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Abstract

A Continuous-Time Markov Chain model is constructed based on the a deterministic model of dengue
fever transmission including mosquito fogging and the use of repellent. The basic reproduction number (Ro)
for the corresponding deterministic model is obtained. This number indicates the possible occurrence of an
endemic at the early stages of the infection period. A multitype branching process is used to approximate
the Markov chain. The construction of offspring probability generating functions related to the infected states
is used to calculate the probability of disease extinction and the probability of an outbreak (FPp). Sensitivity
analysis is shown for variation of control parameters and for indices of the basic reproduction number. These
results allow for a better understanding of the relation of the basic reproduction number with other indicators
of disease transmission.
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1. INTRODUCTION

Dengue fever has been recognized as a disease caused by the DENV virus. It is known that the Aedes
aegypti mosquito is the main vector that transmits the virus from infected mosquitoes to humans. Currently,
dengue fever has become an epidemic in most tropical and sub-tropical countries. Recent facts on dengue
reported that outbreaks have also occurred in countries with no previous local transmission, such as in Oman
in 2018-2019 [1]. With no currently-approved vaccine to treat dengue fever, the main strategy to prevent and
control the spread of dengue fever is to control the mosquito population [2].

Various deterministic models for dengue fever transmission have been developed, following the simple SIR-
SI model [3]. For deterministic models, the basic reproduction number (Rg), which represents the expected
number of secondary infections produced by a single typical infectious individual in a completely susceptible
population, is the primary indicator for a region’s endemicity [4]. We start with a deterministic model of
SEIR-SEI type which will be the basis for the construction of the stochastic model.

The spread of dengue fever can be controlled by treating the human and the mosquito populations [5].
Mathematical models to control the spread of dengue by treating it in human populations have been developed.
One model with human population controls using repellents has been studied in [0]. Also, Abidemi et al. in
[7], developed a model involving eight mutually exclusive compartments by introducing personal protection,
larvicide, and adulticide control strategies that illustrate the dynamics of dengue fever transmission.

Meanwhile, there are more ways to control the spread of dengue fever through the mosquito population.
Various important factors of the mosquito population can be involved in controlling the mosquito population,
such as the life cycle of mosquitoes [8], sterilizing male mosquitoes [9], releasing Wolbachia mosquitoes[10],
and providing fogging [11]. Pliego et al. introduced a mathematical model of the Aedes aegypti mosquito’s
life cycle in water and air, which is also known as the two-stage life cycle [5]. The model reflecting changes in
mosquito abundance was then modified with three seasonally adjusted control measures. Meanwhile, Wijaya
et al., in their 2014 and 2016 research, explored a multi-age-class model for mosquito populations that were
secondary classified into indoor-outdoor dynamics [12], [13].
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As an endemic indicator, the basic reproduction number only gives the potential of endemic occurrence at
the early infection period. With this indicator, the outbreak and possible disappearance of the disease cannot
be described. In this respect, a stochastic approach will give more description of the intensity of the infection.

Here we consider a simple vector-host stochastic model where there is intervention in the vector population
with fogging treatment and intervention in the host population by using an effective vector (mosquito)
repellent. Our goal is to determine the efficacy of these intervention measures with respect to the rate of
disease spread and the probability of disease extinction.

2. DETERMINISTIC MODEL

We start with a deterministic model of SEIR-SEI type which will be the basis for the construction of the
stochastic model.

2.1. Model Development

Let Sp(t), Ex(t), In(t), and Rp(t) represent the number of susceptible, exposed (infected but not yet
infectious), infectious, and recovered humans (hosts) after ¢ > 0 days, respectively. Similarly, let S, (t), E,(¢),
and I, (t) denote the number of susceptible, exposed, and infectious mosquitoes (vectors) after ¢ > 0 days,
respectively. The total human population will be denoted as Ny (t) = S (t) + En(t) + In(t) + Rn(t) and
the total mosquito population will be denoted as N,(t) = S,(¢) + E,(t) + I,(¢). The formulation of the
deterministic model is as follows:

. S
Sp=Ap—(1- T)ﬁhﬁhl’u — [nSh,
h

. S
En,=(1- T)Bhﬁhlv — (on + pn)En,
3

I = onEn — (90 + pn)In,
Ry, = vy — pn Ry, (1

Sv - Av - (1 - T)ﬂvsvji - (Nv + av)sv;
Np

. I
E, = (1=7)BuSu 3 = (9o + v+ 6,) o,
Ny
I, = QOUEU - (/~Lv + av)Iv'

