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microcephaly. In this paper, we analyze a new system of ordinary differential equations
which incorporates human vertical transmission of Zika virus, the birth of babies with
microcephaly and asymptomatically infected individuals. The Zika model is locally and
globally asymptotically stable when the basic reproduction number is less than unity. Our

gﬁf:v\zrr‘ffs model shows that asymptomatic individuals amplify the disease burden in the community,
Vertical transmission and thg mo'sF important paramet'ers for Z!KV spread are the death ratg qf mosquitoes, the
Microcephaly mosquito biting rate, the mosquito recruitment rate, and the transmission per contact to
Stability mosquitoes and to adult humans. Scenario exploration indicates that personal-protection
Control is a more effective control strategy than mosquito-reduction strategy. It also shows that

delaying conception reduces the number of microcephaly cases, although this does little to

prevent Zika transmission in the broader community. However, by coupling aggressive

vector control and personal protection use, it is possible to reduce both microcephaly and

Zika transmission. 2000 Mathematics Subject Classifications: 92B05, 93A30, 93C15.

© 2017 KeAi Communications Co., Ltd. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

1. Introduction

Zika virus (ZIKV) is a mosquito-borne disease transmitted to humans through the bites of infected Aedes mosquitoes,
including Aedes aegypti, Aedes africanus, Aedes apicoargenteus, Aedes furcifer, Aedes hensilli, Aedes luteocephalus and Aedes
vitattus. First identified in a rhesus macaque population in 1947 in the Zika forest of Uganda, ZIKV is from the Spondweni
serocomplex of the Flaviviridae family of viruses. Historically, ZIKV was thought to cause mild symptoms in humans, including
headaches, maculopapular rash, fever, malaise, conjunctivitis, and arthralgia, occurring three to twelve days after the bite
from an infected mosquito. Recently, however, there have been reported increases in congenital anomalies (such as micro-
cephaly), Guillain-Barre syndrome, and other neurological and autoimmune disorders in regions where ZIKV has been newly
introduced (Cao-Lormeau et al., 2016; World Health Organization, 2015). Many researchers believe that ZIKV is responsible
for these increases, suggesting that ZIKV is a more serious disease than initially realized.

In December 2015, the European Centre for Disease Prevention and Control issued a comprehensive update on the possible
association between ZIKV, congenital microcephaly and Guillain-Barre (European Centre for Disease Prevention and Control,

* Corresponding author.
E-mail address: fbagusto@gmail.com (F.B. Agusto).
Peer review under responsibility of KeAi Communications Co., Ltd.

http://dx.doi.org/10.1016/j.idm.2017.05.003
2468-0427/© 2017 KeAi Communications Co., Ltd. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://core.ac.uk/display/213428007?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fbagusto@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.idm.2017.05.003&domain=pdf
www.sciencedirect.com/science/journal/24680427
www.keaipublishing.com/idm
http://dx.doi.org/10.1016/j.idm.2017.05.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.idm.2017.05.003
http://dx.doi.org/10.1016/j.idm.2017.05.003

EB. Agusto et al. / Infectious Disease Modelling 2 (2017) 244—267 245

2015). Most evidence, however, is correlative. In Brazil, for example, 2782 cases of microcephaly were reported in the year
following ZIKV introduction, as compared with 147 cases and 167 cases in the two years prior to ZIKV arrival (Romero, 2015).
Retrospective analysis of data from French Polynesia similarly uncovered an unusual number of babies born with neural defects
during the height of the ZIKV outbreak (Vogel, 2016). Over this same period, French Polynesia also saw a spike in Guillain-Barre
syndrome (FauciMorens, 2016; Oehler et al., 2014), as well as increases in a range of other neurologic conditions including
meningitis, meningoencephalitis, and myelitis (Talan, 2016). More recently, a series of Latin American countries, including
Brazil, Colombia, and Venezuela have observed similar upticks in the incidence of Guillain-Barre (World Health Organization,
2016a, World Health Organization, 2016b), consistent with the proposed relationship between this disorder and ZIKV infection.

In addition to correlative support, several clinical and lab-based findings hint at potential mechanisms to explain the link
between ZIKV and neural complications (Mlakar et al., 2016). In 1952, for example, Dick et al (Dick, Kitchen, & Haddow, 1952).
demonstrated ZIKV tropism to the brain in intraperitoneally infected mice. Expanding on this finding, Bell, and colleagues (Bell,
Field, & Narang, 1971) later showed that both neurons and glia could be infected by ZIKV. More recently, a number of studies,
have demonstrated evidence of intrauterine infection with ZIKV (Oliveira Melo et al., 2016), including infection of the fetal brain
(Martines, 2015; Rubin, Greene, & Baden, 2016). This latter finding, in particular, provides a direct path from maternal ZIKV
infection to microcephaly — a rare neurological condition in which an infant's brain develops abnormally in the womb or does
not grow as it should after birth (Mayo Foundation for Medical Education and Research, 2016). Ultimately, microcephaly results
inaninfant's head size being significantly smaller than the heads of other children of the same age and sex (IMayo Foundation for
Medical Education and Research, 2016). Although microcephaly can range from mild to severe, cases currently associated with
the ZIKV outbreak in Brazil are notable for the level of damage observed in the brains of affected infants (da Silva et al., 1953;
Talan, 2016). Furthermore, congenital Zika usually come with a wide spectrum of clinical features (da Silva et al., 1953).

In this paper, we develop and analyze a mathematical model for ZIKV. Our focus is multi-fold. First, we consider overall
ZIKV transmission in the adult population. Second, we consider ZIKV transmission to infants, either directly by mosquitoes or
else prior to birth through vertical transmission from the mother. Infant ZIKV cases may be particularly severe because central
nervous system (CNS) infections in young children can cause long-term damage to the developing brain (Bundy, 2014, p. 221).
Finally, we consider microcephaly rates, which we assume occur as a result of vertical transmission of ZIKV to the fetus during
the early stages of pregnancy. The paper is organized as follows. The model is formulated in Section 2 and we investigate the
theoretical properties of the Zika model with mother-to-child vertical transmission in Section 3. In Section 4, we assess the
impact of the asymptomatic classes and identify key parameters with the most impact on disease burden in Section 5. We
conduct numerical exploration of three control strategies in Section 6. The study results are discussed in Section 7.

2. Model formulation

We model the transmission dynamics of ZIKV using a compartmental framework. We consider two human populations
consisting of adults and newly born babies as well as the vector population. The population of newly born babies consists of
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Fig. 1. Flow diagram of the Zika transmission model.
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susceptible (Sg(t)), exposed (Eg(t)), asymptomatic (Ag(t)), symptomatic newly born without microcephaly, newly born with
microcephaly (Igy(t)) and recovered newly born babies (Rg(t)). The total population of adults, Ny (t), at time ¢ is split into
mutually exclusive sub-populations of individuals who are susceptible (Sy (t)), exposed (Ew (t)), asymptomatic (Ay(t)),
symptomatic (I (t)), adult with microcephaly (Iy(t)) and recovered adults (Ry (t)). The population of the mosquitoes include
the susceptible (Sy(t)), exposed (Ey(t)) and infected mosquitoes (Iy (t)). The total population for each group is given as:

Np(t) = Sp(t) + E(t) + Ap(t) + Ip(t) + Ipm(t) + Rp(t),
Nw (t) = Sw(t) + Ew(t) + Aw (t) + Iw(t) + Iwm(t) + Rw (),
Ny (t) = Sy(t) + Ey(t) + Iy(t).

and total human population is Ny (t) = Ng + Ny Equations representing the mathematical model are given below. The flow
diagram of the model is depicted in Fig. 1, and the associated state variables and parameters are described in Table 1.

