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Stability and Sensitivity Analysis of Parameters in the SEIR-ASEI
Model for the Transmission of Dengue Fever

Euis Aprianti'*(" and Sonia Sonia!

! Department of Mathematics, Universitas Pamulang, Banten 42183, Indonesia

ARTICLE HISTORY ABSTRACT. Dengue fever, which is transmitted by female Aedes mosquitoes, is caused by the dengue virus and
Received 18 June 2025 remains a significant health challenge in tropical countries, including Indonesia. This study developed an SEIR-ASEI
Revised 23 September 2025 type dengue fever transmission model by considering the aquatic phase of mosquitoes and incorporating logistic
ACFQPted 2 December 2025 growth factors in aquatic sub-population. This study aims to analyze the stability of the model using the Vieta
Published 18 December 2025 Theorem, and the Castillo-Chavez and Song Theorem through a bifurcation approach. The developed model has
two equilibrium points, namely, the disease-free equilibrium point and the endemic equilibrium point. The stability
of each equilibrium point depends on the value of the basic reproduction number, which is determined through the
. . next-generation matrix. When R is less than one, the disease-free equilibrium remains locally asymptotically stable.

Basic reproduction number - . . . et .
Dengue fever Conversely, stability of the endemic state is assured when R exceeds one. An analysis of parameter sensitivity, using
Sensitivity values associated with Aedes aegypti, was conducted to determine the factors that have the most significant impact
Stability on disease transmission dynamics. The analysis results showed that adult mosquito mortality was the most sensitive
parameter, but parameters in the aquatic phase also influenced changes in the basic reproduction number. Increasing
aquatic mortality or reducing mosquito breeding sites could lower the Ro value, potentially reducing transmission
rates. Therefore, controlling aquatic mosquitoes is an essential strategy in sustainable dengue prevention and control

efforts.

This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-NonComercial 4.0 International License. Editorial of |JBM: Department of Mathematics, Uni-
BY NC

versitas Negeri Gorontalo, JIn. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.
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1. Introduction 300000
257271

Dengue fever is an infectious disease caused by one of four % 250000
serotypes of dengue virus (DENV 1, DENV 2, DENV 3, and DENV E 200000
4). Transmission of the virus to humans occurs through the bite & 150000 143266
of female Aedes mosquitoes (subgenus Stegomyia). Among these ;g 100000 RS
species, Aedes aegypti is the primary vector in spreading out- B ™

’ i : . . Z 50000 73518

breaks in tropical and subtropical regions [1]. The classic symp- .
toms of dengue fever are high fever lasting five to seven days and 2020 2021 2002 2023 2024
bright red petechiae appearing at the end of the fever [2]. This Year

disease can cause death in a short time and has the potential to
cause an epidemic [3].
The data in Figure 1 were obtained from the official web-

(a) Dengue case

2000

site of the Ministry of Health of the Republic of Indonesia, which g 161
contains information on the number of cases and deaths due to '?: oo 1237
dengue in Indonesia during the period 2020-2024. Figure la E gl >
shows that the number of dengue cases decreased sharply in ‘*g& 500 705
2021, but increased again in 2022. In 2023, there was a slight 3 0

Z: 2020 2021 2022 2023 2024

decrease, but in 2024, the number of cases jumped significantly
to 257,271, the highest number during the five-year observation
period. Meanwhile, Figure 1b shows that the number of deaths (b) Deaths due to dengue
due to dengue fluctuates from year to year. In 2020, there were
747 deaths, then decreased slightly to 705 deaths in 2021. How-
ever, in 2022, there was a sharp increase to 1,237 deaths. The
number decreased again in 2023 to 894 deaths, before finally  surging againin 2024 with 1,461 deaths, which was also the high-
est death toll in the past five years. In 2024, Indonesia also ac-
*Corresponding Author. counted for 66% of all dengue fever deaths in Asia and has the

Year

Figure 1. Dengue cases and deaths in Indonesia
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Figure 2. SEIR-ASEI compartment diagram for dengue fever transmission

highest number of cases in the ASEAN region [4]. This pattern in-
dicates that dengue fever remains a serious public health problem
in Indonesia. Fluctuations in cases are influenced by various fac-
tors, including climate, which contributes to the high incidence
of dengue fever [5].

Research on dengue fever has also been conducted in var-
ious fields of science, one of which is mathematics through the
application of mathematical models. Multiple models that repre-
sent the dynamics of disease spread have been developed, in-
cluding the SIR (susceptible-infectious-recovered) model used
to study the spread of dengue fever [6]. However, because the
dengue virus requires an incubation period before spreading,
around 8-10 days after the dengue virus infects an individual 7],
the model can be modified into an SEIR model by adding an ex-
posed sub-population [8]. This model only considers the adult
phase of mosquitoes, whereas the mosquito life cycle consists
of two main phases, the aquatic phase and the adult phase [9].
The model that explicitly considers the existence of the aquatic
phase is the one developed by Inayah et al., as this phase signif-
icantly influences the adult mosquito population [10]. However,
this model does not account for the environmental carrying ca-
pacity of the mosquito population during the aquatic phase.