The parameters A, > 0 and A, > 0 represent recruitment rates for the host and vector populations,
respectively, whereas the parameters py, > 0 and u, > 0 represent the natural death rates for the host and
vector, respectively. The parameter 6,, > 0 denotes the fogging-related death rate of the vector population. We
assume frequency-dependent disease transmission from vector to host and host to vector with transmission
parameters 3, > 0 and (3, > 0, respectively. The parameter 7 € [0, 1] represents the proportion of the host
population which is protected against vector contact with an effective repellent. The expressions 1/}, and
1/¢, denote the duration of latency for infected hosts and vectors, respectively, where p, > 0 and ¢, > 0.
Lastly, v, > 0 represents the recovery rate for infectious hosts. The total human and vector population
dynamics are given by

dNp,
— = A - NL)
i h — HhiV}
dN,
Av - (Mv + Gv)Nv' (2)
dt
For simplification, we assume that the human and vector populations are constant, and given by
A
Nh = 7ha
K
Ay
N, = . 3

oy + 0y
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Thus the feasible region for the System (1) is
Q= {(Sh7Eh7-[h7Rhu S’U?'E’U7I’U)|O S S’U7E’U7I’U S Nv70 S ShuEhalfuRh S Nh
Sy, +E, + 1, :Nv,Sh—l—Eh—‘th-i-Rh:Nh}.

Note that the domain {2 is positively invariant under the System (1) since the vector fields on the boundary
of Q do not point to the exterior.

“

2.2. The Basic Reproduction Number

The deterministic model (1) has a unique disease-free equilibrium (DFE) given by
DFE = (Shu Eh7 Ih7 Rha Sm E’U7 I’U) = (Shn 07 03 07 Sln 01 0) ) (5)

where Sy, = Ay, /up and S, = A,/(u, +6,). The state variables representing infected hosts and vectors are
FEy, Iy, E,, and I,. Linearizing the differential equations for these infected states about the unique DF'F,
we obtain the Jacobian matrix.

—(n + #n) ( 0 | 0 (1-7)B
©Ph —(1n + 0 0
J= 5 6
0 (1=7)Bv8:  —(pw + v + 6u) 0 ©)
0 0 Po —(po + 0)
The Jacobian can be expressed as J = F' — V, where
—0 0 0 (1 - T)ﬁh
e 0 o 0 0
|0 (1-7)Bug 0 0 ’
0 0 0 0
L ()
©n + pn 0 0 0
v=| "% ot 0 0
0 0 Yy + Uy + 6, 0
L 0 0 —Pu Moy + 91}

The elements of matrix F' correspond to the appearance of new infectious hosts or vectors and the elements
of matrix V represent all other state transitions. The next generation matrix (NGM) is defined as

0 0 Wv(l_T)Bh (1_7')5}1
0 0 (apu+;tv+(6v)(ltv+0v) #u6r9u
-1 _ _ _
FV7=1_ o0-n88, (1-18.5 0 0 ®)
(pn+un)(yn+pr)Sn (Yn+un)Sh
0 0 0 0

The NGM spectral radius is defined as the basic reproduction number [23], [24]. That is,

_ 1y PuBreRB
Ro=pFV)=(1 T)\/(% + to + 00) (o + 00) (@n + pi) (v + ptn)’ ®

where 3, = 8,5,/5h.

The basic reproduction number R represents the expected number of secondary infections produced by a
typical infectious individual in a completely susceptible population. For deterministic models, it is common
that the basic reproduction number is a threshold. If Ry < 1, the disease becomes extinct and if Ry > 1,
the disease will spread and become endemic within the population. From Equation (9), it can be seen that
an increase in the transmission rates (; and (3, will increase the value of R(. Similarly, an increase in the
fogging-related death rate 6, or the proportion of hosts using repellent 7 , will decrease the value of Ry.
The effects of the parameters on Ry will be explored in more detail in the sensitivity analysis of Ry.
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Figure 1: Level set of Ro and Ry.

