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Abstract: The use of a vaccine and Wolbachia bacterium have been proposed as new strategies against
dengue. However, the performance of Wolbachia in reducing dengue incidence may depend on
the Wolbachia strains. Therefore, in this paper, the performance of two Wolbachia strains which are
WMel and WAu, in combination with the vaccine, has been assessed by using an age-dependent
mathematical model. An effective reproduction number has been calculated using the Extended
Kalman Filter (EKF) algorithm. The results revealed that the time reproduction number varies
overtime with the highest one being around 2.75. Moreover, it has also found that use of the
vaccine and Wolbachia possibly leads to dengue elimination. Furthermore, vaccination on one group
only reduces dengue incidence in that group but dengue infection in the other group is still high.
Furthermore, the performance of the WAu strain is better than the WMel strain in reducing dengue
incidence. However, both strains can still be used for dengue elimination strategies depending on the
level of loss of Wolbachia infections in both strains.

Keywords: dengue; vaccination; model; Wolbachia

MSC: 92B05; 34H05

1. Introduction

The risk of being infected by dengue is higher in tropical and sub-tropical areas
where dengue is endemic. It has been estimated that around 105 million infections happen
annually with 51 million febrile disease cases [1]. Dengue is caused by four distinct
serotypes where being infected by one of the serotypes provides longlife immunity to
that serotype but gives a higher chance to get more severe forms of dengue in secondary
infection. As there are no effective strategies against all dengue serotypes, the risk for
obtaining the severe dengue is possible [2—4]. Furthermore, the importation of dengue
makes it possible for dengue to spread worldwide easily [5].

Although a number of strategies have been implemented, they were found to be less
effective. The current proposed strategies are the use of a vaccine and Wolbachia [6]. The
development of a dengue vaccine is underway and its efficacy ranges between 64% and
80% depending on serotypes [7-9]. A higher reduction in dengue incidence can be obtained
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when vaccinating individuals aged 945 years [2,4]. Moreover, the risk for secondary
infections is higher when vaccinating sero-negative individuals [2,4]. Furthermore, the
use of Wolbachia bacterium is a promising strategy [10]. Research found that Wolbachia
can reduce the dengue incidence by up to 80% particularly in areas with low to moderate
transmission levels [11,12]. A Wolbachia is a bacterium that can reduce the level of virus in
the mosquito’s body [13], which reduces the possibility for transmitting the virus when they
bite susceptible humans. Furthermore, Wolbachia reduces blood-feeding success in Aedes
aegypti [14] and hence minimizes the probability of a successful bite. On the other hand, the
use of a dengue vaccine can reduce the dengue transmission in higher transmission regions.
The combination of both a vaccine and Wolbachia can significantly reduce the number of
dengue infections.

To understand the performance of Wolbachia and the vaccine in reducing dengue infec-
tions, various mathematical models have been formulated and studied [15-18]. A review
on dengue modeling for the last 10 years can be found in [19]. Research mostly studied
the effects of Wolbachia and the vaccine on dengue transmission dynamics independently
and little research has been conducted to assess the effects of the implementation of both
strategies simultaneously. Salgado et al. [16] used the dynamic optimization approach to
understand the effects of Wolbachia on dengue transmission dynamics and found that the
release of Wolbachia can significantly reduce the number of dengue incidence. Ogunlade
et al. [18] formulated a mathematical model to study the performance of WAu on dengue
transmission dynamics. The results showed that the use of WAu is good at reducing dengue
incidence. Shim [20] studied the effects of vaccination on dengue transmission dynamics
and found that optimal vaccination rates potentially increase with a higher proportion of
seropositive individuals which leads to a higher impact of vaccination. Ndii et al. [4] also
studied the effects of vaccination and found vaccinating seropositive individuals provides
better reduction in dengue transmission. Not many mathematical models have been for-
mulated to study the effects of both strategies simultaneously. Dorrigati et al. [6] suggested
that the use of vaccination and Wolbachia potentially results in a higher reduction in dengue
incidence. Several mathematical models have been formulated and studied the use of
both strategies simultaneously. Ndii et al. [15] studied the effects of using vaccination and
Wolbachia simultaneously and found that the use of the vaccine can potentially reduce the
number of dengue infections if the vaccine efficacy is high, otherwise the use of Wolbachia
is sufficient [15]. Junsawang [21] performed numerical simulations of a combination of the
use of Wolbachia and the vaccine, where the focus was on numerical properties of the model.

