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Dengue hemorrhagic fever (DHF) is an infectious disease caused by the presence of the dengue

virus that is spread worldwide regardless of age. An X-coded gene on the chromosome regulates

the immune system. The gene can control the immune system which causes females to have higher
amounts of CD4+ T cells and less susceptibility to inflammation, making them not easily infected with
viruses. In this paper, we construct and analyze the model of DHF transmission by classifying the sex
of human populations. The model parameters are estimated based on DHF data in West Java Province,
Indonesia using the least-squares method. The results of the model analysis obtained two equilibria,
namely the disease-free equilibrium (locally and globally asymptotically stable if Ro < 1) and the
endemic equilibrium in special cases (globally asymptotically stable if Ry > 1). We then extend an
optimal control model for dengue transmission, which includes fumigation and prevention as the
control variables. The Pontryagin maximum principle is utilized to find the optimal control conditions.
Next, based on the ICER calculation, implementing control in the form of a combination of fumigation
and prevention is the best strategy in eliminating DHF cases and cost efficiency. We also suggest that
prevention efforts should be differentiated between male and female due to the significant impact in
eliminating DHF sufferers.

Keywords Dengue hemorrhagic fever, Sex classification, Mathematical model, Optimal control, Cost-
effectiveness analysis

Dengue hemorrhagic fever (DHF) is a disease caused by infection with the dengue virus, which is transmitted via
the bite of an infected female Aedes mosquito. This disease occurs in tropical and subtropical regions worldwide,
with most cases occurring in urban and semi-urban areas that infecting all age groups. In mild cases, the disease
causes a high fever and symptoms similar to the flu. Meanwhile, for severe cases, this disease can cause serious
bleeding, shock from a sudden fast drop in blood pressure, and even death. The four dengue virus serotypes
that cause DHF are DENV-1, DENV-2, DENV-3, and DENV-4, and they can be identified using serological
techniques. After recovering from an infection with one of these serotypes, a person acquires lifelong immunity
against reinfection from the same serotype. But it is possible for subsequent infections by different serotypes
with a more severe risk than before'.

Sex differences can affect the severity, prevalence and pathogenesis of infections caused by viruses, bacteria,
parasites and fungi. Males are more susceptible to infectious diseases than females, regardless of how the
infection is spread whether from person to person, vectors, blood, food, or through water?.. Women possess two
X chromosomes which contribute to the enhancement of their immune system, despite the possibility of one
of the X chromosomes being inactive. The immune system is regulated by a gene coded X on the chromosome
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controls the immune system, causing females to have higher amounts of CD4+ T cells and less susceptibility to
inflammation and not easily infected with viruses®.

The mathematical model may play an essential role for understanding the dynamics of infectious disease
transmission, allowing for the prediction and management of infectious disease*8. In addition, the availability
of real data on a disease will improve the estimation of model parameters. Thus, the mathematical models can
explain the spread of disease in a region using these parameter values. Meanwhile, time dependent control
strategies have been utilized to determine the optimal ways in eliminating the spread of disease. The researchers
have been developed the mathematical models to investigate the spread dynamics of DHE. Buonomo and Marca’
analyzed the control in the form of spraying campaigns and ITN adoption on the DHF model. Authors in'® have
studied a mathematical model to investigate the transmission dynamics of DHF in Pakistan. Zhang and Lui'!
discussed DHF model with a control in the form of releasing the Wolbachia-infected mosquitoes. The work in'2
proposed a mathematical model of DHF with hospitalization based the monthly real data of East Java province,
Indonesia. Ndi et al.!* developed DHF model with observing two different serotype infections and including a
control in the form of vaccination. Puspita et al.'* proposed DHF model with four-age structure classification,
i.e., children, youngsters, productive adults, and elders. Aldila et al.!> formulated a mathematical model for DHF
control program in Jakarta, Indonesia. The authors in'® constructed model’s time-varying effective reproduction
number to capture trends the dengue transmission in Palu, Indonesia. Recently, the authors in!” introduced
an optimal control deterministic model of DHF dynamics by accounting for the asymptomatic, isolated, and
vigilant compartments in the human population.

A number of researchers have studied the effect of sex classification on infectious diseases. For instance,
Fatmawati et al.'!® have analyzed a mathematical model of HIV/AIDS transmission by classifying sex in human
populations. Taghikhani et al.' studied a mathematical model for the spread of dengue by classifying sex in
the adult Aedes Aegypti mosquito population. Rathinasamy et al.?° constructed a mathematical model for the
spread of HIV/AIDS by classifying the sex of a population that is susceptible and infected with HIV, while the
population infected with AIDS is not classified based on sex. No previous study has addressed the mathematical
model of DHF transmission by classifying the sex of the human population. This study set out to understand
the dynamic transmission of DHF by considering the sex of the human population. We then estimate the DHF
model parameters using the cumulative number of annual DHF cases reported in West Java Province from
2014 to 2020. Next, this research provide the optimal control strategy to examine the impact of fumigation and
prevention for the most effective control measures of DHF transmission.

The rest of this paper is laid out as follows. The mathematical model formulation is presented in section “DHF
model transmission” The estimation of the DHF model parameters is given in section “Parameter estimation”
The stability analysis of the equilibria and parameter sensitivity are devoted in sections “Stability analysis
of equilibrium point” and “Sensitivity analysis” respectively. The completion of the optimal control and the
numerical simulation is performed in section “Optimal control problem”. In addition, section “Cost effectiveness
analysis” focuses on the calculation of cost analysis to determine the most effective optimal control strategy.
Furthermore, section “Sex classification impact in optimal control” discuss the impact of differing prevention
efforts on male and female humans. Ultimately, the paper is concluded in section “Conclusion”.

DHF model transmission

In this section, we describe the host-vector model of dengue hemorrhagic fever (DHF) transmission by
considering sex in the human populations. The host (human) population is devide to six subpopulations, namely
susceptible male subpopulation (Sim ), susceptible female subpopulation (S), infectious male subpopulation
(Im), infectious female subpopulation (Iy), recovery male subpopulation (R,.), and recovery female
subpopulation (Ry). The vector (mosquito) is divided to two subpopulations, namely susceptible subpopulation
(Sv) and infectious subpopulation (I ).

