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Abstract In this work, a two-patch model featuring human, aquatic and adult mosquito pop-
ulations to investigate the impact of host migration and vertical transmission in vector popu-
lation on dengue disease transmission between two spatial locations is proposed. The model
incorporates three patch-specific control measures, namely personal protection, larvicide and
adulticide controls to gain insights into the effect of their combined efforts in curtailing the
spatial spread of the disease in the connected locations. The effective reproductive number,
R, of the model is derived through the next-generation matrix method. Comparison the-
orem is used to prove the global asymptotic stability of the model. Qualitative analysis of
the model reveals that the biologically realistic disease-free equilibrium is both locally and
globally asymptotically stable when R7 < 1, and unstable otherwise. The simulated results
indicate that vertical transmission in vector population impacts the dynamics of dengue in
the population. Human movement between patches can also increase or decrease the disease
prevalence in the population, and the disease burden can be reduced significantly, or even
eliminated, in the interacting human and mosquito populations through the implementation
of combined efforts of the three control interventions under consideration.

Abbreviations

BRDFE Biologically realistic disease-free equilibrium

Bti Bacillus thuringiensis israelensis
DF Dengue fever

DFE Disease-free equilibrium

DHF Dengue haemorrhagic fever

DSS Dengue shock syndrome
GAS Globally asymptotically stable
ICs Initial conditions
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LAS Locally asymptotically stable

SEIR Susceptible—exposed—infectious—recovered
SIR Susceptible—infectious-recovered
TE Trivial equilibrium

1 Introduction

Dengue fever (DF) is the most widely spread vector-borne viral infection in the world [1,2].
Usually, the disease occurs in tropical and subtropical regions and is predominant in more
than 100 countries [3,4] in Africa, Asia, the Eastern Mediterranean and the Americas [3].
It has become the major cause of deaths and hospitalizations by dengue haemorrhagic fever
(DHF) and dengue shock syndrome (DSS) [5]. DHF is a main cause of morbidity and death
among children in South-East Asia [1,5]. Annually, about 50 million people are affected
worldwide, particularly in urban and semi-urban areas [1,5]. According to the World Health
Organization, about 40% of the world’s population is at the risk of dengue infection [6].

DF is transmitted via bites by infected female Aedes aegypti and Aedes albopictus
mosquitoes. The disease is caused by four serologically distinct viruses identified as DEN-1-
DEN-4 [4,7,8]. Recovery from an infection by one virus serotype confers lifelong immunity
to the strain, and temporary cross-immunity to the rest. However, it increases the susceptibility
of the recovered person to the other three serotypes [4].

Presently, there is no perfect vaccine for dengue, although a number of vaccines are under
way. The live attenuated tetravalent Dengvaxia (CYD-TDV) was licensed in 2015 [9], but
the efficacy of the vaccine is yet to be properly established. Hence, dengue control measures
still rely on the strategies that focus on the reduction of vector population and host—vector
contacts. These include applying larvicide to mosquito breeding sites, open space spraying
of insecticide, destroying artificial mosquito breeding sites, and individual protection against
mosquito bites [3,9,10].

Over the last few years, a number of factors have contributed to the significant increase in
the incidence of dengue globally. These factors include human movement, vertical transmis-
sion and changes in local weather and habitat conditions [11]. Taghikhani and Gumel [11]
reported that vertical (transovarial) transmission in vector population has marginal impact
on the dynamics of dengue. Also, human movement is known to be one of the major factors
responsible for the re-emergence of infectious diseases [4, 12]. It contributes to the expansion
of the geographic range of the diseases [4].

A mathematical modelling approach is one of the tools that are helpful in studying the
dynamical behaviour and developing some useful strategies for possible control and eradica-
tion of infectious diseases. In many previous works [13-21], several nonlinear mathematical
models have been developed to study the transmission dynamics and control of vector-borne
diseases, particularly dengue in a homogeneous environment. Alade et al. [22] studied a
nonlinear mathematical model with multi-target cells to describe the within-host transmis-
sion dynamics of viral infections. In a similar study [23], global asymptotic behaviour of
generalized within-host Chikungunya virus models around the steady states was investi-
gated. Furthermore, several studies have been conducted based on the use of autonomous
mathematical model to facilitate the understanding of the transmission dynamics of vector-
borne diseases involving human movement in a patchy environment [4,7,24-31] and non-
autonomous model to gain epidemiological insights into the optimal strategy needed to
minimize the spread of the diseases in a coupling environments at minimum costs [10,32—
34]. There are two approaches for modelling the effect of dispersal, namely metapopulation

@ Springer



Eur. Phys. J. Plus (2021) 136:1192 Page 30f32 1192

(Eulerian approach) and Lagrangian approach [7,35]. The two concepts have been applied
to explore the role of human movement in the context of dengue. For instance, [4] developed
a multi-patch dengue model by using the Eulerian approach to investigate the roles of human
movement and temperature on the dynamics of dengue disease transmission in a patchy envi-
ronment. The model follows the SEIR (susceptible—exposed—infectious—recovered) and SIR
(susceptible—infectious—recovered) structures for human and mosquito populations, respec-
tively. Moreover, [24] constructed a two-patch SIR + SI model to study the transmission
dynamics of dengue in two interconnected patches with coexistence of two virus serotypes.
In [7], a two-patch SEIR+SEI dengue model, using the Lagrangian approach, is developed to
investigate the impact of host mobility on dengue disease spread in two connected patches.

In Bock and Jayathunga [10], a multi-patch dengue model was based on the SIR+SI
structure to examine the optimal strategy for controlling the transmission and spread of
dengue in n-connected patches using patch-specific personal protection control measure. The
control model was analysed using optimal control theory. In similar studies [32,34], a two-
patch SEIR+SEI model was used to estimate the impact of patch-specific optimal personal
protection control on the dynamics of dengue disease transmission in the populations of the
connected patches. More recently, Kim et al. [33] developed a two-patch dengue model with
temperature-dependent parameters, in which patch 1 is assumed to be a park area where
mosquitoes prevail, while patch 2 is considered as a residential area where people live. The
model was used to assess the impacts of inter-patch travel blockage, vector control and virus
transmission control on the dynamics of dengue spread in the two connected patches. The
study suggested that the combination of the three control measures is the most effective.
Later, the authors extended the model to a non-autonomous system incorporating two time-
dependent control strategies, namely preventive measure and adult mosquito reduction effort,
to describe the transmission dynamics and optimal control of dengue influenced by climate
change in two coupling patches. The authors explicitly proved the existence result for the
optimal control couple, which minimizes dengue infections and implementation costs in the
two patches using optimal control theory.

However, despite the fact that the efficacy of combined effort of aquatic stage mosquitoes
control (either ecological control, chemical control or both) with other dengue control inter-
ventions such as preventive measure, case management (including detection, diagnosis and
treatment) and insecticide control of adult mosquito population has been demonstrated in
several studies on single-patch dengue models [14,18,19], none of the previous studies on
multi-patch dengue model (to the best of our knowledge) have evaluated the impact of inte-
grated dengue control strategy involving the aquatic stage mosquito control on the spread of
dengue in interconnected patches. To fill this gap, our interest in this work is to propose and
analyse a two-patch model that is more adapted to the reality of dengue disease which does
not only capture both the aquatic (immature) and adult stage (female) mosquitoes, but also
incorporates three patch-specific control parameters representing human personal protection,
larvicide and adulticide controls in order to investigate the impacts of host migration and dif-
ferent strategies for implementing the combined efforts of the three control interventions on
dengue disease transmission dynamics in two interconnected patches. In order to examine
the effect of vertical transmission, the model also incorporates the vertical transmission in
the vector population.

The rest of this paper is organized as follows: In Sect. 2, a two-patch dengue model is
designed. Also, the qualitative analysis of the basic properties of solutions the model and its
global asymptotic behaviour around the disease-free equilibrium are discussed in Sect. 3. In
Sect. 4, numerical simulation of the model is carried out. Section 5 presents the simulated
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results of the two-patch model with their discussions. This is followed up by a concluding
remark in Sect. 6.