Therefore, in this study, the authors modified the SEIR-SEI
model studied by Bano [8] by adding an aquatic phase and con-
sidering the environmental carrying capacity in that phase. The
analysis conducted on the modified model included fixed-point
stability analysis and sensitivity analysis. Furthermore, numerical
simulations were conducted, including bifurcation simulations,
population dynamics simulations, and sensitivity simulations to
parameters in the aquatic phase by varying their values to iden-
tify their influence on the spread of dengue fever.

2. Model Formulation

This model includes two types of population, human and
mosquito. The human population is divided into four sub-
population, namely S” as a susceptible human sub-population
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that is healthy but can be infected through mosquito bites, E"
as a human sub-population that has been exposed to the virus
but has not shown symptoms and is not yet infectious, I* as a
human sub-population that is infected and can transmit the virus
to mosquitoes, and R" as a human sub-population that has recov-
ered with the assumption of having permanent immunity. Mean-
while, the mosquito population consists of two phases, namely
the aquatic phase and the adult phase (imago). In the aquatic
phase, AY includes the stages of eggs, larvae, and pupa. Fur-
thermore, in the adult phase, there are three sub-population,
namely S” as healthy adult mosquitoes that can be infected, E*
as mosquitoes that have been exposed to the virus but cannot yet
transmit it, and I as mosquitoes that are infective and capable
of transmitting the virus to humans. However, mosquitoes never
recover from infection due to their relatively short lifespan [11].

Based on Figure 2, the movement between compartments
is depicted by arrows, while the cross-transmission interaction
between humans and mosquitoes is shown by dashed arrows. In
the human population, each natural birth is assumed to produce
a new individual entering the susceptible sub-population (S"),
and the natural birth rate is assumed to be equal to the natural

death rate so that the total human population is constant over

time (% = O). Some susceptible individuals acquire immu-

nity through vaccination at a rate of p and move to the recovered
sub-population (R"). Susceptible individuals can be exposed to
the virus through the bite of an infected mosquito and subse-
quently move to the exposed sub-population (E”) at a rate of
Cyn, which is the product of the probability of virus transmis-
sion from infected mosquitoes to susceptible humans and the
average mosquito bite rate. After the incubation period ends,
exposed individuals move to the infected sub-population (I"),
where they begin to show symptoms and can transmit the virus
to mosquitoes that bite them. Furthermore, infected individuals
can recover and move into the recovered sub-population at a rate
of v, while natural deaths can occur in each sub-population at a

Volume 6 | Issue 4 | December 2025
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rate of py,.

In the aquatic sub-population A”, the population growth
rate follows a logistic growth pattern that describes the dynam-
ics of a population that initially experiences rapid growth, but
slows down as the population density increases until it reaches
the maximum environmental capacity [12]. The growth rate of
the aquatic phase is determined by the reproduction of adult fe-
male mosquitoes with an oviposition rate of 6, which is the num-
ber of eggs produced by adult mosquitoes per unit time in each
sub-population. The growth rate of the aquatic phase is also lim-
ited by the environmental carrying capacity of §N". The factor

v

1-— ;V—h represents a density-limiting mechanism, so that the
larger the aquatic population, the growth rate will decrease due
to resource limitations. Furthermore, mosquitoes in the aquatic
sub-population will develop into healthy adults at a rate of w and
move to the susceptible sub-population (5”), while others expe-
rience natural death at a rate of 1 4. In the adult phase, suscepti-
ble mosquitoes can become infected and subsequently move to
the exposed sub-population (E*) at a rate of C},,, which is the
product of the probability of virus transmission from an infected
human to a susceptible mosquito and the average mosquito bite
rate. After the incubation period ends, the exposed mosquitoes
move to the infected sub-population (/”), where they become in-
fective and capable of transmitting the virus to humans. Natural
mortality in mosquitoes can occur in each sub-population at a
rate of ..

Based on the explanation above, the system formed is as

follows.
dsh Cy
i unN" — <,Uh, +p+ N’}:IU) S,
dE" C, v oh
o Nf,lfl S — (Ten + pn)E",
drh
W - TehEh - (’Yh + :uh)Iha
dR"

- =pS" It — R "

dj; =0 (1 - (sAm) (S + BY+1%) = (w+ pa) A",
D - (uv - ?\;’ffh> )

dft“ _ (f\?ff I"S" — (Tew + o) E”,

dcftv = Teo B — 1",

assuming that all parameters are positive, as defined in Table 1.
The total human population is expressed as N = S" + B +
I"+ R", and the total mosquito population is expressed as NV =
SV + EV 4 1°.