The findings have suggested that different Wolbachia strains provide distinct biological
characteristics, which potentially leads to their performance in reducing dengue transmis-
sion. Several Wolbachia strains that have been used in the field trials are WAu and WMel.
These strains give different biological effects on mosquitoes. The characteristics of these
two Wolbachia strains are the following [22-25]. First, WAu has high viral blockage and
WMel has only medium. Second, maternal transmission is high in both strains. Third, loss
of Wolbachia infections is low in WAu strains and high in WMel. Furthermore, the fitness
cost is medium in both strains. WAu has no cytoplasmic incompatibility effects while WMel
has cytoplasmic incompatibility. Different biological effects of these strains would provide
different performance in reducing dengue incidence. Hence, investigating the effects of
different Wolbachia strains in combination with vaccination is of great importance. To the
best of our knowledge, no mathematical model has been formulated to study the effects of
different Wolbachia strains in combination with vaccination, which is the focus of this work.

In this paper, we formulate a deterministic mathematical model to assess the effects of
vaccination and different Wolbachia strains on dengue transmission dynamics. We estimate
the effective reproduction number using the Extended Kalman Filter (EKF) algorithm
against data of dengue incidence from Kupang-city Indonesia. We employ an optimal
control theory to assess the optimal control strategies to result in a higher reduction in
dengue incidence, the influential parameters are also determined to gain insights on factors
governing the dengue transmission dynamics.
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2. Formulation of Mathematical Model
2.1. Modeling Framework for Mosquito Population

For the mosquito population dynamics, we modify the model by Ndii et al. [11]
to include the possibility of loss of Wolbachia infections and no effects of cytoplasmic
incompatibility. The mosquito population consists of non-Wolbachia and Wolbachia-carrying
mosquitoes. The eggs, larvae and pupae are grouped into one compartment called aquatic.
The population of adult mosquitoes is divided into male and female mosquitoes. A;,, M;,
F., Aw, My, Fy are the aquatic, male and female mosquitoes where the subscripts n and w
are to differentiate between non-Wolbachia and Wolbachia-carrying mosquitoes. The model
is then governed by the following system of differential equations

dA Fo(My + oM Ant A

ar P P
dfi\f" = €nYnAn + €nw(1l — &) YwAw + YoMy — pnMy,

d;n = (1= en)YnAn + (1 = €nw) (1 — 1) T Aw + Yo Fo — oM, "
djdth _ ww (1 _ A”I—’;Aw) — (Tw + pwa) Aw,
% = €t TwAw — YoMy — PowMy,

ddi;} = (1 - ew)aTwAw — YwFw — pwFo.

where the P = M,, + F, + My, + F, is the total mosquito population, 7, is the rate of loss
of Wolbachia infections and ¢ is to denote the effects of Cytoplasmic Incompatibility (CI)
where ¢ = 1 means there is an effect of CI and ¢ = 0 means no CI effect. The ratio between
male and female mosquitoes is approximately 1:1 and hence we set €, = € = €, = 1/2.
We then obtain the following Equation:

it P"T2(F, + By

dAn F}’l Fn Fw Ai’l Aw
( +()b )< _(I—E)>_(7n+yna>An,

dF, 1—0a)T
— = ﬁAn + QAW + YwFw — ,unFn/
dt 2 2 @)
dA F A+ A
G =y (1) - )
dF ot
7;0 = TwAw — YwFw — ‘Mwa.

In the absence of loss of Wolbachia infections and the existence of cytoplasmic incom-
patibility, the dynamics of mosquito population can be found in Ndii et al. [26].

2.2. Modeling Framework for Host-Vector Involving Wolbachia and Vaccination

In this section, we formulate a deterministic host-vector mathematical model involving
Wolbachia and the vaccine, where the vector population is governed by Equation (2). We
divided human population into disjoint compartments. The human population comprises
susceptible child and adult individuals (S; and S, respectively), infected child and adult
individuals (I and I;, respectively), and recovered child and adult individuals (R, and
R,, respectively). The mosquito population is divided into aquatic mosquitoes (A, and
Aw), susceptible (S, and Sy) and infected (I, and I;) groups, where subscript n and w is to
represent non-Wolbachia and Wolbachia-carrying mosquitoes.