Ss(t) g — qampAw (t) — qimglw (t) — qrmgRw (t) — Ag(ly, Np)Sp(t) — (& + ug)Sp(t)
Ep(t) = A(ly, Np)Sg(t) — (& + 0p + up)Ep(t)
A' p(t) = qamsAw (t) + (1 — p)ogEp(t) — (a + vp + up)Ap(t)
Ig(t) = qmply (t) + pogEg(t) — (a + v + wp)Ip(t)
i?M(t) rqrmeRw (t) — (@ + pup)lpm (t)
Rp(t) = (1 — r)qrmaRw (t) + YpAB(t) + Vplp(t) — (@ + up)Rp(t)
Sy (t) = aSp(t) — Aw Iy, Nw)Sw (£) — i Sw (t)
Ey () = Aw(ly, Nw)Sw(t) — (ow + ty)Ew () (2.1)
w () = (1 =p)owEw(t) — (Yw + tiw)Aw (t)
Iy (t) = powEw (t) — (yw + ) Iw ()
wm () = alpm (t) — uwlwm (£)
w(t) = aRp(t) + ywAw (6) + Ywlw (t) — uwRw (£)
v(t) = Ty — Av(Ap, Ig, Aw, Iw, Ng, Nw)Sy (t) — uy Sy (t)

v(t) = Av(Ap, Ig, Aw, Iw, Ng, Nw)Sy (t) — (uy + ov)Ey (t)
t) = ayEy(t) — pyly(1).

where, (') represent derivative with respect to t, and

byl byl
2wy Nuy) = Bwbvly As(ly, Ng) = nBgby nBsbvly
NW NB
Iy + pwAw + n(Ip + ppAp)
Av(Ag, I, Aw, Iw,Ng,Nyw) = Byb )
v(Ag, Ig, Aw,Iw, Ng,Nw) = By by Ny + 7Ng

are the disease forces of infection rates, and all other parameters are as defined in Table 1. In particular, By, 8z and §y are the
transmission probability per contact in adults, newly born babies and mosquitoes, by is the mosquito biting rate, py, and pg are
modification parameters modeling the infectivity of the asymptomatic babies and adults. The parameter n is a modification
parameter that indicates that babies' exposure rate is different from that of adults. For instance, they may be protected from
mosquito bites, making they less likely to get the infections, on the other hand, they may receive more mosquito bites if left
unprotected; we assume that > 0. We assume that the infection in the asymptomatic individuals might not be high enough
to infect the susceptible mosquitoes or is the same level as for the infectious individuals, in which case the modification
parameters are taken as 0 < pg, pyy < 1.

Zika virus is passed prenatally from a pregnant woman to her unborn fetus (Moore et al., 2017). For example, during the
2015 Zika outbreak in Brazil, Zika virus RNA was found in the amniotic fluid of two women whose fetuses were determined via
prenatal ultrasound to have microcephaly (Schuler-Faccini et al., 2016). Depending on timing of infection in the womb,
newborn babies can also be infected from birth (Besnard, Lastere, Teissier, Cao-Lormeau, & Musso, 2014). Thus, we assume
that some babies are born with infected with the virus. The parameters q,, q;, gg represent fractions of newly born babies who
are infected due to vertical transmission. So that the fraction m3(1 — gaAw — qilw — qrRw) are babies born healthy by infected
and recovered mothers and the remaining fraction qamgAw, q;7slw, qrgR\y are born infected.

Despite the fact that there is sufficient evidence to conclude that intrauterine Zika virus infection is a cause of micro-
cephaly (Moore et al., 2017), not all newly born babies are born with microcephaly, although they may have other congenital
abnormalities (da Silva et al.,, 1953). We assume that some babies are born recovered from the virus. Thus, the parameter r
correspond to the fraction of the qgmgRy recovered babies born by recovered mothers, while the remaining portion
(1 —r)qrmgRy are newly born babies who have microcephaly. The parameter p represent the fraction of adults and newly
born babies who are asymptomatic and the remaining fraction (1 — p) are adults and newly born babies who are infectious.
The parameter o denotes the maturation rate. Microcephalic individuals experience profound developmental delay (Carter,
Mirzaa, McDonell, & Boycott, 2013); although their lifespan is not known, they live for a short period due to severe neuro-
logic impairments (some have been known to live up to 9 years) (Carter et al., 2013). As a result, we assume that microcephalic
adults do not reproduce.
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Table 1
Description of the state variables and parameters of the Zika model (2.1).
Variable Description
Sg(t), Sw(t) Susceptible newly born babies and adults
Eg(t), Ew(t) Exposed newly born babies and adults
Ag(t), Aw (t) Asymptomatic newly born babies and adults
Ig(t), Iy (t) Symptomatic newly born without microcephaly and adults
Igni (), Ty (t) Microcephalic newly born babies and adults
Rp(t), Rw (t) Recovered newly born babies and adults
Sv(t) Susceptible female mosquitoes
Ey(t) Exposed female mosquitoes
Iy (t) Infected female mosquitoes
Parameter Description
g Birth rate newly born babies
p Fraction of adults and newly born babies who are asymptomatic
1-p Remaining fraction of adults and newly born babies who are infectious
a Maturation rate
r.qa,q1, qr Fractions of newly born babies who are infected and have microcephaly
1-r Remaining fraction of newly born babies who have microcephaly
Modification parameter
Bw,Bs Transmission probability per contact of adults and newly born babies
P PB Infectivity modification parameters in asymptomatic adults and newly born babies
aw,0p Progression rate of exposed adults and newly born babies
Yw, VB Recovery rate of asymptomatic and symptomatic adults and newly born babies
Uw, U Natural death rate of adults and newly born babies
Ty Recruitment rate of mosquitoes
By Transmission probability per contact of susceptible mosquitoes
by Mosquito biting rate
ay Progression rate of exposed mosquitoes
Ly Natural death rate of mosquitoes

2.1. Basic properties

We shall now explore the basic dynamical features of model (2.1). Since the model (2.1) describes both human and
mosquito populations during a Zika epidemic, it will only be epidemiologically meaningful if all state variables are non-
negative for t > 0. That is, its solution with positive initial data will remain positive for all time (¢ > 0).