2 Formulation of model

Considering the single-patch dengue model proposed and studied in a previous work [16]
and the multi-patch models presented in [4,28,30,36], we formulate a mathematical model
capturing the effect of human migration between two patches. The patches are considered
to be an urban centre (large city) and a satellite city. The model also incorporates vertical
transmission in the vector population. The total human population in the urban centre (city 1)
and satellite city (city 2), denoted as Np1(¢) and Np»(t), respectively, are stratified into four
mutually exclusive epidemiological states: Sp; (#)—susceptible individuals who can contract
the disease at time ¢, Ej; (t)—exposed individuals at time ¢, Ij; (t)—infectious individuals
at time ¢ and Ry; (r)——recovered individuals at time ¢, for i = 1, 2. Furthermore, in each
city, the aquatic phase mosquito subpopulation (including the egg, larva and pupa stages)
at any time ¢ is described by an epidemiological state A,;(¢), while the total adult (female)
mosquito subpopulation, denoted as Ny; (), is stratified into susceptible mosquitoes at time
t (Syi (1)), exposed mosquitoes at time ¢ (E; (t)) and infectious mosquitoes at time 7 (1,; (t)).
Thus, the total human and adult mosquito populations in each city are given as:

Npi (1) = Spi (t) + Epi (1) + Lni () + Rpi (1) ey
and
Nvi(t) :Svi(t)+Evi(t)+Ivi(t)a (2)

where i = 1, 2. Then, the total human and mosquito populations after the coupling of the
two cities are obtained from Egs. (1) and (2) as

2 2
Nu(t) = 3 Nui(6) = D (Si (1) + Eni (1) + Ini (1) + Ryi (1)) 3)
i=1 i=1
and
2 2
Ny(t) =Y Noi()) = ) (S5 (1) + Evi () + Ly (1)) . “

i=1 i=1

We let m| and m; be the respective migration rates of individuals from city 1 to city 2 and
from city 2 to city 1 with the assumption that the symptomatic infectious individuals in both
cities (those who are in class I;) do not migrate as a result of dengue-induced weakness.
Also, it is assumed that the migration of mosquitoes between patches is negligible since
Aedes mosquitoes have short distance travel coverage over their lifetime [7]. Consequently,
mosquito’s dispersal is neglected in the formulation of our model.

Since the urban centre is much larger than the satellite city, there is difference in the
nature of contacts in the cities. We then make similar assumptions in [29], that a standard (or
proportional) form of incidence term is appropriate for larger communities, while a bilinear
mass-action incidence function better fits smaller communities. On the one hand, it is quite
conceivable that people in the smaller community can easily meet each other, which is better
described by a bilinear mass-action incidence function. On the other hand, there are numerous
main shopping areas, several neighbourhoods and so on in a large urban centre. Many people
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in the urban centre spend their days in a small number of neighbourhoods, and they rarely or
do not even visit others. A proportional form of incidence term is appropriate to describe this
situation. So, the incidence rates for human and mosquito populations in city 1 are modelled
as: by Bn1 N“‘ Sp1 and by Bu1 N‘ Sn1, respectively, while for those of city 2 are formulated
as bvz,thIUzShz and bvzﬂvzlthvz, where b,; is the mosquitoes biting rate, and f,; and
Bni denote the transmission probability in humans and mosquitoes, respectively, in city i
(i = 1,2). This is unlike in the previous study [36], where the incidence rates for human
and mosquito populations of the two connected patches were formulated under a standard
(proportional) form of incidence terms.

Further, the effect of the implemented proportions of human personal protection, larvicide
and adulticide control interventions in city i (i = 1, 2) is accounted for by three patch-specific
control parameters, namely cp,, ¢, and c4,, respectively. The control cp, is introduced in
order to reduce the vector-human contacts in city 7, thereby reducing the effective contact
rate in city i by a factor (1 — cp,). Thus, the human and mosquito incidence rates of city 1
and city 2 are modified as:

Iy .
(- CPl)bvl,BththShl, (I- CPl)bvlﬂul Shl, (for city 1)
and

(1 —cp)bwaPilvaSnz, (1 —cp)bu2Bualp2Sw2  (for city 2),

where cp, € [0, 1] is the control parameter for personal protection in city i (i = 1, 2). Vector
larvae can be effectively controlled through larvicide treatment and mechanical control,
which is related to public enlightenment on removal of still water from domestic recipients
and elimination of possible mosquito breeding sites. Here, larvicide treatment is considered
so that control ¢y, is incorporated. It primarily focuses on the use of appropriate chemicals
such as Bacillus thuringiensis israelensis (Bti) insecticide to outdoor mosquito breeding sites
in order to reduce the number of immature mosquitoes living in water. Hence, the natural
mortality rate of aquatic mosquitoes of city i, represented by fi4;, is increased as wq; + ¢y ;,
where c;; € [0, 1] is the level of larviciding in city i. Also, the natural mortality rate of
adult mosquitoes of city i, denoted by (1, is increased by c4, so that the mortality rate of
mosquitoes in city i becomes (y; + c4;, where ca; € [0, 1] is the proportion of open spray
of insecticide (adulticide) control administration in city i.

Hence, the model governing the dynamics of dengue population in the urban centre (city
1) is given as in Eq. (5) as

dSp1 (1 = cp)bv1Bnily1Sni
— =0 — il - + maSp2 — m1Sp1 — wnShi, (Sa)
dt Npi
dEp (1 —cp)bu1Brilvi Sni
= L - +maEpy —miEp — (Y1 + in) Eni, (5b)
dr Npi
dlp
O vu1Ent — (Gp1 + pwn) I, (5¢)
dRp1
- = OntIny +maRpa — my Ry — pp Ry, (5d)
dAvl Avl
=t (1= —— ) Sv1 +Evi + A = 1)1) — Va1 + Ha1t +cL)Av1, (5e)
dr Kpi
dSy1 (I = cp)by1BviIn1 Sui
= Y1 Ayl — PulP = — (o +ca) S, (5f)
dr Np
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dEy; _ (I = cp))by1BoiIn1 Su1

dr Nit — (Vo1 + oy +ca))Evt, (52
drly;
dr =1 Ev1 — (uy + CA1)1v1~ (5h)

Similarly, the dynamics of dengue population in the satellite city (city 2) is described as:

dSn

ral On — (1 —cp)byaPralv2Sp2 +m1 Sy — maSp2 — wnSna, (51)
dEp, )
o (1 = cpy)bw2Bral2Sp2 +mi1Ept — ma2Epz — (vn2 + n) Ena, (5))

dipz

e Y2 En2 — On2 + wn)n2, (5k)
dRp2

o On2Ina +myRpy — moRp2 — i Rpz, (5D
dAvZ Av2

G = Me 1 - Sv2+ Evz + (1 —1)12) — (Va2 + a2 +cL,) A2, (Sm)

1 KL2
dSv2

Frale Ya2Av2 — (1 = cpy)by2 B2 ln2Sv2 — (y + c4,) Sv2, (5n)
dE

T - (I = cp)bw2BualnaSv2 — (Y2 + iy + cay) Ev2, (50)

dlv2

ar = vnEpn — (W + CAz)Iv2’ (5p)

subject to the initial conditions (ICs) expressed by Eq. (6) as

2
$4i(0) > 0, Epi(0), i (0). Ryi(0) = 0. > Epi(0) + I (0) > 0,
= 6)
A4i(0) > 0, $,:(0) > 0, Eyi(0), Lyi(0) = 0, Y Eyi(0) + L (0) > 0,

i=1

where i = 1, 2. Figure 1 presents the schematic diagram showing the population dynamics
of dengue in two connected patches. Table 1 provides the definitions of parameters of the
two-patch dengue model (5).

3 Analysis of the model
3.1 Positivity of solutions

Lemma 1 Let the initial conditions of model (5) be Spi > 0, Epi > 0, Ip; > 0, Ry > 0,
Ayi > 0,8, >0, Ey >0and I,; >0 fori = 1,2. Then, the solutions of the two-patch
dengue model (5) are non-negative for all t > 0.

