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MODELING AND ANALYSIS OF LOW-LEVEL
TRANSMISSION ZIKV DYNAMICS VIA A
POISSON POINT PROCESS ON SEXUAL
TRANSMISSION ROUTE

Wenjing Zhang™" and Chathuri T. Sandamali

Abstract In this project, we modeled the low-level ZIKV transmission that
was reported in Thailand [31]. The secondary sexual transmission route is
modeled by a Poisson point process, which leads to an increasing and saturat-
ing contact rate. This nonlinear contact rate further induces backward and
Hopf bifurcations. Oscillations bifurcating from the Hopf bifurcation demon-
strate the low-level persistent ZIKV transmission with sharp outbreaks, which
further show varying amplitudes and frequency by considering stochastic vari-
ations on the sexual transmission rate. Global stability analysis of the disease-
free equilibrium drives the disease elimination criteria for models considering
vector transmission route only and considering both vector and sexual trans-
mission routes. Bifurcation analyses prove the existence of forward and back-
ward bifurcations, saddle-node bifurcation, and Bogdanov-Takens analytically,
and further suggest the occurrence of cusp, Hopf, and general Hopf bifurcations
numerically. One and two-dimensional bifurcation diagrams demonstrate the
analytical results under the influence of both vector and sexual transmission
rates. Sensitivity analysis suggests that an increase in mosquito death rate has
the largest effect on the basic reproduction number, and an increase in human
recovery rate has the most influence on decreasing human host prevalence.

Keywords Low-level ZIKV transmission dynamics, poisson point process,
global stability, bifurcation analysis.
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1. Introduction

Zika virus (ZIKV) belongs to the virus family Flaviviridae spread by Aedes mos-
quitoes, such as dengue, chikungunya, and yellow fever. The first isolated ZIKV was
from the Ziika Forest in Uganda in 1947 [35]. The history of ZIKV outbreaks started
in Yap Island in the western Pacific in 2007 [12], leading to the 2013-2014 severe
epidemic in French Polynesia [23], before spreading throughout other tropical and
subtropic regions in Asia [8], and followed by an explosive epidemic in Latin America
in 2015-2016 [18]. Although about one out of five ZIKV infectives develop mild
symptoms, including fever, skin rashes, headaches and muscle and/or joint pain [29],
with no disease-induced fatalities [13], the infection will results in severe neurological
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complications, such as Guillain-Barré syndrome [7] and congenital microcephaly
syndrome in the early stages of pregnancy [26]. Unfortunately, no specific medicine
or vaccine exists to treat ZIKV infection.

A sustained low-level ZIKV transmission has been reported for several decades
in tropical and subtropic regions from Africa [4,27] to Asia [31] with no reported epi-
demics. Research evidence shows low-level ZIKV circulations in Thailand for more
than 16 years [31] and also in Fiji Islands for several years after the initial intro-
duction [19], and invisible ZIKV endemic challenges in Africa [1,27]. Even though
known the mosquito-to-human spillover, little is heard about the ZIKV transmis-
sion patterns because of the misdiagnosis caused by serological cross-reactivity with
closely connected dengue virus, the small fraction of symptom cases, and the epi-
demic burnout due to the high levels of population immunity from the lifelong
immunity against reinfection. Due to the close genetic and transmission relation
between ZIKV and dengue virus, the same epidemiological, economic, and global-
ization factors that facilitate the transmission of endemic dengue virus can also be
potential threats to the re-emergence of ZIKV in the regions with previous outbreak
history. Since approximately 3.6 billion people are infested with Aedes mosquitoes,
which transmit both dengue and ZIKV viruses, it is necessary to develop sustained
prevention and surveillance programs.

Given the potential of ZIKV re-emergence in the endemic dengue region, it is
crucial to investigate the low-level sustained ZIKV transmission dynamics. Many
mathematical models are proposed to characterize the ZIKV transmission pattern.
Most of them are focused on both vector-borne and non-vector-borne transmis-
sion routes. As a member of the mosquito-borne family of flaviviruses, ZIKV is
still mainly spread by infected Aedes mosquitoes’ bites. The unique human-human
(sexual) transmission is reported to have a much longer duration of infectivity,
which might play an important part in introducing ZIKV to non-endemic areas [4].
Saad-Roy et al. [32] proposed a model giving consideration to both vector and sex-
ual transmission routes and distinguishing the sexually inactive and active groups.
They concluded that even though sexual transmission could not drive the epidemic
alone due to the negligible influence on the basic reproduction number, but it could
lead to complex dynamics, such as backward and Hopf bifurcations. Gao et al. [15]
considered both transmission routes as well and concluded that the biting and
mortality rates of mosquitoes in the vector transmission route had the most signifi-
cant control on the basic reproduction number, while the sexual transmission route
mostly contributed to the increase in the severity of the epidemic. In addition to
both transmission routes, Biswas et al. [6] considered mosquito control and public
awareness to develop an effective policy for disease control. Taylor [37] recently
evaluated various prevention measurements by incorporating both mosquito bite
prevention and sexual transmission prevention, and concluded that mosquito bite
control strategy has a more significant effect on disease eradication and mitigation
than sexual transmission prevention.

No documented disease-induced fatality is another feature of ZIKV transmission.
Disease-induced mortality in humans is proposed to be the cause of backward bifur-
cation [17]. The existence of backward bifurcation not only increases the effort for
disease elimination [39], but also leads to complex dynamical behaviors [32]. More
specifically, it results that the conventional criterion for disease elimination, that is
the reproduction number being below the unity, is no longer adequate [24, 28, 40],
and requires more efforts or more effective control strategies. Many mathematical
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models considering vector-borne diseases demonstrate backward bifurcations by as-
suming the existence of disease-induced deaths [2,5]. However, it does not apply to
ZIKV transmission.

As a flavivirus, ZIKV triggers a humoral antibody response, which can cross-
react with several flavivirus antigens and induces lifelong immunity against rein-
fection [4]. ZIKV transmission is purposed to burn out the susceptible population,
and the disease extinction will follow under sufficiently large population immu-
nity [14]. Nevertheless, Ruchusatsawat et al. [31] pointed out the idea of limited
population immunity, which concluded from the similar incidence patterns observed
in Thailand and Puerto Rico [11,25]. They further suggested that the current ZIKV
transmission is sufficiently high to self-sustain without resulting in large-scale im-
munity. As a result, the susceptible population pool still exists, but is limited. Due
to the insufficiency of the susceptible population, the sexual transmission route
experiences a shortage of mating encounters.

Considering the features, we formulate a model to study the low-level persistent
ZIKV transmission dynamics. The overview of the paper is as follows. Here, in
Section 2, we present the mathematical framework. In Section 3, we analyze the
proposed model for the well-posedness, the existence of equilibrium, and their local
and global stability. In Section 4, we further carry out the bifurcation analysis,
derive the corresponding normal forms, and plot bifurcation diagrams. Simulations
for the low-level ZIKV transmission and outbreaks are given in section 5. In Sec-
tion 6, we discuss disease control strategies through sensitivity analysis. Finally, a
conclusion is drawn in Section 7.