The total human population can be represented by Ny = Ny, + Ny, with the total of male human populations
Ny = Sm + Im + Ry and the total of female human populations Ny = Sy + Iy + Ry. The formulation for
the total population of mosquitoes can be described by N, = S, + I,,. The assumptions of the constructing for
the mathematical model of the DHF transmission can be stated as following.

1. Susceptible humans can become infected with DHEF if they are bitten by an infected mosquito, while the
susceptible mosquitoes can become infected with DHF if they are bitten an infected human.

The incubation period is ignored so that the infected population can directly transmit DHE.

Mosquito populations are unable to recover.

There is no reinfection of DHEF.

The transmission rate of DHF for the male populations is greater than the female populations.

A

The notation and description of parameters of the mathematical model of DHF transmission is displayed in
Table 1. Based on the assumptions and descriptions of the variables and parameters, the transmission diagram
of the DHF model is given in Fig. 1.

The mathematical representation of the transmission of DHF is described by an eight-dimensional nonlinear
autonomous system of ordinary differential equations.
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Parameter | Description

Ay Growth rate of mosquito

Anm Growth rate of male human

Any Growth rate of female human

B Transmission rate from human to mosquito
Bh Transmission rate from mosquito to human
5 Additional immunity level for female human
Iy Natural death rate of mosquito

Khm Natural death rate of male human

Khf Natural death rate of female human

O Recovery rate of male human

0f Recovery rate of female human

T DHF mortality rate of male human

Ty DHF mortality rate of female human

Table 1. Parameters description.
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Fig. 1. DHF transmission diagram.
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All parameters of the model (1) are assumed to be positive. Furthermore, the DHF transmission rate of the male
population is greater than the female. We assume that y as the additional immunity level for female population
to reduce the rate of DHF transmission with 0 < v < 1. The model (1) subject to the initial conditions by
Sy (0), Sm (0), Sy (0) > 0and I, (0), Im (0), I (0), Rm (0), Ry (0) > 0, with the solutions of system (1)
remain non-negative for all time ¢ > 0 and defined in closed set Q( positively invariant) is given by

Q=0Q,UQ,UQ; CR} xR} xRY, )
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with
2 Ay
Q, = {(sv (8), 1o (8), Ro (1) € RE 2Ny = u}’
QO = {(Sm (t)’lm (t)’ B (t)) GRi PN = /lzm}’

Q= {(Sf(t)vlf(t)a Ry (1)) € Ry < Ny < 2;}

Next, we demonstrate the positive nature of finding a solution to the system (1) based on the theorem presented
below.

Theorem 2.1 Let S, (0), I, (0), Swm (0), S¢ (0), Im (0), and I5 (0) be the initial conditions of the system. If
Sy (0) >0, I, (0) >0, S, (0) >0, S (0) >0, I, (0) > 0, and I (0) > O then all solutions are positive for
everyt > 0.

Proof 1. Take the first equation of the system (1) is as follows:

Sy (1) _ y B (Im (8) + 15 (1))
dt v N (t)

Sy () — po S (t).

5= Bo(Im () +1(2))
Letn (1) = Np (8 , $0 it is obtained as follows:

ds, (t)
dt

ds, (t)
dt

t
d <e““+ s n(s)ds o (t))

dt

=Ay—1 (t) S (t) =Sy (t)

—

2= (t) Sy (t) — oSy (t)

—

>0

t
=8, (t) ke """ Jo nis

Substitute the initial condition S, (0) at ¢ = 0, we get

t
8o (1) > 8, (0) e o e

Hence, S, (t) is positive for ¢ > 0. Then using the same steps, we can prove the Sy, (t) and Sy (t) are also posi-
tive for ¢t > 0.

2. Take the second equation of the system (1) is as follows:

Ly (t) _ Bo (Im (t) + 15 (1))

S () = polu (¢)

dt N (t)
drl, (t)
> —Muvlv
= 2 H I, (t)
d(e!'I, (t
<— (e ()> >0
dt

= I, (t) > ke ™"

By using the initial condition I,,(0) at t = 0, we get

I, (t) > I, (0) e "

—~

So I,,(t) is positive for ¢ > 0. Then using the same steps we can prove the I,, (¢), I (t), Rm (t), and Ry (t) are
also positive for ¢ > 0.0

Scientific Reports |

(2025) 15:17127 | https://doi.org/10.1038/s41598-025-01742-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Parameter estimation

In this section, we estimate the value of parameter on model (1). First, we collect data from?'~4, which are DHF
cases of humans, DHF mortality of humans, total human populations, and life expectancy in West Java Province,
Indonesia by sex in 2014-2023, respectively. The DHF cases of male and female humans population in West Java
Province, Indonesia is compared in Fig. 221,

Based on Fig. 2, the case of DHF in West Java Province, Indonesia in both of male and female populations
are fluctuate. Hence, we use cumulative DHF case data every years from 2014 to 2023 as data in estimating
parameters. In parameter estimation, we use the least-squares fitting method* except for parameter
Moy Pm, tf, Am, Ag, Tm, and 75 are obtained from demographic. The natural death rate is obtained from
inverse from the average of life expectancy. Based on?, the average of life expectancy of Aedes mosquitoes is
25 days. The average life expectancy of male and female human populations are 71.048 years and 74.864 years,
respectively“. Hence, we have (1, = 14.6, pthm = 0.0141, and pny = 0.0134 per year. Next, the growth rate
of human is obtained from the average of multiplying the total population by the natural death. Using the data
in?>?*, we have Apm, = 328,323 and Any = 301,673 population per year. Furthermore, for DHF mortality
rate we approach it with Case Fatality Rate (CFR) that is obtained from the proportion of all individuals who
die from DHF among all individuals infected with DHE Based on the data in%2, we have 7, = 0.0068 and
7y = 0.0087 per year.

The estimation of the remaining parameters in the model (1) is carried out by minimizing the following
objective function

tf

i 0, 32 (=) (11, 11)°)

Ay B BhryY,0m 05 4 =

with t; is the final time, 72*** and I, data are the cumulative DHF cases data of male and female humans
respectively, as well I,,,; and T f, are the cumulative numerical solutions of infected male and female humans
population respectively, fori = 0,1, 2, ..., ts. In order the estimation process, we set the initial population as

(Svo: Loy Smo Sfoi Imo: Iro: Rmo: Rpo) = (50,000,000; 500; 21,788,900; 20,641, 524; 10320; 8819; 0; 0).
The initial parameter values for estimation are given by
(A Bugi Bros Y05 Omo3 05,) = (9 x 10%; 0.5; 0.9; 0.5; 0.3; 0.3),
with lower bound parameter values are
(10%,107%107%; 107°;107°;1077)
and upper bound parameter values are
(10'% 25 2; 1; 1; 1),

The comparison of the reported data and the model solution is displayed in Fig. 3. The result of the parameters
estimation can be seen in Table 2.
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Fig. 2. DHF cases in West Java, Indonesia.
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Fig. 3. Comparison of the model solution and the reported data of DHF cases on the infected male and female
humans population.

