characteristic equation obtained same by solving
the determinant equation, Equation (43) is given by:

T S _
(L +el” +el” +el” +el +e)=0

Where:
e = [Nglg+Nyey+ Ny&, + 3N, + 2N 1/ N
[" By +Nﬁ-f1f5r +N5£H‘°’V +1] #leMy +2NH£HUH

FIN &y + 3Vl + 2N, Yl + 2N E 1L + V6L,
+6 N bty + Nilip]/ N

[(Nayzeqer + Nyyutully + 2NgYgErlly + 2NgExEr 115
Nevgsaly

+NH7H“E—1 pr ‘VHEH“:‘-J' + 3NHSI'“!_' + H“IJ' +2 HiH
+NgV bty + NyEpeplly + 4N 11y + ANGE Ll

€3
+3Nge gy + 6N pi,-uy + N7y prv

‘*’NH%'UI:: +3NH1-‘-HUI:'] { Ny

(0" Ve Babresty + NataBatrlly + Nalxrlly

N BBty + Nl + Nyl uBaplly + 2V, 18l
2Ny My 258l 2N

F2NGE ik + 3N bty = 2N bty + N Yty

€4

NVl + 2N B Ll + 3N LG ] N,

(g (-0"N, PP ee,
+‘NH (?H + }’IH )(EH + }’LH)}lI'(Er + “I'))] ’I’ E\JH

All conditions of equation (32)-(34) are satisfied for
disease free equilibrium point as seen in Fig. 5.

The Jacobian matrix at £, =(S; . E; .15 . E; . I;))is:

b4,

BBy e e
—tty ———I;' N, 0 0 ] -5 Ny
Y, %, (44)
by wy, | by cayr
e TL N, —(&y + 1y) 0 0 T Sy Ny
0 8y ~(y +1y) 0 0
0 BA(1-IF —EF) (g + ) 0
0 g -

Proposition 3.
The equilibrium state E; is asymptotically stable

when Ry 1s higher than 1, Ry>1.
Proof.

The local stability of E2 is established through the
linearization of equations (18) - (21) and (35) which
leads to the detenminant equation previously obtamed.
Solving the eigen value equation. we get a similar
characteristic equation, i.€:

(A +e A teld tel +a2 +e)=0

Except that the coefficients are now.

W P T 77 Py Al nmne 2NN
! J
| o
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]
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| | &
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| 3}
10 ] !
! X!
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20 I i
1
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|
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[} il " ’Bl_ 0 20 o0 Q 20 ) ﬂ". L 0 100

1131



140

Pratchaya Chanprasopchai e a/. / Amencan Joumal of Applied Sciences 2017, 14 (12): 11231145
DOI: 10.3844/ajassp.2017.1123.1145

400 4
14" 1077 1
- =7 1
12710 50 |
.
AT Rl 1
Lo (%) '
| |
8 1078 200 !
€ .. r '
610 > ]
:j..
4”008 5100 !
2" 10t |
(1] [ 4
0 0 0 By 6 ) 100 0 el 0w f# e 0 100
W40
"‘T?,r:n
Fron
-
7,
oS
,.;;w :
g‘-ﬂl
3
¥
?2‘]
nlr
0 ) 40 ﬁ,, F 0 160

Fig. 5: The All parameters spaces of endemic disease equilibrium of EQ are satisfied the Routh-Hurwitz criteria. The parameter
value are Nir=92:000, b = 1/3, jiz = L/(70%365). Yr=0.01428. B = 0.65. B = 0.65. [ir'= 1/24, €= 0.01428, £ ="0.1667. 4
= 5,000 and M = 400

1132



141

Pratchaya Chanprasopchai of o/, / Amencan Journal of Applied Sciences 2017, 14(12): 11231145

DOI: 10.3844/ajassp.2017.1123.1145

UL it bt "
‘ 1 a0 j___A.
‘ ] o ~
ammz - i
| 1 G0 |
 § ™ "
L) r 1 v
& e8] 11 o |
; ol
L o 11 omots if
t ] - [ /
4" 1006} ;R !
| ] .
| | 000000 1
2 1076} | o -_/
1 Do || ]
[ L i { |
) » 0 ﬁl. 0 @ 100 0 0 m ﬂ]. i i 000
e ]
3351078 i
T . i
EOE R T2 :
 aofiiet |
B25010° 0 :
f_':.' 1078 |
|
Tic* 1a=EL ]
e . ] ‘ 'l
iy { I
o y=rr- B i
LTI
g :
g "t
o I 1
v QR L e P L NN S S Loy Te ) by
0 M w g, e &0 100

