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Abstract

Dengue fever disease is caused by the dengue virus and transmitted primarily by the Aedes aegypti
mosquitoes. There is no vaccine available to prevent transmission of the disease until recently which makes
30% of the worlds population is at risk of the disease. The Aedes aegypti mosquitoes are known as multiple-
biters during their blood meal periods. There are two possible transmissions of the dengue virus from the
mosquitoes to humans. First, infectious mosquitoes may transmit the virus through the bite to a susceptible
human after the virus experiencing the extrinsic incubation period (EIP) in the body of the mosquitoes.
Second, the transmission happens directly through the transfer of virus carried in the saliva of a mosquito
to a susceptible human at the second bite without waiting for the EIP. The later is known as a mechanical
transmission, which occurs when a susceptible mosquito bites an infectious human and almost at the same
time it transmits the virus to a healthy human. Only a few literature consider this kind of dengue transmission.
In this paper, we develop a mathematical model for dengue transmission by modifying the standard dengue
transmission model with the presence of mechanical transmission. We show that the spreading behavior of the
disease can be described by the basic reproduction number (BRN), Ry. The disease will die out if Ry < 1, and
it remains endemic if Ro > 1. The analysis shows that the ratio of the BRN in the presence and absence of
the mechanical transmission increases as the mechanical transmission rate increases. There is also a significant
change in the outbreak intensity especially when the mechanical transmission rate is greater than the biological
transmission rate.
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1. INTRODUCTION

Dengue fever is a disease caused by the dengue virus which is transmitted primarily by the Aedes aegypti
mosquitoes [1]. The disease is highly endemic in the tropical and subtropical regions, making nearly a third of
the human population in the world is at risk of infection [2]. There are four types of dengue virus, i.e., DENV
1, DENV 2, DENV 3, and DENV 4. If someone infected by one type of dengue virus, that person becomes
immune to that virus and only immune to other types in a certain period [3]. Generally, the transmission of
dengue virus needs mosquitoes as a vector, so direct interaction between human could not cause the disease to
spread [1]. But in a rare case, dengue virus can be transmitted during a blood transfusion or organ transplants
from infected donor to the recepient [4], [5].

One of the important factors in understanding the transmission of dengue virus is knowing mosquito feeding
behavior. Dengue fever is transmitted to humans through the bites of infected female mosquitoes [6]. Female
mosquito needs protein in the host’s blood to produce and develop their eggs. When the mosquito feeds the
blood containing the virus from an infected human, then it becomes infected [7]. Naturally, mosquitoes have
a preference to choose their blood resources, such as mammals, reptiles, amphibians, birds, and fishes [8],
[9]. But, mosquito species like the Aedes aegypti has a preference towards humans [10], [11]. This preference
makes the Aedes aegypti be an effective vector in spreading the dengue virus in human population [12], [13].

In blood seeking process, female mosquito use combination of various signals to find their hosts such
as smell, color (visual), and temperature in their environment [14]. The steps involving in this process are
take-off (detecting odor emitted by the host), orientation (using a visual or thermal sign of host), landing,
probing, and feeding [15], [16]. In the probing step, mosquito pierces the human skin and injects saliva
to makes the area numb and keeps blood from clotting. After that, mosquito begins to suck blood into its
abdomen [17].
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It has been reported that the Aedes aegypti prefers to bite more than one person during the feeding period
[7]. The multiple feeding has been recognized as: (1) supplementary feeding because of nutritional reserves
depletion of in teneral female (i.e., achieving specific characteristic that female mosquito was attractive and
was able to mate with males) and (2) host reflex movements or interrupted feeding owing mainly to host
defense [18], [19], [20]. So it allows mosquitoes to bite several hosts in their environment until satiated.

In the process of virus transmission, there are two mechanisms in transmitting the virus from host to
host, i.e., biological transmission and mechanical transmission. In the biological transmission, a susceptible
human is assumed to be infected by dengue virus only when an infectious mosquito bites the person
and the virus successfully transmitted to the person. As the name implies, the virus must undergo some
biological development in mosquito’s body before finally being transmitted to humans. Aside from biological
transmission, there is a probability that viruses can be spread by the mechanical transmission. The mechanical
transmission means that virus can be transmitted without waiting the mosquitoes to become infected, but the
mosquitoes directly transmit the virus to the susceptible human just after they bite an infectious human.
Almost at the same time, the mosquitoes transmit the virus carried in their saliva to a susceptible human
at the second bite. In this case, the mosquito transports virus before the virus develops in the mosquito’s
body [3], [21], [22]. This mechanism is certainly supported by the possibility that the Aedes aegypti is a
multiple-biter.

