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Abstract: Increasing incidence of dengue fever has become an important health concern in recent years,
especially in developing country like Nepal. To investigate patterns of transmission, this work uses a mathe-
matical model for the dynamics of dengue outbreaks in the Rupandehi district in 2017. To validate the model
biologically, we demonstrate the positivity and boundedness of solutions. Furthermore, we establish that for
R0 < 1, the disease-free equilibrium is locally asymptotically stable, whereas for R0 > 1, a unique endemic
equilibrium point exists. Sensitivity analysis showed that the parameters related to mosquitoes, in particular
the mosquito death rate (µv) and mosquito biting rate in transmission rates (β1, β2, βv), have significant
impact on R0. Therefore, implementing mosquito control activities followed by protection against mosquito
bites are crucial strategies in effectively controlling dengue transmission.
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1 Introduction

Dengue is a viral infection transmitted through the bites of infected female Aedes aegypti mosquitoes that
carry the dengue virus [27]. The four strains of the dengue virus are DEN1, DEN2, DEN3, and DEN4
[6, 11, 14]. Even though individual may develop immunity to one serotype of the dengue virus after being
infected, they can still be susceptible to infection by the other three serotypes [9]. In dengue disease,
symptoms typically appear within one to seven days after being bitten by an infected mosquito. Common
symptoms include fever, headache, muscle and joint pain, pain behind the eyes, abdominal discomfort,
nausea, vomiting, mucosal bleeding, and rashes [27].

The first recognized dengue epidemics emerged almost simultaneously in Asia, Africa and North America
during the 1780s. Since then, dengue has spread across tropical and subtropical regions worldwide, becom-
ing prevalent in urban and semi-urban areas [17]. In the recent years, the incidence of dengue cases has
significantly risen, placing over half of the world’s population at risk [27]. The World Health Organization
(WHO) estimates that annually, there are between 100 to 400 million dengue infections worldwide, with
more than 8 out of 10 cases being generally mild and asymptomatic [27]. Over four million cases and more
than four thousand dengue-related deaths were reported from 80 countries globally in 2023 [23].

In the context of Nepal, the first case of dengue was identified in 2004 [25]. According to the Epidemiology
and Disease Control Division (EDCD) under the Ministry of Health and Population (MoHP), government
of Nepal, dengue infections were reported across all seven provinces and 77 districts in 2022, totaling 54,784
cases. Among these, Lumbini Province alone reported 5,037 cases [24]. Particularly, in Rupandehi district
as of 2022, the number of dengue cases had surged to 1215, positioning it as the eighth highest among the
77 districts nationwide [15]. According to the District Public Health Office (DPHO) of Rupandehi, the
first dengue outbreak in the district was recorded in 2010, resulting in 21 reported cases, which is the main
concern of this study [23]. Dengue outbreaks in Nepal often result from a combination of factors, including
climate change, unplanned urban development, insufficient solid waste management, easy transit between
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(a) (b)

Figure 1: The map of Nepal has been crafted using data sourced from the official website of the Government
of Nepal (http:/httpdos.gov.np). Utilizing the R 4.3.1 software, specifically employing the cartography
package, the map highlights the Rupandehi district. Within the map, Rupandehi district is distinctly
represented by a vibrant yellow hue, ensuring clear visibility and recognition of its geographical boundaries.

(a) (b) (c)

Figure 2: (a) Annual infected individuals (b) Breakdown of infected persons by age group (c) Distribution
of infected individuals by gender in Rupandehi district during 2017 [21, 23, 24].

dengue-prone areas and limited public health resources [24].

Rupandehi district (Figure 1(b)) is situated within the Lumbini Province of Nepal and is renowned world-
wide as the sacred birthplace of Lord Gautam Buddha, the pioneer of world peace. With an elevation
ranging from 100 to 1229 meters above sea level, Rupandehi spans a total area of 1360 square kilometers.
The district experiences a temperature range between 45.40 (maximum) and 8.750c (minimum).

Figure 2(a) illustrates the yearly trend of dengue infection from 2010 to 2019, revealing a notable increase
in disease incidence in recent years. This escalating trend underscores the urgent need for effective control
measures to mitigate morbidity and mortality rates. Furthermore, Figure. 2(b) indicates that dengue fever
predominantly affects individuals within the active age group of 15-60 years. This could be attributed to
their propensity for outdoor activities, increasing their exposure to mosquito bites. Additionally, Figure
2(c) presents the distribution of dengue cases by gender in Rupandehi district in 2017, highlighting a higher
proportion of infections among males.