Let aj, be the progression rate from child to adult and the value of # = 1/T, where T
is the age at which individuals in the child class move to the adult class. The parameters
€1 and €; are vaccine efficacy on child and adult individuals. The parameters v; and v,
are the vaccination rate, the - is the recovery rate. A is the recruitment rates of humans.
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The susceptible individuals are infected after being bitten by infectious non-Wolbachia
and Wolbachia carrying mosquitoes at a rate of B and B}/, respectively. Furthermore, the
vaccinated individuals move to the recovered class. After a certain period, the recovered
individuals move to the susceptible class. The model is given by the following system of
differential equation.

% = A —aSc — ﬁ}’\ﬁ}in S, — ﬁ;h\"éw Sc — ipSe — €1015¢ + 41 Re,
d{;a = apSc — ﬁ;ﬁ]i” Sa— ‘B?\U]iw Sa — €025, — 1pSa + 2Ry,

% - BI\ZIin Se+ ﬁ?\)]iw Se = (v +mn)le,

%1: = ﬁl\h,i Sa+ ﬁ;@" Sa— (v + pn)la,

dftc = 7lc +€1015¢ — (un + q1)Re,

dfta = vla + €20250 — (4n + q2)Ra,

®)

dAy (F2 + ¢F,Fyp) (Ay+ Ay)
Gt PR E ) K = (T i) A,

dditn — T”TA” +(1— oc)rw% + YSw — Wsﬂ = HnSus
%ﬂ - [Wsn — nly,

A, Fo (1 _ W) — (T + Hua) A,

E%w = %“Aw — YwSw — Wsw ~ HaSw,

%v _ Wsw — L.

with non-negative initial conditions S.(0) > 0,5,(0) > 0,.(0) > 0,1,(0) > 0,R.(0) >
0,R,(0) > 0,A, > 0,5,(0) > 0,1,(0) > 0,Ay > 0,54,(0) > 0,I,(0) > 0 and
N =S+ Sa+ I + I, + Rc + R;. We can verify that the solutions of the Model (3) with
non-negative initial conditions remain non-negative. F, = S, + I, and Fy = Sy + L.

3. Basic Reproduction Number

The basic reproduction number is generated using the concept of the next generation
matrix [27]. We construct the transmission and transition matrices. The transmission matrix,
T and the transition matrix, X are

o o Bist gy

gils gl —(r + ) 0 o 0
’]I‘: 0 0 K]ha Zh\]ha Z_ 0 _(7+Vh) 0 0 4
BnSy  BuSy - 0 0 — 0 |’ @
N N 00 i
/SwS.Z, ﬁwS;:) O 0 O O 0 *]/lw
Ny Ny

where S? and S are the number of child and adult susceptible individuals at disease free
equilibrium.
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We then take the inverse of the transition matrix £~ ! and obtain
1
(v+mn) 01 0 0
_ 0 — 0
y1= (r+pn) . ) (5)
0 0 i 0
1
0 0 0 o
The next generation matrix is obtained by —T-~! and hence
BySe  BySe
0 0 i Ha
O 0 :B h Sa ﬁh Sa
-1 N N,
- T = BaS: BaSt VhO h #wo bl (6)
Nu(vtpn)  Nu(vtpm)
wow woOw 0

Ny(v+un)  Ny(y+mn)

The reproduction number is the spectral radius of the next generation matrix. We
obtain the reproduction number, R, as

RE — ¢ (& + S4) (SiyButo + Sub}Buttn) ”

Pnplw (Y + .uh)N}%

It is clear that in the absence of vaccination, S} + S; = Nj, and therefore the basic
reproduction number in the absence of vaccination is

w _ \/(Sﬁﬁzﬁnﬂw + 53,8 Bwhin)
0 ,un,uw(')’ + .uh)Nh

In the presence of vaccination, the (S + S;) < Nj, R§¥ < Rf.

4. Parameter Estimation
4.1. Data

In this study, weekly dengue data from Kupang city since January 2016 to December
2020 has been used to estimate the reproduction number and the transmission rate. The
data is given in Figure 1. This is secondary data that has been obtained from the Health
Office of Kupang City, Indonesia. The Health Office has collected the data from all Public
Health Centers in Kupang city. It can be seen that the highest incidence occurred in 2019 and
dengue epidemic has happened annually. Furthermore, the number of infected mosquitoes
is set to be three times the number of infected humans.