Proof Let t; = sup{t>0: 8, >0, Ep; >0, I5; >0, Ry; >0, Ay; > 0,5y >0, Ey; >0,
I, >0¢€]0,¢], i =1,2}. Thus, t; > 0. It follows from (5a) that

dsy, (I = cp)by1Bri Ly
=L Qn + maSiy = A () Sh1 — miSiy — paSu1,  where A (1) = Lﬁu~

dt Npi @
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Fig. 1 Schematic diagram of the two-patch dengue model (5), where 1,1 = Nt , Ayl =

W» A2 = (1 —cpy)by2Bnaly2, and g = (1 = cpy)by2Bu2ln2

Table 1 Description of the used parameters for the two-patch dengue model, Eq. (5)

Parameter Description

Oni Human recruitment rate in patch i

Bhi Transmission probability of dengue virus from infectious mosquito to sus-
ceptible humans in patch i (per bite)

h Death rate of humans in both patches 1 and 2 (per day)

Vhi Incubation rate of human in patch i (per day)

Opi Recovery rate of human in patch i (per day)

my Rate of migration from patch 1 to patch 2 (per day)

my Rate of migration from patch 2 to patch 1 (per day)

byi Biting rate of mosquito in patch i (per day)

Bui Transmission probability of dengue virus from infectious human to suscep-
tible mosquitoes in patch i (per bite)

Hei Per capita oviposition rate of mosquito in patch i (per day)

t(0<t<]1) Proportion of infected eggs laid by infected female Aedes mosquitoes owing
to vertical transmission in both patches 1 and 2

Yai Development rate of larva to female mosquito (per day) in patch i (per day)

Hai Natural mortality rate of larva in patch i (per day)

) Natural mortality rate of mosquito in both patches 1 and 2 (per day)

Yoi Incubation rate of mosquito in patch i (per day)

Ky Maxima capacity of larvae in patch i
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Using integrating factor method, Eq. (7) can be written as:

t
4 {Shl(f) exp {mlt + wpt +/ )»hl(S)dS”
dr 0

t
= (Qn1 +m2Sp2) exp {mll + unt +/ )\hl(s)ds} .
0

Hence,

n
Sp1(t1) exp {mltl + unty +/ ?»hl(S)dS} — Sp1(0)
0

131 u
=/ (Qn1 +m2Sp2(u)) exp (mlu-i-uhu-i-/ )\hl(s)ds}du»
0 0

implying that
n 3l
Sny (t1) = Sp1(0) exp {—mm — Mht —/ khl(S)dS} +exp {_mlll — Mht —[0 Ml(S)dS}
0

n u
/ (Qn1 +m28Sp2(u)) x exp {mlu + mpu +/ )»hl(s)ds} du
0 0
> 0.

In the same approach, it is easy to show that all the other state variables (Sy2, Epi, Ini, Rpi,
Ayi, Svi, Evi and I, where i = 1, 2) are non-negative for all 7 > 0. O

3.2 Region of positive invariant

In order to show that the two-patch dengue model, Eq. (5), is biologically well posed, then
the dynamics of the system, Eq. (5), is studied in the feasible region, €2, presented in Lemma
2.

Lemma 2 The closed set

Q= {(Shls Ent, Int, Rpt, Avt, St Evt. Lut. Sh2. Enz. Ino. Rio, Ava, Suo. Evo. Tp) € RIS

K K
N, < On + th,Avl < Kyy. Ay < Kpp, N, < YKL + Ya2 Lz}
Hh Mo

®)
is positively invariant for the two-patch dengue model (5).

Proof Let Nj(t) be the total human population of the coupled cities 1 and 2 as defined in
Eq. (3). Also, let N, (¢) accounts for the total mosquito population in the connected cities as
given in Eq. (4). Then, it follows from adding the dynamics of host population in model (5)
that

th (t)
dr

where the rates of human death in both cities are assumed to be equal (i.e. up1 = wn2 = i)
for simplicity. Unless otherwise stated, this assumption is retained throughout the remainder
of this paper. So,

= On + On2 — unNp,

0<Ny@) < Qi+ O + (Nh(O) — M) eIt
M

I
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Thus, 0 < Ni(1) < W ast — oo.
Again, adding Egs. (5f)—(5h) and Egs. (5n)—(5p) related to vector dynamics yields
dN, (1)
dr

where it is assumed that the natural mortality rates of mosquitoes in both cities are equal (i.e.
Myl = [y2 = [y) and ca, = ca, = ca. So,

= Ya1Avl + Ya2Av2 — Mo Ny — caNy < Ya1Av1 + Va2 A2 — iy Ny,

YalAvl + Va2 A2

My

0= Ny =

+ <NU(0) _ Ya1Avl + VaZAv2> el

Ky

Consequently, 0 < Ny (1) < M ast — oo since Ay < Ky;, i = 1,2. Hence,
all the solutions of model (5) converge towards the closed set 2 given in (8). ]

Lemma 2 suggests that model (5) has solutions that are all non-negative and bounded.
Therefore, model (5) is well-posed mathematically and biologically.

3.3 Equilibrium points, reproductive number and stability analysis

e A Mei Yai N .
Proposition 1 Let N; = GooTen) i tiai L) for i = 1,2. Then, the two-patch dengue

model (5) admits at most two disease-free equilibrium (DFE) points stated as follows:

1. If N; < 1, then there is a trivial equilibrium (TE) (i.e. a mosquito and dengue-free
equilibrium) given by

& =(851,0,0,0,0,0,0,0, ;,,0,0,0,0,0,0,0), C))

2. If Ni > 1, then there exists a non-trivial biologically realistic DFE (BRDFE), which is
a mosquito-present and dengue-free equilibrium, given by

& =(851,0,0,0, A%, 85,,0,0, S5,,0,0,0, A%y, S35, 0,0), (10)
with the components given as

Oni(ma + up) + Quoma . Quimi + Qpa2(m1 + pp)
wn(n +my +my) 2 wn(pn +my + ma)

1 Yai 1
A =(1-— )k, 8" =—"* (1-—)ky.,
i ( M) biv Svi (uu+cAi>< M-) L

MeiVai .
N; = ,(i=1,2).
" (o +ca) Vai + Mai + L)

Shl

Proof Details of the proof can be found in “Appendix A”. O

The TE (&) and the BRDFE (&;) given in Egs. (9) and (10), respectively, represent the
steady-state solutions of the two-patch dengue model, Eq. (5), when there is no disease in the
population and no mosquito, and when there exists no disease in the population with the coex-
istence of humans and mosquitoes. However, it is more realistic that humans and mosquitoes
may coexist without dengue disease in the community. Hence, the local asymptotic behaviour
of the model is later investigated at BRDFE, &. In Proposition 1, it is established that the
threshold A (i = 1, 2), which is the effective offspring of the mosquito population in patch
i, regulates the existence of mosquitoes in the coupling patches.

It is necessary to derive the effective (or control) reproductive number, denoted as Rr,
of the two-patch dengue model (5). The dimensionless threshold can be used to forecast

@ Springer



1192 Page 10 of 32 Eur. Phys. J. Plus (2021) 136:1192

the potential of dengue disease either to invade or eradicate from a completely susceptible
population. Next, we present R associated with the two-patch dengue model (5). The result
is summarized in Proposition 2.