Mathematical modeling in epidemiology is an important tool to understand the dynamics of diseases and
control strategies [1, 2, 3, 5, 8, 15, 20]. Moreover, it provides valuable insights for policymakers and public
health authorities to make informed decisions and effectively control disease outbreaks. In the history of
mathematical modeling, the basic SIR model (S: Susceptible, I: Infected, and R: Recovered) is devel-
oped by Kermack and Kendrick in 1927 [13], which described the threshold condition for epidemics which
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concluded that an epidemic would not occur if the population density remained below the threshold value.
The first mathematical model describing dengue fever dynamics was found, dating back to 1970 [4]. Fischer
and Halstead [7] examined the correlation between the pathogenesis of dengue hemorrhagic fever and in-
vestigated the rates of sequential infection based on antibody specificity, employing a mathematical model.
However in 1998, Esteva and Vargas developed a disease transmission model incorporating interactions
between human and vector populations [6] and provided insights into the dynamics of disease transmission
in such contexts. Rodrigues et al. [19] presented a comprehensive model for dengue transmission, fea-
turing eight mutually exclusive compartments representing human and vector dynamics. They identified
three possible equilibria: two disease-free equilibria (DFE) and another endemic equilibrium. Their study
included a case analysis of the 2009 dengue outbreak in Cape Verde. Vaidya and Wang [20] constructed
a mathematical model to explore the influence of seasonal and diurnal temperature fluctuations on the
persistence of the mosquito vector and dengue transmission. Their study yielded novel insights into the
theoretical comprehension of the role played by diurnal temperature variations. These insights could po-
tentially aid in the control of mosquito vectors and consequently, the spread of the dengue virus. Josh et al.
[10] developed and thoroughly examined a deterministic mathematical model to describe the transmission
dynamics of co-infection with the Zika virus and Dengue fever. Kafle et al. [12] used the SEIR compart-
mental model to investigate the transmission dynamics of dengue disease and analyzed the influence of
temperature on dengue transmission dynamics.

The key contributions of this paper are as follows:

� The data of dengue disease in Rupandehi district indicates that there is a noticeable variation in the
distribution of dengue diseases across different age groups.

� To the best of our understanding, there is currently no existing literature that investigates the dy-
namics of dengue disease through the use of a mathematical model in the context of the Rupandehi
district. Therefore, we have developed a model to examine the dynamics of dengue disease specifically
in the Rupandehi district of Nepal.

� We have developed an epidemiological model termed SHSLEIR−SEI. A comprehensive examination
of the transmission dynamics of a dengue disease model is conducted.

� The basic reproduction number is calculated using the next generation matrix method.

� The effective parameters influencing disease spread are identified and analyzed using MATLAB and
MATHEMATICA for numerical simulation.

2 Methods

2.1 Model formulation

We have developed a mathematical model that describes the risk-based dynamics of dengue disease while
accounting for a range of age groups. There are five distinct compartments of the human population (Nh):
low-risk susceptible (SLh), high-risk susceptible (SHh), exposed (Eh), infected (Ih), and recovered (Rh).
In addition, the population of mosquitoes is divided into three groups: susceptible (Sv), exposed (Ev), and
infectious (Iv). The primary method of dengue transmission is mosquito bites; vulnerable people catch
the virus from infected humans through infectious mosquitoes. As a function of human risk, the rates of
transmission from infected mosquitoes to susceptible humans are β1 and β2, respectively.

In addition, βv represents the transmission rate from infectious humans to susceptible mosquitoes. Fur-
thermore, the parameters Γh and Γv represent the recruitment rates of human and mosquito populations,
respectively. The parameters µh and µv denote the natural death rates of the human and mosquito popu-
lations, while γh represents the recovery rate of the infectious human population. The parameter σ denotes
the progression rate of exposed humans to infectious individuals with clinical symptoms, while ζ represents
the progression rate of mosquitoes from the exposed to the infectious state. Moreover, the parameters η
and θ represent the mobility rates of individuals from high-risk to low-risk susceptible and from low-risk to
high-risk susceptible, respectively. The schematic diagram of the model is shown in Figure 3.

16



Transmission Dynamics of Dengue Disease in the Rupandehi District of Nepal

SHh

SLh

Eh Ih Rh

β1IvSHh

Nh

θSHh

β2IvSLh

Nh

σEh γhIh

Γh

µhSLh

µhSHh µhEh µhIh µhRh

Sv Ev Iv

βvIhSv

Nh ζEvΓv

µvSv µvEv µvIv

ηSLh

Figure 3: Schematic diagram of mathematical model of dengue disease considering low and high risk
humans in Rupandehi districts. Here, subscripts h and v refer to human and mosquito respectively and
the subscripts L and H refer to the low risk and high risk humans population respectively.