100
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Figure 1. Weekly dengue data for infected individuals from January 2016 to December 2020 in
Kupang city, Indonesia.
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4.2. Mathematical Model for Parameter Estimation

For this purpose, as the dengue data is for situation in the absence of Wolbachia and
vaccination, we estimate using the model in the absence of Wolbachia and vaccination.
Hence the Model (3) has been reduced to

dasy, :Bh n

o A — Sh — HnSh,
dl
dh = 'Bh Sh — (v +wn) I,
t
dR,

- Y — unRn,

(8)
dA E, A
dtn = Pn—FA 2 <1 - Kn> - (Tn + ,una)An/
ds, B TnAn B Buly B
it -2 N, o HeSw
dl, . Buly
Gt TN, o Halne

Using the Next Generation Approach, we had the basic reproduction number of
Model (8) is
BrBnSs;
Niptn (7 + i)
Model (8) is discretized using the forward Euler method and, together with Extended

Kalman Filter, is used to estimate the transmission rate and the time-varying effective
reproduction number for dengue in Kupang city, Indonesia.

Ry =

4.3. Discrete Time Stochastic Augmented Model

A discrete time stochastic augmented model is constructed. We set the transmission
rate B} = B, and denoted by B. We discretize Model (8) using forward Euler and aug-
menting the transmission rate  as a state variable and hence we obtained the following
discrete-time stochastic augmented model:

Sp(k+1) = Sp(k) + A — /3(;\1;,()5’1( )AL — 11,85, (k) At + wr (K),

Ip(k+1) = Iy(k) + [Wsh(k)m = 71 (k) At — pp L (k) At + ws (k),

Rpy(k+1) = Ry (k) + YRy (k) At — Ry, (k) At + w3 (k),

Au(k 1) = An(k) + pu 210 (1 - Al ) At — (T + 1) An(K)AE £ w4 (), (9)
Sn (k) I (k)
Ny

Li(k+1) = L(k) + ﬁ(k)Wm — unly (k) At + we(k),

B(k+1) = B(k)At + wy (k)

Su(k+1) = Su(k) + 2 A, (k)At — B(k)

> At — 1, Sy (k) At 4+ ws(k),

where At is the time step and F, (k) = S, (k) + I, (k). We add noise
w(k) = (wi(k), wa(k), w3 (k), wa(k), ws(k), we(k), w7 (k))

to model uncertainty.
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4.4. Extended Kalman Filter

The Extended Kalman Filter has been used to estimate the parameter values and
the reproduction number [28-30]. We estimate the reproduction number by applying the
Extended Kalman Filter (EKF) to the discrete-time stochastic augmented compartmental as
given in Model (9). Let us define

x(k) = (S (), 1 (k), Ry (k), An(k), S (k), T (k)"
Model (9) can be written as
x(k+1) = f(x(k)) +w(k) (10)

where f is the right hand side of Model (9). Denote % as the estimate of x(k) from the EKF.
We set the Jacobian of f at the estimate of x(k) which is given as

Ju(®(k) 0 0 0 0 Jie(&(k) Jir(R(k)
J21(2(k))  Jo2(2(K)) ] (0( o) 0 0 e(2(K)  Jar(2(K))
0 0 33 (% 0 0 0 0
J&k) =1 0 0 0 Ju@k) Js@EK) Ls®EEK) 0
0 J52(%(k)) 0 J5a(2(k))  Js5(%(k)) 0 Js7(2(k))
0 Jei(k) 0 0 Jes(®(k) Jes(k(K) Jer(2(k))
0 0 0 0 0 0 1
where
() =1~ BRI oy at, i) = ~EEHE a5 300 = - 2,
I 00) = PR vt o 0)) = 1= (4 )t o (20) = B
Jor(a(k)) = ) 5y o 0)) = 14 0 -
h
Jaai)) = 1 - OO o (i) — L 222y
() = 2 - 2208 g ey = - EESEL
Joa(2(K)) = 20, Jss(£(6)) = 1 - ‘“%“‘)At — st Jsp (2(K)) = 5(’?%1:1(’@ AL
Je2(2(k)) = 5(](3\5]:(]{)&, Jos(%(k)) = ﬁ(kI)\ZI(k)At’
Jos (2(K)) = 1 — udt, Jor (£(K)) = S”(%h(k)m.