2.3. Reduction Factor

Let us consider the basic reproduction number when there is no intervention by fogging or the use of
repellent (6, = 7 = 0). In this case, the basic reproduction number is given by

(:U’U + Hv) Bv‘phﬁh@v
Rog = . 10
o \/MUQ (v + o) (n + @n) (Y0 + pn) (10

Then after intervention, we have the reduction factor

2
Ry = \/((_1+T) fo? (‘Pv"’ﬂv) (11)

fto +00)° (9o + o +6,)
so that Rg = RfRo().

In Figure 1, we see the sensitivity of the reduction factor Ry for variations in ¢, and 7 , based on the
data in Table 2.
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3. STOCHASTIC MODEL
3.1. Continuous-Time Markov Chain Model

Let Sy (t), En(t), In(t), and Ry (t) denote discrete random variables which represent the number of sus-
ceptible, exposed (infected but not yet infectious), infectious, and recovered humans (hosts) after ¢ > 0 days,
respectively. Similarly, let S, (t), E,(t), and I, (t) denote discrete random variables representing the number
of susceptible, exposed, and infectious mosquitoes (vectors) after ¢ > 0 days, respectively. The associated
discrete-valued random vector is denoted as

X(t) = (Sn(t), En(t), In(t), Bn(t), Su(t), Eu (1), Ln(t))- (12)

A continuous-time Markov chain (CTMC) model is defined in terms of the state transitions that occur for
the stochastic process {X (¢)|t € [0, 00)} during an infinitesimally-small time period A¢. The state transitions
and corresponding rates are summarized in Table 1. The expression rAt + o(At) is a very small transition
probability for the change AX (t) = X (t + At) — X(¢).

Table 1: State transitions and rates describing the CTMC model.

Description Change Rate, r

Host recruitment Sp— Sp+1 Ap

Death of Sj, S — SpL—1 ,uhSh

Host infection (S}—L7 Eh) — (Sh -1, En + 1) (1 — T)ﬁhShL,/Nh
Death of Ep, En — B, —1 wnEn,
Latent to infectious (host) (B, In) — (En — 1,1, + 1) onEn

Death of Iy, In — I —1 wnln

Host recovery (In,Rn) — (In—1,Rp + 1) Yu1n

Death of Ry, Ry, — Rn —1 un Ry
Vector recruitment Sy — S, +1 A,

Death of S, Sy = Sy —1 (o + 64) Sy
Vector infection (Sv, Ey) = (So —1L,Ey+1) (1 —7)BvSuvIn/Nn
Death of E, E,—E,—-1 (o + 60)Ey
Latent to infectious (vector) (Bv, Iy) = (By — 1,1, + 1) poEy

Death of I, I, —1I,—1 (tho + 64) 1y

3.2. Branching Process

A Galton-Watson multitype branching process is used to approximate the nonlinear CTMC dynamics near
the DF'E. The only sources of infection for our model are the states Ej, I, E,, and I,. Therefore, the
branching process estimates are applied only to these states and the numbers of susceptible humans and
mosquitoes are assumed to be close to disease-free equilibrium., S, = Ap/up and S, = A, /(py + 6,).

Susceptible hosts can become exposed through direct contact with an infectious vector. Similarly, suscep-
tible vectors can become exposed by direct contact (i.e. biting) with an infectious host. In what follows, we
use the term ‘offspring’ to describe susceptible hosts or vectors which become exposed by direct contact
with an infectious vector or host, respectively. The term ‘offspring’ will also be used for exposed hosts or
vectors which progress to a state of infectiousness. It is assumed that the number of offspring produced by a
single human or an exposed / infectious mosquito does not depend on the number of offspring produced by
humans or other exposed / infectious mosquitoes. Offspring probability generating functions (pgfs) is defined
for the ”birth” and “death” of an exposed or infected individual. The probability of disease extinction was
calculated using pgf [15], [171, [19], [20], [21], [22].

In general, for z;(0) = 1 and z;(0) = 0 for j # i, the offspring probability generating function (pgf) for
individuals of type ¢ is the function f; : [0, 1]™ — [0, 1]™ is defined by

filwr, o an) =Y o > Pilk, .. kot ke, (13)

ki1=1 kn=1
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where P;(ki1,. .., ky,) denotes the probability that one type ¢ individual gives ‘birth’ to k; individuals of type
7. For the branching process approximation, we consider exposed hosts as type 1 individuals (z1), infectious
hosts as type 2 individuals (z2), exposed vectors as type 3 individuals (x3), and infectious vectors as type 4
individuals (z4).