2. Model formulation

After the pioneering work by Kermack and McKendrik [21], we categorize the host
community into compartments depending on the stage of infection. By assuming no
latency period for the disease in human host, the SEIR model framework is reduced
to SIR compartmental model. The subscripts h and v represent the human host
and mosquito vector populations, respectively. We denote the scaled concentration
of the susceptible, infected, and recovered humans as Sy, I, and R;, with a rate
of recruitment H and a natural mortality rate pj, and represent the scaled concen-
tration of infected and susceptible mosquitoes as I,, and S, with birth and natural
death rates of V' and pu,, respectively. Disease-related deaths are not considered
due to the rare occurrence. The disease-clearance rate is denoted as 7, i.e., the
mean time that the virus in blood and semen is % The two transmission routes are
through infected mosquitoes to susceptible humans at the rate of Bon, an infected
human to a susceptible mosquito at the rate of 8y, and through direct sexual con-
tact at S. Assuming a homogeneous mixing between human hosts and mosquito
vectors, we adopt mass action incidences for the vector-human transmission route.
Considering the sparse susceptible human population after an epidemic wave, we
consider a heterogeneous mixing among human population to model the shortage
of mating encounters. The ZIKV transmission model is written as

ds
7: =H — ﬂhvSth - B(Ih)lhsh - ,U,hSh,
dIy

T BroSely + BUn)InSh — pndn — ynin,
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dRh
=1y — upR
dt Yrih — Bhitn,
ds,
=V — BondpnSy — oSy,
7 Bonln %
dI
z = ﬂthth - I’LUIU? where
dt
I,
Iy) = . 2.1
B = Bhp (21)
Table 1. Descriptions and values of parameters [16,32,36].
Param. Definition Value
H Recruitment rate of human individuals (humans 0.3653x10~%
day~1)
Vv Recruitment rate of vectors (mosquitoes day 1) 0.02
U Natural death rate of human individuals (day ') 0.3653x 10~*
Lo Natural death rate of vectors (day 1) 0.02
Bhw Transmission rate between I, and Sj, (mosquito =1 0.7
day~1)
Bon Transmission rate between S, and I, (human ~!' 0.7
day~)
B Maximum transmission rate between Sy and I, (hu- 2
man ! day 1)
Yh Recovery rate of infected humans (day 1) 0.01
K half-saturated level for infected humans 0.3

2.1. Sexual transmission rate derived from pure birth pro-
cesses

Considering the human population after an epidemic wave, the spread of ZIKV
establishes a wide-spread immunity in its human host. As a result, the susceptible
human population is sparse. It is assumed that an infected and a susceptible indi-
vidual are scattered on a real line. We denote the transmission rate as 8 = BhCE.
Here Bh is the maximum sexual transmission rate, and Cg is the mating encounter
between infected and susceptible humans. Considering the randomness in human
mating encounters, we model the infected human’s searching distance as a Pois-
son point process, then consider the mating encounter/probability as a pure birth
process. Assuming homogeneous mixing in human hosts, we define the searching
distance of a given infected human as a random variable a, an encounter between
the infected human and a susceptible human as an event, then the total number
of the events is denoted as Y (a), where a is the distance that the infected human
search for a susceptible human. Moreover, the number of mating encounters for
a positive searching distance is assumed to be a stochastic process {Y(a), a > 0}.
The following four conditions are satisfied.

1. Y(0) = 0, meaning no mating encounters occur if the infected individual has
no searching movement.
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2. The number of encounters in the interval (ai, as], Y (a2) — Y(a1), is inde-
pendent of the number of encounters in the interval (as, a4], Y (ays) — Y (a3),
for any 0 < a; < as < az < ayq. This indicates the Markov property of this
process.

3. Y(az + Aa) — Y (a1 + Aa) has the same distribution as that of Y (az) — Y (a1),
for any 0 < ay < ag, for all Aa > 0. It indicates stationary increments of this
process; that is, the additional number of encounters depends entirely on the
searching distance.

4. P(Y(a+ Aa) =1|Y(a) =0) = h(I) Aa+ o(Aa) and P(Y(a+ Aa) > 2|Y (a) =
0) = o(Aa), where P denotes probability. For a new mating encounter per unit

1
distance, we denote the instantaneous transition rate as h(ly) = bI hf(,
[
where b > 0 is the probability of an infected individual per unit of search-
ing length, K is the infected human population density at the disease half-

saturating level.

Conditions (1)-(4) indicate the total mating encounters {Y (a), a > 0} is a Pois-
son point process. h(I) describes the positive cooperation effect from peer infected
humans of interest due to the weaker transmission capability in the secondary trans-
mission route. Since the sexual transmission is secondary to the primary vector-
human transmission pathway from mosquitoes to humans, more than one sexual
contact may be needed for successful transmission [32]. Therefore, we take h(I;) as
an increasing and saturating function in the form. By conditions (1)-(4), {Y (a)}e>0
is a simple birth-death process. It follows that

po(a) = P{Y(a) = i} = P{Y (a) = 0]Y(0) = 0} = e~o"In), (2.2)

Moreover, we only consider the successful sexual transmission encounter and treat
multiple sexual encounter as part of a successful encounter. Therefore, we only con-
sider the probability of no encounter and the probability of at least one encounter,
which are given as

P{Y (a) = 0} = po(a) = e *"Un) P{V(a) > 1} =1 —pp(a) = 1 — e 2Un) (2.3)

Therefore, the mating encounter Cg is the expectation of the encounter event oc-
curring at least one time with respect to a searching length a, which is assumed as
an exponential distribution with parameter a; > 0. That is

h(In) b I

Cp=E[l—-pg(a)]=1—-E[po(a)] = = , 2.4
5 =E[1 - po(a) o) = s = i e Y
where K = bi;?f( and E denotes the expectation. The sexual transmission rate

B is a function of infected human hosts I, such that B(Iy) = fp In_  where

In+K>
2 b
ﬁh = /Bh b_;,_al N

3. Model analysis

3.1. Positiveness and boundedness of the solutions

Theorem 3.1. Given non-negative initial conditions, solutions of model (2.1) re-
main non-negative for all t > 0. Moreover, the biologically feasible region I' is
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positively invariant and globally attracting, where

H
I'= {(ShaIfHthSvaRv) 6Ri|0 < Sh+Ih+Rh = ;30< Sv+Iv - V}
h v
(3.1)

Proof. First, we derive the total population densities for human and vector as
Np(t) = Sp(t) + In(t) + Rn(t), N,(t) = S, (t) + L,(t),

which are governed by

dNp(t) dN,(t)
a i Nalt), dt

=V — pyNy(2).

We notice that Ny (t) and N, (t) approach constants asymptotically in forward time

as

H 1%
lim N, (t) = —, lim N,(t) = —.
t—o0 Hh t—o00 Uy

Next, we consider initial conditions in the bounded region, I', and study the direc-
tion of the vector field of the model (2.1) on the boundary of R%. We derive

dSh dIp, dRy,

" N = > _ 0= ) LIU Z y T =0 — LIL Z )
g 15n=0 H >0, 5 1= BhvSh 0 o |Ry=0 = i >0
ds, dl,

—g—0=V>0, —|1. -0 = BorlnSy, > 0.

