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ABSTRACT

The Zika virus exhibits complex transmission dynamics involving vector-borne, sexual, and vertical pathways, which complicates
the design of effective control strategies. In this work, we develop an integrated SICR—SI mathematical model coupling human
and mosquito populations, incorporating Wolbachia-based biocontrol, sexual prevention, and vector control as intervention
strategies. The model parameters are calibrated using epidemiological time-series data from seven Pacific island archipelagos,
and the basic reproduction number R, is analytically derived. Our results show that Wolbachia substantially reduces the vector
component of transmission but cannot eliminate Zika in the presence of sexual transmission, which maintains a residual
epidemic risk. We demonstrate that combining Wolbachia releases with sexual prevention yields a synergistic reduction in
incidence greater than the sum of their individual effects. Using optimal control theory, we identify time-dependent intervention
strategies that minimize both infection burden and implementation costs. A global sensitivity analysis (Sobol indices) highlights
the dominant influence of mosquito-related parameters and Wolbachia coverage on epidemic outcomes. Overall, this study
underscores the necessity of multitarget and coordinated intervention strategies to effectively reduce Zika transmission and its
severe neurological complications.

1 | Introduction Several studies have addressed Zika modeling by integrating one

The Zika virus, primarily transmitted by mosquitoes of the Aedes or more transmission routes. For example [3], developed a model

genus, emerged as a global health threat during the 2015-2016
outbreak. In addition to vector-borne transmission, the virus can
also spread through sexual and vertical routes, complicating its
dynamics and control [1, 2]. These multiple transmission path-
ways, combined with the risk of severe neurological complica-

accounting for sexual and vertical transmission, while [5, 6] ana-
lyzed the impact of sexual transmission on epidemic dynamics.
Other studies, such as [7], introduced optimal control strategies
to limit spread. Work by Biswas et al. [8, 9] also explored the
effects of vertical transmission and sexual behavior on virus

tions such as microcephaly in newborns, underscore the need for
mathematical models that can accurately capture the complex
epidemiology of the virus [3, 4].

dynamics.

Furthermore, the use of mosquitoes infected with the Wolbachia
bacterium has shown promise in reducing the vector competence
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of Aedes mosquitoes, as demonstrated by Guo et al. [10-12].
Studies by Walker et al. [13, 14] demonstrated the invasion
potential and persistence of Wolbachia strains in mosquito popu-
lations. Recent studies, such as [15, 16], have further confirmed
the effectiveness of this approach under field conditions, while
[17] provided a comprehensive review of Wolbachia-based
strategies.

Vertical transmission in mosquitoes, an important mechanism
for virus persistence, has been documented by Zimler and
Alto [18], and the implications of sexual transmission for
control have been emphasized by Moreira et al. [19, 20]. How-
ever, few models have simultaneously integrated all three trans-
mission routes vector-borne, sexual, and vertical—and evaluated
the combined effect of multiple control strategies, particularly
the release of Wolbachia-infected mosquitoes, sexual prevention,
and conventional vector control. Moreover, the analysis of
synergy between these interventions and the identification of
the most influential parameters via global sensitivity methods
remain underexplored.

In this work, we propose a deterministic SICR-SI model that
couples human and vector dynamics and integrates all three
transmission routes along with three control levers. We estimate
parameters using epidemiological data from seven archipelagos,
compute the basic reproduction number R, and study the impact
of Wolbachia coverage. Finally, we formulate and solve an opti-
mal control problem aimed at minimizing both disease incidence
and intervention costs, and we identify key parameters via Sobol
sensitivity analysis.

This global approach aims to inform public health decisions by
quantifying the relative effectiveness and complementarity of
available strategies to combat the Zika virus, in line with recent
work on integrated arbovirus modeling [21].

The remainder of this article is organized as follows. In Section
2, we present the formulation of the proposed SICR-SI model
and describe the underlying assumptions. Section 3 is devoted
to the mathematical analysis of the model, including well-
posedness, the derivation of the basic reproduction number,
and stability results. In Section 4, we perform parameter esti-
mation and assess the model’s fit to epidemiological data. Sec-
tion 5 explores the impact of Wolbachia-based interventions
and analyzes the sensitivity of key parameters. In Section 6,
we formulate and solve the optimal control problem and evalu-
ate different intervention strategies. Finally, Section 7 con-
cludes the article with a discussion of the main findings and
perspectives for future research.

2 | Model Formulation

We consider a deterministic compartmental model describing the
transmission dynamics of the Zika virus, integrating vector-
borne, sexual, and vertical transmission pathways, as well as
the effects of three control strategies: the release of Wolbachia-
infected mosquitoes, sexual prevention, and vector control. The
model links the human and mosquito populations through a
system of ordinary differential equations.