Before proceeding with further analysis, the model will be
simplified by defining non-dimensional variables to reduce the
number of parameters and to facilitate the analytical process, as
follows:

Sh EM It R AY
Shzma ehzm, thm7 Th:ﬁ’ avzma
Sv Ev . Iv NV
So =776 =77 v = 77, =
No T N T N N
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So that s;, + e, + 1, + 7, = land s, + e, +1, = 1. Ifall
non-dimensional variables are substituted into system (1), then
the system of equations will be as follows:

ddith = pth — (pn + p + nConiv)sn,
ddith = nCynivs, — (Ten + pin)en,
CZ—? = Tenen — (yn + pin)in,

dry, .

o = PSh + Yhlh — UKTh,

d;tv —9 (1 _ %) —(w+ pa)ay,
d;t” = way — (o + Choln) Sy,

d;: = Choinse — (Tow + 10 )€0s
CZ; = Tevey — oly.

The variable 7}, does not affect the other equations, so the system
(1) can be written as follows:

%" = pn — (i + p + nCypiy)sn,

ddith = nCunivsn — (Ten + pn)en,

%’l = Tenen — (Yn + 1 )in,
B e
d;tv = way — (o + Choln)so,

djt” = Choinsy — (Tow + f1o)es,

% = Tevey — Holy-

The reduced system obtained above is completed with the fol-
lowing initial conditions:

0, ir(0) = 0, a,(0) = 0, 5,(0) > 0,
0

7

Next, system (2) will be used for analysis.

3. Analytical Results
3.1.  Equilibrium Point

The equilibrium condition for system (2) arises by setting
the time derivatives to zero and analyzing the resulting system of
equations [13]. Thus, two equilibrium points are obtained: the
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disease-free equilibrium point when no infection circulates in the
population, which is stated a

. ( h 60 00w )
S = b 0 07 b b 07 U b
P+ bh n9+6w+6uA (n6+6w+6uA),uv

and the endemic equilibrium, which corresponds to the condi-
tion where the disease persists in the population and is denoted
by S**. These values are given by

. TerCrotin, + (Ten + pon) (Yn + pon) o
NT ey 00wChp + (N0 + 0w + 0pa) (D + pn) o (Tew + 1)
o Fo(8 + 0w+ 6pa) (Tey + 1)

TehChv ’
N 1
e =
& nTev(sowcvh + (TL& + dw + 5#A)(p + Mh),uv(Teu + /Lv)
nTehTevéewcththh o l’L’l_Q) (Fyh + Mh)(Te'u + ,U/v)
TenCho (Teh + ,Uh) TenCho (Teh + ﬂh)
x (n + 6w + dpa)(p + pn) (Ten + pin) |
- 1
1 =
" nTey60wCoh + (06 + 0w + 0p1.0) (p + i) s (Tew + o)
nTehTe'uaewothvhUh _ ﬂ% ('Yh + Uh)(Tev + ,Uv)
Cho(Ten + pn) (Y + pn)  cho(Ten + pn) (Yn + pn)
x (8 + 0w + 6pa)(p + pn) Ten + pn) |
L
Yl 40w+ 0pa’
o NTey00wey + (0 + 0w + 0pa)(p + pn) po(Tew + o)
sk =
Tehchvﬂh + (Teh + ,u/h)(PYh + Mh)ﬂ"u
(Ten + pn)(Yn + 1n)
NT ey Con(nf + dw + dpa)’
N 1
e,,6B =

TenChotth + (Ten + f1n) (Yh + Kn) oo
% nTehTevfsawchvcvhﬂh
NT ey Cyn (Nl 4+ dw + dpa)(Tey + py)

(n0 + 8w + bpa)(p + pn) (Ten + pin)
T ey, Con (Nl + dw + 6 a) (Tew + fio)

X N12) ('Yh + .uh)(Teu + Mv)

)

1
Hoy (Tev + /Jv)(TehChvuh + (Teh + /ih)(’yh + ,U/h)//lv)

nTehTevéawcthvhuh _ ILL'lZ) (’Yh + Mh)(Tev + ,uv)
nCyp(nd + dw + dpua) nCyp (N + dw + dp4)

X (N0 + dw + dua)(p+ pn)(Ten + 1)

3.2.  Basic Reproduction Number

From an epidemiological perspective, the basic reproduc-
tion number (R() denotes the expected number of new infec-
tions generated by one infectious case in a population where ev-
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eryone is susceptible. This parameter is crucial in evaluating the
potential for disease spread and is obtained through the next-
generation matrix approach [14].