Lemma 1. Let the initial data F(0) > O, where F(t) = (Sg, Eg, A, Is, Isnm, Sw, Ew, Aw, Iw, Rw, Iwm, R, Sv, Ev, Iy). Then the solu-
tions F(t) of model (2.1) are non-negative for all time t > 0. Furthermore

lim sup Ny (t) < @, lim sup Ny (t) = ﬂ,

t—o My t—o 1%

where py = min{ug, py }-
with,

Ng(t) = SB(f)+EB(f) Ap(t) + Ip(t) + Ipm(t) + Rp(t),

)
Nw (t) = Sw(t) + Ew(t) + Aw (t) + Iw (t) + Iwm(t) + Rw (t),
Ny (t) = Sy(t) + Ey(t) + Iy(t).

The proof of Lemma 1 is given in Appendix A.

Invariant regions
Model (2.1) will be analyzed in a biologically-feasible region as follows. Consider the feasible region

=Ty xTycrl2xr3
with,

Fy= {SB(t)vEB(t)vAB(t)vIB(t)aIBM(t)vRB(t)vSW(t)vEW(t)vAW(t)vIW(t)vIWM(t):RW(t)

Ty = {svm,gv(t),w) () = %}
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Lemma 2. Theregion=1Ty x Iy CRE x R3 is positively invariant for the basic model (2.1) with non-negative initial conditions

in 215
mR;

The proof of Lemma 2 is given in Appendix B.
In the next section the conditions for the stability of the disease-free equilibrium of model (2.1) are explored.

3. Analysis of the model

Model (2.1) with endogenous reactivation and exogenous reinfection is now analyzed to gain insight into its dynamical
features.

3.1. Local stability of the disease-free equilibrium

The disease free equilibrium (DFE) of model (2.1), which is obtained by setting the right hand sides of the model equations
to zero is given by:

#0 = (S5, B3, A T g R St Ei Ay T Fong: Rl St Ei )
(3.1)

:< L 70’07070-,07%7070903070’7]—_‘/7070)'
a+ g pw (@ + kp) %

The local asymptotic stability of & can be established using the next generation operator method on the system (2.1).
Taking the infected compartments (Ej, Ag, 5, Igy Evy . A Ty yw» Ev, ;) at the DFE and using the notation in (van den
Driessche & Watmough, 2002), the Jacobian matrices F and V for the new infection terms and the remaining transfer
terms are respectively given by,

0o 0 o o0 o0 0o oo o ™Mb
Ng
0 0 0 00 0 0 0 0O 0
0 0 0 00 0 0 0 0O 0
0 0 0 00 0 0 00O 0
0 0 0o 00 0 0 00 0 PwhSw
F= Ny,
0 0 0 00 0 0 0 0O 0
0 0 0 00 0 0 00O 0
0 0 0 00 0 0 0 0O 0
0 ﬂﬂfﬁvbvs:v nfvbvsxz 0 0 Pvl/ﬁvbvsj/ évaS’(,* 00 0 0
w+nSp  Sw+1Sp Sw+nSp Sw +nSg
0 0 0 00 0 0 0 0O 0
and
ko 0O 0 O 0 0 0 0 0 0
—(1-pjog k3 0 O 0 —(qaTB 0 0 0 0
—pop 0 k4 0 0 0 —qTB 0 0 0
0 0 0 ks 0 0 0 0 0 0
vV 0 0O 0 O kg 0 0 0 0 0
= 0 0 0 0 —(1-pow ko o 0o o0 o0}
0 00 0 —pow 0 ko O 0 0O
0 0 0 —-a 0 0 0 kp 0 0
0 0 0 0 0 0 0 0 kyu O
0 0O 0 O 0 0 0 0 -—oy uy

where ky = a4 up, kp =a+op+pug, ks =a+yp+up, Kg=oa+7vp+up, Ks=a+up, ks=a+upg k7 =puw,

ks = ow + pw, ko =yvw +uw, kio =r1w +uw, ki1t =pw, ko =pw, kiz =py, kg =py +oy.

It follows that the basic reproduction number of model (2.1), denoted by %y, is given by;
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o = p(FV") = /oy (o + ) (3.2)

R — SyBybyay

kyapy
g5 — n”Bgbvoslpp(1 — p)ka + pks]
k2 k3 k4 (ST/V + T]SE)
Ty = Bwbvow [(1 = p)(kspw +1ppdams) , P(ka + ndrmp))
kg( ;;V + nSE) k3 kg k4k10

The following result is established using Theorem 2 in (van den Driessche & Watmough, 2002).
Lemma 3. The DFE of model (2.1), given by &, is locally asymptotically stable (LAS) if #¢ <1, and unstable if o> 1.

The epidemiological quantity, %y gives the average number of ZIKV cases generated by a typical infected individual
introduced into an entirely susceptible human population (Anderson and May, 1991; Diekmann, Heesterbeek, & Metz, 1990;
Hethcote, 2000; van den Driessche & Watmough, 2002). Furthermore, the expression #p is the number of secondary in-
fections in newly born babies by one introduced infectious mosquito, while the expression %y, is the number of secondary
infections in adults by one infectious mosquito. The expression %y, consists of infections from newly born babies due to
vertical transmission (mother-to-child infection) and infections due to horizontal transmissions from adults and infections
from infants that have matured into adults. Lastly, the expression £y is the number of secondary infections in mosquitoes
resulting from a newly introduced infectious adult woman and newly born baby. ZIKV can be adequately controlled in the
community with adults and newly born babies if the threshold quantity (%) can be reduced to (and maintained at) a value
less than unity (i.e. &9 <1).

3.2. Global asymptotic stability of the disease-free equilibrium

For Zika elimination to be independent of the initial sizes of the sub-populations of the model, the global asymptotic
stability of the DFE must be established. This is what we consider next. Consider the feasible region

Iy = {Xel:Sp < S, Sw < Sy, Sv < Sy},

where, X = Ry, Sg, Eg, A, Ig, Isnt, Sw, Ew, Aw, Iw, Iwm, Rg, Sy, Ev, Iy .
Lemma 4. The region I'y is positively invariant for model (2.1)
The proof of Lemma 4 is given in Appendix C.
Theorem 1. The DFE, &g, of model (2.1), is globally asymptotically stable (GAS) in Ty whenever % < 1.

The proof of Theorem 1 is given in Appendix D.
The above result shows that ZIKV will be eliminated from the community if the threshold quantity 92¢ can be brought to a
value less than unity.

4. Assessing the impact of the asymptomatic classes

In this section we shall explore the impact of the asymptomatically infected individuals since an estimated 80% of Zika
infections do not show symptoms (Centers for Disease Control and Prevention, 2016; Duffy, Chen, Hancock, Powers, & Kool,
2009; Oster, 2016), and when infections lead to illness, the symptoms are usually mild.

Note, that we have elected to work with the square of the reproduction number, so our results remain tractable. The
conclusion is not altered if the actual expression for the reproduction number is used.

Thus, differentiating the square of the basic reproduction number, ﬁ/z%, given in (3.2), partially with respect to the
asymptomatic modification parameters pg and py,, gives

05 _ avBybiSyn(1 - p)(nogksky + gampowBwks)
0pp ky4uykakskgkg (S;V + T]SE)

>0,

and
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oy _ avBybySy (1 —p)Bwow
opw  kiapvkske (Sw + nSp)

This, implies, the square of basic reproduction number, %2, is an increasing function of the parameters py and py,. Thus, the
disease burden in the community will increase as the infectivity of the asymptomatic individuals increases.