The offspring pgf for Ej, given that E,,(0) = 1,1,(0) =0, E,(0) = 0, and I,(0) = 0 is

fr(@n, 22, w3, 34) = ERT2E 1 (14)
Ph T Hh

The term ¢p,/(pn + pr) is the probability that an exposed host becomes infectious, and pp/(pp + pp) is
the probability of natural death for an exposed host.

The offspring pgf for I, given that E,(0) = 0,,(0) =1, E,(0) =0, and I,(0) =0 is

(1- T)ﬁvffzxs + fn +Yh
(1 - T)Bv + ph +Yh

The term (1 — 7)8,/((1 — 7)By + pn + ) is the probability that a susceptible vector becomes exposed
from contact with an infectious host resulting in one infectious host and one exposed vector. The term
(e + 1)/ (1 = 7) By + pn + v1) is the probability that an infectious host dies or recovers.
The offspring pgf for E,, given that F;(0) = 0, 1,(0) =0, E,(0) =1, and I,(0) = 0 is
Py + 122 + 91)
T1,T2,T3,Ty) = —————————. 16
f3(z1, 22, 23, 74) PR (16)
The term ¢, /(¢ + 11y + 6,) is the probability that an exposed vector becomes infectious, and the term
(o + 05) /(9w + o + 6,) is the probability that an exposed vector dies naturally or due to fogging.
The offspring pgf for I, given that E(0) =0, 1,(0) =0, E,(0) =0, and [,(0) =1 is

(1 - T)ﬁhx1x4 + o + 0,
(]- - T)ﬁh + Ho + 91}

The term (1 — 7)8,/((1 — 7)By + wy + 0,) is the probability that a susceptible host becomes exposed
from contact with an infectious vector resulting in one exposed host and one infectious vector. The term
(o +05)/((1 = 7) B + p4, + 0,) is the probability that an infectious vector dies naturally or due to fogging.

The offspring pgfs always have at least one fixed point in [0, 1]* given by (1,1, 1, 1). If the offspring pgfs
are nonsingular, then there exists a unique fixed point in (0, 1)4 [17], [19], [20], [22]. A function f; is called
singular if it is a linear function of x;, j =1,...,4 such that f;(0,0,0,0) = 0.

The expectation matrix M = [m;;] for the offspring pgfs is a nonnegative 4 x 4 matrix, whose entries are
defined as

_0f;

B afEZ"

where the partial derivatives are evaluated at (1, 2, x3,z4) = (1,1, 1, 1). The entry m,; denotes the expected
number of type ¢ offspring produced by one individual of type j. The expectation matrix for the offspring

f2($1,1’2,x3,$4) - (15)

f4($1,x2,l‘3,$4) = (17)

(18)

mij

pefs is ) )
0 0 0 (1—1)Bn
R (1_T)ﬁh+ﬂ'u+9v
Ph (1 B T)Bv 0 0
_ | Pt B (1=7)By+ pn +h
M= (1—7)B, 1
= 0 0
(1 =7)Bv + s+ 7n
0 0 Po (1 B T)ﬂh
L @v"’ﬂv"‘ev (1_T)Bh+ﬂv+9v_

Since the offspring pgfs f; are nonsingular and the expectation matrix M is irreducible, there are at most
two fixed points in [0,1]* [22]. If the process is subcritical or critical (p(M) < 1 or p(M) = 1), then
(1,1,1,1) is the only fixed point, and if the process is supercritical (p(M) > 1), then there exists a unique
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second fixed point (q1,q2,q3,q4) € (0,1)* of the offspring pgfs [17], [19], [20], [22]. This fixed point is
used to calculate the probability of disease extinction [17], [19], [20], [22]. In particular, the probability of
disease extinction is given by

P 1 if p(M)<1, 20)
07 O Vg Qg @ if p(M) > 1.

The terms q1, g2, g3, and g4 are the probability of disease extinction in the exposed host population, infectious
host, exposed vector, and infectious vector, respectively. If p(M) > 1, then the probability of a “major
outbreak” can be defined as

L=PRy=1—q" g Vg Vg, @n

In this context, a “major outbreak” is considered anything other than disease extinction, opposed to the
number of infectious individuals in the host or vector populations reaching some critical level.