Based on the system (2), there are four disease compart-
ments, namely ey, iy, €,, and i,. So the rate of appearance of
new infectious individuals and the rate of transfer or removal of
non-infectious individuals in compartment ¢ are given as follows:

nCypiySh (Teh + ,Uh)eh

0 (vn + pn)in — Tenen
F, = | vi=
Chvlhsv (Tev + Nv)ev
0 I Tevey

Thus, the new infection rate matrix F and the transition matrix V
are evaluated at the disease-free equilibrium point as follows:

0 0 0 nCus (“7’)
P+ Un
F— 0 anw 0 0 ,
0 Che 0 0
" ((n9—|—5w+5,uA)uu)
0 0 0 0
Teh + Hh 0 0 0
V— —Ten Yn + Kh 0 0
0 0 Tev+po 0O
0 0 —Tey Mo

Thus, the next-generation matrix is obtained.

0 0 a3 aia
1 0 0 0 0
FV o as 1 as. o 0 0 ’
0 0 0 0
with
a nthTev/J/h
1,3 = )
(P + pn) o (Tew + fio)
44— nCynlin
T )’
a o (SHOJC}W (TehTev,U/v + Teh,uq%)
1 (00 + 0w + 0pa) (Ten + i) (o + i) 12 (Tew + 1)
60wcey,
aszo = .
22 (00 + 0w + 0pa) (vh + fon)

The largest non-negative eigenvalue of the next-generation
matrix is defined as the basic reproduction number, that is,

R n59wC’hUC’UhTehTeUuh
0 = .
(n0 + 6w + dua) (P + pn)(Ten + 1) (vn + )12 (Tew + o)

3.3. Stability Analysis of Disease-Free Equilibrium Point
Theorem 1. The disease-free equilibrium point S* in the system

(2) is locally asymptotically stable if Ry < 1 and unstable if Ry >
1.

Proof. The proof of Theorem 1 uses the linearization of the non-
linear system around a disease-free equilibrium point [15]. The
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Jacobian matrix obtained is as follows:

50 0 0 0 0 o
0 g3 0 O 0 0 Ja
0O T, js 0 0 0 0
J=10 0 0 Js 0 0 0 ,
0 0 Jj7 w —p, O 0
0 0 js 0 0 jo 0
0 0 0 0 0 T —p
. . nth,U/h
= — + , = -,
J1 (Mh P) J2 P+ in
. . nC,
J3 = — (Ten + pn), ja = ﬁ,
. . on
Js = — (Wa + ), Jo = — &5 Twthal,
Gt Ot
JT= (N0 + dw + dppa) p’ 8= (nb + dw + dpa) iy’
Jo = = (Tev + pw)-

The eigenvalues (\) of the Jacobian matrix J are obtained by
solving |\l — J| = 0 to obtain two negative eigenvalues, namely
M= —pode = —(un +p), A = — (4 +w+ pa) and the
characteristic equation:

M4 a N +a N +ash+a,=0 (3)
with

ai :Tev +2N’v +7h+2ﬂh+Teh > Oa
ag = (’Yh + ,Uh)(Teu + ﬂm) + (Teh + pn + ,Uv)(Tev + o + n
+ pn) + po(Ten + pn) > 0,
az = (Ten + pin + o) (Va + ptn) (Tew + o) + pio(Ten
+ ,Ufh)(Tev + 122 + Yh + PJh) > 07
a4 = Mv(Teh + Mh)(% + Uh)(Tev + Mv) [1 - R%] .
The coefficient a4 in the characteristic equation above can be
negative, zero, or positive depending on the value of Ry. If
Ro < 1, then the coefficient a4 is positive. If Ry = 1, then
the coefficient of a4 is equal to zero. But if Ry > 1, then the
coefficient of a4 is negative.
Based on the nature of the roots of the quartic equation for

eq. (3), four conditions are obtained which must be met based on
Vieta’s theorem [16], namely:

MA+ A5+ X+ A7 = —aq,
A5 + Agdg + M7 + Ashg + As A7 + Ag A7 = ao,
A A5 A6 + A A5 A7 + Mg A7 + A5 g A7 = — ag,
AgAs A6 A7 = ag,

by simplifying and considering the values of a1, a2, a3, and aq4,
the above equation becomes:

)\4+)\5+)\6+)\7<0, (4)
AaAs + Aade + A7 + Ashe + As A7 + Ag A7 > 0, (5)
/\4)\5()\6 + )\7) + )\6/\7()\4 + )\5) < 0. (6)

When Ry < 1, then
AAs A6 A7 > 0. (7)
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Based on eqs. (4) and (7), four eigenvalues are obtained, with
two or four negative to meet the requirements in the equation.
Suppose A4 and A5 are negative, then the stability can be seen
from A\g and \7. Since Ay < 0and A5 < 0 then we obtain A\g\5 >
0 and Ay + A5 < 0. If we assume A\g < 0 and A7 < O then we
obtain

>\4)\5()\6 + )\7) <0 and >\6>\7(>\4 + /\5) <0,

which satisfy eq. (6). If we suppose A\¢ > 0 and A7 > 0, then we
obtain

)\4)\5()\6 + A7) >0 and AsA7(Aa+ A5) <O,

So, there is not enough evidence to prove that the equation can
satisfy eq. (6). So eq. (6) can be satisfied if A\ and A7 are negative,
so the disease-free equilibrium point S* is locally asymptotically
stable if Ry < 1.