In the EKF algorithm, there are two tuning parameters which are the process covari-
ance matrix Qr and observation covariance matrix Ry. Note that the tuning parameters are
chosen such that the Relative Root Mean Square Error (RRMSE) between the data and the
estimated data is sufficiently small. The RRMSE for each variable is defined as

W 11X — X3

RRMSE =
= 1Xl3

4

Nw

where N, is the number of weeks observed and X; € (S, I, I,) and X; € (SAh/ L, I;z)
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4.5. Estimation of Reproduction Number

In the estimation of time reproduction number, we have estimated the transmission
rate and used its value to calculate the time reproduction number. The other parameters
values are obtained from the literature and given in Table 1. The plot of the reported data
and the simulations is given in Figure 2. It showed that the EKF algorithm estimates the
reported data well. Furthermore, the transmission rate and the effective reproduction
number are given in Figure 3 where they vary overtime depending on reported data.
The highest effective reproduction number has been occurred in 2019 where the R; is
higher than 2.5. It is consistent with the estimate of basic reproduction number by Ndii
et al. [31] which estimated using the early growth rate method. It indicates that a single
infectious individual may generate around two newly infected individuals. Furthermore,
the transmission rate fluctuates between 0 and 2.3 week ! with average transmission rate
is around 0.4417 week 1.

Table 1. Parameter values and descriptions.

Parameter Description Value Unit
Recruitment rate of 402,286 1

A human 65 % 52 week

1 _

U Natural Death Raflte 55D week !
Progression rate from 1

h child to adult 1/26 week
Transmission rate

B! from Non-W to 0.4417 week ™!
human
Transmission rate

w -1

B from W to human 0-2098 week
Progression rate from

q1 recovered child to 1/(6 x 52) week ™!
susceptible child
Progression rate from

I recovered adult to 1/(12 x 52) week ™!
susceptible adult

0% Recovery rate 7/5 week ™!

Reproduction rate of

non-W mosquitoes

Maturation rate of 1

™ . 2 week
non-W mosquitoes

Death rate of aquatic

ON 8.75 week !

-1
fina non-W mosquitoes 172 week
o Matern.a ! . 0.9 n/a
transmission
Transmission rate
Bn from human to 0.4417 week ™!
Non-W mosquitoes
Reproductive rate of 1
Pw W-mosquitoes 15.75 week
- Maturation rate of 5 K1
@ W-mosquitoes wee
Loss of Wolbachia 1
Tw infections 028 week
Death rate of adult 1
pn non-W mosquitoes 172 week
i Death rate of adult W 045 week-1

mosquitoes
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Figure 2. Plot of data vs. estimation.

100 3

920
125
80
70
60

50

&
Reff and 3

40

Infected human

30

20

0.5

il

0 | ‘| ‘ |
Jan 2016 Jan 2017 Jan 2018 Jan 2019 Jan 2020

Figure 3. Plot of data reproduction number and transmission rate. The blue is the data, the solid red
line is the reproduction number and dashed black line is the transmission rate over time.

5. Sensitivity Analysis

To understand parameters governing the dynamics of dengue transmission in the
presence of vaccination and Wolbachia bacterium, a global sensitivity analysis has been
performed. We use Latin Hypercube Sampling (LHS) in conjuction with Partial Rank Cor-
relation Coefficient (PRCC) Multivariate analysis to determine the influential parameters.
The output of interest is the reproduction number.

Figure 4 showed the results of sensitivity analysis to determine the most influential
parameters on the reproduction numbers. It showed that the ﬁZ/ S¢,Sn,Bn are the influential
parameters and have a positive relationship, which imply the possibility of an increase in the
reproduction number when these parameter values increase. Note that the susceptible non-
Wolbachia mosquitoes (S;,) also govern the dynamics, and hence, we then explore the effects
of parameters on the susceptible non-Wolbachia mosquitoes. For this, we measure against
an increasing number of susceptible non-Wolbachia mosquitoes which is the solution of

dCSn TnAn

A
ar = D) + (1 - ‘X)TwTw + YwSw- (11)

We found that the population of susceptible mosquitoes is affected by the parameters
T, Un and py, as given in Figure 5. The loss of Wolbachia infections () and the maturation
rate of Wolbachia () affect in the early period only.
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Figure 4. PRCC indices of Reproduction Number in the presence of vaccination and Wolbachia.
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1 L 1

a1t : | : :
0 100 200 300 400 500 600 700

Time (days)
Figure 5. PRCC indices when measured against an increasing number of susceptible non-Wolbachia
mosquito population in the presence of vaccination and Wolbachia.