Parameter | Value (years) | Source
Ay 9 x 108 Fitted
Anm 328,323 Estimated
Any 301,673 Estimated
B 1.3819 Fitted

B 1.5471 Fitted

v 0.7784 Fitted

o 14.6 Estimated
Khm 0.0141 Estimated
Khf 0.0134 Estimated
0, 0.1547 Fitted

0 0.0975 Fitted

T 0.0068 Estimated
Ty 0.0087 Estimated

Table 2. Fitted and estimated value of the parameters.

According to the outcome of the estimation, the mean absolute percentage error (MAPE) between the data
and the model solution in male population is 4.28% and female population is 4.66%. Then the average MAPE
from the comparison of the two data and the model solution is 4.47%.

Stability analysis of equilibrium point

This section focuses on examining the stability of disease-free equilibria of the model (1), both at a local and
global level. Initially, we ascertain the state of equilibrium together with its conditions of existence and the basic
reproduction number. By considering model (1), we are able to derive two equilibria, specifically the disease-free
equilibrium and the endemic equilibrium. The disease-free equilibrium is defined as.

Ay Anm A
By = (80,17, 8, SY. I, 17, Ry, RY) = ( =2,0, =" =L 0,0,0,0 ) .
Mo Hhm Hhf

Next, we calculate the basic reproduction number (Ro) which quantifies the potential for infectious spread
within a population?”-?8. By employing the Next Generation Matrix method?’, we calculate the basic reproduction
number as

| BuBoNupihmping (Anmmaping + YAngma fihm)
RO - ) (3)

mimap(Anmpins + Angfinm)?

where m1 = 0, + T + phm and ma = 05 + 75 + pny.
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2
BrBoAvApmtihmhs, ¢ , and Roj — VBRBuvAv AR pu? iy

ml#%(Ahml‘hf"’Ahfﬂhm) mzu?;(/\hm#hf-FAhfuhm)
equation R(Q) = Rom + Roy. Since all parameters are assumed to be positive, so Rom < RS and Roy < R(Q).

Next, assuming Rom =

>, we have the

Local stability of the disease-free equilibrium
The stability of the disease-free equilibrium point is obtained by substituting the value of the non-endemic

equilibrium point Ey = (A 0, Aum Ans ,0,0,0, 0) into the Jacobian matrix as follows:

Mo 7 Bpm ) BRE
it 0 0 0 —b, —b, 0 0
0 it 0 0 b, b, 0 0
0 b —pnm 0 0 0 0 0
| o by 0 . 0 0 0 0
Jeo =1 by 0 0 —m 0 0 0 ;

0 by 0 0 0 —ma 0 0
0 0 0 0 O 0 — i 0

0 0 0 0 0 9, 0 —pins

_ BuAy [ — Brhm "/Bh/‘hf
b m

where b, = ,and by =
Apm Mg Apm | Anf Ahm
(“ m )u wh sl ey QM;L m (w n Lh Khf
From the Wmatfix J5 Eo/we will look for 'the Hidrdcteristic equation ﬁh ( J B,) = 0, such that we
obtain

A o) A+ pam) A+ png)® (A + a1X® + a2X +a3) =0 (4)

where

a1 = mi +mz + Uy,
az = mimz + pemi [1 — Rom] + pomz [1 — Roy],
as = yM1Mma [1 — Rg} .

From the Eq. (4), we have the eigenvalues — 1., —ftnm, and —jip, r, which are negative and the remainder are the
roots of the following equation:

A+ a2 +asA+ a3 =0. (5)

By using Routh-Hurwitz criterion, the characteristic Eq. (5) will have roots with negative real parts if and only
ifai, a2, as, araz —asz > 0. It is clear that the coefficient a1 > 0, while a2 > 0 if Rom < 1 and Roy < 1,
and the coefficient az > 0if R} < 1.

Using some algebraic calculation, we have

araz — az = (m1 +ma) (mima + pomi1 (1 — Rom) + poma (1 — Rof)) + o (pomi (1 — Rom) + proma (1 — Roy))
+ pomima R,

Hence, the coefficient aia2 — a3 is positive if Rom < 1 and Roy < 1. Since Rom < RO, Roy < RO, and
RO < 1, then Rom < 1 and Roy < 1 are fulfilled. Thus, all roots of Eq. (5) have negative real parts, when
R§ < 1 <= Ry < 1. Therefore, the disease-free equilibrium (Fo) will be locally asymptotically stable for
Ro < 1 and unstable whenever Ro > 1. The foregoing discussion could be summarized in the following
theorem.

Theorem 4.1 The disease-free equilibrium (Eo) of the system (1) is locally asymptotically stable in region of inter-
est Qif Ro < 1 and unstable if Ry > 1.

Global stability of the disease-free equilibrium

The global asymtotic stability of the disease-free equilibrium w1ll be investigated using the method described
by Castillo-Chavez et al. in®. Let X = (Su, S, Sf, Rm, Rf)" € R® and Z = (I, Im, I5)" € R?, so the
system (1) can be represented by:

ax

= F(X,Z2)
E = G(X7 Z)7G(X70) = 07

where Ey = (X0, 0) denotes the disease- free equilibrium of the system.
Based on®’, the fixed point Eo = (X, 0) is globally asymptotically stable provided that Ry < 1 and the two
conditions bellow are satisfied
(H1) For £ = F (X, 0), Xy is globally asymptotically stable,
H2)G(X,2)=AZ-G(X,Z),G(X,Z)>0for (X,Z) € Q,
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where A = DzG (Xo, 0) is the M-matrix (the off diagonal elements of A are non-negative).
From the system (1), the Eq. (6) can be stated as follows:

ﬁv(1m+1f)