Fig. 6: The All parameters spaces of endemic disease equilibrium of E2 are satisfied the Routh-Hurwitz criteria. The parameter value are Ny
=92,000.5 = 1/5. = 1/(T0%365). 7= 0.01428. Pzr=0.65. frr=0.65. 1= /24, £ =0.1428, £ =0.1667. 4 =5.000 and M =0

Where:
€

[~(-UH +GH(~ 11, + V)] GH
e = [-(-GH(W, ~W, + T, W,)+ GUH{(-u; +V)|/ GH
[ (-UH (-, 10y + 7, 7,)

e =
: +GH(W, -, + W, W, )=ugz+V)]/ GH
ey = [(NE HE )+ V + wpV) = T, (W, W, GH
+GH(-W, W, + W, W, D=ty +¥)]/ GHY,
[-tg (Yg + Hg)(Eg + Hg)liy (_b;‘vrﬁyﬁv‘fufr’
“ = +Ng (g + p1g )Eg + p1g ) iy (g + fiy))]
NegbBregtiy + (Yp + Hglleg + g)liy)
Where:
U = (Vg + Eq+&p + 20ty + 2 11r)

V= (1, (<D, B, Byg, 2, + Ny (1 + 1y Wy + )06, (5, + 10,))]

[Ng(ep + 1 DBty + (1 + 1 NEg + fz) )]

M= (7 = )8 = )
Wy = (& =ty )l

W5 = (yg+ég+2uy)
Wy = (& +2t.)

I, = (BN, Bee, + Nouy (e + 1))

BN N B;Bieiei(e, + up )
= Bfeqity + (g + )& + )16,
= NN, B.foens

LS ]
LS ]

These coefficients of this new characteristic equation
will also satisfy the Routh-Hurwitz criteria. Equation
(32) - (34) for the coefficients defined above (Fig. 6) and
so the eigenvalues by the characteristic equation above
will all have negative imaginary parts and the endemic
disease equilibrium point will be stable.

Numerical Results

The numerical analysis in this study considers the
transmission of dengue disease in models where the
values of the parameter values are listed in Table 1.
which gives different values for three sets of
parameters which leads to the three cases we are
looking at. Case 1 are the values when vertical
transmission occurs and the equilibrium state is the
endemic state. Case 2 are the values when there is no
vertical transmission is possible but the equilibrium
state will be the disease free state. Finally, case 3 are
the values when there is no vertical transmission but
the equilibrium state will be the endemic state.

The trajectories of the numerical solutions case 1.
case 2 and case 3 projected onto Sg. Ex. Iz Epand Iy
are shown in the Fig. 7-9 respectively. The trajectory
of the numerical solutions case 1. case 2 and case 3
projected onto (Sz. Ez). (Sx. Ix). (Sz Ep). (Sz In). (Ex.
Ep)and (Ig. Iy) are shown in the Fig. 10-12 respectively.
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Table 1: Parameter are used involved in the transmission of
dengue disease

Parameter Case 1 Case 2 Case 3
Uy 1/(70%365) 1/(70*365) 1/(70*365)
Ny 92,000 92.000 92.000
b 1/5 1/5 1/5

A4 5.000 5.000 5.000
Ly 124 1/24 1/24

M 400 0 0

Yu 0.1428 0.01428 0.01428
Bg 0.95 0.65 0.65

By 0.75 0.65 0.65

£y 0.1428 0.01428 0.1428
&x 0.1667 0.01667 0.1667

The trajectory of the numerical solutions case 1. case 2
and case 3 projected onto (Sz. Ex. Ix). (Sz. Ex Ev). (Sg.
E,-r JT[) (SH E]’ I]) (EH E[.; If) and UH E{ 1{7) are
shown i the Fig. 13-15 respectively.

Discussion

In this study. the dynamic transmission of dengue
disease using SEIR mathematical models which focus
on the transmission of the virus in the mosquito by its
being bitten by an infected human or by vertical
fransmission mode, i.e.. through sexual contact with a
male mosquito is studied. It is shown that the presence
of vertical transmission insures that the endemic
equilibrium state 1s the only possible outcome. In the
absence of vertical transmission. the model leads to
two possible outcomes, a disease free equilibrium
state and an endemic equilibrium state which depend
on whether Ry=<1 or Ry>1. The Routh-Hurwitz criteria
for the coefficients of the characteristics equations for

I 11 M

Susceptible Human

D199 v

13 000 Mo o e

Times (Day)

the system are used fo determine whether all the
eigenvalues have negative imaginary parts.