The computation of the spectral radius M cannot be shown explicitly. However, the Threshold Theorem
in [16] gives the following relationship between p(M) and Ry:

Ry<l(=1,>1) < pM)<1(=1,>1). (22)

The hypotheses of the Threshold Theorem are satisfied since the expectation matrix M is irreducible, the
matrix F' in (6) is non-negative, and the matrix V' in (6) is a nonsingular M -matrix.
The fixed point of the offspring pgfs can be calculated explicitly in terms of the model parameters:

Ph Kh

= : + —, (23)
o Ph + Wn © ©h + n
g = (1 —17)Bupo 1 4 (v + pro + 00)(vn + 1) (24)

(1 - T)ﬁv%% + (‘Pv + Hy + 91))(7h + ﬂh) Rg (1 - 7)/61190’11 + (‘Pv + fy + ev)('yh =+ ,Uh)
Po oy + 6,

= + ) 25

@ ¢v+u1,+91}q4 Oy + oy + 0y (25)
1- ! 1 v 01)

“ = (1 —7)Bner n (1o + 00) (pn + pin) 26)

(1= 7)Brn + (o + 00) (o + un) B (1= 7)Brpn + (o + 00)(0n + pn)

The expressions for g; and ¢3 follow directly from the definitions of the offspring pgfs f; and f5. The
expression for g2 (q4) is the sum of two probabilities: (1) probability of successful transmission from one
infectious human (mosquito) to a susceptible mosquito (human) times the probability of no secondary human
infection (mosquito) 1/R2 plus (2) possible transmission failure (death of humans or mosquitoes). Note that
the expression R is a type of reproduction number to control for human or mosquito populations [?], [?].

In Section 4, we compare the results of the deterministic and stochastic models. Additionally, we compute
the extinction probabilities ¢y, . .., g4 using parameter values related to dengue transmission among humans
and mosquitoes and show that the expression obtained for the probability of disease extinction from the
branching process approximation agrees well with numerical simulations of the CTMC model. The effects
of fogging and use of an effective mosquito repellent on Ry and P, are explored numerically.

4. NUMERICAL SIMULATIONS
We present numerical simulation resulting from the analysis in the previous sections.

4.1. Probability of Disease Extinction

The parameter values used for numerical simulations of the deterministic and stochastic models are given
in Table 2. We assume baseline values of 6, = 0.1 and 7 = 0.1 for the fogging-related death rate and
proportion of hosts protected with an effective repellent. These parameter values are variable and we explore
the effects of varying 6,, and 7 on the basic reproduction number and probability of disease extinction.

Using the parameter values in Table 2, the basic reproduction number is Ry ~ 2.19. Solutions of the
deterministic model exhibit an initial outbreak in both the host and vector populations before stabilizing at
an endemic level near disease extinction (i.e. Ey(t), I (t), Fy(t), and I,,(t) = 0). The ODE solution and one
sample path of the CTMC model are plotted in Figure 2.
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Table 2: Model parameters related to dengue transmission. The basic reproduction number for these parameters is R ~

2.19.
Description Parameter Value Source
Host recruitment rate Ap 1000 - pep, [6]
1
Host fleath .rate Uh T0%365 [6]
Host infection rate B, 0.375 3]
Host latentcy period 1/on 7 Assumed
Host recovery rate Yh 1/14 [6]
Vector rectuirment rate Ay 500 - (o + 6v) [6]
Vector natural death rate Lo % [6]
Fogging-related death rate 0y 0.1 Assumed
Vector infection rate B 0.5 3]
Vector latency period 1/¢0 5 Assumed
Proportion of hosts using repellent T 0.1 Assumed
1000 Humans 500 Mosquitoes
900 | “\“ '/,/'“ 4 450 | | i
800 | ] 400 |
700 - ] 350 | —s
/ E
600 |- —s | » 300 v
%) Y h 0] 7'\/
c \ E, il
g 500 r o/ 1 5 250
=] — g
I /! _R <}
400 ! hj- = 200
300 - : 150
200 | 1 100
100 | ] 50
0 il I | e 0 Gaitl I I TRt
0 50 100 150 200 250 50 100 150 200 250
Time (Days) Time (Days)

Figure 2: Comparison of one sample path of the CTMC model (solid line) and the ODE solution (dashed line). Parameter
values are as in Table 2 with initial conditions S5 (0) = 999, E,(0) = 0, I5(0) = 1, Rn(0) = 0, S,(0) = 499,
E,(0) =0, and I,(0) = 1. The probability of disease extinction is Py = 0.2092.