N Bollmtls) g
F(X,Z Ao =T Sm = pinmSm | g g o
= = hiv
( P ) Ahf_ 5;, USf_/thfo y ( y ) BIS —milm
O Irm — Hrom Rom YRS — maly
Orls — pns Ry
Furthermore, we obtain
0 0 Bo(Im+1f)S) (1 SuND
—Ho szv?) LX,;” ND (1 N 50
A= ﬁ—gsfn -mi 0 |,Gx,2)= ﬁhsw:“ (1 - i’:?ﬁ) ,
%S9 0 —m vBrSYIv 5;N?
VNj;i f 2 Ngf (1_ NhS§
Av - M’L}S’U
Ahm - Mhmsm
F(X,0) = Ans—pnsSy
—HUhmitm
—Hnf Ry
By solving % = F (X, 0), we have
Aot (S, (0) = Au) et
S, (1) v v
S (1) el CORE TS Rt
Sy (t) = Apg Ang\ —ppst . (7)
R, (1) m"‘(Sf(O)—m)e Bhf
Rf (t) Rm (0) e Hhm?
Ry (0) e #nrt
Then, from Eq. (7), when Z =0 yields lim; 00 S, (t) = 2—’: =59, limseo S (1) = 2}”” S9,
limy 00 Sy () = Ang _ S}), lim¢—oo Rm (t) = 0= RY%, and lim;—0o R(t) =0 = RO that ensuring the

Hhf

global asymptotic stability of the equilibrium Xo = (A—“ Awm Ans ,0, 0) hence H1 is satisfied.

Ho ' Bhm ? Bhf’

'U — 0
Next, it is clear that Sv < No =50, 8 < Non ﬁ””” =Sy, and Sy < Ny < Ahf = 59, hence

Sy, <89, 8, <89, and Sy < S?. However, to have G4 (X,2) >0, Gs (X,Z) >0, and Gs (X,2)>0
some conditions are required. For example, we could let the total human population be at equilibrium level

(N = 2:—’” + ﬁ =N, 2) and this condition will be achieved when we assume to ignore the disease-induced

0
SyNy,

>0,1—
Nhs?.

>0,and 1 — > 0. Hence H2 is satisfied. Since

death rate. This ensures that 1 —

N sO Ny, SO
two conditions are fulfilled, the disease-free equilibrium is globally asymptotically stable if we assume to ignore

the disease-induced death rate. The foregoing discussion could be summarized in the following theorem.

Theorem 4.2 Suppose that in system (1) the disease-induced death rate is ignored (Tm, = 7¢ = 0). If Ry < 1,
then the non-endemic equilibrium point is globally asymptotically stable.

Endemic equilibrium
The endemic equilibrium of the system (1) will be determined using the conditions of the force infection
(Kw, K1), with

ﬁv (I'm + If) _ Bh[v
— N K= (®)

Ky =

Hence, we obtain the endemic equilibrium as follows:
El = (S:;’ 137 S:m 5;7 -[;17 1;7 R:ru R;)

where
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* A * 'T) * * A m * A
Sv:*7v7 [v:iszn Sm:%7 Sf:*#7
Ky + o Lo Ky + Uhm YKy, + Bhf )
* A * * A * * em * * 0 *
I="rgr rp=20rg Ry =g Ry =2L1n
m1 ma Hhm Hhf
Subtitute Egs. (9) into (8) in steady state and after algebraic simplification, we have
o 42 (Boy (Anmma+Anyma)) + &5, (Bo (Anmmapng + YAngmapnm))
k52 (ymimaNy) + K5 (mama Ny (Ypnm + png)) + mamapinm ping Ny
and k}, satisfying the following quadratic equation
bo/i;iQ + blli;*l + b2 =0, (10)
with
bo = N;,Uavﬂv’}/ (Ahwzm2+Ahfml) + Ng*uiﬁ/mlmm
b1 = Ny, poBo (Anmmapins + YAR M fihm) + N,?*,uﬁmlmz (Yrm + prg) = Ao BoBry (Anmma+Aypmy),
x Ay (Ahm A m
by = N2*2mumainmping (1 _ BrBul ( M fing + YAngmapn )) .
N7 pzmimapipm g
The total number of human population in steady state condition is given by
Ny =S+ I, + Ry, + 57+ If + R}
N Abm pingma (FLZQ (v (Hhm + Om)) + &5, (fng (hm + Om) + Yphmma) + Mhmﬂhj'm1)
@ h =
mimz2 (522 (6) + Kz;; (elJ«h'm + ,uhf) + ,Ulhrnlfbhf) (11)

N Angpnmma (652 (Y (g =+ 05)) + K7, (Vi (g + 05) + phyma) + fhm i ymes)
mamy (k32 (0) + K5 (Opnm + fing) + fhmbing)

By substituting Eq. (11) into (10) and after algebraic simplification, the force infection kj, meet the quartic
equation

coryt + ek}’ 4 corl’ + esk) + e =0, (12)

with cg, 1, c2, ¢3, and ¢4 are given by

co = (o yBottnmping (Anmmz + Angma) + pyy (Anmpn gz (hm + 0m) + Mngphmma (kg +65)))
X (AnmYpthgmaz (frm + 0m) + Angypihmma (png +0r)),
c1 = (moBottnmptng (Mnmmaz + Mngma) + poy (Anmpinsma (finm + O0m) + Mg pinmma (g + 05)))
X (Anmpngma (g (thm + Om) +Ythmma) + Angptnmma (Yiam (Bng + 05) + pnyme))
+ (Anm Y gmz (Bhm + 0m) + Anpypnmma (g + 05)) (o Bophmping (Abmmzping + Anpymapinm)
i Anmptngma (ng (Bam + 0m) + Yinmmn) + o Ang pinmma (Yiinm (png + 05) + pngms))
— Ao Boy? Bubtiim b mama (Anmma + Appma) ,
e = (poYBotthmptng (Mwmma + Apgma) + poy (Mnm ptngma (fthm + Om) + Angpinmma (ag + 05)))
X (pthmpngmama (Awmping + Anglihm))
+ (o Botnmbn g (Anmmaping + Angymapinm) + po M fon gz (ng (hn + 0m) + 7 ftnmma )
15 An g pnmmy (Vithm (tng + 05) + trgma)) (Anmptngma (Bag (Bhm + Om) + Ythmma)
+Anppthmm (Yem (png + 05) + pnpma))
+ (AnmYitngme (Bnm + Om) + Anpyitnmma (ng + 05)) (15 mnmpinpmama (Anmpn s
+Angptnm)) = Ao BoyBnthm it pmame (Anmma + Angma) (Ypnm + png) + (Anmmaping + Appyma tinm))
cs = (toBotthmttng (Mnmmaping + Anpymapnm) + o Anmpinpma (ng (Bam + 0m) + Yitnmma)
o An g pnmma (Yinm (ng +07) + pngm2)) (nmpngmame (Anmpng + Ang pinm))
+ (Anmpngmz (png (Bhm + 0m) + Y pthmma)
FAngpinmmmr (Y (g + 05) + pngm2)) (5 pnmpngmama (Anmpng + Angpnm))
— Ao BoBrtinmbnymame (Anmmapng + Anpymapnm) (Vinm + fng) + Yinmpns (Mnmma + Angmi)),
ca = i ity IS (Anmpng + Angpinm)® (1 — R3) .