The transmission model of dengue disease can be described by the following system of differential equations:

dSHh

dt
= ηSLh − β1SHhIv

Nh
− (µh + θ)SHh, (1)

dSLh

dt
= Γh − β2SLhIv

Nh
− (η + µh)SLh + θSHh, (2)

dEh

dt
=

β1SHhIv
Nh

+
β2SLhIv

Nh
− (µh + σ)Eh, (3)

dIh
dt

= σEh − (µh + γh)Ih, (4)

dRh

dt
= γhIh − µhRh, (5)

dSv

dt
= Γv −

βvSvIh
Nh

− µvSv, (6)

dEv

dt
=

βvSvIh
Nh

− (µv + ζ)Ev, (7)

dIv
dt

= ζEv − µvIv. (8)
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2.2 Data source

This study utilized dengue disease data from Rupandehi district, focusing on daily data from the year 2017
to fit the model. The dengue case data were sourced from the District Public Health Office (DPHO) of
Rupandehi.

2.3 Estimation of parameters

The population of Rupandehi district in 2017 was predicted to be 1,015,634 [24]. Therefore, the initial value
of Nh(0) was estimated to be 1,015,634. The population was divided into high and low-level categories, with
percentages of 53.9% and 46.1%, respectively [24]. Given that dengue cases were limited to a small number
of palikas, it is logical to infer that only a portion, represented by α, of the entire population was part of the
dengue transmission contact network. Thus, the population in the contact network is denoted as αNh(0).
Using this information, the starting quantities of persons in separate compartments may be computed as
follows: SLh(0) = 0.461×α1015614 = α468206, SHh(0) = 0.539×α1015614 = α468198, Rh(0) = 0, Ih(0) =
10, Eh(0) = 10.

The Crude Birth Rate (CBR) in Rupandehi District is reported as 22, indicating the annual number of live
births per 1000 individuals [24]. The human recruitment rate per day for the population in the low-level

susceptible group, denoted by Γh, can be estimated using the formula Γh = α
22× 1015634

1000× 365
, which simplifies

to α 61 per day. The average life expectancy of Rupandehi is 68.8 years, which translates to a natural

mortality rate of people, represented by µh, is estimated as
1

68.8× 365
= 0.000039857 per day [24]. In

addition, the recovery period of infectious individual is 7 days [6], so the recovery rate, represented by γh,

is determined to be
1

7
= 0.1428 per day and the rate of humans from exposed to infectious class(σ)=0.1429

per day[27].

We assumed the mosquito population is equivalent to the human population because female mosquito
populations have been estimated to be 1–10 times larger than human populations [8]. The entire population
of mosquitoes is thus split up into different compartments, giving Sv(0) = α1015134, Ev(0) = 20, and
Iv(0) = 30. Since individuals in the low susceptible group stay for 15 years, whereas those in the high
susceptible group stay for 45 years, we can assume the following parameters: θ = 0.000060883 per day, η =
0.00018265 per day, and ζ = 0.2 per day [24]. Data fitting is used to estimate the remaining parameters,
which are β1, β2, βv and α.

2.4 Data fitting

We utilized the methodology outlined in the previous study by Rahaman et al. [17] to conduct the data
fitting process. The data set used for model fitting comprises the daily count of newly reported cases of
infected individuals. The equation

L(t) = ϕσEh,

where ϕ, representing the proportion of infections that are recorded, is estimated through the data fitting
process, allowing for the computation of the recorded new infections generated at time t, denoted as L(t).

We solved the system of differential equations numerically using a fourth order Runge–Kutta method. We
used the solutions to obtain the best-fit parameters via a nonlinear least squares regression method that
minimizes the following sum of the squared residuals

J(β1, β2, βv, α, ϕ) =

n∑
i=1

(L(ti)− L̄(ti))
2,

where β1, β2, βv, α, ϕ are parameters to be estimated, and L(ti), and L̄(ti) are the new cases of recorded
infectious people predicted by the model and those given in the available data, respectively. Here, n
represents the total number of data points used for the model fitting.
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2.5 Epidemic pattern and model validation

From September 27 to December 7, 2017, we used daily recorded new case data from the Rupandehi district
to fit our model. The estimated five parameters, β1, β2, βv, α and ϕ are shown in Table 2. The model has
an excellent level of precision with the data from new reported cases, as shown in Figure 4. Furthermore,
we estimated the cumulative dengue cases during the study period using our model and cross-checked our
results with the data shown in Figure 4. Our modeling approach is validated by the fact that our model
may predict the cumulative cases of dengue in Rupandehi with accuracy.