While when Ry > 1, then

A A5 g A7 < 0. (8)

eq. (8) holds if there is one or three negative eigenvalues. Thus,
there is at least one positive eigenvalue. Thus, the disease-free
equilibrium point S* is unstable if Ry > 1. O

3.4. Stability Analysis of Endemic Equilibrium Point

Theorem 2. The endemic equilibrium point S** in the system (2)
is locally asymptotically stable if Rg > 1.

Proof. The proof of Theorem 2 will use the Castillo-Chaves and
Song Theorem with a bifurcation approach [17]. Suppose C\p,
is chosen as the bifurcation parameter and z1; = s, 2 = ey,
T3 = th,T4 = Ay, T5 = Sy, Tg = €y, Ty = 1. SO system (2)
becomes:

g1 = pin — (pn +p +nCyp7)21,

g2 = nCyparry — (Ten + pn)x2,

93 = Tenwa — (Yn + pin) s,

g1=0(1-5%) = (w+pa)as, )

g5 = WTy — (,Um + Chvx3)z57
g6 = Chv$3.135 - (Tev + /f"v)xﬁa
gr = Tevxﬁ — o7

When Ry = 1 then

o Hoe 4 ) (Ten + pn) 0n + i) (Tew + p10)
o néﬁwC’thehTevuh
X (nf + 0w + dpra)

_ *

- “Yovh:

So the Jacobian matrix of system (9) on S* with the value
Con = C;, will produce three eigenvalues, namely A\ = —pu,,
Ao =—(up+p), A\g =— (%” 4w+ ,uA), A4 = 0, and the char-
acteristic equation A2 + a1 A% + ag\ + a3 = 0 with a1, a9, a3
positive. The other three eigenvalues of the characteristic equa-
tion are obtained by solving the equation using Vieta’s theorem

(16].
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Table 1. List of model parameters

Parameter  Definition Value Unit Reference
Lh Human birth/death rate 0.0286 1/day 18] [19]
p Effectiveness of dengue vaccine 0.00027 1/day [20]
Coh The chance of susceptible humans being exposed to the dengue virus ~ 0.35 x 0.75 1/day [21]]22]
from infected mosquitoes
Ten Inverse of the intrinsic incubation period 1/15 1/day [23]
Yh Recovery rate of infected humans 177 1/day [24]
w The rate of change of aquatic mosquitoes into adult mosquitoes 1/11 1/day [25]
A Natural mortality rate of mosquitoes in the aquatic stage 0.01 1/day [26]
0 Oviposition rate 30 1/day [26]
6 Mosquito larvae capacity per human 3 larvae/individual [21]
) Mortality rate of adult mosquitoes 1/9.5 1/day [27]
Cho The chance of a susceptible mosquito being exposed to the dengue 0.35 x 0.4 1/day [21] [22]
virus from an infected human
Tew Inverse of the extrinsic incubation period 1/5.9 1/day [23]

Based on the properties of the roots of the simplified cubic
equation, we obtain

As + X6 + A7 <0, (10)
As(A6 + A7) + Ae A7 > 0, (11)
AsAg A7 < 0. (12)

eq. (12) is obtained from three eigenvalues with one or three
negative eigenvalues. Suppose )5 is negative, then AgA7 > 0.
eq. (11) can be satisfied if A\ + A7 < 0. So, the result of the two
conditions is A\g < 0 and A\; < 0. So, the first assumption of
the Castillo-Chaves and Song Theorem is satisfied, namely that
one simple zero eigenvalue and the others are negative absolute
values.