Proposition 2 [f N; is as defined in Proposition 1 and satisfies the inequality N; > 1 (for
i = 1,2), then the control reproductive number related to the two-patch dengue model (5) is
given as:

1 1 2
2 2 2
Rp =3 (R7.1 +R72) + 5\/“% (R27,1 +R2T,2> — 4R R7 o, an
where
- (1 = cp)b2, Bri Bl Y1 Vo1 Sit S (12)
7,1 = N¥ N¥~
(m1 + a1 + ) On1 + ) (o + ca) (ol + 1o +ca,) Ny Ny
1 —cp,)b?
Rrp = ( P)bys B2 Br2 V2 v St 5%, (13)
(m2 + yn2 + pn) On2 + pn) (o + c4,) (Vo2 + o + c4,)
bibs bicibrcn
ai

= , a) = ’
biby —myma (Yn1in + Yr16n2 + copn)(maynt + b3pn + bayna + bajuy)

by =my +yp +pn, ba=ma+ yp2 + pup, bz =my + yu,

c1 = 0p1 + pp, 2 ="06p2 + un,

and the components of the BRDFE, &, are as given in Proposition 1.
Proof See “Appendix B” for the proof in detail. O

By Theorem 2 in [37], the local asymptotic stability of the BRDFE, &, in the region €2 is
established by the following result in Lemma 3.

Lemma 3 The BRDFE, &, of the two-patch dengue model, Eq. (5), is locally asymptotically
stable (LAS) whenever Rt < 1, and unstable whenever Ry > 1.

Remark 1 The expression Ry in Eq. (11) represents the effective reproductive number for
the coupled two patches, while Ry, | and R > given in Egs. (12) and (13) are the effective
reproductive numbers related to patches 1 and 2, respectively, in the presence of human
movement between the patches.

Remark 2 The basic reproductive number (denoted as Rg) of model (5), which corresponds to
the scenario when no control interventions are implemented in both patches, can be obtained
by setting the control parameters cp, = c1; = C4; = 0 (fori = 1, 2). Thus, Ry is obtained
from the expression Rz in (11) as

Ro = R lep,=cr;=ca;=0 (i=1.2)

1 1 2
= \/2‘” (R(2)1 + Ré,z) + 5\/“12 (R(%,l + R(%,z) — 43RG | RG 5, (14)
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where

Roi = b2, Bu1 Bui i1 Yui Si S (15)
' (m1 + vt + wn) On1 + wn) o (vor + 1) Nify Ny

Roa = \/ b2, Br2Bu2 V22 g% g (16)
' (M2 + yn2 + wn) Ona + ) ity (Vo2 + py) 1202
a = b1by bici1byer

, ar = ,
biby —mymy (Yntin + Yu1On2 + copun)(maynt + b3un + bayna + baup)
by =mi + vy +un, by=my+y2+un, bz =mi+ vy,
c1 =0p1 + pmp, €2 =02+ up,

: R KeiYai * __ Yai 1 *
with M; = TR E S = o (1 r ) Ky; and §;; is as given in the components of

& in Eq. (10).
3.4 Global asymptotic stability of the biologically realistic disease-free equilibrium, &

Following [38], we examine the global asymptotic stability of the system, Eq. (5). Suppose
Z=(Sn1: Rn1, Avt, Su1, Sh2, Rn2, Av2, Sw2) and I = (Epy, Int, Evi, Iot, En2, In2, Eva, I2),
and group the dynamical system, Eq. (5), into subsystems presented by Eq. (17) as

dz

— = F(Z,0), 17

I (Z,0) (17a)

drl

a:G(Z,I), G(Z,1)=0, (17b)
where F(Z, 0) is the right-hand side of % %, %, %, % % % ds,y with

dr
Eh] = Ihl = Evl =1 vl = Eh2 = Ih2 = Evz = IU2 =0 and G(Zl I) 1S the I‘lght hafld side
of dE;’f % —dgt’" R %, —dgzhz R %, —dg[‘z, % Suppose further that G(Z, I) satisfies the
following two conditions expressed by Eq. (18) as

Cl: G(Z,0) =0, and ) ) (18)
C2: G(Z,I)=D;G(Z*,0) — G(Z,I), G(Z,1) >0,(Z,I) e Q,
where
(Z7,0) = & = (81, 0. A7}, 831 Sjp. 0. Ay, S75) -
with

Oni(ma+ up) + Quoma . Qn2(mi + pup) + Qpimy
wn(pn +mi+my) 2 pn(pn +my +ma)

1 Yai < 1 )
A =(1-—)Kg,, S =———|1—-— )KL,
vi ( M) b= Gy reap U N ) E
Mei Vai .
N = , (fori =1,2)
" (o +ca) Vai + ai +ery)
D;G(Z*,0), a M-matrix having non-negative off-diagonals, is the Jacobian of G(Z, I)
derived with respect to (En1, In1, Evi, Ivi, En2, In2, Ev2, I2) and evaluated at (Z*, 0), and
Q is the region where the two-patch dengue model, Eq. (5), biologically makes sense. If the
reduced systems, Eqs. (17a)—(17b), satisfy the two conditions in Eq. (18), then the global
asymptotic stability of the BRDFE, &, is summarized in the following result.

Shl
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Theorem 1 The BRDFE, &, of the two-patch dengue model (5) is globally asymptotically
stable (GAS) in Q whenever Ry < 1. Otherwise, it is unstable.

Proof Note from the two-patch dengue model, Eq. (5), that

Ont +maSp2 — (my + pp)Sp

maRpy — (my + pn) Ry
Mel (1 - 2211 ) Sv1 — (Va1 + ta1 +cr,)Avi

Ya1Avl — (y +CA1)SU1

F(Z,0) =
(2.0) Ona +m1Sp1 — (m2 + pn)Sn2

mRpy — (ma + pup) Ry
MHe2 (1 - 22) Sv2 — (Va2 + a2 +cL,) A2

Ya2Ava — (L + €ay)Su2

and
-1 0 0 k9 my O 0O O
yii —k2 0 0 0 O O O
0 x0o—xk3 0 0 0O O O
0 0 y —k4 0 0 0 O
* —

DiGEZL0=1 0 0 0 —xs 0 0 &
0 0 0 0 v -k 0 O
0O 0 0 0 0 «1p —«7 O

0 0 0 0 0 0 yp» —kg

withky = (m1 + yn1 + un), k2 = (thetapy + pup), k3 = (Vo1 + iy +ca,). ka4 = (Lp+cay),
ks = (m2 4+ yn2 + un), ke = On2 + pn), k7 = (Vo2 + to + €a,), kg = (v + Cay),
¥ S*
kg = (1 — CPl)bulﬁth#’;«'l, ko = (1 — CPl)bvlﬂvlﬁ, k11 = (1 = cp,)by2fn2S;,, and
k12 = (1 = cp)b2f2S},.
Using the relation of condition C2 in Eq. (18), we have

A - S _ Su N
Gi(Z, 1) (1= cp)boifm Ny I (1 N SZ])
G2(Z, 1) . o
G3(Z, 1) (1= cpbur Bt 3 I (1= R 5
Gaz.n=|G%D|_ 0 s a9
CA;S(Z, I) (1 — sz)bvzﬂhzs;:zlvz (1 — Sj}i)
Ge(Z, 1) 0 i
G(Z,1) 5,
Ga(Z. 1) (1 = cp)buaBuaS% I (1 - Tﬁ)
0
i = Qulmatin)+0 — Qulmitu)+0, _ B
Since Sj, = CHTDMELLOSM. Sho= CRGLESI Nho= Sie Sh =
Yai 1
Gt (1= ) Koo
N = HeiVai (for i = 1,2), and we have that S,1 < Npi, Su1 < Nyi,

(vtca;) Vai+tiaitcL;)
. . .. Sp1 Nji Sy N
Sz < Npa, Sp2 < Nyo in Q, then the inequalities (1 - ﬁﬁ) > 0, (1 - N—h'lfﬁl‘) > 0,
(l - %) > 0, and (1 — %) > 0 in Eq. (19) must be satisfied if the human and
h2 v2

mosquito populations are at the equilibrium state. Thus, é(Z , 1) = 0. Also, the BRDFE
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Z* = (85,0, A%, S, S5,, 0, A%, S%)) is clearly a GAS equilibrium point of the reduced
system, Eq. (18). Consequently, we have from Theorem 1 that the BRDFE, & = (Z*, 0), is

GAS. Hence, the proof. O

The epidemiological indication of Theorem 1 is that dengue disease will die out in the
community whenever R < 1regardless of the initial sizes of infectious human and mosquito
subpopulations in the interacting human and mosquito populations of the two patches.