Furthermore, if we take the limit of %22, as pg — 1 and py, — 1 (meaning, that infectivity of the asymptomatic individuals is
the same as that of the infectious individuals), we have

lim %= Uvﬁvb%ST/{JWﬁWk2k3k9(k4 +nqi7p)p + owPBwkakakio (ks +ngamp)(1 - p)

pp—1.pw —
+ P plskskokiolpks + (1 - p)kal} / [Kiatvkokskakskokio (Siy +S3)] > 0.

Thus, as the infectivity of the asymptomatic individuals increases, the disease burden increases, thereby increasing the
number of Zika infected individuals in the community.

Fig. 2 shows a contour plot of the reproduction number 2, as a function of the asymptomatic modification parameters pg
and pyy, . This figure indicates that Zika burden in the community gets amplified as the level of infectivity of the asymptomatic
individuals increases toward that of the infectious individuals.

The impact of the asymptomatic classes is further assessed by simulating the model (2.1) using various values for the
modification parameters pg and py, and the same parameters in Table 1. The results obtained, depicted in Fig. 3, show, as
expected, that the cumulative number of new cases generated by infectious mosquitoes to susceptible humans increases with
increasing values of pg and pyy (see Fig. 3(a)). Similarly, the cumulative number of new cases generated by infectious humans
to susceptible mosquitoes increases with increasing values of the modification parameters (see Fig. 3(b)). Notice that 3(a) and
3(b) differ in the direction of spread, since one is infection from mosquito to host and the other is from host to mosquito.

Next, we evaluate the contributions of the asymptomatic and infectious individuals to the disease burden in the com-
munity. We observed from Table 2, that the percentage contributed by asymptomatic humans goes up as py, and pg go up.

5. Sensitivity analysis

The outputs of deterministic models are governed by the model input parameters, which may exhibit some uncertainty in
their determination or selection. We employed a global sensitivity analysis to assess the impact of uncertainty and the
sensitivity of the outcomes of the numerical simulations to variations in each parameter of the model (2.1) using Latin Hy-
percube Sampling (LHS) and partial rank correlation coefficients (PRCC). LHS is a stratified sampling without replacement
technique which allows for an efficient analysis of parameter variations across simultaneous uncertainty ranges in each
parameter (Blower & Dowlatabadi, 1994; Marino, Hogue, Ray, & Kirschner, 2008; McKay, Beckman, & Conover, 2000; Sanchez
& Blower, 1997). PRCC measures the strength of the relationship between the model outcome and the parameters, stating the
degree of the effect that each parameter has on the outcome (Blower & Dowlatabadi, 1994; Marino et al., 2008; McKay et al.,
2000; Sanchez & Blower, 1997). Thus, sensitivity analysis determines the parameters with the most significant impact on the
outcome of the numerical simulations of the model (Blower & Dowlatabadi, 1994; Marino et al., 2008; McLeod, Brewster,
Gumel, & Slonowsky, 2006). To generate the LHS matrices, we assume that all the model parameters are uniformly
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Fig. 2. Contour plot of the reproduction number (%) of the Zika model (2.1) as a function of the asymptomatic modification parameters pg and pyy,. Parameter
values used are as given in Table 3.
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Fig. 3. Simulations of the Zika model (2.1) with different values of pg = py, = 0,0.25,0.5,0.75,1.0 (a). Cumulative number of new cases generated by infectious
mosquitoes transmitting to susceptible humans. (b). Cumulative number of new cases generated by infectious humans transmitting to susceptible mosquitoes.
Parameter values used are as given in Table 3.

Table 2

Contribution of the asymptomatic and infectious individuals to the mosquitoes’ cumulative infections with various values of pg and pyy.
Pws PB 0.25 0.50 0.75 1.0
Asymptomatic 20.5% 34.1% 43.7% 50.9%
Infectious 79.5% 65.9% 56.3% 49.1%

distributed. Then a total of 1000 simulations of the models per LHS run were carried out, using the ranges and baseline values
tabulated in Table 3 (with the basic reproduction number, %, as the response function). From Fig. 4 it follows that the pa-
rameters that have the most influence on Zika transmission dynamics are the death rate of the mosquitoes (uy ), the mosquito
biting rate (by), mosquito recruitment rate (my ), the transmission probability per contact to mosquitoes () and to adult
humans (fy/), and the adult recovery rate (vyy). Identification of these key parameters is important to the formulation of
effective control strategies for combating the spread of disease. In particular, the results of this sensitivity analysis suggest that
a strategy that reduces the transmission probability per contact to mosquitoes or to adult humans (i.e., reduces fy or fy,
respectively), will adequately reduce the spread of ZIKV in the community. Furthermore, a strategy that reduces the mosquito

1 1 1 1 1 1 1
-1 -08 -0.6 -04 -0.2 0 02 04 06 038 1
Fig. 4. PRCC values for the Zika model (2.1), using as response functions the reproduction number %,. Parameter values (baseline) and ranges used are given in
Table 3.
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Table 3
Parameter values of model (2.1).
Parameter Values Range References
o 63365 TSR35 T59365 Assumed
DB, P 0.5 0.1-1 Assumed
D,7,qa,q;,qr 0.5 0.1-1 Assumed
Bw 0.33 0.10—-0.75 (Manore, Hickmann, Xu, Wearing, & Hyman, 2014; Newton & Reiter, 1992; Paupy et al., 2010)
ow - 54 (Bewick, Fagan, Calabrese, & Agusto, 2016)
Tw 35 3 (Bewick et al., 2016)
Ly o T (Manore et al., 2014)
T e TEsen— e (Wikipedia, 2015)

6g 0.33 0.001—0.54 (Dumont & Chiroleu, 2010; Dumont, Chiroleu, & Domerg, 2008; Manore et al., 2014; Poletti et al., 2011; Turell,
Beaman, & Tammariello, 1992)

o 7= 5% (Bewick et al., 2016)

Yg o5 = (Bewick et al., 2016)

g 1860365 1485365232355 (World Health Organization, 2016a, World Health Organization, 2016b)

Ty 500 50—-5000 (Bewick et al., 2016)

By 0.33 0.10—-0.75 (Manore et al., 2014; Newton & Reiter, 1992; Paupy et al., 2010)

by 0.5 0.33—-1.0 (Manore et al., 2014; Putnam & Scott, 1995; Trpis & Haussermann, 1986)

ay 31—5 %—% (Dubrulle, Mousson, Moutailler, Vazeille, & Failloux, 2009; Dumont & Chiroleu, 2010; Moulay, Aziz-Alaoui, &
Cadivel, 2011; Sebastian, Lodha, & Kabra, 2009)

Ly 217 4177% (Sheppard, Macdonald, Tonn, & Grabs, 1969; Trpis & Haussermann, 1986; Trpis, Haussermann, & Craig, 1995)

recruitment rate or the mosquito biting rate (i.e., reduces my or by, respectively) or else increases the death rate of the
mosquitoes (i.e., increases ) will be effective in curtailing the spread of ZIKV in the community.