Table 1: Base value of demographic variables of dengue in Rupandehi
Description State Variables Base Value Reference
Population of Rupandehi District in 2017 Nh(0) 1015634 [24]
Low risk Susceptible Population in Rupandehi SLh(0) 468198 Calculated
High risk Susceptible Population in Rupandehi SHh(0) 547516 Calculated
Recovered Population in Rupandehi Rh(0) 0 Assumed
Infected Population in Rupandehi Ih(0) 10 [22]
Exposed Population in Rupandehi Eh(0) 10 Assumed
Population of mosquitoes in Rupandehi Sv(0) 1015634 Assumed
Infected mosquitoes Iv(0) 30 Assumed
Exposed Population of mosquitoes in Rupandehi Ev(0) 20 Assumed

Table 2: Values and range of the parameters of the model
Description Parameters Base Values/unit Reference
Death rate of human µh 0.000039857 per day [26]
Death rate of mosquito µv 0.1250 per day [6]
Transmission rate from
mosquito to mosquito βv 0.376 per day Estimated
Transmission rate from mosquito
to high risk susceptible humans β1 0.66 per day Estimated
Transmission rate from mosquito
to low risk susceptible humans β2 0.5 per day Estimated
Rate of mosquito from exposed
to infectious class ζ 0.2 per day Assumed
Mobility rate of humans from low risk
to high risk susceptible θ 0.000060883 per day Calculated
Recruitment rate of humans Γh 0.3528 per day Calculated
Recruitment rate of mosquitoes Γv 1110 per day Assumed
Mobility rate of humans from high risk
to low risk susceptible η 0.00018265 per day Calculated
Recovery rate of human populations γh 0.1428 per day [6]
Rate of humans from exposed
to infectious class σ 0.1429 per day [24]
Portion of the total population α 1/115 Estimated
proportion of recorded infections ϕ 0.10335 Estimated
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(a) (b)

Figure 4: Data fitting and model validation: (a) Plot displaying the recorded daily new cases of dengue
data (circles) overlaid with the best-fit model prediction (line) (b) Representation of cumulative cases over
the entire study period estimated by the model (line), juxtaposed with the actual data points (circles) from
Rupandehi district in 2017.

3 Model Analysis

3.1 Positivity and boundedness of solutions

In this section, it is shown that the solution of all the state variables are always positive and bounded when
the initial conditions are positive. This serves to illustrate the model is well-posed.

Theorem 1. For all positive initial data, the solution set of the system is always positive and bounded.

Proof. Here, we use the contradiction approach to establish the theorem. Suppose SHh(t) > 0 is not pos-
sible for all t > 0 and there exists t = t1 > 0 is the first time point such that SHh(t1) = 0. Now from the

Eq.(1) of the system
dSHh

dt
|t=t1 = ηSLh(t1). Now, we claim that SLh(t1) can not be negative.

Suppose, if possible there exists first time point 0 < t2 < t1 such that SLh(t2) = 0. It follows from the Eq.(2),
dSLh

dt
|t=t2 = Γh + θSHh(t2) > 0 (t2 < t1 and SHh(t1) = 0). It follows that there exists ϵ > 0 such that

SLh(t) <0 for 0 < t < t2 − ϵ and contradicts our assumption that t2 is the first time for which SLh(t2) = 0.
Therefore SLh(t2) > 0 and hence SLh(t1) cannot be negative. Therefore, S

′
Hh(t1) > 0 and again contradicts

SHh(t1) = 0. Therefore SHh(t) > 0 for all t. Similarly, we can show that SLh, Eh, Ih, Rh, Sv and Iv are
positive.

Now we show all the solutions are bounded forever. Here, Nh = SHh + SLh + Eh + Ih +Rh.
Now adding equations of human compartments, we have
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dNh

dt
=

dSHh

dt
+

dSLh

dt
+

dEh

dt
+

dIh
dt

+
dRh

dt

or,
dNh

dt
= Γh − µh(SHh + SLh + Eh + Ih +Rh)

or,
dNh

dt
= Γh − µhNh

or,
dNh

dt
+ µhNh = Γh

or, [Nhe
µht]t0 =

∫ t

0

Γhe
µhtdt

or, [Nhe
µht]t0 =

Γh

µh
eµht − Γh

µh

or,Nh(t) = Nh(0)e
−µht +

Γh

µh
− Γh

µh
e−µht.

which implies Nh(t) =
Γh

µh
as t → ∞. ∴ Nh(t) is bounded.