In what follows, we carry out numerical experimentations on the proposed two-patch
dengue model, Eq. (5), to illustrate the role of human movements on the transmission dynam-
ics of dengue between two patches. The impacts of patch-specific controls cp,, ¢z; and cy;
(i = 1, 2) on putting the sizes of subpopulations of infectious individual and mosquito in a
patchy environment near the BRDFE, &;, are also explored.

4 Numerical simulations

In this section, we carry out the numerical simulations on the dengue model, Eq. (5), in order
to predict the impacts of host mobility on the dynamics of dengue disease transmission in
two connected patches. Further, the model is simulated to investigate an effective strategy
for applying controls cp,, ca, and ¢y, (fori = 1, 2) in curtailing the disease transmission in
two interconnected patches. The simulations are in two folds. In the first part, we examine
the effects of unidirectional and bidirectional human movements on the dynamics of dengue
disease transmission across two connected patches in the absence of any control interven-
tions. The simulations of different strategies for the implementation of combined control in
two connected patches for the cases of unidirectional and bidirectional host mobilities are
discussed in the second part.

We consider patch as city and assume the following initial data values for the human and
mosquito populations of city 1: N1 (0) = 663617, Ep1(0) = 2500, 151 (0) = 150, Rj,1(0) =
0, Sp1(0) = Nu1(0) — Ep1(0) — I51(0) — Rp1(0), Ap1(0) = 3 x Np1(0), Ey1(0) = 10,000,
1,1(0) = 100, so that S,1(0) = 3 x Np1(0) — Ey1(0) — 1,1 (0). Also, the initial conditions for
the ODE:s describing the host—vector interactions for dengue disease transmission in city 2 are
taken as: Nj2(0) = 9834, Ej2(0) = 1500, 1;2(0) = 50, Ry2(0) = 0, Ay2(0) = 3 x Np2(0),
E»(0) = 1000, I,2(0) = 100, so that S;2(0) = 3 x Nj2(0) — Ey2(0) — 1,2(0). The
parameter values of the models used to study the disease outbreak in the two cities are
obtained from the literature [7,39,40] as follows: b, 8,1 = 0.375 day’l, by1Bv1 = 0.375

day™!, - = 60 x 365 days, yu1 = 0.25day™", 641 = § day™', yy1 = fy day™ !, -L =11
days, per = 6 day™ !, ﬁ 4 days, ya1 = 0.08 day~!, byoBu2 = 0.000025 day~',

by2Bu2 = 0.000025 day ™!, - = 60 x 365 days, yu2 = 0.25 day™!, 62 = 5 day™ !,
V2 = ﬁ day_l, U2 = 6 day_], a2 = 0.2363 day_l, va2 = 0.08 day_]. We take
data for the rates of migration m| and my as m; = my = 0.1, implying that about 10%
of susceptible, exposed and recovered individuals leave each city per day. In addition, the
patch-specific control parameters cp,, ¢y, and cy,; (for i = 1, 2) are considered as bounded
variable parameters (i.e. cp;, cr;, ca; € [0, 1]). Notably, the initial data and parameter values
are chosen for the numerical illustrations of dengue transmission and spread between the
connected urban centre (city 1) and satellite city (city 2) where the disease is endemic in
both.
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(a) Infectious mosquitoes of City 1 (b) Infectious mosquitoes of City 2
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Fig. 2 Dynamics of infectious mosquitoes of cities 1 and 2 for uncoupled system (5)

5 Results and discussion
5.1 Effect of vertical transmission in mosquito population on the spread of dengue

Figure 2 shows that, with increasing proportion of infected eggs of mosquitoes, the size of
infected mosquito subpopulation significantly increases. This suggests that vertical transmis-
sion in the mosquito population significantly affects the number of infected mosquitoes. This
result is in agreement with the results reported in [11].

5.2 Effect of human travel on dengue disease spread between two connected cities

Setting human migration rates m| and m to zero in Egs. (15) and (16), respectively, the basic
reproductive numbers of the isolated city 1 (denoted as R 1) and that of city 2 (represented
by Ro,2) for this outbreak are approximately Ro 1 = 2.396 and Ro> = 1.573 when no
control intervention is administered in either city. These results epidemiologically imply that
dengue disease is present in the two cities. Also, the basic reproductive number for the com-
plete system (5) using the expression for Ry in Eq. (14) when no control interventions are
implemented in both cities (that is, cp, = ¢, = ca; = 0) with the presence of bidirectional
host mobility between the patches, is obtained as Ryg = 1.891. Hence, the disease persists
in the two cities as the inequality R(z) < 1, which guarantees the stability of BRDFE, &,
is violated as illustrated in Fig. 5 as well as Figs. 12, 13 and 14 when there is no control
implementation in both cities. The estimated value Ry = 1.891 suggests that bidirectional
host migration from high dengue-endemic city 1 to low dengue-endemic city 2 and vice
versa leads to a decrease and an increase in dengue prevalence in city 1 and city 2, respec-
tively, which consequently result into a reduction and an increment in R, and R 2 values,
respectively, as Ro,1 = 2.396 > Ro = 1.891 > Ro» = 1.573. This is justified in Fig. 5
as the numbers of infectious individuals and mosquitoes decrease in city 1 and increase in
city 2. The effect of human travels on spatial dissemination of dengue disease is graphically
demonstrated in Figs. 3, 4 and 5.

Figure 3 illustrates the effects of human unidirectional migration from city 1 to city
2 on the dynamics of infectious human and mosquito subpopulations of the two cities in
the absence of any control intervention. It is shown that the subpopulations of infectious
human and mosquito of city 1 with human movement decrease more rapidly to zero than the
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(a) Infectious individuals of city 1 (b) Infectious mosquitoes of city 1
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Fig. 3 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 1 to city 2 in the absence of any control measure

subpopulations without human travel (see Fig. 3a, b). Also, Fig. 3c, d depicts that the numbers
of infectious individuals and mosquitoes of city 2 are increased with human movement when
compared with the case of no movement. Thus, the unidirectional host migration from city 1 to
city 2 can greatly impact the disease burden of the two connected cities. As the population size
of city 1 (urban centre and high-dengue endemic) decreases, the number of dengue infections
decreases in both the human and mosquito population of the city, while the number of dengue
infections increases in city 2 (satellite city and low dengue-endemic) as the population size
of the city increases. Our result is in agreement with the results in [4], where the authors
used a two-patch nonlinear mathematical model with temperature-dependent parameters to
analyse the effect of human travel on dengue disease transmission between two connected
patches without any consideration for the aquatic phase mosquito.

The impact of unidirectional human movement from city 2 to city 1 on the dynamics of
the sub-populations of infectious human and mosquito of cities 1 and 2 when there is no
control intervention implementation in both cities is shown in Fig. 4. It can be seen from
Fig. 4a, b, respectively, that the numbers of infectious individuals and mosquitoes of city 1
first increased with human movement until the epidemic peaks before dropping below the
sizes of the sub-populations of infectious human and mosquito with no movement throughout
the remaining simulation period. In city 2, the disease prevalence is considerably decreased
in both the human and mosquito populations as shown in Fig. 4c, d, respectively. These
results are in agreement with those reported earlier in [4]. Unlike the previous case when
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(a) Infectious individuals of City 1 (b) Infectious mosquitoes of City 1
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Fig. 4 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 2 to city 1 in the absence of any control measure

human movement from city 2 is restricted in city 1 where the dengue prevalence considerably
increases with human movement in city 2, the disease prevalence slightly increased in city
1 and significantly reduced in city 2 when human movement from city 1 is restricted in city
2. This implies that the blockage of human travel from city 1 (high dengue-endemic and
population density city) to city 2 (low dengue-endemic city) may be helpful in reducing
dengue disease transmission. This result is in line with the results obtained in [33], where the
authors used a two-patch model describing the transmission dynamics between the coupled
park area where mosquitoes prevail (patch 1) and residential area where people live (patch 2)
to investigate the effect of short-term and long-term blockage between the two patches. The
study revealed that long-term blockage of the park area is effective to curtail the transmission
dynamics of dengue.