Scientific Reports|  (2025) 15:17127 | https://doi.org/10.1038/s41598-025-01742-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Case | cg | c1 | c2 | c3 | cq | Possible number of positive roots
1 + + + + - 1

2 + |+ |+ |- |- |1

3 + + - + - lor3

4 + + - - - 1

5 + - + + - lor3

6 + |- |+ |- |- [lor3

7 + |- |- [+ |- lor3

8 + - - - - 1

Table 3. Possible positive roots of polynomial in (12) using descartes rules of signs for the case of Ro > 1.

Case | cg | c1 | c2 | c3 | cq | Possible number of positive roots
9 + + + + + 0

10 + + |+ - + |0or2

11 + + - + + Oor2

12 + + - - + Oor2

13 + - |+ + + |Oor2

14 + - + - + 0,2,0r4

15 + - - + + Oor2

16 + - - - + Oor2

Table 4. Possible positive roots of polynomial in (12) using descartes rules of signs for the case of Ro < 1.

Since all parameters assumed to be positive, then we have ¢y > 0. Additionally, the model (1) always has an
endemic equilibrium whenever z—g <0eu<ise R?) > 14 Ro > 1. The foregoing discussion could be

summarized in the following theorem.
Theorem 4.3 System (1) always has an endemic equilibrium whenever Ry > 1.

Since Eq. (12) is a fourth-order polynomial, it is possible to have more than one endemic equilibrium. To explore
this possibility, we use Descartes’ rule of signs to determine the criteria for the number of positive equilibria,
which corresponds to the number of positive roots of the polynomial in (12). The results are provided in Tables 3
and 4. It is clearly shown in Table 3 that when R, > 1, there will always be at least one endemic equilibrium. In
cases 3, 5, 6, and 7, it is possible to have three endemic equilibria when Ry > 1. Conversely, as shown in Table 4,
when Ro < 1, there is always a possibility for a dengue-free situation. However, except for case 1, the other cases
in Table 4 indicate that while a dengue-free situation is possible, there is also a possibility of the emergence of a
dengue-endemic equilibrium. When this endemic equilibrium appears with Ro < 1 it is never unique; there are
always multiple endemic equilibria-either 2 or 4. Therefore, based on this analysis, a condition of Ry < 1 does
not always guarantee the extinction of dengue from the population.

Special case of the endemic equilibrium

Based on Theorem 4.2, the disease-free equilibrium is globally asymptotically stable, which means that the
existence of backward bifurcation will not occur when the disease-induced death rate is zero. We employ
the special case for assume to ignore the disease-induced death rate (7 = 7y = 0). Hence, we represent

A Lo . . . .
Ny = 2:"1 + TZ? and substitute into Eq. (10), the force infection rj, fulfill the quadratic equation

dok}? +dik) 4+ da =0, (13)

with
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toBoy (Mnmping + Mngpinm) (Anmma + Anpma)  p2ymaima(Mnmping + Anfiinm)?

do = + 5 b} )
[ohm foh f HhmHh g

1o Bo Mmping + Mngpinm) (Anmmafin s + YAnfma fihm) /,Lvmlmz’YMhm(Ahm,Uhf + Antitnm)’

dy = + (1= Rom)
Hhmfbhf th/ihf
2 2
nf (Ahm A m
4 Homamanp #( 2h /;h,f + Angpthm) (1= Roy),
Hhm H

dy = Hamamafinm g (Anmping + Mngpinm)® (1-Rj).

l‘;%mﬂif

Suppose dy >0 R2 <1< Ry<1. Since Rom <R3 and Roy < R§, we can conclude
Rom < R3 <14 Rom <1 and Roy < R3 <14 Roy < 1. It is clear that we have 1 — Rom > 0 and
1 — Roy > 0.Furthermore, when d2 > 0 is fulfill, then d; > 0. This indicates the model never has two endemic
equilibrium and also the backward bifurcation does not occur when we ignore the disease-induced death rate.
Thus, we obtain the following results.

Theorem 4.4 Suppose the disease-induced death rate of the system (1) is ignored (7, = 75 = 0). Then the system
(1) has:

1. A unique endemic equilibrium that exist in Q if do < 0 (i.e. Ro > 1).
2. A unique endemic equilibrium that exist in Q if d1 < 0 and either d2 = 0 (i.e. Ry = 1) or d3 — 4doda = 0.
3. No endemic equilibrium otherwise.

Global stability analysis of endemic equilibrium
Suppose

Q={MecQ:1,=1,=1I; =0},
with M = (Sy (t), Ly (t),Sm (t),Sf (t) , Im (t) , L5 (t) , Rm (t), Ry (t)) and o is defined as the stable
manifold of non-endemic equilibrium (Eo). The global stability of endemic equilibrium is given in the following

theorem.

Theorem 4.5 The endemic equilibrium (E™) in special case is globally asymptotically stable in the interior of
region Q\Qo if Ro > 1.