Similarly ,we can show that SHh(t), SLh(t), Eh, Ih, Rh, Sv, Ev, Iv are bounded.

3.2 Disease free equilibrium

Now, the disease-free equilibrium is obtained by setting
dSHh

dt
= 0,

dSLh

dt
= 0,

dEh

dt
= 0,

dIh
dt

= 0,
dRh

dt
= 0,

dSv

dt
= 0,

dEv

dt
= 0,

dIv
dt

= 0 together with Ih = 0 and

Iv = 0.

It follows that the disease-free equilibrium of the system

E0 =

(
ηΓh

µh(η + θ + µh)
,

Γh(θ + µh)

µh(η + θ + µh)
, 0, 0, 0,

Γv

µv
, 0, 0

)
3.3 Basic reproduction number

Basic reproduction number is defined as the average number of secondary infectious caused by a single
infectious individual during their entire infectious life time in a completely susceptible population. It is
denoted by R0. It forecasts whether a disease will die out or becomes endemic. Using the next generation
method, we computed the associated reproduction number of the model which is defined as R0 = ρ(FV −1).

Where, F= transmission matrix, V = transition matrix.

The infectious subsystem is deduced from above equations as

dEh

dt
=

β1SHhIv
Nh

+
β2SLhIv

Nh
− (µh + σ)Eh, (9)

dIh
dt

= σEh − (µh + γh)Ih, (10)

dEv

dt
=

βvSvIh
Nh

− (µv + ζ)Ev, (11)

dIv
dt

= ζEv − µvIv. (12)

Then the Jacobian matrix from the Eqs (9–12) is computed as

J(Eh, Ih, Ev, Iv) =


µh + σ 0 0

β1SHh

Nh
+

β2SLh

Nh
σ µh + γh 0 0

0
βvSv

Nh
µv + ζ 0

0 0 ζ µv


21
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The Jacobian matrix is decomposed into two matrices

V =


µh + σ 0 0 0
−σ µh + γh 0 0
0 0 µv + ζ 0
0 0 −ζ µv

 and F =


0 0 0

β1SHh

Nh
+

β2SLh

Nh
0 0 0 0

0
βvSv

Nh
0 0

0 0 0 0

 .

Now, V −1 =



1

(σ + µh)
0 0 0

− σ

(σ + µh)(γh + µh)

1

γh + µh
0 0

0 0
1

ζ + µv
0

0 0 − ζ

µv(ζ + µv

1

µv


At the disease-free equilibrium point

(
ηΓh

µh(η + θ + µh)
,

Γh(θ + µh)

µh(η + θ + µh)
, 0, 0, 0,

Γv

µv
, 0, 0

)
,

The newly infectious matrix: F =


0 0 0

(ηβ1 + β2(θ + µh))

(η + θ + µh)
0 0 0 0

0
Γvβvµv

Γhµv
0 0

0 0 0 0

 .

∴ FV −1 =


0 0 − ζ(ηβ1 + β2(θ + µh))

µv(η + θ + µh)(ζ + µv)

(ηβ1 + β2)(θ + µh)

µv(η + θ + µh)
0 0 0 0

− Γvσβvµh

Γh(σ + µh)(γh + µh)µv

Γvβvµh

Γh(γh + µh)µv
0 0

0 0 0 0

 .

The characteristic equation of above matrix is
∣∣FV −1 − λI

∣∣ = 0

or,

∣∣∣∣∣∣∣∣∣∣∣

−λ 0 − ζ(ηβ1 + β2(θ + µh))

µv(η + θ + µh)(ζ + µv)

(ηβ1 + β2)(θ + µh)

µv(η + θ + µh)
0 −λ 0 0

− Γvσβvµh

Γh(σ + µh)(γh + µh)µv

Γvβvµh

Γh(γh + µh)µv
−λ 0

0 0 0 −λ

∣∣∣∣∣∣∣∣∣∣∣
= 0.

∴ λ = ±

√
ζµhσβvΓv(ηβ1 + β2(θ + µh))

Γhµ2
v(η + θ + µh)(σ + µh)(γh + µh)(ζ + µv)

.