In modeling dengue transmission, the process of virus transmission is generally under the assumption of
the biological process [23]. Research involving mechanical process is still rarely found, except a few, e.g.
[24]. Hence, in this paper, we construct a general mechanical transmission model of dengue fever with n-
mosquito-bites. The basic reproduction number, which is the important parameter indicating the endemicity
and disease free condition such as shown in [25], [26], [27], will be determined. Numerical simulation and
the ratio of the basic reproduction number using mechanical transmission model and biological transmission
model will be evaluated.

2. MODEL DEVELOPMENT

The model discussed in this paper is an SIR (Susceptible, Infectious, Recovery) model which involves two
populations: human and mosquitos. We discuss two models in this paper, i.e., the biological transmission
model and the mechanical transmission model. Here we assume that human population has a uniform birth
rate and the offsprings born as susceptible. A person in human population can only be infected through
mosquitoes’ bites. An infectious person can be recovered, and after that becomes immune to the virus. Only
one type of dengue virus is considered. Further, it is assumed that once a mosquito infected by the virus, it
becomes infected forever. We also assume that both the number of human and mosquito are constant. The
models in this paper use day as the time dimension.

2.1. The Biological Transmission Model

The original model is constructed by Lourdes Esteva and Chistobal Vargas in 1998. In their paper “Analysis
of a Dengue Disease Transmission Model”, they assume there are two populations, i.e., human and mosquito.
Furthermore, there are three compartments of human population (Sy as susceptible human, Iz as infectious
human, and Ry as recovered human) and two compartments of mosquito population (Sy as susceptible
mosquito and [y, as infectious mosquito). The interaction of each compartment is represented in Fig.1.

From the interaction diagram, the model can be constructed using ordinary differential equation as

dSy bBrSuly
_— = _——_— —
o7 Ny Ni paSH,
dlg  bBuSulv
_—— — I
7 Nyt (pe + ) Ia,
dR
7dtH =vuly — pa Ry, (1
dSy b8y Sy Iy
WV Ny = 2VIVIR g
dt wv Ny Ny Uy OV,

dly  bpvSvig 7
ar Ny Hy Ly .
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Figure 1: Interaction Diagram of Biological Virus Transmission Model

In the human population, py denotes the human birth and death rate, 5y is the probability of transmitting the
virus from mosquito to human, and g is the human recovery rate. In the mosquito population, py denotes
the mosquito birth or death rate, By is the probability of transmitting the virus from human to mosquito.
The average number of mosquito bites per unit time is denoted by b.

All parameters in the model are non-negative, and the model will be analyzed in a biologically-feasible
region defined as follows,

D= {(Su,Iu,Ru,Sv,Iv) €R} : Sy >0,Iy > 0,Ry > 0,8y >0,Iy > 0}. )

The disease-free equilibrium of model (1) is
Syu=Ng, Ig=0, Rg=0, Sy=Ny, Iy=0, 3)

and the endemic equilibrium of model (1) is

(bpuByv +vupv + papy) N3

S = Bv (bNvBr + Nupm)b
Iy = paNy (W NyBuBy —yuNuapy — Napmpy)
Bv (bNvBu + Nupw) (pu +vm)b
Ry = YuNu (B NvBuby — yuNupyv — Nupwpy) @)
Bv (ONvBr + Nuprr) (poa + ) b ’
g, — Mv (bNvBu + Nupm) (g +vm)
v = ;
bBu (buwu By +yupv + pHpv)
I, = M (*NvBuBv —yuNupy — NH,UHNV).

bBu (bpu By +Yapv + Py )

The disease-free equilibrium exists without conditions, while the endemic equilibrium exists only if the
condition (5) holds,

W’ Ny BuBy > yuNauy + Nupmpy . Q)

Using the next generation matrix, the basic reproduction number of the model (1) is given by

Nv Bu By
Ry = b. 6
’ \/NHuv (ve + pewr) ©




BIOLOGICAL AND MECHANICAL TRANSMISSION MODELS OF DENGUE FEVER 15

2.2. The Mechanical Transmission Model

Here we construct the general model of mechanical virus transmission with n-mosquito-bites per day, n € L.
This model is a modification of the biological transmission model, so it still has the same compartments as
the previous ones. But here we assume that the transmission also considers the contribution from mechanical
process. The interaction diagram of mechanical transmission is represented in Fig. 2.

First bite Second bite Third bite
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Figure 2: The interaction diagram of mechanical virus transmission

Assume that the first bite and the second bite are almost at the same time, and susceptible mosquitos
saliva that contains dengue virus are all discharged when the mosquito bites the susceptible human at the
second bite. In the mechanical transmission process, 3p; denotes the probability of transmitting the virus
from mosquito to human mechanically for every n € I. In Figure 2, for n = 2, the interaction process
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between humans and mosquitoes which contributes to the incidence of mechanical transmission is
Syl Sh.
For n = 3, the interaction process is given by

SvigSuSu, SviaSulu, SvIuSuRmn,
SvSulaSu, SviaglgSu, SvRuluSH.