In addition, the zero eigenvalue is related to the matrix J,
which has a right eigenvector and a left eigenvector. The right
eigenvector corresponding to the zero eigenvalue is obtained as
follows.

r nCuhbin T

(p+ pn)?
nCuynhin

—_— w7y
P+ pn)(Ten + pn)
ennCuniin wr
" (va + 1) (P + b ) (Ten + )
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Since all parameters are positive and assume u; > 0, then it is
obtained that u; < 0,us > 0,u3 > 0,uy = 0,us < 0 and ug >
0. The left eigenvector corresponding to the zero eigenvalue is
obtained as follows.
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Since all parameters are positive and assume vz > 0, it is ob-
tained that vy = v4 = vs = 0,v2 > 0,v6 > 0 and v; > 0. Fur-
thermore, based on system (9), the second-order partial deriva-
tives are obtained:

P01(5".Cp) _ 0°91(5".C) _

8m18x6 8%681'1 = —nC vh

8292(5*701%) _ 8292(5*,C:h) — nC*
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Next, the values of ¢ and b obtained are as follows.
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The obtained values of a and b correspond to one of the
Castillo-Chaves and Song Theorem cases. This shows that when
the bifurcation parameter C, changes from C,;, < C2, (Ro <

1)to Cyp > C7 (Ro > 1), there is a change in the endemlc fixed
point S**, namely from negative to positive and locally asymp-
totically stable. O

3.5. Parameter Determination

The parameter values used in the sensitivity analysis and
numerical simulations were obtained from various sources and
assumptions, with a focus on the Aedes aegypti mosquito species.
These parameters are listed in Table 1.

The human birth rate py, is calculated based on the crude
birth rate [28], which shows that there are approximately 0.0286
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births per 1,000 inhabitants per day in Indonesia in 2023. This
estimate refers to the number of live births of 2,871,646 people
and the mid-year population of 278,696.2 thousand people.

A systematic review found that female Aedes aegypti
mosquitoes can bite humans between 0.35 and 0.41 times per
day, depending on geographic location and environmental condi-
tions. The time between a person being infected with the dengue
virus (through the bite of an infected mosquito) and the appear-
ance of the first clinical symptoms is the intrinsic incubation pe-
riod (IIP). Meanwhile, the extrinsic incubation period (EIP) is the
time required for the dengue virus to develop in the mosquito’s
body, from when the mosquito takes a blood meal from an in-
fected human until it becomes capable of transmitting the virus
to another human [29]. Based on research results from Chan and
Johansson in 2012 [23], the estimated average IIP is 5.9 days, with
95% of the 1IP estimated to occur between days 3 and 10. The 95%
EIP lasts between 5 and 33 days, with an average of 15 days.

The rate of change of mosquitoes from egg to adult is cal-
culated as the inverse of the number of days required to reach
that phase [30]. The length of time from egg to adult Aedes aegypti
mosquito is highly dependent on environmental temperature and
food availability. However, in general, the development time of
Aedes aegypti from egg to adult is around 7-11 days [25]. The mor-
tality rate of mosquitoes can be calculated as the inverse of the
mosquito’s life expectancy [31]. Based on research by Agustin et
al. in 2017 [27] regarding the life cycle of Aedes aegypti in water
hyacinth air-soaked media, adult mosquitoes can live a minimum
of 3 days and a maximum of 16 days with an average life span of
9.5 days.

3.6. Sensitivity Analysis

Sensitivity index calculations are performed to determine
the degree to which a parameter influences system dynamics [32].
The following shows one of the results of a calculation of the sen-
sitivity index for the parameter § against the basic reproduction
number Ry.

R ORo & no

7T 785 “Re T 2(nb + d(ua + @) (13)

If eq. (13) is evaluated using the parameter values in Table 1, the
index value obtained is 0.495005. This sensitivity index indicates
the magnitude of the relative change in the basic reproduction
number resulting from variations in related parameters. The fol-
lowing presents the sensitivity index for each parameter in the
model.

Table 2. Sensitivity index

Parameter  Sensitivity Index
o -1.19156
Con 0.5
Chy 0.5
w 0.4955
0 0.495005
Yh -0.416597
Lh -0.228832
Tew 0.191558
Ten 0.150105
0 0.00499505
P -0.00467613
A -0.000495005
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Based on Table 2, the positive sensitivity indices are
Con,Chy,w, 6, Tey, Tep, and €, meaning that an increase in the
value of these parameters increases the value of Ry, and vice
versa. Meanwhile, the sensitivity indices with negative values
are iy, Vh, fth, p and 4, meaning that an increase in the value
of these parameters results in a decrease in the value of R, and
vice versa.

The sensitivity analysis results show that the parameter
that most dominantly influences changes in the basic reproduc-
tion number (Ry) is the mortality rate of adult mosquitoes (z.,).
This parameter has a negative sensitivity index, indicating that an
increase in p,, will decrease the number of infections, while a de-
crease in y,, will increase it. The same is true for the natural mor-
tality rate of aquatic mosquitoes (1 4), which also has a negative
sensitivity index. This means that an increase in ;4 can reduce
the population of aquatic mosquitoes, thereby reducing the num-
ber of adult mosquitoes and the potential for virus transmission.
Interventions that can be implemented to increase mosquito lar-
val mortality include the use of biolarvicides and employing nat-
ural predators like larva-eating fish. For adult mosquitoes, this
can be achieved through fumigation to kill mosquitoes flying or
landing in the surrounding environment.