Proof We use Goh-Volterra type Lyapunov function £ : Q\Qo — R defined as

o= (s s Svln; >+ (11,7 ~I'ln T ) + (smfs -8, 1n§* )+k2 (s sffsflngf )
th (Im I - I;lln% > + ks <If - Iflnﬁf > 7
m f
with
f o BLnSs o BGS:
YT OBSh T ABLsS;

The time derivative of L is
E_ ds, S, dS, " dl, I dI, k dSm Sy, dSm 4k
dt — \ dt S, dt dt I, dt "\ at S dt
dl,  I:, dI, dly I} dl;
"“( I dt >+’“ (dt_lfdt
de 53\ ds., 12\ dI, S5\ dSm ds 13\ dl, I3\ dI
@W:O—S—”) - +<171—“> - (175—'”) = +k2<1—s—f> dlf+k1<1—ﬁ> 7 +k2<1—ﬁ> = (14)
Subtituted system (1) into Eq. (14) we get

e ([ S\ [ Bulmtl), B\ [Buln+ )
dt = <1 Su> |:A'u N, Su ,UUSv + {1 I, N, Su lev

S I, St I,
k(122 {Ahm _ B Sy — Mthm:| +he(1-2L {Ahf %Bh Sp— Nhfsf} (15)
S Nn Sy

I\ [Brlo o AN 9Brle o }
+h (1 Im)[Nh S mllm}Jrk:z (1 If)[ NSt maly ).

ds;  SpdsyY
dt Sy dt
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At equilibrium, from system (1) we have relation:

BU(I* +If) 51)(I;+I;) * 6h-[$ * *
Ay, = TS +,LLUS vy Hv = sta Apm = N;{ Sm +/‘Lthm7 16)
"}/ﬁhl,: * * /Bh]v Vﬁhj'::
Apr = S S = S
e A A ey

Replacing relation at steady state (16) into Eq. (15) and after some simplification we have:

= —mPvow Th v Pk
dt Ny S LoNy  InS5;ILNy I3 Sy JrI “Np I;S;IUN;L I3

Sy Sy Bnly S IUNh LnSmIu Ny Iy " Sy Sm
oS <2 5. s*)““ S’"( Sm LNy LnSaIiNa  In) TR (275 T

% M- St I,N, I;SyI,Ny, T S} S
+/€27’YB} - Sy <27—ffi* h _ fEPCR i - ho_ f>+kzﬂhf5f< Sf — wi)
I bf

de _ ol o <2ig+1mzvh ISy I NG, > ,BUIfS < Sy | IfNi  I;S.IiN; Iv>

at ~ Ny Se  InSiIuNw  Swm InSwIiNn ' IiNn I ' IiN, I

ﬁul; s (4 S: _ IfSUI;Nh Sf ];SfIvN}t + IfN;: _ Ii + L,N;: _ Il
Ny, So  I;SiI,Nn. Sy I;S{IEN, ' I;Ny I; LN, I

S Bol Sy Sm_ Sm\ , BoljS _ 55
v 2— = m 2 — - 03 o 7 ox
Sy ( s, s:,) T Bl i, P S ( S sn) BTN Gl G

Since arithmetic mean is greater than or equal to geometric mean, then it is guaranteed

g _ Bl o (4 St InS Ny Sh  InSwI,Ni  LnoNj I  INj zv)

+

g S0 IS NG Sh InSwloNi  IuNi  In  LNp LY _
So  InSiLuNn  Sm  ImSmliNw ' LnNw I LNy L)~

oo Si _LSNi Sp IIS;LNG | LNi L LNp LY g
S, I;SiLN. S5 I8N, | ;N I;  LiN, I

if we assume (N, = N7,) which is a special case of endemic equilibrium. Suppose this assumption hold, we have

dsiﬁvf;bs*( St InS.IF S Ifnsmzu) BUI;S* (4_5:, ;8,1 S} 1;s_f1v>

dt

Sy InSiL, Sm ImSHIS

Sy I:Sil, Sy IiSiI

B,I%, S5 St S\ BuliS: S8y
v 2— — — = vm 2 — - v <o T ox
Sy ( 3. S) T Buli g ( 5 s:;,) s \2 s T

Hence, its clear that

* * * * * * * I% '-I'u
(oS ISl Sh InSeL\ o (S LSy Sp_ LSiLY o
Sy ISy, Sm InSHIS

f frv
g S0 _Su) g (g Sm_ Sm) o (9 55 Sr) o
S, Si Sm  Sh Sy S;) ~ '
Therefore, 2 dt < O since all the parameters are positive, w1th =0ifonlyif S, =S, Iy = I, Sm = Sh,

Sy = S}, Im = I},,and Iy = I}. The endemic equilibrium pomt E1 inspecial caseisunique and existsif Ryp > 1
and the singleton set { E* } is the biggest compact invariant set in {(Sy7 Ly, Sm, Sg, Im,If) € Q :4£ = O}

AccordingtoLaSalle’sinvarianceprinciple®! theendemicequilibriumpoint £ inspecialcase globallyasymptotlcally
stable in the interior of region 2\ Qo if Ro> 1.0

Sensitivity analysis

In this section, we consider the sensitivity analysis to determine which parameter has the potential to affect
the basic reproduction number as state in®2. Utilising the sensitivity index, one can quantify the sensitivity
analysis associated with variables. The sensitivity index Ro with respect to some parameter, say a is given by
Yo = ORO x +~. The sensitivity indices for Ro in Table 5 can now be calculated using the parameter values

from Table 2.

According to Table 5, the positive sensitivity index indicates that increasing the parameter values will also
increase the value of Rj. Conversely, the negative sensitivity index indicates that increasing the value of the
parameter will result in a drop in the value of Ro. The largest and smallest index from sensitivity index shows the
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Ay +0.5000
A -0.2709
Angs -02291
Bo +0.5000
Bn +0.5000
y +0.2625
o - 10,000
Lhm +0.2518
Y +0.1997
0o -0.2093
05 - 02140
T - 0.0092
7 -0.0191

Table 5. Sensitivity index of the parameters in Ro.

Fig. 4. Contour plot of Ry in plane (., — 3, and plane 8r — Apm.

most influential parameters on changes in Ro, thatis (v, Ay, Bv, Arm,and Sp. Furthermore the simulation of
the change of Ry to the parameters 1, with 8, and Bp with Apn, as follows.

Based on contour plot in Fig. 4, it can be seen that the parameter 3, and 3, has a positive relation, however
the parameter £, and App, has a negative relation. This corresponds to the sign of index sensitivity in Table 5.

Optimal control problem
In this section, we investigate the optimal control strategy on DHF model (1). Two control variables are
implemented, namely fumigation (u1) and prevention (uz). Prevention efforts comprise using mosquito
nets, mosquito repellent, and clothes that cover the body as possible, while insecticides enclose spraying and
fumigation against mosquitoes.