The probability of disease extinction is calculated for several sets of initial conditions using the expression
in equation (21) obtained from the branching process approximation. This expression is compared to a
numerical approximation obtained from the proportion of 10,000 sample paths of the CTMC model which
exhibit disease extinction (i.e. En(t) = In(t) = E,(t) = I,(t) = 0) prior to time ¢ = 150 which is
approximately the time of peak infection for the ODE model. The results are summarized in Table 3.

The expressions for qi,qo2, g3, and g4 in (23)-(26) represent the probability of disease extinction in the
states Ey, I, E,, and I, respectively. In Figure 3, the sensitivity of each of these quantities is shown to the

fogging-related death rate, 6,.
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Table 3: Probability of disease extinction Py and a numerical approximation (Approx.) based on 10,000 sample paths of
the CTMC model with parameter values as in Table 2 and initial conditions Sp,(0) = 1000, Ex(0), I(0), Rx(0) = 0,
S»(0) =500, E,(0), and I,,(0). The value of Py was obtained from the expression in (21).

E,(0) I,(0) E,0) I,(0) Py Approx.
1 0 0 0 0.4831  0.4831
0 1 0 0 0.4829  0.4834
0 0 1 0 0.6599  0.6564
0 0 0 1 0.4332  0.4398
1 0 1 0 0.3188  0.3204
0 1 0 1 0.2092  0.2092
1 1 0 0 0.2333  0.2350
0 0 1 1 0.2859  0.2809
1 1 1 1 0.0669  0.0653
2 0 0 0 0.2334  0.2374
0 2 0 0 0.2332  0.2336
0 0 2 0 0.4355  0.4366
0 0 0 2 0.1877  0.1875

el
%102 x1=0.05]

() )

x1=0.1

%202 %20.05]

e\
x4=04

x3=03 [ x4=03

(c) (d)

Figure 3: Level set of q1, 2, ¢3, and qa4.
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Figure 4: Plots of the basic reproduction number illustrating the effects of fogging and the use of effective repellent.
Parameter values are as in Table 2 with the exception of 8, and 7 which vary over the domain 0 < 0, < 1land0 <7 <1,
respectively. The red circle indicates the point at which Rg = 1.
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1 1
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0 -

v T
Figure 5: Plots of the probability of disease extinction Py illustrating the effects of fogging and the use of an effective
repellent. Parameter values are as in Table 2 with the exception of 6, and 7 which vary over the domain 0 < 6, < 0.3
and 0 < 7 < 0.5, respectively. The initial conditions used to calculated Py are Ep,(0) = 1,1,(0) = 1, E,(0) = 1, and
I,(0) = 1.

4.2. Control Efforts

In this section, we explore the utility of fogging and mosquito repellent. To explore the effects of fogging,
we consider the basic reproduction number and probability of disease extinction as functions of the fogging-
related death rate of vectors, Ry = Ry(6,) and Py = FPy(0,), and allow 6, to vary over a domain of
biologically-feasible values. Similarly, to explore the effects of mosquito repellent, we consider Ry and Py
as functions of 7 € [0,1]. We are primarily interested in the values of Py for Ry > 1. Therefore, we only
consider values of 6, and 7 for which Ry > 1 in our exploration of Fj. In the subcritical (critical) case
Ry <1 (Ry = 1), the probability of disease extinction is given by Py = 1.

The effects of fogging and mosquito repellent can be seen in Figures 4 and 5. Recall that P is dependent
on the initial number of exposed/infectious hosts and vectors. To gain a better understanding of the ways in
which 6, and T affect the probability of disease extinction, we plot several of the level sets for the extinction
probabilities q1, ..., q4.

Control efforts may not be implemented until the number of infectious hosts reaches a critical level. It is
of interest to determine the expected time at which the number of infectious individuals reaches this critical
level. In Figure 6, we plot the approximate probability distribution for the time at which the number of
infectious hosts reaches a threshold level of I, (¢) = 10 prior to a maximum time of ¢p,x = 250. Parameter
values are as in Table 2 with initial conditions Ej,(0) =1, I;,(0) = 1, E,(0) = 1, and I,(0) = 1. The mean
time at which the threshold is reached is ¢ = 51 days. Calculations are based on 10,000 sample paths of the
CTMC model. Note that approximately 6.5% of the sample paths exhibit disease extinction prior to reaching
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the treshold level resulting in the spike at #,,x = 250 days. This is consistent with our expression for F
given the same set of initial conditions (see Table 3).