Several other parameters in the aquatic phase that have
a linear effect on the basic reproduction number are the rate
of transformation of aquatic mosquitoes into adults (w) and the
capacity of mosquito larvae per person (6). Reducing either of
these parameters, while holding the others constant, will reduce
the basic reproduction number and the rate of dengue transmis-
sion. This suggests that controlling the aquatic phase is neces-
sary, for example, through the use of insecticides or larvicides
with growth-inhibiting effects, which disrupt larval metamorpho-
sis and prevent them from becoming adults. Furthermore, ef-
fective environmental management is crucial to reducing larval
breeding habitats. These findings align with research by Kleden
et al. (2023), which demonstrated that household environmen-
tal factors and community behaviors, including the habit of not
emptying water reservoirs and a lack of participation in ecologi-
cal cleanliness activities, significantly increase the risk of dengue
fever [33]. Therefore, interventions in the aquatic phase through
ecological management and vector control are key strategies for
suppressing mosquito populations and reducing the rate of dis-
ease transmission.

The sensitivity analysis results show that the vaccination
rate (p) and the recovery rate of infected individuals (v;) both
have negative sensitivity indices to the basic reproduction num-
ber (Rp). This negative sensitivity index value indicates that an
increase in both parameters contributes to a decrease in the value
of Ry, resulting in a lower disease transmission rate. This find-
ing aligns with research conducted by Blante et al. (2024), which
shows that an increase in the recovery rate can reduce the value
of Ry in a dengue transmission model [34]. In addition, these
results are also consistent with Kamalia and Aldila (2025), who
stated that vaccine effectiveness plays a crucial role in suppress-
ing disease spread by reducing the basic reproduction number
[35]. Thus, increasing the vaccination rate can directly reduce
the potential for transmission, while increasing the recovery rate
of individuals accelerates the population’s recovery from infec-
tion. Furthermore, increasing the recovery rate of the commu-
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nity, due to natural immunity, vaccination, or the effectiveness
of treatment, can accelerate the recovery of the general popula-
tion from a dengue outbreak.

4. Numerical Results
4.1. Bifurcation Simulation

The proof of Theorem 2 it is found that there is a bifurca-
tion in system (2), namely a change in the qualitative structure
of the system when the bifurcation parameter passes its critical
value [36]. To support and compare the results of the theoretical
analysis, a numerical simulation was performed using the param-
eter values listed in Table 1. This simulation aims to describe the
relationship between the basic reproduction number (R() on the
z-axis and the proportion of the human population infected in
endemic conditions (z}) on the y-axis.

=1

]

Figure 3. Bifurcation Curve
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Figure 4. Population proportion dynamics of humans and
mosquitoes

Figure 3 shows that for Ry < 1, the ¢} value is neg-
ative and therefore biologically meaningless. However, when
Ro > 1, the ij value becomes positive and increases with in-
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creasing Ry, indicating that the disease can persist in the popu-
lation. These changes indicate the presence of a transcritical bi-
furcation, where the system transitions from a disease-free state
to a stable endemic state when the parameter value passes the
critical point Ry = 1.

4.2.  Population Dynamics Simulation

In this section, a numerical simulation is performed to illus-
trate the dynamics of changes in the proportions of each popula-
tion until a stable condition is reached. The simulation uses the
parameter values listed in Table 1, with the basic reproduction
number obtained greater than one, namely Ry = 1.67793. In
this simulation, it is assumed that at the initial time (¢ = 0) there
are no infected human individuals, while 20% of the mosquito
population has been infected with the dengue virus. In addition,
the initial value of the proportion of the mosquito population in
the aquatic phase is set at a,,(0) = 1, which indicates that at the
start of the simulation, the mosquito population in the aquatic
phase is at its maximum capacity relative to its environment.

Based on Figure 4a, it can be seen that the proportion
of the susceptible human population decreased at the begin-
ning of the simulation due to dengue virus infection from in-
fected mosquitoes. This condition caused an increase in the
proportion of humans in the exposed and infected phases
at the beginning of the simulation. Over time, the pro-
portions of the exposed and infected human populations de-
creased towards their respective equilibrium points, namely
e;, = 0.181098 and i; = 0.0704152. As a result, the propor-
tions of the susceptible and recovered human populations in-
creased again until they reached a stable state at points s; =
0.393052 and r; = 0.355435. Meanwhile, based on Fig-
ure 4b, the proportion of mosquitoes in each sub-population
is also approaching a non-zero value, which means towards
the respective endemic equilibrium point of (a}, sk, e, i%) =
(0.499161,0.954823,0.0173082,0.0278691). This indicates that
although the proportion of infected mosquitoes has decreased,
the infection has not entirely disappeared from the population.