6. Assessment of control strategies

Motivated by the sensitivity analysis in the previous section, we now explore some of the key model parameters to
determine their effectiveness as targets for control strategies. In particular, we consider mosquito recruitment rate (my),
which can be modified with larvicides or through effective management of mosquito breeding sites. We also consider the
mosquito death rate, (1), which can be modified with adulticides, and the mosquito biting rates, (by ), which can be modified
using repellants or behavioral avoidance (e.g, remaining in buildings with screened windows and air-conditioning). We then
consider a combined strategy where all three management strategies are employed simultaneously. Finally, we consider
delayed pregnancy, because this is a recommendation put forward by several Latin American and Caribbean governments as a
means of reducing microcephaly.

For our analysis, moderate control levels correspond to the baseline parameter values used in our sensitivity analysis
(Table 3, column 2) whereas low and high control levels correspond to the extreme parameter values (Table 3, column 3). The
parameter values and initial conditions used in these simulations are theoretical in the sense that they are similar to com-
parable parameters for other mosquito-transmitted diseases, but are not specific to ZIKV, which is only poorly studied. The
goal is thus to illustrate the control strategies proposed in this paper for relatively broad, generic parameter ranges. These
predictions should then be retested as more information becomes available that is specific to ZIKV.

6.1. Epidemiological consequences of mosquito-reduction strategies
We consider the following control levels for this strategy:
1. Low mosquito-reduction strategy: 7, = 500/day, py = 21—1/day;
2. Moderate mosquito-reduction strategy: my = 250/day, uy = 11—4/day;
3. High mosquito-reduction strategy: 7y = 125/day, uy = %/day.
This strategy combines the larviciding and adulticiding strategies discussed in Appendices E and F, respectively.
Fig. 5 shows for each of the three control levels, the cumulative number of new infections in adults, new infections in

newly born babies and newly born babies with microcephaly. Comparing the three control levels in Table 4 shows a decrease
in the cumulative number of new cases with increasing control.

6.2. Epidemiological consequences of the personal protection strategy

Personal protection reduces mosquito biting rates (by). Similar to mosquito control, we consider three different levels of
protection:

1. Low-effectiveness personal-protection strategy: by = 0.5/day;
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Fig. 5. Simulation of the Zika model (2.1) for various control levels of the mosquito reduction control strategy. (a). The cumulative number of new Zika cases in
adults. (b). The cumulative number of new Zika cases in newly born babies. (c). The cumulative number of new cases of newly born babies with microcephaly.
Parameter values used are as given in Table 3.

2. Moderate-effectiveness personal-protection strategy: by = 0.250/day;
3. High-effectiveness personal-protection strategy: by = 0.125/day.

Fig. 6 shows the cumulative number of new infections in adults, new infections in newly born babies and newly born
babies with microcephaly for each of the three protection levels. The high effectiveness personal-protection strategy lead to a
considerable reduction in the number of new cases compared to the moderate-effectiveness level (see Table 5) at the same
time period. The low-effectiveness level performed the poorest producing the most number of new cases.

6.3. Combined mosquito control and personal protection strategy

The combined strategy (where both the mosquito reduction and personal protection strategies are implemented simul-
taneously) was assessed for the following three control levels:

1. Low-control strategy: my = 500/day, uy = 21—1/day, by = 0.5/day;
2. Moderate-control strategy: my = 250/day, uy = 11—4/day,bv = 0.25/day;
3. High-control strategy: =y = 125/day, uy = %/day, by = 0.125/day.

Fig. 7 shows the cumulative number of new infections in adults, new infections in newly born babies, and babies with
microcephaly for each control strategy. A comparison of the three control levels in Table 6 shows that higher levels of
combined control are more effective for preventing new ZIKV cases.
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Table 4

Simulation results of the Zika model (2.1) using the mosquito reduction control strategy.
Humans Low-Control Moderate-Control High-Control
Adults 2.1 x 108 5.8 x 10° 1.2 x10°
Newly born babies 7.7 x 10° 1.4 x10° 2.8 x 10*
Newly born with microcephaly 10.0 x 103 39x103 2.0x 103
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Fig. 6. Simulation of the Zika model (2.1) for various control levels of the personal-protection strategy. (a). The cumulative number of new Zika cases in adults.
(b). The cumulative number of new Zika cases in newly born babies. (c). The cumulative number of new cases of newly born babies with microcephaly. Parameter
values used are as given in Table 3.

A comparison across control strategies (larviciding, adulticiding, mosquito-reduction, personal-protection, and the
combined strategy) in each group (see Table 7) shows, as expected, that the combined strategy is more effective than the
other strategies implemented separately. Indeed, combining strategies results in anywhere from a 43% reduction to a 94%
reduction as compared to single control strategies. With respect to single control strategies, personal protection is more
effective than mosquito-reduction for reducing ZIKV and also for preventing microcephaly in newborns.

6.4. Delayed pregnancy

In light of the warnings issued by the Brazilian, Colombian, El Salvadorian, and Jamaican governments for reproductive
women to delay conceiving (Ahmed, 2016; Darlington, 2016), we explore the impact that this will have on ZIKV transmission
and the number of babies born with microcephaly. To consider delayed pregnancy, we adjusted the human birth rate ng. As
above, we consider three levels of delayed pregnancy:
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Table 5

Simulation results of the cumulative number of new cases for the Zika model (2.1) using the personal-protection strategy.
Humans Low Control Moderate Control High Control
Adults 2.1 x 108 5.4 x 10° 9.5 x 10*
Newly born babies 7.7 x 105 1.2 x10° 2.1 x10%
Newly born with microcephaly 10.0 x 103 3.4 x103 1.9 %103

1. No women delay: 75 = 151555 day ;

2. Some women delay: 7g = (BQW) /2 day~1;
3. Many women delay: g = <15X1w>/10 day.

As expected, for all three scenarios, we observed a negligible difference in the cumulative number of new cases of ZIKV
infections among adults and newly born babies. Indeed, there was even a small increase in the number of infected infants
when pregnancy was delayed. However, there was a significant impact on the cumulative number of babies born with
microcephaly, with the highly delayed rate producing the least number of babies with microcephaly (see Fig. 8). This is further
demonstrated in Table 8, where we compared the three delayed conception rates levels.
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Fig. 7. Simulation of the Zika model (2.1) for various control levels of the combined control strategy. (a). The cumulative number of new Zika cases in adults. (b).
The cumulative number of new Zika cases in newly born babies. (c). The cumulative number of new cases of newly born babies with microcephaly. Parameter
values used are as given in Table 3.
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Table 6
Simulation results of the cumulative number of new cases for the Zika model (2.1) using the combined control strategy.
Humans Low Control Moderate Control High Control
Adults 2.1 x 108 1.2 x10° 2.2 x10*
Newly born babies 7.7 x 10° 2.6 x 10% 49x103
Newly born with microcephaly 10.0 x 103 2.0x 103 1.6 x 103
Table 7
Comparison of the cumulative number of new cases for the high-control levels of the various control strategies for the Zika model (2.1).
Humans Larviciding Control Adulticiding Control Mosquito Reduction Personal Protection Combined Control
Adults 7.5 x 10° 2.6 x 10° 1.2 x10° 9.5 x 10* 2.2 x10*
Newly born babies 1.8 x 10° 5.9 x 104 2.6 x 104 2.1 x 104 49 x 103
Newly born with microcephaly 4.4 x 103 2.7 x 103 2.0 x 103 1.9 x 103 1.6 x 103
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Newly—born babies with microcephaly cumulative new cases

.
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Fig. 8. Simulation of the Zika model (2.1) showing the cumulative number of new cases in newly born babies with microcephaly for various rates of delaying
conception. Parameter values used are as given in Table 3.