Hence the basic reproduction number is

R0 =

√
ζµhσβvΓv(ηβ1 + β2(θ + µh))

Γhµ2
v(η + θ + µh)(σ + µh)(γh + µh)(ζ + µv)

.
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3.4 Endemic equilibrium

The state of equilibrium in which an infection persists within a population is termed as endemic equilibrium.
From the above system of equations, we get the endemic equilibrium point as follows

S∗
Hh =

ηΓh

β1η(λv)∗ + β2θ(λv)∗ + β1(λh)∗µh + β2λhµh + β1β2((λv)∗)2 + ηµh + θµh + µ2
h

,

S∗
Lh =

Γh (β1(λv)
∗ + µh + θ)

β1η(λv)∗ + β2θ(λv)∗ + β1(λv)∗µh + β2(λv)∗µh + β1β2((λh)∗)2 + ηµh + θµh + µ2
h

,

E∗
h =

Γh(λv)
∗ (β1η + β2θ + β2β1(λv)

∗ + β2µh)

(µh + σ) (β1η(λv)∗ + β2θ(λv)∗ + β1(λv)∗µh + β2(λv)∗µh + β1β2((λv)∗)2 + ηµh + θµh + µ2
h)

,

I∗h =
σΓh(λv)

∗ (β1η + β2θ + β2β1(λv)
∗ + β2µh)

(γh + µh) (µh + σ) (β1η(λv)∗ + β2θ(λv)∗ + β1(λv)∗µh + β2(λv)∗µh + β1β2((λv)∗)2 + ηµh + θµh + µ2
h)

,

R∗
h =

σγhΓhλv (β1η + β2θ + β2β1(λv)
∗ + β2µh)

µh (γh + µh) (µh + σ) (β1η(λv)∗ + β2θ(λv)∗ + β1(λv)∗µh + β2(λv)∗µh + β1β2((λv)∗)2 + ηµh + θµh + µ2
h)

,

S∗
v =

Γv

βv(λh)∗ + µv
, E∗

v =
βvΓv(λh)

∗

(ζ + µv) (βv(λh)∗ + µv)
, I∗v =

ζβvΓv(λh)
∗

µv (ζ + µv) (βv(λh)∗ + µv)
,

where λ∗
v =

I∗v
N∗

h

and λ∗
h =

I∗h
N∗

h

.

After some algebraic manipulations with equilibrium solutions, we have

A(λ∗
v)

2 +Bλ∗
v + C = 0 (13)

where,

A = β1β2Γhµv (ζ + µv) (σµhβv + µv (γh + µh) (µh + σ))

B = β1

(
Γhµv (ζ + µv) (ησµhβv + µv (γh + µh) (η + µh) (µh + σ))− β2ζσµ

2
hβvΓv

)
+ β2Γhµv (µh + θ) (ζ + µv) (σµhβv + µv (γh + µh) (µh + σ))

C =
(
1−R2

0

)
Γhµhµ

2
v (γh + µh) (µh + σ) (ζ + µv) (η + µh + θ)

Since Eq.(13) has unique positive solution λ∗
v ifR0 > 1 and hence the system has unique endemic equilibrium

when R0 > 1.

3.5 Local stability of disease free equilibrium

The Jacobian of the system (1-8) at disease-free equilibrium

J =



−θ − µh η 0 0 0 0 0 − ηβ1

η + θ + µh

θ −η − µh 0 0 0 0 0
β2(θ + µh)

η + θ + µh

0 0 −σ − µh 0 0 0 0
ηβ1 + β2(θ + µh)

η + θ + µh

0 0 σ −γh − µh 0 0 0 0
0 0 0 γh −µh 0 0 0

0 0 0 −βvµhΓv

Γhµv
0 −µv 0 0

0 0 0
βvµhΓv

µvΓh
0 0 −ζ − µv 0

0 0 0 0 0 0 ζ −µv



.

Using the matrix J , we find the following characteristics equation

(µh + λ)(µh + λ)(η + θ + µh + λ)(µv + λ)
[
λ4 + a1λ

3 + a2λ
2 + a3λ+ a4

]
= 0 (14)
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From the Eq.14, it is observed that four eigenvalues are −µh,−µh,−η − θ − µh,−µv. After solving the
following equation, we will get the remaining four eigen values:

λ4 + a1λ
3 + a2λ

2 + a3λ+ a4 = 0, (15)

where,

a1 = ζ + σ + γh + 2µh + 2µv

a2 = ζσ + ζγh + 2ζµh + σµh + γhµh + µ2
h + ζµv + 2σµv + 2γhµv + 4µhµv + µ2

v

a3 = σµv(ζ + µv) + µ2
h(ζ + 2µv) + µh(ζσ + 2(ζ + σ)µv + 2µ2

v)

+ γh
(
ζσ + (ζ + 2σ)µv + µ2

v + µh(ζ + 2µv)
)

a4 = µv(σ + µh)(γh + µh)(ζ + µh)(1−R2
0).