700 7
600 r
500
400 ¢

300

Probx 10%

200

100 -

0 50 100 150 200 250
Threshold Time

Figure 6: Approximate probability distribution for the time at which the number of infectious hosts reaches a threshold
level of Ip(t) = 10 prior to a maximum time of tmax = 250. Parameter values are as in Table 2 with initial conditions
En(0) =1, I,(0) = 1, E,(0) = 1, and I,(0) = 1. The mean time at which the threshold is reached is ¢ = 51 days.
Calculations are based on 10,000 sample paths of the CTMC model.

4.3. Sensitivity Analysis

We calculate the sensitivity indices of the basic reproduction number, Ry, and the probability of disease
extinction Fp, to the model parameters. How much influence each parameter is for disease transmission and
outbreak / extinction is determined by these two indices.

To calculate the sensitivity indices, we use the normalized forward sensitivity index as defined in [18].
Specifically, the normalized variable forward sensitivity index, w, which depends on the parameter, p, is

defined as P
(0 p
T = — x —. 27
b= ap % @7)

Since we have a explicit expressions for Ry and F, in 9 and 21, Two sensitivity indices Ry and Py can be
calculated for each parameter of the model in the Table 2.

4.4. Sensitivity Indices of R
The sensitivity index of Ry with respect to 7 is

T?o:-liT. (28)
The sensitivity index of Ry with respect to Ay, is
1
Yo = —5 (29)
The sensitivity index of Ry with respect to 3y, is
1
Yho = 5 (30)
The sensitivity index of R with respect to yp, is
L
Ro _
T =—0g—. (€28)

29, + pn
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The sensitivity index of Ry with respect to Ay, is

1
Yo = 5 (32)

1

Tho = .
o= (33)

Table 4: Based on the basic parameter values given in Table 2, the indices of sensitivity of R¢ to the parameters for the
dengue | model is evaluated. The parameters are in order of the most sensitive. 6, the mosquito mortality rate related to
fogging is the most sensitive parameter, and ¢y, the human rate of progression from the latent state is the least sensitive
parameter.

Parameter, p  Sensitivity Index, Tfo

0., —0.90
Ap —0.50
Uh +0.50
B, +0.50
A, +0.50
By 0.50
Yh —0.50
Lo —0.30
() +0.20
T —0.11
Ph +0.00014

5. CONCLUSION

A continuous-time Markov chain model for the transmission of dengue fever with mosquito fogging and use
of repellent was presented. Two control parameters are used in the model in the form of mosquito repellent
for reducing the contacts between mosquitoes and humans, and in the form of fumigation (fogging) for
reducing the mosquito population. In a multitype branching process approximation, the offspring probability
generating functions for the infected states are constructed and the existence of a nontrivial fixed point which
is related to the basic reproduction number is found. An expression for the probability of disease extinction
is obtained and numerical simulations are performed including sensitivity analysis of the basic reproduction
number. The results are expected to give a more comprehensive insight of dengue transmission.

ACKNOWLEDGEMENT

The author 2 acknowledges the support from the Indonesian RistekDikti HKLN grant 2018-2019.

[1]
[2]
[3]
[4]
[5]

[6]

REFERENCES
Al-Abri, Seif, S., et al., Control of the 2018-2019 dengue fever outbreak in Oman: A country previously without local transmission,
International Journal of Infectious Diseases, 90, pp. 97-103, 2020.

WHO Fact Sheet, Dengue and severe dengue, https://www.who.int/en/news-room/fact-sheets/detail/dengue-and-severe-dengue,
June, 2020.

Esteva, L. and Vargas, C., Analysis of a dengue transmission model, Math. Biosci., 150(2), pp. 131-151, 1998.

Diekmann, O. & Heesterbeek, J.A.P., Mathematical Epidemiology of Infectious Diseases, John Wiley & Son, New York, 2000.
Pliego, P., Emilene, et al., Control strategies for a population dynamics model of Aedes aegypti with seasonal variability and
their effects on dengue incidence, Applied Mathematical Modelling, 81, pp. 296-319, 2020.