Figure 5 presents the effects of bidirectional host movement between city 1 and city 2 on the
dynamics of the subpopulations of infectious individual and mosquito in the absence of any
control measures. Figure Sa—c shows that there are two epidemic peaks, one corresponding to
the presence of human migration between the connected cities while the other associates with
the case of no migration. It is observed that the disease epidemic peak earlier at a considerably
reduced value in city 1, while the epidemic is slightly delayed to peak at increased value in city
2 (as shown in Fig. 5c, d, respectively). The results indicate that bidirectional host migration
between a high endemic city and a low endemic city may cause the two cities to become
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(a) Infectious individuals of city 1 (b) Infectious mosquitoes of city 1
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Fig. 5 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with bidirectional host mobility
between the cities in the absence of any control measure

low and high dengue prevalent, respectively. These results agree with the results obtained in
other studies on dengue [4].

5.3 Effect of patch-specific personal protection, larvicide and adulticide controls on dengue
disease transmission dynamics in a patchy environment

The implementation of patch-specific control parameters cp,, ¢, and ca, (fori = 1, 2) affects
the dynamics of the two-patch dengue model, Eq. (5), and the associated basic reproductive
number defined by Eq. (11). For instance, fixing all the control parameters cp,, ¢z, and cy;,
(where i = 1,2) at 0.1, the Rg value for the system, Eq. (5), in the case of bidirectional
human movement reduces to Ry = 0.461. Hence, the choice of these controls may help
to diminish the number of infectious individuals and mosquitoes in both cities near zero
and consequently leads to the stability of BRDFE, &, as the inequality R(Z) < 1 is satisfied.
The effects of combined efforts of patch-specific personal protection, larvicide and adulticide
controls under various scenarios on the transmission dynamics of dengue disease with human
movement are represented by Figs. 6,7, 8,9, 10, 11, 12, 13 and 14.

Figure 6 illustrates the impacts of the application of combined control only in city 1 on
the dynamics of the numbers of infectious humans and mosquitoes of city 1 and city 2 with
unidirectional human movement from city 1 to city 2. It can be observed in Fig. 6a, b that
the application of 50% of combined control causes the populations of infectious human and
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(a) Infectious individuals of city 1

(b) Infectious mosquitoes of city 1
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Fig. 6 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 1 to city 2 at different levels of implementation of combined control in city 1 (i.e. cp; = cr,
cap =0,0.25,0.50)

mosquito of city 1 to remain at zero from 25th day and 15th day till the end of the intervention
period, respectively. However, this control strategy is insignificant to decrease the number of
infectious individuals and mosquitoes of city 2 over the intervention period (see Fig. 6c, d).
The effects of the application of combined control only in city 2 on the dynamics of
the subpopulations of infectious individual and mosquito of city 1 and city 2 when there is
unidirectional host mobility from city 1 to city 2 is represented in Fig. 7. Figure 7d shows a
high impact of applying about 50% of combined control on the dynamics of the numbers of
infectious mosquitoes of city 2. However, this control intervention strategy has no significant
impact on the dynamics of the subpopulations of infectious individual and mosquito of city
1 (as shown in Fig. 7a, b, respectively) as well as the number of infectious humans in city 2
(as shown in Fig. 7c). These results suggest that implementing control interventions only in
a less dengue-endemic city when only human migration from high dengue-endemic city to
less dengue-endemic city is possible is not effective, implying that human migration reduces
the efficacy of the implemented control interventions in the less dengue-endemic city.
Figure 8 shows the impacts of combined control applied simultaneously in city 1 and city
2 on the dynamics of the numbers of infectious individuals and mosquitoes in the presence of
the host mobility between the two cities. The numbers of infectious humans and mosquitoes
in city 1 drastically reduce to zero using about 50% each of control interventions as seen in
Fig. 8a, b. By implementing the control interventions, the number of infectious mosquitoes
in city 2 is sufficiently diminished to zero after 20th day from the commencement of the
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Fig. 7 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 1 to city 2 at different levels of combined control implementation in city 2 (i.e.cp, =cp, =ca, =
0, 0.25,0.50)

interventions, whereas the number of infectious individuals in city 2 does not reduce using
this control efforts (as shown in Fig. 8c).

Hence, the simulated results reveal that, in the presence of unidirectional human movement
from city 1 to city 2, the application of combined efforts of the three control interventions is
sufficient to diminish the number of infections in the population of city 1 to zero when the
city is a control-target, while there is also a significant impact of the implemented control,
particularly on the infected mosquito subpopulation, when city 2 becomes the only control-
target city. In [10,34], the simulated results of the effect of patch-specific optimal personal
protection control on the dynamics of the infectious individual and mosquito subpopulations
with unidirectional human movement between patches reveal that the separate use of the
control simultaneously implemented in the connected patches is not enough to diminish the
numbers of infectious humans and mosquitoes of both patches to zero. Hence, our results
indicate the efficacy of the application of combined efforts of different control measures
over a single intervention. In Kim et al. [33], the authors also demonstrated the efficacy of
joint application of transmission control (preventive measure), vector (adulticide) control and
travel blockage control over their separate use as a fight against dengue in two connected
patches.

Furthermore, Fig. 9 presents the dynamics of the infectious individual and mosquito
subpopulations of city 1 and city 2 under the influence of various levels of combined control
efforts applied only in city 1 and unidirectional host mobility from city 2 to city 1. As shown in

@ Springer



1192 Page 20 of 32 Eur. Phys. J. Plus (2021) 136:1192

(a) Infectious individuals of city 1 (b) Infectious mosquitoes of city 1
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Fig. 8 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 1 to city 2 at different levels of simultaneous implementation of combined control in cities 1 and 2
(i.e. control = 0, 0.25, 0.50)

Fig. 9a, b, the size of subpopulations of infectious human and mosquito of city 1 drastically
reduces to zero by applying about 50% of combined control effort. However, the control
strategy has no significant impact on the dynamics of the numbers of infectious individuals
and mosquitoes of city 2 as depicted in Fig. 9c, d, respectively.

In Fig. 10, the impacts of applying combined control at various levels only in city 2 on the
dynamics of infectious humans and mosquitoes when there is unidirectional host mobility
from city 2 to city 1 are illustrated. Using about 50% of combined control sharply reduces
the number of infectious mosquitoes in city 2 to zero and remain there from the 20th day till
the end of the control intervention as shown in Fig. 10d. However, Fig. 10a—c reveals that the
effect of unidirectional movement drastically reduces the efficacious of this control strategy
to the extent of not having any impact on the infected human and mosquito subpopulations.

Figure 11 presents the effects of simultaneous application of combined control efforts at
different levels in city 1 and city 2 on the dynamics of the subpopulations of infectious human
and mosquito with bidirectional human movement between the cities. It can be observed
that this control strategy is sufficient to diminish the numbers of infectious individuals and
mosquitoes of city 1 to zero at about 50% level of the control application in the two intercon-
nected cities (see Fig. 11a, b). Also, the subpopulation of infectious mosquito with control
decreases rapidly to zero when compared with the case of no intervention; however, there is
no significant impact of using the control efforts on the number of infectious individuals in
city 2 (as illustrated in Fig. 11c).
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Fig. 9 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 2 to city 1 at different levels of combined control implementation only in city 1 (i.e.cp =cp; =
cay, =0,0.25,0.50)

Also, Fig. 12 illustrates the impacts of combined control applied at various levels only in
city 1 on the dynamics of the subpopulations of infectious individual and mosquito in city 1
and city 2 when there is bidirectional human movement between the cities. The use of about
50% level of combined control significantly reduces the number of infectious individuals and
mosquitoes more rapidly to zero when compared with the case of no control administration
in city 1 as shown in Fig. 12a, b. In addition, the implementation of the control increases
dengue disease burden in human population from 25th day to 70th day with no significant
impact on the number of infectious mosquitoes in city 2 (see Fig. 12c, d). Hence, the strategy
is not enough to decrease both the subpopulations of infectious individual and mosquito of
city 1 and city 2 to zero.