Thus, the results of this simulation are consistent with The-
orem 2, which states that when the basic reproduction number,
Ro, is greater than 1, the system will reach an endemic equilib-
rium, a condition in which the disease persists in the population
for an extended period with a stable infection rate.

4.3. Simulation of the Effects of Changing Parameter ¢

In this section, the parameter value §, representing the ca-
pacity of mosquito larvae per human, is varied, with the changes
in value shown in Table 3.

Table 3. Parameter value change §

Parameter Value 6  Condition Rgo
3 1.67793
2 1.37041
1 0.969296

Table 3 shows the effect of changing the parameter value of
0 on the basic reproduction number RRg. It can be seen that when
6 = 3, Ry > 1, indicating that the disease can spread and persist
in the population. When the value of ¢ is reduced to 2, the basic
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Figure 5.
changes in parameter values ¢

reproduction number decreases, but still indicates the potential
for disease spread. Furthermore, when ¢ is reduced to 1, the
value of Ry becomes less than one, i.e., Ry < 1, indicating that
the disease cannot persist and will eventually disappear from the
population. Next, simulations were performed on exposed and
infected sub-population within the human and mosquito popula-
tions to further analyze the effect of variations in the parameter
value § on the dynamics of disease spread.

Figure 5 illustrates the impact of changes in the parame-
ter value § on the dynamics of the proportions of human and
mosquito populations in four sub-population: exposed humans,
infected humans, exposed mosquitoes, and infected mosquitoes.
In all sub-graphs, it can be seen that increasing the value of §
causes an increase in the proportion of exposed and infected in-
dividuals, both in the human and mosquito populations. When
0 = 3, the proportion of exposed and infected is higher than
when § = 2 and § = 1. Conversely, at smaller values of §, the sys-
tem reaches a stable state with a lower proportion of infections.
Even in this model, when the parameter value ¢ is reduced to
1, meaning that each human only supports about one mosquito
larva, the mosquito population reaches a disease-free state on
the 300" day. In contrast, the human population reaches a
disease-free state on the 600" day. Biologically, these results
indicate that the higher the larval capacity per human (the higher
0), the greater the potential for growth the mosquito population,
thus increasing the risk of dengue transmission. Therefore, the
spread of dengue fever can be suppressed by reducing the capac-
ity of larvae, for example, by effective environmental manage-
ment to reduce the number of adult mosquitoes.

The simulation results are consistent with the analytical re-
sults, i.e., when the value of Ry > 1, the population will be in
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Population proportion dynamics of exposed humans, infected humans, exposed mosquitoes, and infected mosquitoes due to

an endemic condition. At the same time, when Ry < 1, the
population will be free of disease with no exposed or infected
sub-population.

5. Conclusion

This study formulates and analyzes a mathematical model
of dengue fever transmission using the SEIR-ASEI model ap-
proach. The model includes the SEIR compartment for the human
population and the ASEl compartment for the mosquito popu-
lation, with Aedes aegypti as the vector, considering the logistic
growth factor in the aquatic sub-population. The analysis re-
sults show that the model has two equilibrium points, namely
the disease-free and endemic equilibrium, whose local stability
depends on the value of the basic reproduction number R. Sta-
bility analysis shows that the disease-free equilibrium point is lo-
cally asymptotically stable when Ry < 1, indicating that disease
elimination is theoretically possible. Conversely, when Ry > 1,
the endemic equilibrium point becomes locally asymptotically
stable, indicating continued disease transmission in the popu-
lation.

The results of the bifurcation simulation also show that
changes in the R value trigger the transition from disease-free
to endemic conditions. Meanwhile, the results of the sensitiv-
ity analysis indicate that the adult mosquito mortality rate ()
is the most influential parameter on the basic reproduction num-
ber, with an inverse relationship with Rq. This finding confirms
that controlling adult mosquito mortality is an essential strategy.
However, interventions in the aquatic phase are also necessary
because several parameters in this phase, including the rate of
transformation of aquatic mosquitoes into adults (w) and the ca-
pacity of mosquito larvae per human (), have a linear effect on
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the basic reproduction number. Thus, mosquito larval control
and environmental management play an essential role in reduc-
ing the adult mosquito population and suppressing the R value,
thereby reducing the risk of dengue fever spread in an area.
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Abbreviations.
SEIR-ASEI Susceptible-Exposed-Infectious—Recovered (human)
model combined with Aquatic—Susceptible—Exposed
—Infectious (vector) model
DENV Dengue Virus
IIP : Intrinsic Incubation Period
EIP : Extrinsic Incubation Period
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