7 15.=0 20, — |10 = Bonln

The vector field of model (2.1) on the boundary of R is either tangential to the

boundary or pointing to its interior. It follows that the bounded region I' is pos-
itively invariant. Moreover, the inequalities % > 0 and ddIt” > 0 imply that the

existence of infected mosquitoes and/or infected humans in the environment is a
possible cause to trigger a disease outbreak. O

3.2. The basic reproduction number

The invading ability of an infectious disease is measured by its basic reproduc-
tion number. We apply the method of next-generation matrix [39] and obtain the
spectral radius p(-) of FV 1 as follows,

6th -1

0
_ 208 + Th 0 5hvﬁvth
Ro=p(EV ) =p| |5, v N\ oG - m)°
0 0 pntio®(1h + h

My

(3.2)
The threshold value Ry(8h,) = 1 is equivalent to
2
v + A
By, = Hnlt (Bh+n) & B, (3.3)

51}th
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3.3. Equilibrium solutions

Setting % = %" = dﬁh = df’t" = ddlt“ = 0 yields
. H(K +Ij)
Sh = *2 *) 7
Buliy? + (Buo Ly + pn) (K + 1)
I*
RZ - h ha
Hh
1%
Sy =
thlh + Mo
o BuVI;

v ,u’u(/thI}t + ,U'u)’

where I} is the root of the cubic equation

In(azly® + ax Iy + ay I, + ap) = 0,
az = BonBrpwMi > 0,
az = Bon My Ma + p Bn My — HBujioBon,
ar = pnpeMi(1 — RE) + KBy, M1 My — H B2,
ao = Kppp2 My (1 — RE),
where My = pp + vn, Mo =V Bhy + pinfhe-

The preceding equation admits an endemic equilibrium E* = (S}, I}, R}, S5, IY)
and a trivial solution I, = 0. We, then, derive the following theorem.
Theorem 3.2. Model (2.1) always admits a disease-free equilibrium,

H
Ey = (,O,O,V,O) .
Hh

v

3.4. Local stability of the disease-free equilibrium

To further investigate the dynamical behaviors of the model (2.1) under the influence
of sexual and host-vector transmissions, we investigate the local stability of the
disease-free equilibrium.

Theorem 3.3. If Ry < 1, Ey is locally asymptotically stable in T'. If Ry > 1, Fy
becomes a saddle and is unstable.
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Proof. The Jacobian matrix is derived for the model (2.1) at Ey as follows,

_ JH
— 0 0 0 _BL
Hh
oH
0 —w—g 0 o i
Hh
J‘Eo - 0 Th “Hn 0 0 y (3 5)
v V
o BV —ty 0
o
whV
o Don 0 0 —pu
ko
which admits three negative eigenvalue as A1 23 = —pp, —fin, —pty < 0. The other

two eigenvalues A4 and A5 are determined by the following quadratic equation,

N+ (o + ot + fnpoyn) X + w110 + tnpoyn — HV BroBon = 0.
Notice that

Ai+As = (i po + pgpn + pnpon) <0,
1
fun i (ke + )
We have AgA5 > 0 if Ry < 1, and thus both Ay and A5 are either negative real
numbers or complex conjugates having negative real parts. In this case, Ey shows

asymptotic stability. If Ry > 1, we have Ay A5 < 0, and then A4 and A5 have opposite
signs. Hence, Ej is unstable. O

MAs = pp? o + pap2yn — HV Bpo Bon = (1—RE).

3.5. The global stability of F;, without human-human sexual
transmission route

Noticing that Ry in (3.2) depends only on f,,, which represents the vector-human

transmission rate, but is independent of (3, which represents the human-human

transmission route, we, therefore, first consider only the host-vector transmission
route and obtain the following results.

Theorem 3.4. In the absence of the human-human sexual transmission route, that
s By, = 0, the disease-free equilibrium, Eq is globally asymptotically stable if Ry < 1,
and is uniformly persistent if Rg > 1.

Proof. Consider the model (2.1) with no sexual transmission (5, = 0), we group
the disease and non-disease compartments as

X = (I, I,)" €R? and Y = (Sy, Ry, S,)" € R3.

Based on the Theorems 2.1 and 2.2 in [34], we derive a Lyapunov function for the
model (2.1) as Q = vV 1 X, where

v = [\/(uh + ’Yh),uhﬁ'uhv’ 1

5th/~’“%




1052 W. Zhang & C. T. Sandamali

and V1 in equation (3.2). Calculation yields

ﬁ}wH,U% Ho )

_ I (b + Yn) b BonV s
Ph =+

It follows

dQ \/ ,U/hﬁvhi thIth - Mv—[v
— = oSnly — undn — yplp) + —Mm8——
dt Bth/U%(:uh 'Yh) (6h g Hnlh = h h) Ho

(,uh + ’Yh),uh/thV 6thI’u thVIh
< —In+ + — 1
B H i o (ptn =+ vn) I ’

_ (tn =+ Yn) n BonV (\/W )
B (\/ By Hp2 IHI”) i (o + ) !

(tn =+ Yn) 1 BonV
= In+1, | (Rp—1) <0.
(\/ ﬁth:U'% h ( 0 )

Since the disease-free equilibrium shows local stability, the only invariant set is Ey in
Ri, where X = 0 € R2. Moreover, % = 0 when X = 0. Then, LaSalle’s invariance
principle provides that Ejy is globally asymptotically stable if Ry < 1. Following
the Theorem 2.2 in [34], if Ry > 1 the disease-free equilibrium FEj becomes unstable
and the system (2.1) with 8, = 0 is uniformly persistent. The system exhibits at

least one endemic equilibrium given the infection is initially present. O

3.6. Global stability of F; under host-vector and host-host
transmission routes

Considering both transmission routes, we derive a new disease elimination threshold
R; in the following theorem.

Theorem 3.5. Disease elimination can be achieved, that is, the infection-free
equilibrium Eq is globally asymptotically stable if Ry < Ry < 1 where R} =
BnH?