Figure 13 demonstrates the effects of different levels of the application of combined control
only in city 2 on the dynamics of the numbers of infectious individuals and mosquitoes of
city 1 and city 2 in the presence of bidirectional host mobility between the two connected
cities. It is observed that the dynamical behaviours of the infected human and mosquito
subpopulations in both cities are similar to those presented in Fig. 10. Hence, discussions
of the results obtained under this control implementation are similar to those given for the
results in Fig. 10.

Figure 14 illustrates the effects of combined control administered simultaneously at dif-
ferent levels in city 1 and city 2 on the dynamics of the subpopulations of infectious human
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Fig. 10 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 2 to city 1 at different levels of combined control implementation only in city 2 (i.e. cp, = ¢, =
ca, = 0,0.25,0.50)

and mosquito of cities 1 and 2 in the presence of bidirectional human movement between the
two cities. Figure 14a, b shows that the simultaneous application of about 50% of combined
control in city 1 and city 2 decreases the size of infected human and mosquito subpopula-
tions more rapidly than when the control efforts are not implemented. Furthermore, Fig. 14d
reveals that the use of about 50% of combined control simultaneously in city 1 and city
2 diminishes the number of infectious mosquitoes in city 2 to zero between 20th day and
120th day from the commencement of the control intervention program; however, the number
of infected individuals with control in city 2 increases between the 25th day and 80th day
counting from the beginning of control implementation period (as shown in Fig. 14c). Lee
and Castillo-Chavez [34], in their study on the optimal control strategies for dengue disease
transmission dynamics in a patchy environment, estimated the effect of patch-specific opti-
mal personal protection control simultaneously implemented in the two connected patches
through bidirectional human movement. The results of their numerical simulations show that
the control strategy is not sufficient to reduce the number of infectious individuals of both
patches to zero. In a similar study, Bock and Jayathunga [10] applied optimal control theory
to derive the optimal personal protection control needed for an effective control of dengue
disease spread in a patchy environment. The numerical results obtained revealed that the use
of only personal protection is not enough to reduce the size of infected subpopulation in the
community to zero. Therefore, our results show that the administration of combined efforts
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(a) Infectious individuals of city 1 (b) Infectious mosquitoes of city 1
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Fig. 11 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with unidirectional host mobility
from city 2 to city 1 at different levels of simultaneous application of combined control in cities 1 and 2 (i.e.
control = 0, 0.25, 0.50)

of several control strategies is more efficacious than their separate use in controlling dengue
disease spread within the populations of two connected patches (or cities).

6 Conclusions

This paper has presented and analysed a two-patch model, which captures both the aquatic
phase and adult mosquitoes, effect of human movement and vertical transmission in vec-
tor population, for dengue disease transmission dynamics. The model incorporates three
patch-specific control parameters accounting for human personal protection, larvicide and
adulticide. The two-patch model has provided a new framework for assessing the role of
human movement, vertical transmission in vector population, as well as gaining insights into
the impacts of combined efforts of patch-specific three control measures (i.e. personal protec-
tion, larvicide and adulticide) on the transmission dynamics of dengue disease between two
interconnected high dengue-endemic city 1 (large urban centre) and low dengue-endemic
city 2 (satellite city). The results observed from our analyses and simulations of the model
are as follows:

i. The two-patch model admits two disease-free equilibria, namely the TE and the BRDFE.
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Fig. 12 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with bidirectional host mobility
between the cities at different levels of combined control implementation only in city 1 (i.e. cp; = ¢, =
ca, =0,0.25,0.50)

ii. The BRDFE point &, associated with the model, is LAS if R7 < 1, and unstable
otherwise.

iii. It is shown that the BRDFE point & of the two-patch dengue model is GAS whenever
Rr < 1, and unstable otherwise. The epidemiological insight from this result is that
dengue disease will eventually die out from the population in both cities whenever the
threshold quantity Rr is below unity.

iv. Without any control implementation, the basic reproductive number for dengue outbreaks
in isolated city 1 and city 2 is approximately Ro,;1 = 2.396 and R = 1.573, respec-
tively, and the basic reproductive number of the two-patch model in the absence of any
control is approximately Ro = 1.891.

v. Assessing the role of vertical transmission in vector population, the simulated results
reveal that vertical transmission has significant influence on the disease dynamic, partic-
ularly in city 2.

vi. In the case of no control, it is observed that with the presence of human movements (either
unidirectional or bidirectional movements) between the large urban centre (city 1) and
satellite city (city 2), the prevalence of dengue disease decreases as the subpopulation
sizes increase. This indicates that the higher the population density of a dengue-endemic
city, the higher the transmission rate of dengue, and vice versa.
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Fig. 13 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with bidirectional host mobility
between the cities at different levels of combined control implementation in city 2 (i.e. cp, = cp, = c4, =
0,0.25,0.50)

viii. When the efforts of combined control can only be implemented in one city due to limited
resources, it is more effective to control the high dengue-endemic city 1 in the case of
unidirectional human movement between the two connected cities. Also, controlling city
1 gives a better reduction in dengue prevalence in the presence of bidirectional human
movement between cities 1 and 2.

ix. In both cases of unidirectional and bidirectional human movements between the con-
nected cities 1 and 2, applying the combined control in city 1 and city 2 simultaneously
is found to be most effective in eliminating dengue disease from human and mosquito
populations in the two cities. However, the level of implemented combined control effort
should be increased in both city 1 and city 2 as the population size of city 1 increases in
order to achieve a dengue-free population in the two cities.

In this study, we considered the effect of combined efforts of bounded patch-specific
control parameters 0 < cp, < 1,0 < ¢, < land 0 < ¢y, < 1 (fori = 1, 2) separately
and simultaneously administered in two connected patches on dengue disease transmission
dynamics. However, the implementation of the strategies may be too expensive to apply.
Therefore, in future work, we intend to obtain the optimal control functions cp, (¢), cr, (t)
and c 4, () that optimally curtail the spread of dengue in two connected patches using optimal
control theory.
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(a) Infectious individuals of city 1 (b) Infectious mosquitoes of city 1
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Fig. 14 Dynamics of infectious individuals and mosquitoes of cities 1 and 2 with bidirectional host mobility
between the cities at different levels of simultaneous implementation of combined control in cities 1 and 2
(i.e. control = 0, 0.25, 0.50)
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A Proof of Proposition 1

Proof Consider the two-patch dengue model (5) at steady state. Then, the following expres-
sions are obtained for Ej; and Rp; (fori = 1, 2) from Egs. (5¢), (5d), (5k) and (51), respec-
tively:

h Yhi

o Onily +mjRy

R —
hi m; + iy

fori, j = 1,2, i # j.Also,addingEqgs.(5a)and (5b),and Egs. (51) and (5j) and simplifying,
we get

1 mjOnj + il (On + i+ i+
St = Opi + i i Oni + )i + yui + pn) I +misy b @0)
mi + [n Vhj Vhi
fori,j=1,2, i #j.
Hence,
Oni + I
E;;,' _ Oni + pn) hi , 21a)
Vhi
Oni LY. +m ;R
Rfy=—— W 21b)
mi + Wp
(O *
o O + mjOnj + w)ly; Oni + ) (mi + yui + wn) Iy, oSt
hi J*Xhj
mi + Vhj Vhi
(21c)

fori,j =1,2, i #j.
Equations (5e) and (5m) at steady state are resolved as:

A*
(Yai + tai +cL)Ay; = Hei <1 - K”’ > (Sy; + Ey; + (1 —1)1;), wherei =1,2.(22)

i
Solving Egs. (5f) and (5n) for Sy and Sy, respectively, leads to

Yal
o= £ — A%, (23)

1
(o +ca))+ 1A — cpl)bvlﬂleL;‘l

Ya2
S*, = A%, (24)
T (e +eay) + (U —cp)buBull

From Egs. (5g) and (50), we obtain

x (1 _CPl)bvl,Bul I}T] Yal % (25)
vl — I vl
(o1 + sy +cay) N}TI (uy +cay) + (1 —cp)byi B NL;T]l
1 —cp,)b I
EZKQ _ ( Pz) UZﬂUZ h2 Va2 Aﬁz (26)