When there is vertical transmission of the virus in
the mosquito and the values of the parameters are
such that Rp>I. the only equilibrium state is the
endemic equilibrium point. E; and it is local
asymptotically stable as can be seen from Fig. 4 which
shows the values of the parameters satisfy the Routh-
Hurwitz criteria. The time trajectories of Sy, Eg. Iz Ev
and I;- are plotted on Fig. 7. The trajectories of the
numerical solutions are plotted on the 2D (Sz Eg).
(Se In). (Se Ep). (Sg. ). (Ex. Ep) and (I Ip) planes
and in the 3D (SH Eﬂ L—!) (SH EH E;l) (S;T E‘-( J.Tf)
(Sz. Ew It). (Ex. Er; I) and (Ig. Ey. Ip) spaces seen in
Fig. 10and 13 respectively.

In the absence of vertical transmission. the disease
free equilibrium point. E,. will be local asymptotically
stable when R,< 1. The range of values of the parameters
for which the coefficients of the characteristic equation
for eigenvalues satisty the Routh-Hurwiiz criteria for the
disease fiee state to be local asymptorical stable are
shown in Fig. 5.

Picking the values (the ones listed for case 2 i
Table 1 and given in figure caption). the time
dependences of Sz, Ex. In. Ey and I; are plotted in
Fig. 8. The trajectories of the numerical solutions are
plotted in the 2D (Sg. Eg). (Sz. In). (Sp. Ev). (Sp. Ip).
(E‘q, E;) and (Iﬂ Ir) and the 3D (SH. EH, IH) (5,—! EH.
Ep). (Su. Ex, Iy). (Sa. Ev. It), (En. Ey, Ir) and (Iy, Er.
I) space in Fig. 11 and 14 respectively. The endemic
equilibrium point. £, is local asymptotically stable
for R;>1. The behaviors of the populations for this
case (case 3) are shown in Fig. 6. 9 and 15.
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Conclusion

To see the influence of vertical transmission in the
mosquitoes on the human and mosquito populations, we
have plotted on Fig. 16(a) and 16(b) the time dependence
of the infectious humans and mosquitoes in the presence
or absence of verfical transmission of the virus in the
mosquitoes of Iy and 7;- In both cases, the equilibrium
state was the endemic state. We see that the equilibrinm
states were reached slower when vertical fransmission of
the virus in the mosquito occurs.
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In this paper. the dengue disease is caused by dengue virus and there is no specific treatment. The medical care by
an experienced physicians and nurses will save life and will lower the mortality rate. A dengue vaccine to control
the disease has been available in Thailand since late 2016. Mathematical model would be an important way to
analyze the effects of the vaccination on the transmission of the disease. We have formulated a SIR (Susceptible-
Infected-Recovered) model of the transmission of the disease which includes the effect of vaccination and used
standard dynamical modeling methods fo analyze the effects. The equilibrium states and their stabilities are inves-
tigated. The trajectories of the numerical solutions plotted into the 2D planes and 3D spaces are presented. The
main contribution is determining the role of dengue vaccination in the model. From the analysis, we find that there
is a significant reduction in the total hospitalization time needed fo treat the illness.

1. Introduction

Dengue disease is a mosquito-borne viral infection caused
by 4 serotypes of dengue virus, DEN-1, DEN-2, DEN-3, and
DEN-4. Dengue disease is widely spread in tropical and sub-
tropical region of the world. Dengue virus is transmitted to
human by the bite of the female mosquito of the species. Ae-
des aegypti and Aedes albopictus [1]. An estimated 3.9 bil-
lion people in 128 countries are at risk to this disease. The
countries at danger fo infection by the dengue viruses around
the world are shown on Figure 1 [2].