R4 ———.
O WK (v + )
Proof. Applying the fluctuation lemma [38], we first consider the positive and
bounded function z : (0, c0) — R and denote z*° = limsupz(t) and z,, =
t— o0

litm inf 2(t). According to the fluctuation lemma, sequences {s,,} and {7, } exist such
— 00

that as s, — 0o and 7,, — 00, solutions of model (2.1) satisfy lim,, o 2;($n) = Tioo,
limy, o0 Zi(8n) = 0, limy, 00 (1) = 2£°, and lim, o0 @i (7) = 0, for all z;(¢),
1 = 1..5. Corresponding the first and fourth equations in (2.1), we have

(@2(5n)) 1) + s () = H,

Z1(n) + By (Ta)as(sa) + Ba g o

i’4(7_n) + ﬂvh$2(5n)x4(7—n) + ,vax4(7—n) =V

As n — oo, with the non-negative properties of the solutions z;(t), for i = 1...5,
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we have
(x2<>0)2

P < rPre + B ——
HhTy Bhow 1 T5 BhK-l-fL'Qoo

T + ppai® < H,
Mvzf < thx2ocxio +,vaxzo <V

H 14

It follows #9° < — and z3° < —. Applying the fluctuation lemma on the second
h v

and fifth equations in model (2.1) again, we have

€2 ﬂh?)H ﬂhH €2
+ e < P + B ——ar < e + ——x5°,
(Yn + )25 < Broaoa3 ﬂhK—f—ng 1= Ln 5 i K+ 2y 2
oV
pos” < Bupr3ai® < B z3°.
(3.6)
Also, noticing that
T2 go
—= >0 3.7
Ktz = K 0 72 = (8.7)
in the bounded region I' shown in (3.1), we have
H
xo <aP°+ s + a5t < —, (3.8)
Hh
thus - H
2% o . (3.9)
K + 29 K up K
By combining the preceding inequalities with (3.6), we get
ﬂ}wﬁvhHV ﬂhHZ
h+ pn)ry < x5 + x5°, 3.10
(v [4h) T3 T 2 M;%K 2 ( )
which is equivalent to
5% (v + pn) [1 = RE(25°)] < 0 (3.11)
with )
- H
R = R2(a5°) = R2 4 ——0 (3.12)

pEK (v + )
When Ry < Ry < 1, we have 25° = 0 followed by 25° > 0. It yields 2§° = 0
and x£° = 0. Due to the non-negativity of the solutions in Theorem 3.1, we have
0 < X900 < 23° = 0, which yields lim;_, 4o 22(t) = 0. It follows lim;_, o 23(¢) =0
and lim;_, 4 o 5(t) = 0. Then the limiting equation for z; and x4 are 1 = H—pupx1
1%

and 4 = V — pyx4. Thus we have limys 4o 21(t) = #ﬂh and lim;, oo 24(t) = T
' ]

3.7. The threshold for the disease elimination with one im-
ported infected human

The preceding subsection derives the sufficient condition for disease elimination,
that is Ry < R; < 1. This condition can be relaxed at the initiation of the epi-
demics, when the imported infected human population is tiny. To get a more intu-
itive understanding of the epidemic dynamics at the initiation stage, we derive the
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threshold for disease elimination from the first principle. Let us start with one im-
ported infected human and assume all humans are susceptible. Then the expected
number of infected mosquitoes and infected human from this primary imported
infected human are:

14 1
infected mosquitoes = B,;, — ——— and

Mo b+ Yh
3.13
1 H 1 ( )

infected humans via sexual tranmission = — .
1+ K pn pn +

Then, we derive the number of humans infected by this newly infected mosquito as

follows:
H 1

infected humans via vector tranmission = By, — —.
Hh Moy

Thus, the number of secondary infections in human hosts from the primary imported
infected human host is

(3.14)

. Vv 1 H 1 1 H 1
secondary infected humans = 8,;, — ——— Bro — — + O -
Po Bh+Yh T ph pv L+ K pn pn +n
H .
=R2+ Fn = R2(z5 =1).

pun (1 + K) (pn +vn)

(3.15)
Denoting R?(zy = 1) = Ry1, we conclude that disease elimination can be achieved
with one imported infected human if we can bring the basic reproduction number
under R, that is Rg < R11 < 1.

4. Bifurcation analysis

In order to achieve a better understanding of the ZIKA transmission under both
vector-human and human-human transmission routes, we carry out bifurcation anal-
ysis. First, we rewrite the model in a general form as

dx
- 4.1
i f(z, ¢), (4.1)
where
z = (21,22, 23,24, 25)" = (Sh, In, Rp, S, Ip) 7T and
ds, dI, dR, dS, dI,\"
= - T: _— Y, —, —, ——
f—(f17f21f37f47f5) < dt ) dt7 dt ) dt ) dt) .

We denote all positive parameters in model (2.1) as ¢ = (¢, ¢p) , where ¢ are fixed
parameters and ¢, bifurcation parameters. In this project, we choose S and Sy,
as potential bifurcation parameters, and fix the other parameters as their baseline
values in Table 1.

4.1. Forward and backward bifurcations

Forward and backward bifurcation occur by varying both the vector-host and host-
host transmission rates. For the case Ryg = 1 or fBr, = Bry in (3.3), we study the
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disease-free equilibrium Ej on its center manifold. In this case, ¢, denotes Spy,
while ¢; represents the rest of the parameters. We denote the Jacobian matrix

evaluated at Ey and Ry = 1 as D, f(Fy, Bhv) = J|g,(Bro = Bhv), which admits four
negative eigenvalues and one zero eigenvalue as follows:

—tbyy  —(pn + po +v0), —tn, —pn, and O.

According to [39], we choose the right and left eigenvectors of D,. f(Ey, Bhv) resulted
by the single zero eigenvalue as follows:

T
w— ( pom +pn) o mR 1>
BV — BorV' Bon Vi’ ’

v= (o, Voo, mtpm) ) :
foo (fo + Yh =+ k) (o + v + pn)

(4.2)

which satisfy < v,w >= 1. Carrying out the shifting transformation as c(t) =
z(t) — Eg and p = Bhry — Bho, the center manifold of the infection-free equilibrium
at Ry =1 (or Bry = Phy) is denoted by ¢(t) with its governing differential equation

de 1., -
- _ . 4.
it + buc (4.3)
The coefficient @ and b are
5 5
9 fi 5 < 9 fr 5
v)y b= i E s v)y

§k=: WjWk o O (Eo, Brw) u%:1vkw 8xi8u( 0 Bho)

where w = (wy, wa, w3, ws, ws)? and v = (vi, vy, v3,v4,v5) are chosen as in (4.2).
The nonzero coefficients are

9% f1 T 82f1 | _ —02f5 | _ —02f, | _ —pnfin® (pon + Yn)
921075 OV T 92202, '%0 T 93,075 0 T 92502, OV HV B ’
5’2f2| __&h o0 = 2B, H
ax22 (070) - ax22 (O’O) - K,Uh ’

Ofy | P R Pf
Ox9074' " 0) = Ox407, 'O 0x90x4 0,0 = T x40z OO T ’
62f2 | o 62f1 | _ E
xsop 0~ Owsop 0 T

It follows

i = 2#%(*1(,“11#% - K(Hﬂvh, + 27h.u1)):u%z - K'yh(Hﬁvh + ’}/h,LLU),th + HQBth)

pn (o + pn + 1) KV Bop, ’

. HVS,
b= Bun > 0.

(v + 1+ Yn) too fin
(4.4)

Since the coefficient b is positive for all parameter values which are considered to
be positive. We derive the following result.
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Theorem 4.1. The infection-free equilibrium Eq of the ZIK'V model (2.1) undergoes

a transcritical bifurcation at Ry = 1 (or Bp, = Bhv), which presents a forward
(backward) bifurcation if @ < 0(> 0). Moreover, a < 0 is equivalent to

3 K (v + HBu, + (yn + )
B < o = LK 0 Mh)(uUH}; (- jan) po)

Examples for forward and backward bifurcations. We choose f§j, as the
bifurcation parameter, take two parameter values for £y, and set the other pa-
rameter values constant as given in Table 1. When §;, = 0.2, the coefficients for
the center manifold in (4.3) near Fy at 8y, = 0.00028676 are a = —0.092920 and
b= 23.305, which implies a forward bifurcation. When 85, = 3, these coefficients
are @ = 0.26220 and b = 23.305, which implies a backward bifurcation. The corre-
sponding bifurcation diagrams are shown in Figure 2.