Hence all a1, a2, a3, a4 are positive if R0 < 1.
Also, a1a2a3 − a23 − a21a4 = R2

0µv (γh + µh) (µh + σ) (ζ + µv) (ζ + γh + 2µh + σ + 2µv)
2

+ (ζ + 2µv) (γh + 2µh + σ) (γh + µh + µv) (µh + σ + µv) (ζ + γh + µh + µv) (ζ + µh + σ + µv) > 0.
Thus, by Routh - Horwitz criteria, the disease-free equilibrium is locally asymptotically stable for R0 < 1.

4 Results and Discussion

In this section, we analyze the trajectory of dengue disease and assess the effectiveness of various control
strategies in mitigating dengue cases within Rupandehi district.

4.1 Effective reproduction number

Based on the estimated parameters, we observed the reproduction number R0, which started at 3.6 . This
initial value remained greater than unity until November 8, indicating a sustained upward trend in disease
transmission. As time progressed, the epidemic is expected to shift towards a declining trend, with Rt

dropping below 1. The significance of this threshold, R0 = 1, lies in its ability to delineate whether an
epidemic will propagate or diminish. This pivotal point is visually depicted by the inclusion of a dotted
line in our analysis.

Figure 5: Trend of effective reproduction number in Rupandehi district in 2017.
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4.2 Reported and non-reported cases

Figure 6 provides an overview of the reported and non-reported cases of dengue disease within Rupandehi
district during the year 2017. Our analysis unveils a striking contrast between the officially documented
cases and the actual occurrences. Despite the reported figures, it becomes evident that a substantial gap
exists between these records and the true number of cases, indicating a significant level of underreporting.
Remarkably, our estimates suggest that only 10% of the total dengue cases in Rupandehi were captured
through official channels. This stark disparity underscores the magnitude of underreporting within the
district, shedding light on the need for improved surveillance and reporting mechanisms to accurately
assess the burden of dengue and implement timely control measures.

(a) (b)

Figure 6: (a) Reported and actual cases of dengue disease in Rupandehi district (b) Percentage of reported
and non reported cases.

4.3 Impact of control strategies on the mitigation of dengue cases

Figures 7 and 8 depict simulations illustrating the impact of various control strategies on mitigating dengue
disease. These visualizations provide insight into how adjustments in the intensity of control measures
influence the trajectory of cumulative cases and daily new cases. Among the range of control strategies
scrutinized, it becomes evident that the transmission rate from infectious humans to susceptible mosquitoes
βv emerges as the most influential parameter in reducing the burden of dengue cases. These simulations
underscore the critical role of βv in shaping the effectiveness of control efforts against dengue transmission.
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(a) (b) (c)

Figure 7: (a) Impact of transmission rate in high risk susceptible group on the reduction of size of the
outbreak (b) Impact of transmission rate in low risk susceptible group on the reduction of size of the
outbreak (c) Impact of transmission rate in vector on the reduction of size of the outbreak.

(a) (b) (c)

Figure 8: (a) Influence of transmission rate among high-risk susceptible groups on the reduction of daily
outbreak cases (b) Influence of transmission rate among low-risk susceptible groups on the reduction of
daily outbreak cases (c) Impact of transmission rate among vectors on the reduction of daily outbreak
cases.

Figure 9 provides a visual representation of how different control strategies impact the effective repro-
duction number, a critical indicator of disease transmission dynamics. By examining this figure, we gain
insights into how variations in control measures affect the rate at which the disease spreads within a pop-
ulation. Notably, βv, the transmission rate from infectious humans to susceptible mosquitoes, emerges as
particularly influential in determining the effectiveness of control efforts. This suggests that strategies tar-
geting reduction of mosquito biting rate using Insecticide Treated Nets (ITN), have a significant impact on
reducing the transmission of the disease. Understanding the sensitivity of βv among the studied strategies
underscores the importance of implementing targeted interventions aimed at reducing mosquito biting rate
in dengue control programs.

26



Transmission Dynamics of Dengue Disease in the Rupandehi District of Nepal

(a) (b) (c)

Figure 9: (a) Impact of transmission rate among high-risk susceptible groups on the reduction of effective
reproduction number (b) Impact of transmission rate among low-risk susceptible groups on the reduction
of effective reproduction number (c) Impact of transmission rate among vectors reduction of effective
reproduction number.