Suppose that MT,, is the non-linear part of mechanical transmission process with n-mosquito-bites, then
for two, three, and four-mosquito-bites, the interaction between human and mosquito is stated in Equation
(7), (8), and (9). For two-mosquito-bites, the part of non-linear equation is given by

[H SH

N

For three-mosquito-bites, the part of non-linear equation is

SuluSu  InluSu RHIHSH>

MTy = BumSy )

MTs =MTs + BmSv (

N N Ny
IS
=MT2+ BuSv (Su + Ia + Ru) 7\73}[,
H
IgS
=MT2 + BuSvNu H3H, 3
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B InSn IS0
=puSy N2 + BumSv NZ
IgSH
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Bu Sv N

For four-mosquito-bites, the part of non-linear equation is

SuSuluSu + SulglySy  SuRplpSh
Ny Ny Ny

MT4s=MT3+ BrSv (

n B g ITuSuluySH ITulglySy IuRuylIuSH
s (g P N
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N + BuSv N
H H

=MT3 + BuSv (
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Therefore, the part of non-linear factor in the mechanical transmission model with n-mosquito-bites can be
expressed by the following equation.

ISy

H
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Now we have a new interaction diagram of the mechanical transmission model with n-mosquito-bites as
shown in Fig. 3.
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Figure 3: Interaction Diagram of Mechanical Transmission Model

From the interaction of each compartment in Figure 3, the model can be constructed using a system of
ordinary differential equations as

dSH _ N - nBHSHIV _ (77,7 1)[‘3]\4SVSHIH . S
ar HHINH Ny NI%I HHOH,
dlg  nBpSuly | (n—1)BuSySuly

— — I

7 Nu + N%I (we +vu) In,
dR
TtH =yuly —pu Ry (D
dSy n Py Svig

dt nv Ny Ny Hv oV,

dly _ nfySvlg ol

at 7NH nv 1Ly .

The difference from the previous model is the addition of non-linear factor in the susceptible and infec-
tious human compartment, with 3,; as the probability of transmitting the virus from mosquito to human
mechanically. All parameters in the model are non-negative, and as before the model will be analyzed in a
biologically-feasible region defined as follows

D ={(Su,Iu,Ru,Sv,Iv) €R} : Sy >0,Iy > 0,Ry > 0,5y >0,Iy > 0}. (12)
The disease-free equilibrium of mechanical transmission model is

Sy =Npu, Ig=0, Ry=0, Sy=DNy, Iy=0, (13)
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and the endemic equilibrium is given by

Sy — NE (npuByv +vayw + papy)
n?Ny BuBy + nNupufv + (n— 1) Ny pySu’

~ paNg (n*NyBupv — (i + pr)Nupv + (n — 1) Ny py Br)
B (n2Ny BBy + nNguu By + (n — 1)Nypy Bar) (n + i)
Ry = YuNu (n*NvBuBv — (vu + pr)Napy + (n — 1) Ny py Br) (14)
(n?Ny Bu By +nNupupfyv + (n — L)NyvpyBar) (nm +vm)
5, = 1V (n® Ny BvBu + nNupupv + (n— 1) Nypy ) (nm + i)
(n?BuBv + (n — VpvBar) (npwuBv +yauy + pEiy)
Iy = npp By (0’ Ny Bupv — (va + wa)Nupy + (n— 1) Ny py Sur) .

(n?Bupv + (n— 1)pvBur) (npuBy + Yy + pLEpv)

The disease-free equilibrium exist without conditions, while the endemic equilibrium exists only if the
condition (15) holds.

n®*NyBuBv > (vu + pa)Nupy — (n — 1) Ny py Bur. (15)

To evaluate the threshold of mechanical transmission model, the jacobian matrix and the corresponding
diagonal matrix of the infectious human and mosquito evaluated at the disease-free equilibrium are

~1)BmN
e DBl — iy —yu nBu pe +ve 0
nﬁ]&é\]v v | 0 pv |

Then, the next generation matrix (NGM) is given by

(n=1)Bum Nv nBu

NGM = FV-! — Nu(pa+vH)  pv . (16)
nBv Nv 0
Nu (pa+vH)
The characteristic polynomial of NGM satisfies the following equation
v Ni (prr + 1) A = Nypy Bar (n = 1) X = n® B By Ny = 0. an

Then, we obtain the basic reproduction number of mechanical transmission model as follows

NypyBu (n—1) +/NEp? B3, (n — 1)* + 4n2uy B By Nu Ny (m + vrr)
Ry = 5
pv Ny (b +vm)

By taking the probability of the mechanical transmission equals to zero (5p; = 0) or assuming there is no
mechanical transmission process, then the equation of Ry will be the same as the Ry from the biological
transmission model in Eq. 6 with b = n.