Thailand is located in tropical region where dengue virus
1s widely circulating. Dengue is speading nationwide in
Thailand including the Bangkok metropolitan area. Thailand
1s in special danger since three of the four species of the den-
gue virus have been found in Thailand and both of the Aedes
vector species are present. The Bureau of Epidemiology.
Ministry of Public Health has reported dengue cases m all
provinees in 2016, a total of 63.931 cases with 64 deaths [3].
At the present time, there 15 no special treatment for dengue
disease but early detection and the appropriated medical care
will decrease the fatality rates. A dengue vaccine would be
another way to reduce the fatality rates. WHO reported the
first dengue vaccine, called as Dengvaxia (CYD-TDV). It
was registered in several countries in late 2015 and early
2016. It was recommended for use only in high dengue dis-
ease burden countries such as Thailand [1]. Dengue vaccine
against four strains of the dengue virus was first launched in
Thailand in late 2016. The vaccine would be suitable for use
1 individuals between 9-45 years of age living in endemic
areas. Since the reported incidence of dengue peaks in the
rainy season between June to September, the vaccination

should in advance of the peak period in order for the immun-
ity to develop.

There were many mathematical models for describing and
analyzing the behaviors of dengue disease. Esteva and Var-
aus [4] proposed a SIR (susceptible-Infected-Recovery)
model to describe the transmission of dengue disease with
constant human and vector populations while Chanprasop-
chat et al. [5] proposed a SEIR (Susceptible-Exposed-In-
fected-Recovered) model for Thailand to deter-mine the ef-
fect of the rainfall on the spread of dengue in Thailand
model. The transmission of dengue disease is assumed to de-
pend on the nature of the rainfall in different countries. The
stability of the solution of the model was then analyzed. Nu-
merical results taking into account the rainfall was obtained
and they were seen to correspond fo the analytical results.
Using standard dynamical analysis techniques. Chanprasop-
chai and Pongsumpun [6] established relations between the
different variables ina STR model of the dengue transmission
model in which the biting rate of mosquito became as factor.
Pongsumpun and Tang [7] analyzed the transmission of den-
gue hemorrhagic fever ina SIR model which included an age
structure in human population.

Recently. Shim [8] stdied the recently approved dengne
vaccination program in the Philippines and showed that with
appropriated pricing of dengue vaccination, reduction of the
burden of the dengue disease in the Philippines and a signif-
icant pofential fo confer excellent value were possible.
Aguiar et al. [9] has proposed a mathematical modeling for
investigating the impact of the newly licensed dengue vac-
cine using different scenarios and presented the results for
achieving significant reduction in disease burden. The vac-
cination program is most effective when only individuals
have been already been exposed to at least one dengue virus.
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Recker et al. [10] reported that the availability of epidemio-
logical and clinical data from the trials of vaccine provided a
great opportunity for formulating mathematical models in
which the vaccine efficacy depends on the serotype. age, host
inmune status, and severity. Mathematical modelling be-
comes a valuable tool in the policy-making process fo esti-
mate what the consequences of any decisions taken could be.
In this study, we propose a SIR mathematical model to
analyze the behaviors of the transmission of dengue disease
with vaccination effect and apply it to Thailand. The stand-
ard analysis method using Routh — Hurwitz criteria is applied
to investigate the system stability which the dynamical trans-
mission model of dengue disease. equilibrivm state, stability.
numerical simulation, results and conclusion are presented.

2. Material and Method

In our SIR model, the population is divided into 2 popula-
tions. a uman and a vector population. The human popula-
tion consists of three epidemiological states: susceptible hu-
mans (5y), infected humans (7). and recovered humans (R )
while the vector population has two epidemiological states:
susceptible vector (S,) and infected vector (7). Mosquito has

no recovery state since the mosquito dies before it can re-
cover from the disease. Susceptible mosquito state is un-im-
mune and un-infected while in the infected state. it is infected
with dengue virus and can transmit the virus. Recovery state
in the human population is a person who has recovered from
an infection by the dengue virus. We assumed that the human
and vector populations are constant. The dynamical trans-
mission of human and mosquito population with effect of
vaccination is shown in Figure 2.
In the figure.

Sy (t) =Number of susceptible human population

who has unvaccinated at time t,
Iy (t) = Number of infected humans population

who has unvaccinated at time t,
Ry (t) = Number of recovered humans population

who has unvaccinated at time t,
Suv (t) =Number of susceptible human population
who has vaccinated at time t,

Tqv (t) = Number of infected humans population

who has vaccinated at time t,
Sy () = Number of susceptible vector at any time t,
I, (t) = Number of infected vector at any time ¢,
dy,dy = Death rat of human and vector population,



Ny, Ny = Total human and vector population,

Bu. By = Transmission rate of dengue virus from
vector to human, human to vector,

by = Birth rate of human population,

A= Constant recruitment rate of vector population

a = Vaccine efficacy. and

p = Fraction of newborns vaccinated.