The DHF model with control variables is state as follows.
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dciv A %}j‘lf)g — 1Sy — bur S,

ddItv _ %}:’_11’)51) — poly — Sur I,

di;" = Apm — (1 — u2) ﬁ]}\”,iv Sm = HhmSm,

%:Ahf—(l—uz)v %Sf_“hfsf’ (17)
%n — (1 — ) 5&1 S — (B + Ton + ftrm) Lo,

%:(1 )75% =Sy — (05 4+ 71 + png) I,

% = O I — [t R,

dd% =0¢ly — pnsRy.

The control function u; and us are defined on interval [0, £¢], where 0 < w; (¢t) < 1,¢ € [0,¢5],¢ = 1,2,and ¢y
denotes the end time of the controls. Our goal is to minimize the number of infected mosquitoes, infected male
and female humans populations, also the cost of applying fumigation and prevention controls as low as possible.
For this, we consider the objective function

t 1 1
J(ULUQ) = / (Allv + AQIm + A3[f —|— 501’(,&? + §C2u§) dt, (18)
0

with A,, A2, and A3 are weights of the objective function for I, I, and Iy respectively, C1 and C> are weight
parameters for fumigation and prevention respectively. We use the quadratic cost function for J to describe the
cost of control efforts**34, This quadratic function can represent a non-linear increase in costs associated with
the implementation of control measures in the field.

To solve the optimal control problem, we use Pontryagin’s Maximum Principle®*. This principle convert the
minimizing of the cost function (18) with constraint (17) into the problem of minimizing the Hamiltonian
function H that provided by

1 1
H = Ay, + Aol + Al + §clu% + 5021@ + 35 \ifi, (19)

where f; asserts the right-hand side of the model (17) and \;,¢ = 1,2, ..., 8 represents the adjoint or co-state
variables.

The co-state equations are obtained from the negative derivative of the Hamilton function that shown by the
following equations.

Bo (Im + I5)
Ny,

)\‘2:7.414'()\37)\5)(17’& )
Bo (Im + If) Sy

X= (1= A2) + A1 (po + Ou),

BrS,

B 4 (= he) (1 - u2) 305 2055 4 ha G + 5ua),

Xz = (A2 — A1) + (A3 = Xs) (1 — u2) +(>\s—/\4)(1—u2)

BrlsSy
A ms
N? + A3ptn

NZ N;f
y (I + 17) S L, S Lo N — vBr 1S
A=(A2—A )ﬁ ( ]\}; 1) + (A5 — A3) (1 —u2) —=— ﬁh + (M- )\6)(17u2)"/6}’N—’2’Yﬂ’f+A4ﬂhm7
. vSUNL uImS vI Sv '}LITSM
A5:7A2+(A1—A2)%+(A Al)ﬁN’; (/\57/\3)(177L2)[;Tg
1,8
+ ()\6 — /\4) (1 — 71,2) W;\Iisf + (/\5 - /\7) Om + s (Tm + /Uzm) s
. BoSuNy — BulfS, BolmSs BnlLsSm
Ao = —Az+ (M1 —)\Q)T-‘r()\z—)\l) N? + (X5 — A3) (1 — u2) NZ
1,8
+ (A6 — A1) (1 — ug2) ﬁ’;\, L+ (X6 = Xs8) 0 + X6 (75 + piny)
h
: o (L +17) So L, S IS
o = O = a) 22 105 (0 (1 ) 28 (0 — ) (1) P 4 v,
h
~ o (I + 17) So LSm L
N = (2 2 L I0Se 4 (6 ) (1) ﬁhN O = M) (1) PESE oy,
h h h

with the transversality conditions A; (t;) =0, 1 =1,2,...,8.
The optimal solutions of u1 and uz are given by
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£
Il

H min{l,max (0,6 (7)\1&’ + AZIU)) } ,
Ch

u3 = min {l,max (0, (As — A3) Cﬁ:]%h Sm + (A6 — A1) ’gj};\g Sf) } .

By assuming A; = A, = A3z = 1, C1 = 20000, C2 = 100000, 6 = 0.7, and the other parameters are refer
to Table 3, we solve the numerical optimal control simulation using backward and forward sweep as described
in®¢. Hence, the optimally of the model is yielded, which are comprised of the model without control, the adjoint
system and the optimality conditions. To ascertain which strategy or combination gives the efficient methods of
controlling DHE, we considered the following strategies for our simulation. Strategy 1 use the fumigation only
(u2 = 0), Strategy 2 employ the prevention only (u; = 0), and Strategy 3 utilise the combination of fumigation
and prevention. The result of the simulation for the comparison I, I, and Iy without and with control are
demonstrated in Fig. 5. Looking at Fig. 5, it is apparent that when the control strategies are implemented, there
is a prominent reduction in the number of infected mosquito populations compared to no control. Likewise, in
both infected male and female human populations, there are a significant reduction when control strategies are
implemented compared to no intervention. The control profiles of each strategy are given in Fig. 6.

Cost effectiveness analysis

In this section, we will assess and compare the advantages and disadvantages of control measures for each
method implemented in the previous section. We will use the Infection Averted Ratio (IAR), Average Cost-
Effectiveness Ratio (ACER), and Incremental Cost-Effectiveness Ratio (ICER) as metrics for evaluation. These
economic evaluations are mathematically defined in>*” as follows.

4
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Fig. 5. Comparison of the populations [,,, I, and Iy without and with control of each strategies.
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Fig. 6. Control Profiles of Strategy 1, Strategy 2, and Strategy 3, respectively.

IAR — Cumulative infected averated

Cumulative recovered

The cumulative infected average is calculated as the difference between the total number of infectious individuals
in the uncontrolled case and the total number of infectious individuals with control, summed over time. To be
more precise

I (I () = L (0) + (I (8) = I7 (1)) dt

IAR = :
Jo7 (Ri () + R; (1)) dt

I’

with the subscript notation * is used to indicate the optimal solutions linked with the appropriate approach. The
optimal approach for utilising IAR is the technique with the highest ratio.

ACER :Total cost invested on the intervention

Total number of infectious averted

The total cost invested on the intervention is assumed as the value of the objective function of each strategies
based on Eq. 18. The most cost-effective strategy when using ACER is the strategy with the lowest ratio.