As a final scenario, we implement delayed conception simultaneously with the combined mosquito control and personal
protection strategies (see Section 6.3). Again, we consider low, moderate and high levels of mosquito control, personal-
protection, and pregnancy delays. Unlike the findings with delayed pregnancy alone (see above), delayed pregnancy in
combination with other control strategies result in an appreciable benefit on ZIKV transmission in adult and new-born
populations (see Fig. 9 and Table 9). However, when large numbers of women delay conception, and this is combined
with high levels of mosquito control and personal protection, there is a dramatic reduction in babies born with microcephaly
(see Table 10). Thus, delayed pregnancy, particularly when combined with mosquito control and personal protection, appears
to be beneficial for reducing microcephaly rates in regions with ongoing ZIKV outbreaks.

7. Discussion and conclusion

In this paper, we develop a new deterministic model to study the transmission dynamics of Zika virus. Our model in-
corporates mother-to-child transmission as well as the development of microcephaly in newly born babies. The analysis
shows that the disease-free equilibrium of the model is locally and globally asymptotically stable whenever the associated
reproduction number (%), is less than unity and unstable otherwise. Sensitivity analysis further identifies parameters with

Table 8

Simulation results of the cumulative number of new cases for the Zika model (2.1) with various rates of delaying conception.
Humans None-delayed Some-delayed Many-delayed
Adults 2.1 x 108 2.1 x 108 2.1 x 108
Newly born babies 7.7 x 10° 7.8 x 10° 7.8 x 10°

Newly born with microcephaly 10.0 x 103 5.0 x 103 499
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Table 9
Simulation results of the cumulative number of new cases for the Zika model (2.1) using various rates of delaying conception, combined mosquito control and
personal protection strategies.

Humans None-delayed & Low-Control Some-delayed & Moderate-Control Many-delayed & High-Control
Adults 2.1 x 108 12 x10° 2.2 x 10*
Newly born babies 7.7 x 10° 2.6 x 10* 4.8 x 103
Newly born with microcephaly 10.0 x 103 1.0 x 103 78.2

Table 10

Comparison of the combined control strategies (involving mosquito reduction and personal protection), and delayed pregnancy for the Zika model (2.1).
Humans Combined Control Delayed Pregnancy Delayed Pregnancy + Combined Control
Adults 2.2 x 10% 2.1 x 106 2.2 x 104
Newly born babies 49x 103 7.8 x 10° 4.8 x 103
Newly born with microcephaly 1.6 x 103 500 78.2

the strongest impact on model outcome (i.e., the basic reproduction number). These are the mosquito biting rate, the
transmission probability per contact to mosquitoes and to human adults, the mosquito recruitment rate, and the mosquito
death rate. Identification of these key parameters is vital to the formulation of effective ZIKV control strategies.

Based on our analysis, we consider various control strategies aimed at reducing mosquito biting rates, mosquito recruitment
rates, and mosquito death rates to examine if these strategies will be effective in curtailing ZIKV spread in the community. We
lack methods for reducing viral transmission probabilities; however, these would also be effective targets for control if
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Fig. 9. Simulation of the Zika model (2.1) showing the cumulative number of new cases in newly born babies with microcephaly for various levels of delayed
pregnancy. Parameter values used are as given in Table 3.
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management strategies existed. Specifically, we implement a mosquito-reduction strategy, a personal-protection strategy, and
a combined strategy each with three different control levels (low, moderate, high). Our results show that the cumulative
number of new ZIKV cases generally decreases with increasing control as does the number of cases of microcephaly. As ex-
pected, the combined strategy is most effective across the board; this is followed by the personal protection strategy.

Some countries in the Western Hemisphere currently affected by ZIKV (including Brazil, El Salvador, Colombia and Jamaica
(Ahmed, 2016; Darlington, 2016)) have issued warnings against women of reproductive age becoming pregnant. Using our
model to numerically explore the effect of delayed pregnancy on disease transmission and microcephaly, we find that this
strategy is highly effective for reducing the number of microcephaly cases, but does not impact levels of ZIKV transmission
among either infants or adults. Coupling delayed pregnancy with mosquito control and personal protection, however, results
in a considerable reduction in both ZIKV transmission and microcephaly. Thus, it appears that attacking ZIKV from all fronts,
including aggressive mosquito control, strong adherence to repellant use, and delayed pregnancy, provides the best solution
for ZIKV management, at least over the near term.

The issue of near-term versus long-term ZIKV management strategies is an important point that warrants further dis-
cussion. The model presented in the current paper is a highly detailed study of short-term ZIKV transmission. In particular, we
restrict our analysis to a 9-month window beginning at the start of a ZIKV outbreak. Consequently, any babies born from
women who are or who have ever been infected by ZIKV are at high-risk for microcephaly during this window. Over longer
periods, however, ZIKV infection could occur prior to pregnancy. Consequently, a history of infection (i.e., recovery adults) in
mothers would not necessarily indicate high-risk pregnancy. Quite the opposite - women who acquire infection before
becoming pregnant may actually be protected during pregnancy. Thus, long-term predictions may differ substantially from
predictions of the current model, and this is something that we explore in a separate paper (Bewick et al., 2016).

In this paper, we formulated and analyzed a system of ordinary differential equations for transmission dynamics of ZIKV.
Some of our theoretical and epidemiological findings are summarized below:

(i). Model (2.1) is locally and globally asymptotically stable when %3 <1 and unstable when % > 1;

(ii). Disease burden in the community increases infectivity of the asymptomatic individuals. Similarly, the cumulative
infections to mosquitoes from the asymptomatic increases as their infectivity level increases.

(iii). Sensitivity analysis shows that the most important parameters for ZIKV spread are the death rate of the mosquitoes
(uy), the mosquito biting rate (by), mosquito recruitment rate (wy), the transmission probability per contact to
mosquitoes and to adult humans (8, and gy respectively) and the adult recovery rate (yy);

(iv). Numerical simulations using mosquito control indicate that personal protection is a better and more effective strategy
than the mosquito-reduction in reducing the disease burden in the population. As expected, a combined strategy is the
most effective for reducing the ZIKV disease burden in the community.