4.2. Saddle-node bifurcation

Saddle-node bifurcation occurs on endemic equilibrium E* = (xf, =}, a3, «, z¥)
when its corresponding Jacobian matrix is

= st - —'@-T)ei 0 0 —huai
* * * * ﬂ* * *
ﬁ Ty + ﬁhvmf) ﬂ (2 - E)xl —Yh — Hh 0 0 Bhvxl
JE'* = O ’Yh —Uh 0 0
0 _ﬁvhxz 0 _ﬁvhxz — Moy 0
0 BuonT} 0 BuonTy — M
(4.5)
where 8* = 3 *% and Jg- admits a single zero eigenvalue at
x5+ K
Bro = By = ~ 1By + pn)as® + (uj, + (KB, — Bt + yn)in + KynfBh)ws?
F2pun K (= Py + n + pn)as + K2 (v + pn)]
% Buons + o
(x5 + K)?[x3 Bon(vn + pn)xs + (= Bonzia] + o) pn + Vhwél(m] :
4.6

We take an eigenvector associated with the zero eigenvalue and its adjoint eigen-
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vector as follows:

— - r 1 T
q1 nil
1 Bras® 4+ (Brort + pun)rs + K(Brort + un)
n1 (K Bhoxt + Broial + Brai?)
Yh
q m p
~ Bunz} Bon®s Broxt pn (x5 + K)
BohTs + 1y n1 My (Bons + o) (K Bro®i + Broxial + Bras?)
BonT) Broxipn(r5 + K) )
L Bon®h + pi i na o (Bres? + Brozi(zs + K)) ' ]
(4.7)
where
q1 = L

(Bonas + o) (x5 + K) (Bras® + (Bpows + pn)as + K (Bros + pn))
X [BonBnws® + (2K BunBh + BroBuonts + Brtin)T5” + 2K (BhvBonts + Bupy)Ts
+ K BhoBony]
Bon3 Bt pnay(z3 + K)
(K Bho®t 4 Browial + Brnay?) o (Bon®s + f1v)?
n Brv] i Bony (15 4+ K)
Moy (ﬂhﬂfé‘z + Bhvxg (563 + K))(ﬂvhm; + fiv)
ﬁh$2 (6}“}335 + Hh)l‘z + K(ﬁhvﬂ% + ,Uh)
K Bhot + Browsas + Braj?

ny =q1 —

+

Carrying out the shifting transformation as u(t) = z(t) — E%y and p = Bp, — B2V,
the center manifold near © = 0 and p = 0 takes the form

du 3
pri bu” 4+ O(u?),
5
9? Ji( SN?Bhv )
where Z Diq;qk 02,008
zjk 1

{2~ DBt + B)as — Bonaa(ps — pe)lzz D)
- (ZE; +K)3 D2 hv{5 h)q1 — Pvhqa (P4 D5

+3[(p2 — 1)(Brods + Br)a1 — Bonqa(ps — ps)| Kas?
+ 3[(Brogs +2/361) (p2 — 1)1 — Bonga(pa — ps)| K>}
+ [(Broas (P2 — 1)g1 — Bonga(pa — ps)) K + Brai(p2 — 1) K?}.

Moreover, the transversality condition

5
a i E7 7BS$V * ok
S S Pi) —iaipa 1) 20
i,j=1 v

is satisfied. Here, ¢; and p; are components in the vectors ¢ and p in (4.6). We
arrive at the following conclusion.
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Theorem 4.2. The endemic equilibrium E* of the ZIKV model (2.1) admits a
single zero eigenvalue at Br, = 5;%\[, and is locally topologically equivalent near the
origin to

0= p+bu?,

where u is the small perturbation and the expression of b is shown in (4.8).

Example for saddle-node bifurcation. We choose (1, as the bifurcation pa-
rameter, take two parameter values for 3, and set the other parameter values ac-
cording to Table 1. Consider that 8, = 0.2, there exists no saddle-node bifurcation
in the biologically feasible region. When 85 = 3, the endemic equilibrium under-
goes a saddle-node bifurcation at the equilibrium point E%, = (0.52982, 0.0017113
,0.46847, 0.94349, 0.056511) and B,ifv = 0.000058361. The four corresponding non-
zero eigenvalues are —0.021883, —0.02, —0.00003653, and 0.0085594. We take an
eigenvector corresponding to the zero eigenvalue ¢ = (1.0099, 0.0036891, —1.0136,
—0.11494, 0.11494)T and its associated adjoint eigenvector p = (0.9824,2.0894, 0,
0.0000967, 0.0017). The coefficient b in the normal form (4.8) is b = —0.00043119.

e s
The transversality condition Zf’ jzlpjw%sﬁiw = —0.063329 # 0 is satisfied.

The corresponding bifurcation diagrams are shown in Figure 2.

4.3. Bogdanov-Takens bifurcation (BT)

The endemic equilibrium E* undergoes a BT bifurcation when the corresponding

Jacobian matrix J in (4.5) has double-zero eigenvalues at (., 8r) = (8%, BY) as

follows:

Z%U = * 2 * % * 1 * % * {_thﬁhm;l
(@5 + K)?(Bonalzy + w5pn — 2327 Bon + 25 (Yh + o))

+ [=KBnBon + (=2Bun — Bn)in + (Bon®l — yn — o) B — Y Bons’
+ (((=4Buh = Br)pn + (2Bonay = v — t10)Bn — 270Bun) K — i,

+ (Bnxt = yn — 20 — po(—=Bn} +y0))25” — (Bun (yn + 2pn) K
+ 207, + (=202} + 29n + Ao i + 200 (—Bn} + 1)) Kz

— (15, + (W + 200 1 + o) K,
1

ZW(JT; + K[ (=i (v + pn)’ab + praial) B2,
122Phn

Bn

+ (=225 o (n + pa)?@5 + TG00 (Vh + pn 4 10))Bon — TEEE (VR + 1)),

and

1 * * * * * * 1 *
48 253522[(954 — x3)ay + K(xf — 225) |1y Bon + Bun { [<—2$4ﬂh

+ §/~Lv(x4 - 2555)) Yh — 2554/‘%1] x5? — [2(554/% + po(zy — da5)) Ky
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1 * * * * _k 1 * *
- §$4(K - 551)/1%] Ty — Kﬂ%%ﬂ%} - (K + 2552) Ty Vh- (4.9)