6. Numerical Simulations in the Absence and Presence of Wolbachia
6.1. Numerical Simulations in the Absence of Vaccination

In the numerical simulations, we perform two vaccinations in combination with two
different strains of Wolbachia which are WMel and WAIb. We simulate the solutions of the
model in the presence of vaccination with different Wolbachia strains. Furthermore, we
simulate the model with constant and time-dependent controls. In our simulation, we use
the values as given in Table 1 and the transmission rate used is the mean of the estimated
values given in Figure 3.

Figure 6 shows that if the loss of infection is high, the number of dengue infection
is similar to that in the absence of Wolbachia. This indicates that the use of WMel strain is
possible if the loss of infection is not high. This means that a loss of Wolbachia infections
affects the performance of Wolbachia in reducing dengue transmission. Hence, the use of
WMel may be less effective in comparison to WAu strains.
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Figure 6. Simulation of the total infection at the end of week 156 when varying the rate of loss of
Wolbachia infection (week~!) in comparison with infection in the absence of Wolbachia. We use the

WAu parameter values.

Figure 7 shows that the performace of the WAu strain is better than WMel. Interestingly,

with the same values of loss of Wolbachia infection, WAu still performs better than WMel.

This is caused by the effects of CI on WMel. Furthermore, an increase in the loss of Wolbachia
infections results in a higher number of dengue incidence. Results suggest that the use of

WAu is better in reducing the number of dengue incidence.
x10°

3-4 T T T
—— WAU, ~,=0.28 R

32 f|= = WMel,,=0.28
- =WMel,7,=2 |=
WMel, v, =3.5

238
2-6 1 1 1 1 1 1 1 1 1

45 455 46 465 47 475 48 485 49 495 50

Time (Week)
5
00 210 : . . . . ; .
——WAu, 7,=0.28
21 [|= = WMel, v,=0.28 ===
Lo o= = WMelq,=2 .
WMel, v, =3.5 =

1.9 .
1-8 1 1

45 455 46 465 47 475 48 485 49 495 50

Time (Week)

Figure 7. Simulation of infected individuals in the presence of different Wolbachia strain and absence
of vaccination.

6.2. Numerical Simulation in the Presence of Vaccination

In this section, we simulate the presence of vaccination for two different Wolbachia
strains. As in the previous section, the performance of WAu is better than WMel. Here,
we investigate the effects of vaccination in the presence of Wolbachia. We use an optimal

control approach for this.
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6.3. Numerical Solution for Dengue Transmission Dynamics with Vaccination with Wolbachia

In this section, numerical solutions of the model in the presence of vaccination and
Wolbachia are presented. The results showed that WAu performs better than WMel in reduc-
ing dengue incidence and hence in the presence of vaccination, we simulate using the WMel
parameter values as used in simulating Figure 7. We consider different vaccination rates.

Figure 8 shows that if the vaccination rate is low, the number of dengue infections
is high. To reduce dengue incidence, a higher vaccination rate should be applied. This
implies that if a vaccine efficacy and the rate of vaccination is higher in combination with
Wolbachia bacterium, dengue elimination is possible.

5

o 210 x x x x — 800
—v1=v2=0.1
151 v = 600
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—° 1 1400 —°
0.5 1200
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Figure 8. Simulation of infected individuals in the presence of vaccination and Wolbachia bacterium.
We use the WAu parameter values. The vaccine efficacy is e = 0.5 and e, = 0.55.

7. Optimal Control Approach

Numerical simulation showed that the loss of Wolbachia infection governs the dynamics
of dengue transmission. When the values of loss Wolbachia infection increases, the number
of dengue incidence increases (see Figure 6). Furthermore, the loss of Wolbachia infection is
influenced by temperature particularly for WMel strain. To account for this phenomena, in
the optimal control analysis, we consider a seasonal loss of Wolbachia infections, and hence,
we set the loss of Wolbachia infection rate by the following sinusoidal function

Yo () = Ywo(1 + 1 sin(wt))

where the 0 is the average loss of Wolbachia infections, 7 the strength of seasonality. When
analysing the effects of WAu strain, the values of 7y, = 0.28 and ¢ = 0. Furthermore, the
vaccination acts as a control variable. Let €191 and €27 be 1y and uy, respectively.

We aim to minimize the number of human infections with minimal cost. The objective
functional is defined as

t
T(un, 12) = /Of(Al(IcHa)+A2(u%+u§))dt (12)

where A;, A are the balancing coefficient and Ty is the final time of interest. We use the
quadratic objective as can be found in [32-34]. The Hamiltonian functional is defined as

ax

H = (Ay(I + L) + Ay (u? 4 ud)) + Ny

(13)
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where X = (S, Sq, In, I, Ra, Re, An, Sn, In, Aw, Sw, L) and i =1,...,12.