Aldila, D., Gotz, G., and Soewono, E., An optimal control problem arising from a dengue disease transmission model, Math.
Biosci., 242(1), pp. 9-16. 2013.

Abidemi, Afeez, and Aziz, N.A.B., Optimal control strategies for dengue fever spread in Johor, Malaysia, Computer Methods
and Programs in Biomedicine, 196, p. 105585, 2020.



THE EFFECTS OF FOGGING AND MOSQUITO REPELLENT ON THE PROBABILITY OF DISEASE EXTINCTION ... 13

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]
[18]

[19]
[20]
(21]
[22]

(23]

[24]

Zhang, Liang, and Wang, S., A time-periodic and reaction-diffusion dengue fever model with extrinsic incubation period and
crowding effects, Nonlinear Analysis: Real World Applications, 51, p. 102988, 2020.

Multerer, Lea, Smith, S., and Chitnis, N., Modeling the impact of sterile males on an Aedes aegypti population with optimal
control, Mathematical Biosciences, 311, pp. 91-102, 2019.

Zhang, Hong, and Lui. R., Releasing Wolbachia-infected Aedes aegypti to prevent the spread of dengue virus: A mathematical
study, Infectious Disease Modelling, 5, pp. 142-160, 2020.

Wijaya,K.P., Gotz, T., Soewono, E., Nuraini,N., Temephos Spraying and Thermal Fogging Efficacy to Aedes aegypti Population
in Homogeneous Urban Residentials, ScienceAsia, 39 (SUPPL 1), pp. 48-56, 2013.

Wijaya, K.P., Gotz, T., Soewono, E., An Optimal control model of mosquito reduction management in a dengue endemic region,
Int. J. Biomath., 07(5), p. 1450056, 2014.

Wijaya,K.P., Gotz, T., Soewono, E., Advances in mosquito dynamic modeling, Mathematical Method in Applied Sciences, 39(16),
pp- 4750-4763, 2016.

Lashari, Ali, A., and Zaman, G., Global dynamics of vector-borne diseases with horizontal transmission in host population,
Computers and Mathematics with Applications, 61(4), pp. 745-754, 2011.

Allen, L.J.S., and Lahodny, Jr.G., Extinction thresholds in deterministic and stochastic epidemic models, J. Biol. Dyn., 6(2), pp.
590-611, 2012.

Allen, L.J.S., and Van den Driessche, P., Relations between deterministic and stochastic thresholds for disease extinction in
continuous- and discrete-time infectious disease models, Math. Biosci., 243(1), pp. 99-108, 2013.

Athreya, K.B., and Ney, P.E., Branching Processes, Spinger-Verlag, New York, 1972.

Chitnis, N., Hymann, J.M., and Cushing, J.M., Determining Important Parameters in the Spread of Malaria Through the Sensitivity
Analysis of a Mathematical Model, Bull. Math. Biol., 70(5), pp. 1272-1296, 2008.

Dorman, K.S., Sinsheimer,J.S., Lange, K., In the garden of branching processes, SIAM Rev., 46(2), pp. 202-229, 2004.
Harris, T.E., The Theory of Branching Processes, Springer-Verlag, Berlin, 1963.

Karlin, S., and Taylor, H.M., A First Course in Stochastic Processes, second ed., Academic Press, San Diego, New York, Boston,
1975.

Pénisson, S., Conditional limit theorems for multitype branching processes and illustration in epidemiological risk analysis, Ph.D.
diss., Institut fiir Mathematik der Unversitidt Potsdam, Germany, 2010.

Van den Driessche, P., and James, W., Reproduction numbers and sub-threshold endemic equilibria for compartmental models
of disease transmission, Math. Biosci., 180(1-2), pp. 29-48, 2002.

Van den Driessche, P., and James, W., Further notes on the basic reproduction number, in: F. Brauer, P. van den Driessche, and
J. Wu (Eds.), Mathematical Epidemiology, Lecture Notes in Mathematics, vol. 1945, Springer, Berlin, pp. 159-178, 2008.



	Introduction
	Deterministic Model
	 Model Development
	 The Basic Reproduction Number
	 Reduction Factor

	Stochastic Model
	 Continuous-Time Markov Chain Model
	 Branching Process

	Numerical Simulations
	 Probability of Disease Extinction
	 Control Efforts
	 Sensitivity Analysis
	 Sensitivity Indices of R0

	Conclusion
	References