For the zero eigenvalue of J, there exists an eigenvector ¢, as shown in (4.7),
and a corresponding generalized eigenvector g,. For the transpose matrix of J,
denoted as JT', there exists an eigenvector p, as shown in (4.7), and a corresponding
generalized eigenvector p,, associated with the zero eigenvalue. We choose the
generalized eigenvectors g, and p, as follows:

qdg1 i 1 i
1 ﬁg?
Y (pn — 1) _
4y = P sy Pg= 10 (4.10)
Hp,
_ﬁvhmzﬁ;(ﬂvhw; + Hoy — 1) ~
(ﬁvhx; + ,UU)Q Pga
5vh$1(ﬂvh$§ + Hy — 1) ﬁ
L (thfr; + ,uv)2 4 L5 ]
where
1
dg1 =

[Br3? + (Brows + ) v + K (Brol + pn)) (Bonws + o) (25 + K)

X {=Bo (Bnxt + 4g1) 25" = 28un((Bn} + 4o1) K + 1/227 25 Bn0) Bun

+ 10 (Bras +091))23 + (2K Broai ey — K2 qg1) B, + (=4 (Brat + qg1) K
— 223 By (o — 1)) Bon — 1o (Bra} + qg1))as”> — K(K B35 2% Bho

+ (2K poqg1 + 22525 Bno (o — 1)) Bon + 202 (Bu} + qg1))25

— (@325 Bho (o — 1) Bun + 12q91) K},
Bras? + (Bhoxt + pn + 1)as + K (Broxt + pn + 1)

Pz = K Bhoas + Bnowss + Bay’ ’
5oy = Dredllen + Dpto = pnlBuns + [ + Dpso — 2l yr321 (25 + K) B
g (K Broxt + Broxsai + Bray?)u2(Bonts + ty)? ’
1 _ * (% K
5,5 = Drollan + Dty = pun)a (@5 + 1) (4.11)

[Brs® + Brows (x5 + K)lug

We take ny =< p, ¢4 >, where <, > denotes the standard dot product, and have a
normalized generalized eigenvector p, = %. Moreover, the obtained eigenvectors
and generalized eigenvectors satisfy that Jg = 0, Jgg = g, JTp =0, JTpg = p,
< Ppg,q >=<Dp,qq >=1, and < pg,qy >=< p,q >= 0. Following the computation
method in [22], we derive the normal form at the BT bifurcation as

Uy = U1, U1 = aprug + bpruguy + O(|| u ||?), (4.12)
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where

5
1 0% fi(E*, Bho, Bn)
Ayt = 3 Z Piq;qxk 3xj3xk

i\j k=1
abﬂ(l'; + 3K> + 3abt2K25E; + abt3K2
n3(5 + K)?* ’

5 5
82fi(E*aﬁhv7 ﬂh) 82fi(E*7ﬁh’U7 Bh)
b= Y Do dz;0x, + Y P 9200k (4.13)

i,4,k=1

1
= ————=13K 5) (by 2b b b *2
n2(xy + K)3{(3 + 25) (bper + 2bpe2 + byrs + byra) 3

2
+3K 225 (byer + gbm + byes + gbbm)
+[(bor1 + boiz) K + 2275 Bn(pg2 + p2 — 2)] K2},

6,5, k=1

and
apt1 =[(p2 — 1) (Bros + Br)q1 — Bonga(pa — ps)]zs2,

2
apt2 =(Brvqs + gﬂh)(pZ —1)g1 — Bonga(pa — ps),

(
ap3s =(Broas (P2 — 1)q1 — Bonqa(ps — p5)) K + Brai(p2 — 1),
boer =[(2Pg2 — 2)q5 + qg5(P2 — 1)1 Broqs + 45941 (p2 — 1) Bho, (4.14)
1
2
byz =[(—2pga + 2pg5 — P4 + P5)qs — 4ga(Pa — P5)]Bons
byia =qq1Bn(p2 — 1).

3
byr2 =(pg2 + =2 — i)ﬁhQM

Theorem 4.3. The endemic equilibrium E* of the ZIKV model (2.1) admits a
double zero eigenvalue at (Bny, Br) = (BY,, BY) in (4.9), and is locally topologically

equivalent near the origin to
Up = u1, iy = iy + oo + aprud + byuour + O(|| w ||*)

where p1 and pe are the small perturbations.

Example for Bogdanov-Takens bifurcation. We choose ,, and 3, as bifur-
cation parameters and set the other baseline parameter values as in Table 1. The
model (2.1) undergoes a BT bifurcation on E* = (0.99456, 0.19809x 1074, 0.54228 x
1072, 0.99931, 0.69285 x 1073) at (Bhy, Bn) = (0.28675 x 1073, 0.94169). The three
corresponding non-zero eigenvalues are —0.029963, —0.3653 x 10~4, and —0.02. We
choose an eigenvector and its generalized eigenvector for the zero eigenvalue for the
corresponding Jacobian matrix as ¢ = (—0.36686 x 10~%, 0.13353 x 1076, 0.36552 x
1074, —0.46669 x 107>, 0.46669 x 10~°) and ¢, = (1.0006, 0.13353 x 10~¢, —1.0006,
0.22852 x 1073, —0.22852 x 10~3) and the corresponding adjoint eigenvector and
its generalized eigenvector as p = (1, 183.74, 0, 0.18054 x 1072, 2.6057) and p, =
(15.591, 0.50053x 107, 0, 49.269, 71242), then obtain the critical normal form (4.12)
with coefficients ap; = —0.49317 x 1013 and by, = 0.24565 x 1076, This BT bifur-
cation point shows in the 2-dimensional bifurcation diagram, Figure 1.
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Figure 1. Two-dimensional bifurcation diagrams.
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Figure 2. One-dimensional bifurcation diagrams.

4.4. Bifurcation diagrams

To demonstrate the influence of the vector and sexual routes on the dynamics of
ZIKV transmission, we choose the vector-human and human-human transmission
rates Bn, and B, as bifurcation parameters and plot 2- and 1-dimensional bifur-
cation diagrams. Numerical bifurcation analysis demonstrates that saddle-node
and Hopf bifurcation curves intersect at the Bogdanov-Takens (BT) bifurcation
point. The BT bifurcation separates the saddle-node bifurcation curve into a part
with positive xo (or Ij) value and another part with negative zo value, shown
as green and blue saddle-node curves in Figure 1 (a). Considering the biological
feasible region, we omit the dynamics in the zo negative section. That is, the
blue saddle-node bifurcation curve in Figure 1 (a) and (b). The BT bifurcation
delimits the Hopf curve into a neutral saddle section and a supercritical Hopf bi-
furcation section. The later section becomes a subcritical bifurcation section when
it passes through a general Hopf bifurcation, GHs, then eventually turns back
to a supercritical Hopf bifurcation section when it passes through another gen-
eral Hopf bifurcation, GH;. Here, GH; happens at E* = (0.039535, 0.34958 X
1072, 0.024399, 0.89098, 0.10901) and (Bh., Br) = (0.65703 x 1072, 4.2517) and
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G H; happens at E* = (0.97551, 0.89131 x 10~%, 0.024399, 0.99689, 0.31098 x 10~2)
and (Bhy, Br) = (0.29233 x 1073, 0.29887). A cusp bifurcation happens out of bi-
ological feasible region at E* = (1.00006, —0.241515 x 1076, —0.661131 x 104,
1.000008, 0.845297 x 10~°) and (Bhy, Br) = (0.29233 x 1073, 0.29887). Choosing
By, = 0.2 and By = 3, one-dimensional bifurcation diagrams in Figure 2 demon-
strate forward and backward bifurcations. Moreover, three subcritical Hopf bifur-
cation occur at Ej;, = (0.553880, 0.16237 x 1072, 0.44449, 0.94622, 0.053775) with
Brw = 0.51463 x 1073 and Iy = 2.6804 x 10° and Ej}, = (0.94519, 0.19947 x
1073, 0.054604, 0.99307, 0.69331 x 10~2 with B, = 0.301679 x 1072 and Iy =
8.1534 x 10* for B, = 0.2, and Ej, = (0.050538, 0.345576 x 102, 0.946006,
0.892099, 0.107901) with B, = 0.52663 x 1072 with Iy = 1.4681 x 10* for 3, = 3.
Here, Iy denotes the first Lyapunov coefficient.