(v). Additional numerical simulations suggest that delaying conception reduces the number of cases of microcephaly,
although it does little to prevent ZIKV transmission in the broader community. Coupled with aggressive mosquito control
level and personal-protection; however, it is possible to both reduce microcephaly and prevent ZIKV transmission.
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Appendix A. Proof of Lemma 1

Lemma 1. Let the initial data F(0) > 0, where F(t) = (Sg, Eg,Ag, Ig, Isv, Sw, Ew, Aw, Iw, Rw, Iwm, Rg, Sv, Ev, Iy). Then the solu-
tions F(t) of model (2.1) are non-negative for all time t > 0. Furthermore

lim sup Ny (£) = 2, lim sup Ny () = 2,
t—oo HH  t-o0 wy

where. uy = min{ug, ty }-
with,

Ny (t) = Sy(t) + Ev(t) + Iy(t).

Proof. Let t; = sup{t >0 : F(t) > 0}. Thus, t; > 0. Then it follows from the first equation of the Zika model (2.1) that
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It can similarly be shown that F>0 for all t>0. For the second part of the proof, it should be note
0<Sp(t) < Ny(t),0<Eg(t) < Nu(t),0<Ag(t) < Ny(t),0<Ip(t) < Ny(t),0<Ipm(t) < Ny(t),0<Rp(t) < Ny(t),0<Sw(t) <
Ny(t),0 <Ew(t) < Ny(t),0 <Aw(t) < Ny(t),0 <y (t) < Ny(t),0<Iwm(t) < Ny(t),0 <Ry (t) < Ny(t),0<Sy(t) <

t
= /['"B — qampAw (1) — qrmplw (1) — qrmpRy (U)] x exp [ - /AB(IV(U),NH(U))dU — (a+up)ty|.>0.
J .

0

Nv(t),0<Ev(t) < Nv(l’), 0<Iv(t) < Nv(t)

Adding the components of the model (2.1) gives

dNy(t
% = mg — uuNy(1),

dNy (t
Iy — g Noe)

where uy = min{ug, uy }.
Hence,
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™5 _ lim inf Ny (t) = lim sup Ny(t) < E,
H t— o0 t— o0 ruH
™V _ lim inf Ny (t) < lim sup Ny (t) = ~~,
My t—oo t—o0 Hy

as required.

Appendix B. Proof of Lemma 2

Lemma 2. Theregion =Ty x Ty CRP X Ri is positively invariant for the basic model (2.1) with non-negative initial conditions
in R1°

Proof. The following steps are followed to establish the positive invariance of T (i.e., solutions in I" remain in I" for all t > 0).
The rate of change of the total population is obtained by adding the components of the model (2.1) to give

dN;t(f) = mp — ugNp(t) — N (t)

dr = v HyNy(0).

dt =TB — IU’HNH(t)7

ai = v kvNu(©).

where py = min{ug, tyy }. A standard comparison theorem (Lakshmikantham, Leela, & Martynyuk, 1989) can then be used to
show  that  Ny(t) < Ny(0)e #u +7E(1 —e#), in  particular, Ny(t)<jE if  Ny(0) <7  And lastly,
Ny(t) < Ny(0)e~#v! 4 7¢ (1 —e~#vh), in particular, Ny (t) < 7%, if Ny(0) < %

Thus, the region I' is positively invariant. Hence, it is sufficient to consider the dynamics of the flow generated by (2.1)inI".
In this region, the model is epidemiologically and mathematically well-posed (Hethcote, 2000). Thus, every solution of the
model (2.1) with initial conditions in I" remains in I" for all t > 0. Therefore, the I'-limit sets of the system (2.1) are contained in
I'. This result is summarized below.

Appendix C. Proof of Lemma 4

Lemma 4. The region I'y is positively invariant for model (2.1)

Proof. It follows from the first equation of Zika model (2.1), (where S}, = ﬁ‘;ﬂ), so that
dSg(t by Sgl
gt( )_ g — qamsAw (t) — qimplw (t) — qrmaRw (t) — WBN% — (o + pp)Sp(t)
< mp— (a+ ug)Sp(t
B— ( 37)r B(t) 1)
B
(a4 ) 1 = S

= (o + pp) [Sg — Sp(0)].

Thus,

Sp(t) < Sp — [Sp — Sp(0)]e~(@Hmlt,

Thus, if Sg(0) < S; for all t > 0, then Sg(t) < S for all t > 0.

Similarly, it follows from the sixth equation of the Zika model (2.1) (where S, ), that

_ __amg
(a+up)uw
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dSw(t) BwbySwly
dt - DéSB - T - Iu‘WSW(t)7
< aSp — uwSw(t),
S*
suw[ij—swuﬂ, (C-2)
QTR
— iy | —2TB st
fw Liw(a + up) w( )}

= pw [Sw — Sw()]-
Hence,

Sw(t) < Sy — [Si — Sw(0)]e Hwt.

Thus, if Sy (0) < Sy, for all t > 0, then Sy (t) < Sy, for all £ > 0.
Finally, it follows from the twelfth equation of the Zika model (2.1), that

aSv(t) _ Ty — Byby {AW *w + 7(Ap + 1) Sm = kmSm(b),
ar N

S Ty — /uVSV(t)7
Ty

<uy|™ _ sy,

<y [HV o >]

= v [Sy = Sv(0)].

(C-3)

Thus,

Sv(t) < Sy — [Sy — Sy(0)]e ™t
Hence, if Ny, = ’T" and Sy (0) < Sy, for all t > 0, then Sy (t) < Sy, forall t > 0.

Thus, in summary, it has been shown that the region I'; is posmvely invariant and attracts all solutions in R” for the Zika
model (2.1).

Appendix D. Proof of Theorem 1

Theorem 1. The DFE, &, of model (2.1), is globally asymptotically stable (GAS) in I'1 whenever #y < 1.

Proof. To prove the global stability of the disease-free equilibrium, we will following the approach in (Agusto et al., 2013).
Let X = (Sw, Rw, Sg, Rg,Sv) and Z = (Eg, A, Ig, Igpmi, Ew, Aw, Iw, Iwm, Ev, Iy) and group the system (2.1) into

%:me .
2 _ .2 o
de = e

where F(X, 0) is the right hand side of Sy, RW Sg,Rg and Sy with Eg = Ap=lgp=Ipy =Ew=Aw =lw =lwy =Ev =ly =0
and G(X, Z) is the right hand side of Ey,/,Aw, Iy, Eg,Ag, Iz, Igy, Ev and. Iy.
Next, consider the reduced system: § dx F(X,0) given as:

ds
d71'3 =Tg — qRTrBRW(t) - (0( -+ ,U«B)SBB(t)

e (1~ r)grmaRu (1) ~ (e + g Ra(0)

B0 _ a5(t) — St (D-2)

dR
3¢ = aRs(t) — twRw (D)

ds
d_tv =my — pySy(t).