(18)

3. SIMULATION

In this section, numerical simulations are presented to evaluate the dynamics of the biological transmission
model and the mechanical transmission model. The ratio of Ry from both models is also evaluated. Here are
the parameters values used in the simulation process [12], [28].

Table 1: Parameters value used in numerical simulation

Param. h Mo Bhn Bu Yh
Unit day™ T day™ T day™ T day ™ T day ™ T
Est. Val.  1/(702365) 1/30 1/5 1/10 1/10
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The numerical simulations of the ratio between the basic reproduction number (Rg) of the mechanical and
biological transmission models with the variation value of /3,,, and n are shown in the following figures.

0 02 04 06 0.8 1 0 02 04 06 08 1 0 02 04 0.6 08 1
ﬁm
Ratio R[0]

Ratio R[0]

(a) (b) (©

Ratio R[0]

Figure 4: The ratio of the basic reproduction number with the respect to 3, for various value of mosquito
bites n: (a) n =2, (b) n =3, (¢) n = 4.

In Fig. 4, the ratio of the basic reproduction number increases when the parameter value of f3,, and the
number of mosquito bites (n) increase. In the dynamical simulation process, both models are normalized.
The dynamics of the infectious human population using the biological and mechanical transmission models
with the variation value of ), the mosquito bites (n), and the ratio of human to mosquito population are
shown in Fig. 5, 6, and 7.

0 50 100 150 20 0 50 100 150 200 100 150 200
t(day) t(day) t(day)

----- Tnfectious Human (Mechanical Model ) -+ Tnfections Human (Mechanical Model) +++++ Infectious Human (Mechanical Model)
—— Infectious Human (Ordinary Model) Infections Human (Ordinary Model) —— Infectious Human (Ordinary Model)
(@) (b) ©

Figure 5: The dynamics of infectious human with the ratio of human to mosquito 2:1, n = 2, for various
value of 5]\/[2 (a) 5]\/[ = 03,(b) 5]\/[ = 0.4,(0) BA{ = 0.5.

The numerical simulations in Fig. 5 show that the existence of mechanical transmission process increases the
number of infectious humans at the outbreak period. This result corresponds to the fact that in the mechanical
transmission model, there is an additional non-linear factor in the infectious human compartment. Meanwhile,
the effect of mosquito bites number to the infectious human dynamic is shown in Fig. 6.
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Figure 6: The dynamics of infectious human from mechanical and biological models, with the ratio of human
to mosquito population 2:1, Sy; = 0.5, for various values of mosquito bites n: (a) n = 2, (b) n = 3, (¢)
n=4.

In Fig. 6, at the outbreak period, the infectious human population from both models increase when
the number of mosquito bites increases. For 3,, = 0.5, n = 4, and the ratio of human to mosquito
population 2:1, the difference of outbreak intensity between the mechanical and biological transmission
model is approximately 10% of the human population.

Furthermore, the infectious human dynamics with the variation of the ratio between human and mosquito
population are shown In Fig. 7. At the outbreak period, the infectious human population increase when the
ratio of human to mosquito decrease.

0.44

0 30 100 130 200 0 30 100 130 200 100 130 200

t(day) t(day) t(day)
----- Tnfectious Human (Mechanical Model ) -+ Tnfections Human (Mechanical Model) +++++ Infectious Human (Mechanical Model)
—— Infectious Human (Ordinary Model) Infections Human (Ordinary Model) —— Infectious Human (Ordinary Model)
(@ (b) ©

Figure 7: The dynamics of infectious human from mechanical and biological models, with 5y, = 0.5, n=2,
for various ratio between human and mosquito population (a) 0.8:1, (b) 1:1, (c) 2:1.

4. CONCLUSION

The multiple-biter behavior in mosquito allows the virus to transmit into the human body mechanically.
The existence of mechanical transmission process in the model of dengue virus transmission can increase
the infectious human population. For n-mosquito-bites, there is the addition of non-linear factor in the
infectious human compartment, expressed by the interaction between susceptible mosquito, infectious human,
and susceptible human (Sy — Iy — Sy) with multiplier parameters (n — 1)y /N7.
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The spreading behavior of dengue fever is described by the basic reproduction number. If Ry < 1 the disease
will die out and if Ry > 1 the disease will remain endemic in both of two models. The simulation shows that
the ratio of the basic reproduction number between mechanical and biological transmission model increase as
the mechanical transmission rate and the number of mosquito bites increase. There is a significant change in
the infectious human population during the outbreak period especially when the mechanical transmission rate
is greater than the biological transmission rate in the human population. It is also observed that the outbreak
occurs slightly earlier than in the case of the absence of mechanical transmission. This might be imply a
different strategy of disease intervention should be set whenever there is a contribution of mechanical process
in the transmission of the disease.
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