(w2 + oy + CA2) (o + CAz) + - CPz)bU2:3U21],TZ
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From Egs. (5h) and (5p), we find

« i (I —cp)bu1fur 1 Yal s a7
vl — NE = vl
(o +€ar) (vor + so +ca) Ny (uy +cay) + (1 —cp)byi B NL}T]]
1 —cp,)b I
I = Y2 ( P)bwa B2l Ya2 T 28)
(o + CAz) (Y2 + oy + CAz) (mo + CAz) + (1 - CPz)bUZ,BUZIhz
Hence,
A%
(Vai + Mai + CL[)A;' = Mei (1 - KW ) (Sj, + E:’;,‘ +1 - T)I:,')v (fori =1,2) (29&)
Li
St = Yol AT (29b)
(w +a) + (1= cp bt it
s%, = Ya2 _ A%, (29¢)
(o +cay) + (1 — CPz)bv2/3v21h2
_ I*
:l _ (1 cp )by1 Bui L*l Yal . A* (ng)
Gt 100 +€a) N Gy + ) + (1= e bur Bur 3
l - bv v I* a
B = (1 =cp)bw2fu2ly, Ya2 4, (29¢)
(Vo2 + 1y + CAZ) (o + CAZ) +1 - CPz)bUZ,Bv21h2
* Yvl (1 —Cpy )by1 Bui IL*I Yal A
! (o +car) (vor + o +cay) Ny (uy +ca) + (1 _CP|)bv1/3v11{J]i"1 "
nt
(29f)
1= cp)buabul} ’
12 v2  (L—cp)bnfunly, Ya2 A%, (290)

T (moFea) (W2t e teay) (o tca) + (L—cp)bnBunll,

Now, we compute the DFE. In this case, Ej; = I = Ey; = I,; = 0. Thus, Eq. (29a)
reduces to

A*.
(Vai + Mai + L)AL = Wei <1 - i) Syis

Kri
A*. YVai
(Vai + Mai + CLi)A:i = Mei <1 - KZ) mlﬁp (30)
Resolving Eq. (30), we get
A3 Yai
(11— ) —— — (Vi i A =0. 31
{Mez < KLi) (o + CA,-) (Yai + Mai + CL;)} vi 3D
Equation (31) has the solution A%; = 0 or
. ; ; . 1
Ay = (1 _ ot ca) (ai + fai + ‘“) Kii = (1 - 7) K, (32)
MeiVai M
Where./\/i — Mei Vai

(/L\/+CA1- )(V¢1i+#ai+cLi) :
Putting Ep; = In; = Ayi = Eyi = L = 0 (where i = 1,2) in Eqgs. (21) and (29), we

obtain the TE, &1, given by
& = (S;fl,O, 0,0,0,0,0,0,S;,,0,0,0,0,0,0,0),

with

Oni +m;Sy;

S*. =
hi mi + [

, fori,j=1,2, i4#}j, (33)
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which upon solving the simultaneous equations resulting from Eq. (33) for Sj,; and Sy, yields

g On1(ma + up) + Qpoma -, _ Onimy + Qpa(my + pup)

(34)
" wn(pp +myp 4+ ma) h2 wn(pn +my + ma)

Furthermore, since N; > 1 and A;‘ji = (1 — N%) K1, then using Eqgs. (21) and (29), we
get

1

1
Al = (1 - F) Kri, (35)
Yai
§ro— YAl s 36
vl (:uv +CA,') vl ( )
. _ Oni(mj + up) + Qnjm;
"+ mi +mj)

) (37

: T Mei Vai P : :
with Nj = (nv+ca;)Vai+1ait+cr;) fori,j=12, i#].

Finally, we obtain the BRDFE, &;, given by
& = (S}:l, 0,0,0, A%, S*,0,0, S;:z, 0,0,0, A’,’jz, ;‘2, 0, O) ,

vl Poul>

with S}, and S}, as defined in Eq. (34),

1 Yai 1
A =(1-— )k, s=—"" (1-— )k,
i ( M-) kv P (uv+cA,.>< M) b

A MeiVai L
where \; = GooTen ) ait e i) for i = 1, 2. Hence, the proof. O

B Proof of Proposition 2

Proof We employ the next-generation matrix method outlined in [37,41] to establish this
theorem. Now, note from the two-patch dengue model, Eq. (5), that

(V) + tn +m1)Epy —maEp

Iy
En (1= cp)burBut 1y S On1 + wn)Int — ym Em
Iny 0 r (o1 + iy +ca)Evt
Ey (lfcl’l)bvlﬂlethlSvl (v +ca) vt — o1 Evi
Ioy 0 (Vny + e +m2)Epy —my Ep
Enz (1 = cpy)by2Bualv2Sn2 On2 + )2 — yn2Ena
In2 0 (Y2 + o +ca)En2
d Eyp 1 - CPz)bUZﬁI)ZIhZSUZ (y +ca) 2 — Y2 Ev2
3 ;”2 = 8 - ((1*CP,)bv1/3h1ﬁ+m1 +Mh)sh1 — (On1 +m2Sp2)
i
Rt 0 Mn Ry +mi Ry — OniIny +m2Ryz)
Auy 0 Gt + ar + ez Avt = per (1= $2) o1 + Bt + (1= D)
i“ 0 (u«u +ca + (1 —cp)by1But %) Svl = Va1 Avi
ha 0 (1 = cp)bwaPualva +my + i) Spz — (Qnz + m1Sp1)
Ahz 8 i Rz +maRpo — On2lno + mi Rp1)
)2 2
S o (a2 + a2 + 1) Az = ez (1= 2 ) (S + Bz + (1 = D)

(Mv +ca + vaﬂvZIhZ) Sv2 = Ya2 Av2
(3%)
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So, the infection and transition matrices F and V, respectively, are obtained from Eq. (38)
as

0 0 0 (1= ¢p)but B 2 0 0 0 0
hl
0 0 0 0 0 0 0 0
0 (1—c,)]>bv1ﬁv1,i—}l 0 0 0 0 0 0
1
F=1o0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 (1 —cp)bunBiaS}y

0 0 0 0 0 0 0 0

0 0 0 0 0 (1 —ch)buzﬂsz:fz 0 0

0 0 0 0 0 0 0 0

and
mi + Yy + un 0 0 0 —my 0 0 0
—VYhi On1 + 1n 0 0 0 0 0 0
0 0 Yol + [y + 4, 0 0 0 0 0
v 0 0 Yo o +cay 0 0 0 0
N —n 0 0 0 ma + yn2 + [tn 0 0 0
0 0 0 0 —¥h2 On2 + i 0 0
0 0 0 0 0 0 Vo2 + 1y +cay 0
0 0 0 0 0 0 — Y2 My +cay
(39)

Consequently, the control reproductive number of the two-patch dengue model, Eq. (5),
is the spectral radius of the matrix FV~! (i.e. p (FV ™)) given by

1 1 2
Rr = \/2“1 (RZT,I + R%,z) + 5\/“% (R%,l + 722T,2) —46R7 Ry, (40)

where
Rr1 = (1 — cp)bZ B But Y1 Vol Si Su
’ (m1 =+ yn1 + wn)Ont + mn) (o + ca) (Vo1 + 1o +ca) Njyp N
Rro= \/ (1 — cp,)b2 B2 Bu2Via V2 o g
' (m2 + yi2 + 1) Gnz + wn) (o + €ay) (Vo2 + o +cay) 270
b1by bicibacr
ai

=— @;m= ,
b1by —mymy (Ynitn + yn10n2 + copn) (maynt + bapun + baynz + bap)

by =mi +yp +pun, by=ma+yp2+un, bz =my+ yp,

c1 =0p1 + i, 2 =02+ up,

and the components of the BRDFE, &, are as given in Proposition 1. Therefore, the proof of
Proposition 2 is verified. O
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