Let
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B aTg Ty
X* — * R: S* % A ) vy
(Sb: Ry Siv- R 5v) (0‘+HB’O7HW(0‘+MB)7O’IJV)

be an equilibrium of the reduced system (D-2), we show that X* is a globally stable equilibrium in I';.
To do this, solve the first and second equations of (D-2), this gives

t
Sp(t) = l / el 1 — qrRy (u)ldu + 53(0)} e~ ()t (D-3)
0
t
Rg(t) = { / (1 — r\qrmw Ry (w)el® )t dy + RB(O)] e~ (@tip)t
0

Integrating Sg(t) in (D-3) gives:

TR [] — e(aﬂlzx)t} B

380 = T )

t
[ / el m)impqeRy (1) du + sB<0)] e-(@ti)t, (D-4)
0

Taking the limit of Sg(t) in (D-4) and Rg(t) in (D-3) as t — co, we have

. - B . -
t:h_rprB(t) SCET™) and tllvn;loRB(t) =0.

Next, solving the third and fourth equations of (D-2) Sy, (t) and Ry (t) gives

t t
Sw(t) = [/ aSp(z)e"w?dz + SW(O)} e "wtand Ry (t) = |:/RB(Z)€”BZdZ + RW(O)} e Fwt,
0 0

Integrating Sy, (t) and Ry (t) and substituting Sg(t) in (D-4) and Rp(t) in (D-3) gives

t 1 — ekiu t
Sw(t) = { / “[M— ( / e"lszquw(Z)dZ> +SB(0)] e"l“ekvfdt+sw(0)}e’<7f,

k]
0 0

t S
R () = { / {a ( / Ry Ry ()bt du + RB(O)) e"S“ek“S] dt + RW(O)}e"“t,
0

0

where, k1 = a + ug, ke = o + ug, k7 = uw, k12 = pw-
Taking the limit as t — o,

. AT .
lim Sy (t) = ——— and lim Rp(t) = 0.
oW f (@ + pp) AR

Similarly, solving for Sy (t) in (D-2) gives Sy (t) = % + e hvt [SV(O) - Z—d which converges to /’I—; as t— oo.

These asymptotic dynamics are independent of initial conditions in I". Hence, the convergence of solutions of (D-2) is global in
I';. Next, following (Castillo-Chavez, Blower, van den Driessche, Kirschner, & Yakubu, 2002), we require G(X, Z) to satisfy the
two stated conditions:

(i). G(X,0) =0 and ~ ~
(ii). G(X,Z) = D;G(X*,0)Z — G(X,Z), G(X,Z) > 0,
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where (X*,0) = <L 0, —&m__(Q, ”V ,0,0,0,0,0,0,0,0,0 0) and D;G(X*,0) is the Jacobian of G(X, Z) taken with respect to

Qg 7y (o)’

(Eg,Ag, Ip, Igpi, Ew, Aw, Iw, Iwm, Ev, Iy) and evaluated at (X*, 0), which is an M-matrix (the diagonal elements are nonnegative).
Thus,

(] - p)UB *k?, 0 0 0 qmyw 0 0 0 0
pos 0~k 0 0 0 gw 0 0 0
0 0 0 ks 0 0 0 0 0 o0
D;G(X*,0) = 0 0 0 0 (1-pow —ko 0 0 0 0 ,
0 0 0 0 pow 0 ko O 0 0
0 0 0 o 0 —k12 0 0
0 nps¥y ¥y 0 0 W ¥y 0 kg O
0 0 0 0 0 0 0 0 oy —py
where, ¥ = 5BbvN Wy, = ﬂwbvsw v, ﬂvbvsv and
Dply
0
0
0
G(X,Z) = ¢m61v
0
0
npgPvAw + n‘bvlv\éJr pwOvAg + Gyl
where, &p = ﬁabvs (1 s > Oy = ﬁwht,’vs <1 ﬂﬁlfw SJ) and ®y %7259 (1 szf, TH)
Furthermore Sy = awg _B),s* a+# Ny, =S}, +nS; and S}, = Z_: We have in T; that, Sy < Sy, S5 < Sj, and Sy < Sy

Therefore, it follows that NH Nj;.

Hence, if the human population is at equilibrium level, we have that <1 - I;J—W N—W> >0, ( - % 5—“) >0 and (1 SVN > >0;
thus, G(X,Z) > 0.

Thus,

dply
0
0
0

GX,Z) Pwly

[eleloNoloNeNole)
[eNoNeNoNoNeNo o)
[eloNeNoloNeNolo)

Pw

[eNeleNoNoNoNoloNoNoe]
OO OO OO0 OOO0O
OO OO OCOOOCOO0O
OO OO OCOOOCOO0O
[eNeNeloNoNoNo ool

o ooocoocoococoo

[=NeNeNoNe)

npp®vAw  ndyly vAp Oylp
0 0 0

Therefore, the disease-free equilibrium is globally asymptotically stable by the theorem in (Castillo-Chavez et al., 2002)
(page 246).
E. Mosquito-Larviciding Strategy
We consider the following three control levels:
1. Low mosquito-larviciding strategy: 7, = 500/day;
2. Moderate mosquito-larviciding strategy: 7, = 250/day;
3. High mosquito-larviciding strategy: my, = 125/day.
Fig. 10 shows the cumulative number of new infections in adults, new infections in newly born babies and newly born

babies with microcephaly for each of the three control levels. Table 11 shows a clear decrease in the cumulative number of
new cases with increasing control when comparing the three control levels.
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Table 11
Simulation results of the cumulative number of new cases days for the Zika model (2.1) using mosquito-larviciding strategy.
Humans Low-Control Moderate-Control High-Control
Adults 2.1 x 108 1.5 x 106 7.5 x 10°
Newly born babies 7.7 x 10° 4.4 %x10° 1.8 x10°
Newly born with microcephaly 10.0 x 103 7.1x 103 4.4 %103
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Fig. 10. Simulation of the Zika model (2.1) for various control levels of the larviciding strategy. (a). The cumulative number of new cases in adults (b). The

cumulative number of new cases in newly born babies. (c). The cumulative number of new cases of newly born babies with microcephaly. Parameter values used
are as given in Table 3.

F. Mosquito-Adulticiding Strategy

1. Low mosquito-adulticiding strategy: uy, = %/day;
2. Moderate mosquito-adulticiding strategy: uy = ﬁ/day;
3. High mosquito-adulticiding strategy: uy = %/day.

The cumulative number of new infections in adults, new infections in newly born babies and newly born babies with
microcephaly for each of the three control levels is depicted in Fig. 11. A comparison of the three control levels in Table 12
shows a decrease in the cumulative number of new cases with increasing control.
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Fig. 11. Simulation of the Zika model (2.1) for various control levels of the adulticiding strategy. (a). The cumulative number of new cases in adults (b). The

cumulative number of new cases in newly born babies. (c). The cumulative number of new cases of newly born babies with microcephaly. Parameter values used
are as given in Table 3.

Table 12

Simulation results of the cumulative number of new cases for the Zika model (2.1) using mosquito-adulticiding strategy.
Humans Low-Control Moderate-Control High-Control
Adults 2.1 x 108 1.4 x 106 2.6 x 10°
Newly born babies 7.7 x 10° 4.0 x 10° 5.8 x 10%
Newly born with microcephaly 10.0 x 103 6.9 x 103 2.7 x 103
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