7.1. The Existence and Characterization of Optimal Control

In this section, we present the existence and characterization of the optimal control.

Theorem 1. There exists an optimal control u = (uq, uy) with a corresponding state solutions
such that

nin, J(ur,u2) = J(ui, u3)
Proof. This theorem is proved based on the results in Flemming and Risher [35] and
Lukes [36]. We state the following properties A1-A4:

Al.  The solution of the model with non-negative initial conditions and the associated
control function in I/ is non-empty.

A2.  The control set U is convex and closed.

A3.  The dengue model can be expressed as a linear function of u1, u; with time and
state dependent coefficients.

A4.  There exists constant m; > 0, my > 0 and p > 1 such that the integrand in (12) is
convex and satisfy

2

H(Sa, I, I, w1, u2) > mq (Y |ui]?)
i=1

— my.

The condition Al and A2 is fulfilled as the state variables and control variables are
non-empty and bounded. Condition 3 is met due to the linear dependence of the state
system on controls 11 and u, The algorithm to show this can be seen in [37]. Condition A4
can be verified by writing the following

(Ar(Ie+ L) + Az(uf +u3)) > Ap(uf + u3)
> Az(u% + u%) — 1y,
> ml(u% + u%)"’/2 — my

Hence, A4 is verified. Therefore, there exists an optimal control #1, 1 which minimizes
J(uy,u2). O

Theorem 2. Given the optimal control (uj,u3) and the corresponding state trajectories, there
exists an adjoit vector function that satisfy

d\;  oH

dat - ox;

wherei = 1,2,...,12 and x; = (S¢,Sa, Ic, I, Re, Ra, An, Sn, In, Aw, Sw, L) Furthermore, u}
and u} are characterized by

. . Sc(A1 — As)
uj(t) —mm{max{CZAz,O Julftrs,

Sa(As — Ag) (14)
u5(t) = minq max M,O Juy ™S,
2A,
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Proof. By taking the partial derivative of the Hamiltonian functional with respect to state
variables, we then obtain the following adjoint variables.

A ny wr ny wy
d1——Al(—ah—ﬁhn—ﬁhw—‘uh—Lﬂ)—Azﬂéh—/\3(ﬁhn+m>—/\5u1,
h

dt N, Nj, N, N,
% =—A (—ﬁzz\l]i” - ﬁ;é)]iw —Hh— u2> - /\4([5;\; + ﬁ%f”) — Aglip,
% = —A1—As(=y — ) — A5y + ﬁ;,i” (Ag —Ag) + %iw (M1 — Ar2),
% =~ A= Aa(=r =) = Aey + %(AS —Ag) + %()\11 —A12),
% = —Mgr = As(—pn — 1),

% = —Aag2 = Ae(—pn — q2),

dA; F2 + ¢F,Fy T Jo
2 — )\ = n — T, — — A2
i 7( anK(Fn Tt Fu) Tn — Hna 85

d)\S _AS(_ﬁn(Ic‘l'Ia) _]in> _)Lg,Bn(Ic‘l'Ia),

dt N, T
% —h ﬁlﬁfi th ﬁz}i —A3 ﬁﬁi — ﬁl’i + Aopin,

% = A7pn;é(‘;n¢fnézu) — s (1 —Zoc)rw B /\10<_Pzzu£w oy Vwa) B /\11%,
% = “Asre(t) — A (_W — pw = m(t)) A (W)
% = ;;E;fc (A —Az) + ;}Esa (Ay — Ag) + Ap-

with the transversality condition A;(t f) =0, wherei = 1,2,3,...,12. We then take the
derivative with respect to 17 and u, to obtain

Sc (Al — )\5)
2A,

Sa(A2 — Ag)

and up; = A
2

uy =
Using the bounds we obtain the characterization of control as given
in Equation (14). O

7.2. Numerical Simulations of Optimal Control

In this section, we present numerical simulations of the optimal control. The parameter
values used are given in Table 1 and the balancing coefficients are A} = A, = 1. We
consider two cases which are vaccination of child individuals only and vaccination of adult
individuals only, vaccination both child and adult individuals.