5. Simulated low-level ZIKV transmission and out-
breaks.

The occurrence of Hopf bifurcation provides an oscillation source, which potentially
induces flareups after a long period of silence for periodic solutions [41,43]. For
the two cases B, = 0.2 and B, = 3 in Figure 2, model (2.1) admits subcritical
Hopf bifurcations. Low-level ZIKV transmission and uniform outbreaks with long
periods are simulated due to the spread of oscillations from the Hopf bifurcations
in Figure 3.
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Figure 3. Simulated low-level ZIKV transmission with uniform outbreaks

Environmental conditions affect the vector-human transmission in a random
manner. To study this influence, we consider stochastic influence on the vector-
human transmission route, and formulate an It6 stochastic differential equation of
Bry(t) by a mean reverting stochastic process [3,42] as

dﬂ}w(t) = T(ﬁhvo — B}w(t))dt + Jﬁhv(t)dW(t). (5.1)

Note that, here, » > 0 denotes the return rate of 5, to its mean rate [ps,,
o is the deviation from the mean during the return process and ¢ > 0, and
W is the standard Wiener process. We require an adequately large the return
rate r, such as 2r > o2, to guarantee that lim, oo E(Bhny(t)|Bre(0)) = Bhe, and
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: o Biry
hmx—)oo Var(ﬁhv (t)|6hv (0)) = ro_(;
steady state level which has a constant variance. Taking fBp,, = 0.003, r = 1,
o = 0.8, an example sample paths of infected host prevalence I}, is plotted in Fig-
ure 4. The simulation shows outbreaks with varying amplitudes and periods.
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Figure 4. Low-level ZIKV transmission with varied outbreak periods and amplitude.

6. Disease control measures

To minimize the human infection rate due to ZIKV, it is crucial to determine the
factors that influence the transmission of ZIKV. Here, by conducting a sensitivity
analysis, we investigate the parameters that highly impact Ry and Ij at endemic
equilibrium E* and discuss the disease control strategies. Sensitivity indices can be
recognized as a measure of relative change in a variable while a parameter varies.
The relative variation of a variable to the relative change of a parameter is called
the normalized forward sensitivity index, which is calculated for a variable with
respect to a model parameter.

6.1. Sensitivity indices of R,

We conduct a sensitivity analysis on the basic reproduction number to find out
the parameters that significantly impact the basic reproduction number Ry. The

normalized forward sensitivity index of Rq [10] is given below by the equation %1)20 =
‘9520 X RLO where p is a model parameter. The higher values in its magnitude show

more sensitivity to the Ry. The positive or negative signs indicate whether the
Ry has an increase or decrease when the parameter p increases. Also, the indices
computations are for all parameters which could be influenced by public health
attempts.

We calculated sensitivity indices of Ry with respect to the parameters, which
can be influenced by public health efforts. Since the 'y‘lf" = 75;?1, = 'ygf’h = 0.5,
increasing (decreasing) the vectors’ recruitment rate V, the contact rate between
infected vectors and susceptible human f,, and the contact rate between infected
human and susceptible vectors [, by 10% will increase (decrease) the Ry by 5%.
Moreover, since 'ylio = —1, increasing (decreasing) the death rate of vectors p,
by 10% will decrease (increase) Ry by 10%. Additionally, since 7%0 = —0.1667 in-
creasing (decreasing) of the recovery rate of infected human v, by 10% will decrease
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(increase) Ry by 16.67%. We note that sexual transmission rate /35, does not affect
the basic reproduction number. However, varying sexual transmission rates result
in complex disease dynamics such as Hopf and backward bifurcations, as shown in
Figure 1.

6.2. Sensitivity indices of E*

According to the study [10], we can calculate the sensitivity indices of the en-
demic equilibrium E* numerically using the parameter values given in Table 1

and there exists the unique positive endemic equilibrium at E* = (2)=1..5 =
(Sy, I, Ry, Sy, I) = (4.6131 x 1074, 3.6380 x 1073,9.9590 x 10~1,8.8705 x 10!,

1.1295 x 10~ 1). Note that, we cannot derive an analytical expression for sensitiv-
ity indices of state variables at E* since we do not have an explicit formula for
endemic equilibrium. The sensitivity index of the state variable at the endemic

equilibrium z;, to the parameter p;, is given by Ypi = gg? X %, where the five
. j i

sy Ly

and the nine parameters (H,V, ..., K) are given as (p1, pa, ..., pg) for i = 1,...,5 and
j=1,...,9. It measures the relative change in solution z; to the variations in the
parameter p;. The five equilibrium equations in the model (2.1) can be written as
fi(z1,...,x5;p1,...,p9) =0for ¢ = 1,...,5. Then we can calculate Ox;/dp; by solving
the equation Jz() = b0 for j = 1,...,9 where .J is the (5 x 5) Jacobian of the ZIKV
model (2.1) with Jy; = 0fx/0x; and 1 < k < 5; 209) is the unknown (5 x 1) vector
where the dz;/dp; is the i'" term of the vector (/). Also the (5 x 1) vector ) has
the k*" term given as —0f;/9p;. The matrix J and vector b/) are known because
we can assess the Jacobian at the calculated endemic equilibrium and for the given
parameter values in Table 1. In similar manner, we can evaluate the vector b() by
calculating the derivative —0fy/0p;.

The sensitivity indices are numerically calculated for the state variable of inter-
est, I, at endemic equilibrium E* as 752 = —0.9967 and 7,2, 7y7, 'ygfw, 'ygih, and
75, are in the order of O(—4).

Therefore, the most sensitive parameter for I, is .