Figure 10 explores the effects of the control approach mosquito death rate (µv) on the accumulation of
cases, daily incidences of dengue cases, and the effective reproduction number. Based on our findings, we
concluded that µv is the most sensitive parameter among the ones we examined. It has a greater impact
compared to β1, β2, and βv. Our finding highlights the vital role of µv in influencing the trends of dengue
transmission and stresses its significance in the context of developing efficient control strategies. Increasing
sensitivity of µv emphasizes its potential as a target for interventions targeted at reducing the transmission
of dengue disease.

(a) (b) (c)

Figure 10: Influence of vector death rate (βv) on the reduction of (a) Total size of the outbreak (b) Daily
cases of the outbreak (c) Effective reproduction number during the outbreaks.

4.4 Local sensitivity of R0 to the parameters

Local sensitivity method involves analyzing the impact of individual input parameters on the model output
while holding all other input parameters constant. Due to its simplicity in both application and calculation,
this method is commonly utilized in conventional sensitivity analyses. Sensitivity analysis plays a vital role
in understanding the significance of each parameter in disease transmission. This information is essen-
tial not just for designing experiments but also for incorporating data and simplifying complex nonlinear
models. It helps assess how robust model predictions are to variations in parameter values, accounting
for potential errors in data collection and assumptions about parameter values. By identifying parameters

27



Journal of Nepal Mathematical Society (JNMS), Vol. 7, Issue 1 (2024); D. P. Gautam et al.

with significant impact on the basic reproduction number R0, sensitivity analysis aids in devising targeted
intervention strategies.

Sensitivity indices provide a means to quantify the relative change in a variable when a parameter varies.
The normalized forward sensitivity index of a variable concerning a parameter is the ratio of the relative
change in the variable to the relative change in the parameter. Alternatively, when the variable is a differ-
entiable function of the parameter, the sensitivity index can be defined using partial derivatives.

The normalized forward sensitivity index of R0 , which is differentiable with respect to a parameter p, is
defined as [18]:

ΥR0
p =

∂R0

∂p
× p

R0

.

Figure 11: Local sensitivity of parameters to R0. The sensitivity index, ΥR0
p , showing the level of change

in R0 with respect to the parameters.

The parameters ζ, σ , ϕ, β1 , β2 , βv and Γv exhibit positive sensitivity indices. The most positive sensi-
tive parameters are βv and Γv, while parameters γh and µv have negative sensitivity indices (Figure 11).
The parameter with the most negative sensitivity index is the mosquito death rate, denoted as µv and its
estimated value is 0.125 per day. From Figure 11, we can see that if µv is increased by 12.5%, then the
basic reproduction number decreases by 12.5%.

5 Conclusion

In recent years, rising outbreak of dengue disease has become a significant public health challenge, particu-
larly in poor and developing countries like Nepal. This study focusing the dengue outbreaks in Rupandehi
district in Nepal. We developed a mathematical model SHhSLhEIR−SEI and analysed the transmission
dynamics of dengue outbreaks in Rupandehi district in 2017. We examined the basic properties of the
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model to validate epidemically and biologically by proving the positivity and boundedness of solutions.
The basic reproduction number is calculated to determine whether the disease dies out or persists. More-
over, we obtained the disease free equilibrium point and its stability and endemic equilibrium point. The
sensitivity analysis, observed that the R0 is highly influenced with mosquito death rate (µv) followed by
transmission rate from infectious humans to susceptible mosquito βv and mosquito recruitment rate Γv.
This implies that the implementation of awareness programs about dengue disease is recommended as
a preventive measure and controlling mosquito population effectively could automatically reduce dengue
transmission. The study concluded that the risk of dengue disease in Rupandehi district is not worrisome,
but precautions must still be taken given the absence of effective treatments for dengue. Controlling the
mosquito population is also crucial, as reducing mosquito numbers can significantly lower dengue virus.

From the available data higher incidence of dengue infections among the male population compared to
females. This may be attributed to the fact that males typically engage in outdoor activities during the
day, as dictated by the socioeconomic structure of our society. Additionally, it was found that the active
population is more susceptible to dengue infection than dependent populations, leading to adverse eco-
nomic consequences for society as a whole. Moreover, we examined the impact of control strategies on the
mitigation of dengue disease and found that the each and every parameter have impact on mitigation of
dengue cases but µv has highest impact.

In summary, we developed a model of dengue transmission in the context of Rupandehi district in Nepal,
and analysed impact of control strategies on the mitigation of the disease. Our analysis and the numerical
simulations of the model can provide helpful information for policymakers to design programs to eradicate
the disease. We acknowledge to some limitations, that the study is limited within the area of a small part
of the country assuming the homogeneous population.
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