The transmission model of dengue disease with effect of
vaccination can be described by the following differential
equations:

T::(l_p)bH‘VH_ﬁHSH[V_dHSH ’

i —— —
THZIBH‘SHIV’}’IH*({HIH

I

P Ty + )=

dt

i o~ |
TJ;H =PheNg —(1=0) 5 Sy Ly = S ¢ @

ﬁ:(l—a)ﬁasm’fr_yi_dafm' ;

dt |

ds, —— = |

L= A= B, Sy (T + 1) —dy Sy |

dt |

i A — = ,

—I:ﬁl-'sv([ﬁ+Im')_d1ffr' J
dt

The total human and vector populations are assumed fo be
governed by the following conditions:
Sy +E+E+SW +d :NHl
S, +1, =N,

If total human and vector populations are constants. then
the rafes of change for fofal human and vector populations
are 0. As the results. we will have the following equations:

55 iy Ry Sy Ty

@

Ty |
ds, dI,
_+_: H
dt dt ]
and
AN — \_
Ny =AY 15, @)
by =dy

Normalizing the equations by infroducing the follow-ing
normalized variables:

S, I R, S, I
Sy=—H [ - H p _H g OH . __H

N, Ny Ny Ny, Ny | B

S, i ’
Sy =gy =

N, N,

Introducing these normalized variables into equation (1)
we get the new set of equations of states:

ds

Tf =(1-plby — PaSalyNy —dgSy

dl,

d_f = .BHSHIPNF —Hy - dHIH

asy

? =pby —(1-a) By S Iy Ny —dySyy (6)
dl,,

T}f =) By STy Ny gy —d gy

dl,

7:: PSy Iy + 1 )Ny —dp I,
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The equilibrium states are obtained by sefting the right-
hand side of equation (6) to be 0. Doing this, we obfain an
expression for something known as the basic production
number Ry This number is defined as

R,= &(H2+a)ed, +N, (1-pa)d, +&N,6,)8)
\I‘Ef(d-'f::dl:. +agd, N, (1+ p-2+a)d, +(-1+2p)e. N, £, )8, + A\'I‘:‘. (-1+pa)d, +&N, B, VB

When Ry < I. the equilibrium state will be the disease-free
state E1 defined as

EO=Syg=1-pIg =05y =pIgy =01 =0).

and when Ry > I, the equilibrium state is the endemic state
defined as

Es(0)= (S5 (0. L5 (0. S5y (0T e (0).13-(0)

Where:

S~ el(agzi';; 52.5'4)+ £
= H%6
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2
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Sar (!) = B
2e00 g,
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JH;"({)= i 20 3 4

26,08,
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The equilibrium states are local asymptotically stable if all
the eigenvalues have negative real parts. The eigenvalues (3)
are obtained by solving the eigen-value matrix equation

Det|g-a11=0 (7

where
J is the Jacobian matrix of each equilibrium point,
/. 1s the eigenvalue and
1is the identity matrix.



Constructing the Jacobian matrix from equation (6) and
evaluating it at the two equilibrium points, we obtain the ei-
genvalue equation

(A-p-dg)i* + 2 +er ) + o3l +2,)=0 (8)
for the disease-free state E; and the eigenvalue equation
B +eit +er +esil +egd +es)=0 (9)

for the endemic state E-.

The eigenvalues of disease free equilibrium state will have
negative real parts when the coefficients of equation (8) have
values satisfying the Routh-Hurwitz criteria

e >0.e, >0, > O'}

2 2
ee,e, >e +e e,

(10)

The eigenvalues of endemic equilibrium state will have
negative real parts when the coefficients of equation (9) have
values which satisfy a different Routh-Hurwitz criterion

e >0.e,>0.e, >0, >0.e >0

1 2
6,8, —¢; —ee, >0

(1)