ICER — Difference in cost produced by strategies ¢ and j

Difference in the total number of infections averted in strategies i and j°

Hence, ICER is employed to evaluate and compare two distinct tactics, denoted as i and j. The ICER numerator
includes the disparities in intervention cost, averted illness cost, costs of prevented case, and saved productivity
losses, if relevant. The denominator is the difference in health outcomes. We calculate the cost of a strategy
designed for ACER. When comparing multiple intervention options, they are evaluated incrementally by
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Strategies | Optimal controls | Total infection averted | Total cost | IAR ACER
! uj 1.3661 x 10* 429,440 | 0.0451 | 31435
2 ug 1.4328 x 10° 336,550 | 0.6564 | 2.348
3 wy and uj 1.4386 x 10° 335,160 0.6599 | 2.330

Table 6. Comparison of IAR and ACER for each intervention strategies.

Strategies | Optimal controls | Total infection averted | Total cost | ICER ICER recalculated
! uj 1.3661 x 10% 492,440 [31435 |-

2 uj 1.4328 x 10° 336,550 | —0.717 |2.349

3 uj and uj 1.4386 x 10° 335,160 | —0.240 | —0.240

Table 7. Comparison of ICER for each intervention strategies.

comparing each intervention with the next less effective alternative in terms of the overall number of infections

prevented?$-40,

The result of calculation IAR and ACER is presented on Table 6. Based on Table 6, the Strategy 2 and 3 have
a very close value to averts the highest number of infections and produces the highest ratio (IAR = 0.6) and
lowest average cost-effectiveness ratio (ACER = 2.3). Hence, they are the most effective. Given the uncertainty
in determining the most efficient approach to implement, we turned to the incremental cost-effectiveness ratio

(ICER) to identify the most cost-effective option.
The ICER indexes, as reported in Table 7, are obtained as follows.

492,440 — 0

ICER(1) = ————F—————— =314
CER(D) 1.3661 x 10* — 0 31.435,

336,550 — 492, 440
ICER (2) = ’ - = —0.71
CER(2) 1.4328 x 10° — 1.3661 x 10* 0717,
ICER (3) 335,160 — 336, 550 — _0.940.

T 1.4386 x 10° — 1.4328 x 10°

Comparing Strategy 1 and Strategy 2, the use of strategy 2 is cost saving over Strategy 1. This indicate the
Strategy 1 is less effective and more costly than the other strategy. Hence, Strategy 1 is removed. Furthermore we

recalculation the index of ICER as follows.

336,550 — 0

T 1.4328 x 105 — 0
_ 335,160 — 336, 550

T 1.4386 x 10° — 1.4328 x 10°

ICER (2) = 2.349,

ICER (3)

Comparing Strategy 2 and Strategy 3, the use of Strategy 3 is cost saving over Strategy 2. This indicate the
Strategy 2 is less effective and more costly than the other strategy. Hence, Strategy 2 is removed. Our result
suggest that Strategy 3 is the most cost-effective intervention associated with the incremental cost-effectiveness
ratio (ICER). This finding supports the work of”!? that the integration of the prevention and fumigation is the

= —0.240.

best strategy to minimize the number of dengue-infected hosts and vector in the population.

Sex classification impact in optimal control

In this section we try to simulate optimal control by differentiated prevention control to male and female human
populations. Prevention in the male human population will be increased because the male population is more

susceptible to infection. Next, model (17) will be reconstructed as follows.
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Fig. 7. Comparison of infected human population with and without differentiated prevention.
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with ¢ is an additional parameter aimed at increasing prevention in the male human population. The control
application that will be simulated is strategy 3 (combination of fumigation and prevention). The results of this
comparison are presented in Fig. 7.

Based on Fig. 7, the differentiated in prevention between male and female human populations has very
significant in eliminating the infected human population. It can be seen that when we do not differentiate the
treatment, the optimal application of controls u1 and u2 can reduce the number of sufferers by 1.4386 x 10°
populations. However, if we differentiate the treatment efforts, the application of these controls can reduce
the number of sufferers by 1.5247 x 10° populations. Therefore, we suggest that prevention efforts should be
differentiated for male and female, as male are more susceptible to DHE. For example, one potential approach is
to adjust the formulation of mosquito repellents for males and females to enhance their effectiveness.

Conclusion

We constructed a sex clasification model to explore the DHF transmission dynamics in West Java Province,
Indonesia. Based on the values of parameter estimation, the basic reproduction number is 1.0959. This finding
indicate that DHF transmission is still endemic in West Java Province, Indonesia. Next, in analyzing the model,
we obtained two equilibrria, namely a free-disease equilibrium (Ep) and an endemic equilibrium (E1). The
free-disease equilibrium is locally asymptotical stable if Ro < 1 and globally asymptotical stable if Ro < 1 in
the condition of disease-induced death rate was ignored. Then, the endemic equilibrium in the condition of
disease-induced death rate is globally asymptotically stable if Ry > 1. Based on ICER calculation, we conclude
that implementing combination strategies of fumigation and prevention is the most effective and cost-efficient
approach to controlling and reducing DHF cases. Furthermore, we recommend that prevention efforts be
designed to address the differences between males and females. Differentiating prevention strategies based on
sex could have a significant impact on reducing the DHF cases, as males and females may have different risk
profiles and responses to preventive measures. Adapting prevention efforts to these differences could enhance
the overall effectiveness of control programs and contribute to better disease management.
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This study was limited by the absence of age classification, multi-strain infections, multi-region to capture
human mobility, and seasonal factors. Although our model has demonstrated the importance of considering
sex differences in dengue transmission, there is still room for improvement in other research directions. It is
well known that children are more at risk of dengue exposure compared to adults. For example, in Indonesia,
elementary school children typically wear short-sleeved shirts, making them more exposed to mosquito bites
than adults, who often wear long sleeves at work. Hence, incorporating age classification into future models
would be a valuable extension. Another possible research direction is the inclusion of individual-specific
factors. As mentioned in*!, people with larger body sizes, higher metabolic rates, and distinct odors may be
more attractive to mosquitoes. Additionally, human mobility can be integrated into the model using a meta-
population approach to capture spatial heterogeneity in dengue transmission dynamics. These extensions could
enhance the model’s accuracy and applicability in public health planning.

Data availibility
The data that support the findings of this study are available from the corresponding author upon reasonable
request. Further, no experiments on humans and/or the use of human tissue samples involved in this study.
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