That is, increasing v, by 10% would reduce the infected host prevalence by
9.967%. Sensitivity analysis here suggests that prevention programs should mainly
focus their attention on bringing down the mosquito life span and boost human
immunity to reduce the ZIKV infected prevalence.

state variables at the endemic equilibrium point (S}, ..., I) are given as (z1, ..., ¥5)

6.3. Target reproduction number 7g

It is well known that the basic reproduction number Ry is a crucial threshold quan-
tity when determining whether an infectious disease will decline or die out. However,
this quantity is applied to the entire susceptible population. Target reproduction
numbers are helpful when we establish disease control strategies by aiming at differ-
ent transmission types in a disease model. According to [30] and [33], we can calcu-
late the target reproduction number related to ZIKV transmission routes. Since the
target reproduction number is based on entries in the next-generation matrix, we
note that no entries are related to the sexual transmission rate 8;,. Hence, we can
only compute the target reproduction number related to the mosquito transmission
route.
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Consider the next-generation matrix for the model (2.1),

H/@hv

0 A Phv

FV_l :K: Kll K12 _ Vﬁ Mhuu
Koy Koo _ VY Pvh

(Y + pn) o

and according to [33], we choose the target set as S = {(1,2)} which is associated
with control of vector to human transmission. We take S; = {1} and Sy = {2} and
write the target reproduction number

Eg, Ps, KPs,Eg,
= 6.1
T: p(I—KJrPlePSZ)’ (6.1)
0 0
where, Eg, = Pg, = and Pg, = . Hence, we have,
0 0 0 1

Ts = K12Kay = R2.

RZ-1
Rj
ted infections can be prevented, then ZIKV can be eradicated. This is potentially
achieved by reducing mosquito lifespan, reducing mosquito bites (using insect re-
pellents, wearing clothes that cover arms and legs, mosquito netting [9]) and other

control methods such as releasing Wolbachia infected mosquitoes [20].

Thus, if a fraction of more than 1 — T% = of vector to human transmit-

7. Conclusion

A large outbreak of ZIKV took place in 2016 in the Americas, with serious intima-
tion for public health in the region. The World Health Organization then asserted
that the emergence of ZIKV as a public health emergency due to the neurological
disorders and severe birth complications associated with the infection, such as micro-
cephaly. Although the transmission of ZIKV has reduced since then, ZIKV remains
endemic in many regions of the world. However, understanding future disease inci-
dences is limited due to the lack of detection and reporting of ZIKV infection cases,
especially in areas with the low-level transmission. A recent study in Lancet [31]
provides evidence of the long-term circulation of ZIKV for at least sixteen years and
its threat to public health in Thailand. They highlight that poor understanding of
the low and long-term transmission of ZIKV has led the virus to maintain itself
and circulate silently. The poor understanding of long-term transmission is not
surprising due to the misdiagnosis of symptoms of ZIKV as symptoms of dengue
or chikungunya. According to the studies, more than 280 microcephaly cases were
reported during the period 2016-2018, and mothers of these newborns were not pre-
viously identified as ZIKV infected. Since ZIKV infected pregnant women can pass
the virus to her fetus, the study [31] warns that there will be severe complications.
The findings of the study suggest that ZIKV transmission in the long term can be
transited into an endemic transmission, and outbreaks of the disease might happen
in future years. Therefore, the study alarms the necessity for developing effective
prevention and surveillance programs to understand the spread of the disease and
the occurrence of ZIKV related health outcomes. Hence, the mechanism behind low
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persistent and re-emerging ZIKV with short epidemic duration and long lead time
should be thoroughly analyzed.

Alarmed by the long-term circulation of ZIKV in Thailand [31], we formulate
a ZIKV transmission model to predict future outbreaks and disease control. Our
model successfully simulates the low-level persistent ZIKV transmission with short
periods of outbreaks. Due to the additional human-human sexual transmission
route, modeled by a Poisson point process, backward bifurcation occurs in our
model even though the disease related deaths are assumed to be zero. It further
induces the occurrence of Hopf bifurcation, which is the source of the oscillations,
with long periods of quiet episodes and sharp outbreaks. Furthermore, we find
that the varying amplitudes and periods of outbreaks can be caused by stochastic
influences on the sexual transmission rate.

Our study investigated the stability of the disease-free equilibrium and presented
several control strategies. If the basic reproduction number Ry < 1, ZIKV dies out;
otherwise, ZIKV persists. It is noteworthy that sexual transmission alone cannot
drive the ZIKV epidemic, as the basic reproduction number does not depend on
the sexual transmission rate. By considering that the impact of sexual transmission
on disease dynamics is negligible, by setting (£;, = 0, we observed that Ry < 1 is
the sufficient and necessary condition for complete disease eradication. However,
when the sexual transmission route is present, the disease eradication becomes more
complicated, and the basic reproduction number is less than unity is no more suf-
ficient. Not only that, but it also leads to multi-annual disease outbreaks, so the
public health policymakers should pay attention to the control of the potential fu-
ture emergence of ZIKV. The reason behind the complex consequences of sexual
transmission is the slow timescale associated with virus clearance on semen. Even
though the virus gets cleared from the blood within weeks, the virus in semen stays
for several months after infection. Then the virus can circulate at low levels until
favorable environmental conditions cause an outbreak.

The sensitivity analysis for the Ry concludes that the increase in natural death
rate of mosquitoes will decrease the basic reproduction number, and it has the
largest impact on Rg. It suggests that prevention programs should mainly focus
on reducing the mosquito life span to reduce the infection of ZIKV. Spraying adul-
ticides and larvicides will reduce the mosquitoes’ life span, and mosquito control
programs may use aerial and truck spraying to control the mosquitoes in a large area.
Moreover, releasing sterile mosquitoes is a smart way to control the virus carrying
mosquito population. An increase in human recovery rate has the largest effect on
decreasing human host prevalence at the endemic equilibrium. Even though ZIKV
has no specific antiviral treatment, resting, increasing fluid intake, and taking med-
ication would help treat the symptoms. However, local governments and mosquito
prevention programs should plan to conduct researches on specific antiviral treat-
ments for ZIKV. Furthermore, sensitivity analysis of Ry and sensitivity analysis
of I, at E* showed that reducing the recruitment rate of vectors and mosquito
biting rates Bx, and S,, will reduce the Ry and disease host prevalence. So, the
ZIKV prevention programs may pay their attention to decreasing mosquito recruit-
ment by stopping laying eggs in or near water, removing standing water, covering
fountains, septic tanks, pools with covers etc. Additionally, using insect repellents,
wearing clothes covering arms and legs, and mosquito netting may reduce the hu-
mans getting infected by a mosquito biting [9]. More importantly, in this paper,
we focused not only on mosquito transmission but sexual transmission also. For
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the basic reproduction number, the effect of sexual transmission is zero. However,
a decrease in sexual transmission rate decreases the infected host population. Con-
ducting awareness programs on protection during sex will help decrease the sexual
transmission rate. Even though, note that the influence of sexual transmission rate
on the growth of disease is very low when it is compared to the other parameters,
both sexual and vector transmission must be controlled for the better control of
ZIKV epidemic.

While our model was constructed based on the results shown in [31], we must
note that the data set used in that study was not readily available at the time of
the writing and submission of this paper. As such, we cannot directly verify how
well the behavior exhibited by this model matches real-world observations for the
region and time studied in that manuscript. Thus, to more thoroughly assess the
practical implications of the dynamics studied in this paper, one key area of future
work is to fit the data, should it become available, to the model.
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