¢ 12 ‘ 2 1
(ee,—e Nee,e. —e; —eje,)—ec(ee, —e,) —ee; >0
3. Numerical Results

The transmission of dengue disease in this study is based
on the SIR model with vaccination. The non-zero values of
o and p are the parameters are the parameters pertaining to
the vaccination program. The numerical simulations were
done wusing the following values of parameters:
dg=1/(65*363) per day corresponding to a life expectancy of
65 years for the Thai people. dy=1/12 corresponding to a life
expectancy of 12 days of mosquito population. For disease
free equilibrium state. the parameter values were A=1,000,
Ng=1,000, y, =173, g, =0.000012, g,=0.000012, p=0.8,

and a=0.8 while the parameters value of endemic equilib-
rium state. were A=3500, Ng=300, y,, =0.03, g, =0.000043,

B, =0.000045, p=0.75, and a=0.75. These numerical values

in the first set gave Ry < I while the values in the second set
gave Ry > I. The trajectories of the numerical simulations
for disease fiee and endemic states of Sg, Iy, Sy, Iy, and Iy
are shown in the Figure 3 and Figure 4. respectively. The
trajectories of the numerical simulation for disease free and
endemic states plotted in the 2D planes (S Tz). (S, Sz
(Sa, Iem). (Su, In). (I Sav). (I Iew). (I, Iv). (Sew: Iam). (Sam,
Iy) and (Zzy, Ir) planes are shown in the Figure 5 and Figure
6, respectively. The trajectories of the numerical solutions
for disease free and endemic states plotted in the 3D spaces
(S In, Swv). (Sw I, Inv). (S In, Iv). (Sg Sav. Iav). (S& Saw,
Ir) and (S, Iz, Ir) spaces are shown in the Figure 7 and Fig-
ure 8, respectively.

4. Discussion and Conclusion

In this study, the dynamical transmission of dengue
disease based on a SIR model where a dengue vaccination
campaign 1n the human population has occurred is studied.
Again, it is found that the model system has two equilibrium
points, a disease free and an endemic state. The occurrence
of the two equilibrivm states depend on whether Ry < I and
Ry > I where Ry is the basic reproduction number or number
of secondary infection caused by an initial infection. The
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conditions for the stability of disease free and endemic equi-
librium states were established. The time series solution of
disease free and endemic equilibrium states is presented in
Figure 3 and 4 respectively. The trajectories of disease free
and endemic equilibrium projected onto 2D planes are
showed in Figure 5 and 6 while the trajectories of disease
fiee and endemic equilibrivm projected onto 3D planes are
showed in Figure 7 and 8, respectively.

In order to analyze the effect of dengue vaccination, we
have investigated both the disease free and endemic states
using different values of parameters which would give Ry <
Iand Rp> 1. These same set of numerical values were used
for numerical simulation with and without the influence of
dengue vaccination campaign. ¢ = 0and p =0 were used in
the simulation to get the trajectories in the case where there
was no vaccine administrated. The influence of dengue vac-
cination is seen in Figures 9 and 10. Figure 9 show that the
disease-fiee state is sooner when there is dengue virus vac-
cines administrated than when there was not vaccines admin-
istrated. This means that the hospitalization time can be re-
duced. Figure 10 shows the effects of the vaccine when the
parameters are such that the endemic state is equilibrium
state.

The presence of oscillations around the endemic equilib-
rium E; means that the imaginary part of the eigenvalue is
not zero. For the simulation shown in Figure 4, the imaginary
part of the complex roots is approximately 0.000238428.
This leads to an estimate of the period of the oscillations or
Tperioa = 27/ Where @ = imaginary part of 4 or
27/0.000238428 ~ 72.20 years. This value is the approxima-
tion to the period of the solutions [4].

In any vaccination campaigns, one must take into account
the difference m the efficacy of the vaccine. It may not be
the same for all age groups. Since one is not sure about the
safety of the vaccine to children, the vaccination has been
reconunended only for people between the ages of 9 and 45.
As of now, the vaccination schedule consists of 3 injections
of 0.5 mL administered at 6-month intervals, given on a
0/6/12 month schedule [11].

The campaign in Thailand began in December 2016 and
information on efficacy of the vaccine against the different
serotypes and the difference in the efficacy for different age
groups is being collected. Dengue disease in Thailand oc-
curs in urban and suburban area [12, 13, 14, 15] with peak
transmission rates during the rainy season [3, 16]. Seasonal
and climate are affect the dengue fluctuation [17. 18. 19, 20].
Atpresent, it is not recomunended to give dengue vaccination
to pregnant women and travelers or health-care workers at
this time due to lack of sufficient data.
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FIGURE &: The trajectories of dengue disease for endemic equilibrium projected onto
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