Figure 9 shows the infected individuals with the implementation of vaccination on
children only (17 # 0 and uy = 0). It reveals that the implementation of 11 only can reduce
the number of infected children. Dengue infections on adult individuals are still high.
Furthermore, the implementation of u; should be at highest level for the entire period.
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Figure 9. Plots (a,b) are the plot of infected child and adult individuals, respectively. Plot (c) is the
control profile.

Figure 10 shows that the number of infected adult individuals is reduced in the
implementation of up control only and the number of infected children remains high. The
control on u; is not at the highest level in the early period but then it goes to highest level
after around 100 days.

o 50 100 150 200 25 300 350 o 5 10 150 200 250 300 350 ] 50 100 150 200 250 300 350
Time (days) Time (days) Time (days)

(@) (b) (0)
Figure 10. Plots (a,b) are the plot of infected child and adult individuals, respectively. Plot (c) is the
control profile.

Figure 11 shows that the implementation of vaccination on both child and adult
individuals in combination with Wolbachia could possibly eliminate the dengue infections.
Furthermore, a highest vaccination rate on children and adult should be implemented to
obtain optimal results.

0 50 100 150 20 250 800 350
Time (days)

0
0 s 10 0 20 20 a0 350 0 s 10 10 20 20 a0 350 o 5 10 10 200 20 300 3%
Time (days) Time (days) Time (days)

(@) (b) (0)
Figure 11. Plots (a,b) are the plot of infected children and adult individuals, respectively. Plot (c) is
the control profile.

The implementation of vaccination on one group of individuals only cannot eradicate
the diseases. It can reduce dengue infections for that group only. Overall, to obtain the
optimal results, the vaccination should be implemented in both groups and in combination
with the use of Wolbachia.

8. Discussion and Conclusions

In this paper, a mathematical model in the presence of Wolbachia and vaccination has
been formulated. The model is studied to examine the performance of both strategies in
reducing dengue transmission. We estimate the effective reproduction number using the
Extended Kalman Filter algorithm against data of dengue infections from Kupang city,
Indonesia. A global sensitivity analysis has been performed to determine the influential
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parameters. An optimal control approach has been performed to assess the optimal re-
duction in dengue with minimal cost. The contributions of this paper are the following.
The first contribution is the estimation of the time reproduction number in Kupang-city
Indonesia. To the best of our knowledge, this is the first work to estimate the time reproduc-
tion number in Kupang-city, Indonesia. The second is scientific knowledge regarding the
effects of vaccination and the use of WMel and WAu Wolbachia strain in reducing dengue
transmission dynamics.

The results show that the Extended Kalman Filter algorithm estimates the reported
data well. It reveals that the effective reproduction number fluctuates over time with the
highest R; of of around 2.6 occurs in 2019. This means that a single infectious individual
can generate two to three newly infectious individuals. The estimate is consistent with
estimates of Ry using early growth rate methods [31]. The results of the effective repro-
duction number are similar to the previously estimated Ry for different areas such as Cali,
Colombia [38], Pakistan [39], and East Java, Indonesia [40]. Furthermore, non-Wolbachia
mosquito-related and the transmission parameters are the more influential and govern
the dynamics of dengue transmission. This implies that these factors need to be carefully
managed to design better actions for reducing dengue incidence. The performance of WAu
in reducing dengue is better than WMel. Furthermore, when the rate of loss of Wolbachia
infections is high, the implementation of Wolbachia cannot perform well in reducing dengue
incidence. The results from the optimal control approach suggest the implementation of
vaccination on both groups in the presence of Wolbachia could potentially eliminate the
dengue. The implementation of vaccination in certain groups only can reduce the dengue
infections in that group only.

Given that the loss of Wolbachia infections affects the performance of Wolbachia in
reducing the dengue transmission dynamics, an appropriate use of Wolbachia strains for
the dengue elimination strategy is required. For areas with relatively stable temperature
over years, the use of either the WMel or WAu strain is appropriate. For areas with
strong fluctuations in temperature, the use of the WAu strain is possibly more appropriate.
However, both strains can potentially reduce the number of dengue infections. Furthermore,
the administration of the vaccine on a single group only, either child or adult, can only
reduce the number of infections in that group. However, further research needs to be
conducted to understand the effects of temperature and antibody-dependent enhancement
on the effects with the implementation of vaccination and different Wolbachia strains.
This may add new insights into the use of both strategies. In conclusion, the integrated
strategies by using Wolbachia and the vaccine should be implemented in order to possibly
reach dengue elimination.
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