The total human population Ny is divided into two subgroups:
women of reproductive age (indexed by F) and the general

population (indexed by G). Each subgroup is structured into
four compartments: susceptible (S), infected (I), individuals
with severe neurological complications (C), and recovered (R):

NH:SF+IF+CF+RF+SG+IG+CG+RG-

The total mosquito population N, consists of two subpopulations
wild mosquitoes (S,,I,) and Wolbachia-infected mosquitoes
(Sb s Ib):

Ny =S, +1I, + Sy +1,.

Vector transmission depends on mosquito—human contact, while
sexual transmission acts directly between infected and suscepti-
ble individuals. The force of infection for vector-borne transmis-
sion is defined as follows:

I, + 61,
Im =P A
m H NM

where Sy is the transmission rate from mosquitoes to humans,
and 6<1 represents the reduction in vector competence due to
Wolbachia.

To improve the realism of the sexual transmission component,
we allow for heterogeneous transmission patterns between sub-
populations by distinguishing the direction of contacts. Rather
than assuming uniform mixing, we introduce different transmis-
sion rates to capture possible asymmetries in interactions
between the considered groups.

Accordingly, we define the following forces of infection:

Ak =Psrc —— >
s.F s, Fi NH
Ir + Cr I + Cg
AsG=Psegr—o— + Pscc >
S. s,GF NH N NH

where f; r is the sexual transmission rate from infected general
population (men) to susceptible women, f; gr is the transmission
rate from infected women to susceptible general population
(men), and f; g is the transmission rate from infected general
population to susceptible general population (men-to-men). This
structure reflects that women can only be infected sexually by
men, while men can be infected by both women and men.

The control parameters u, v, and w € [0, 1] represent as follows:
1. the proportion of mosquitoes infected with Wolbachia (u),
2. the reduction in sexual transmission rates (v), and
3. the reduction in vector transmission due to vector control (w).
All sexual transmission rates are reduced by the same factor

(1 -v), reflecting a general reduction in sexual contact or trans-
mission probability.
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2.1 | Human Population

dt

dt
dC;

dt

dR
—L = y(Iy + Cr) - uyRe,
dt (1)

= App — (1= w)ApSp = (1 = v)Ag pSp — pty Sk,

(1 = w) Sk + (1 =) A pSp = (v + K + pp) I,

= klp = (y + a+uy)Cp,

ds

d—tG = Apg — (1 = w)AySg = (1 =v)A6SG — uuSe.
G (1 = w)AnSs + (1 =v)A6Ss = (v + & + puy )1,
dcC,

d—tG = «lg - (y + a+puy)Cq,

dR

d—tG = y(Ig + Cg) - uuRg.

2.2 | Mosquito Population

ds, Ir +0Cp + 1 + 6C
w:AM(l_u)_(l_w)ﬁMF+ Ftet GSw_/’lMSw’

dI, Iy +6Cy + I + 6Cq

— =(1- Sw — vl

dt ( w)ﬁM NH w ~ HMlw

ds Ip 4+ 0Cp + I + 6C,

JZAMM—(SU—W)/}MF—F L Sy = uarSp.

dt Ny

dl, Ir + 0Cp + 1, oC,

o 51— w)py I O G g,

2

where 0 € [0, 1] represents the relative infectiousness of indivi-
duals with neurological complications (Cr, C5) compared to
those in the infectious class (I, I;). For the baseline analysis,
we assume 0 = 1, acknowledging that the infectious potential of
this group is not fully established. This parameter can be
explored in sensitivity analyses.

The transmission pathways of the Zika virus considered in this
study are illustrated in Figure 1. A schematic representation of
the full model structure, including all compartments and control
strategies, is provided in Figure 2.

Four Zika transmission routes

Mosquito to

Ohuman O P

Human to
T T mosquito
Sexual
transmission

FIGURE 1 | Transmission pathways of the Zika virus.

Mother to
baby in utero

This system couples the human and vector dynamics and cap-
tures the key mechanisms of transmission. It accounts for the
vector-borne transmission, modulated by w, which represents the
effectiveness of vector control measures; the sexual transmission,
reduced by v; the reduction in vector competence induced by
Wolbachia infection, represented by the parameters u and §.

3 | Model Analysis

3.1 | Existence, Positivity, and Boundedness of
Solutions

In this section, we establish the mathematical well-posedness of
the system (1)~(2) by proving the existence, uniqueness, positiv-
ity, and boundedness of solutions. These properties ensure that
the model is biologically consistent.

3.11 | Invariant Region and Notation
Let the total human and mosquito populations be denoted by

Ny (t) and Ny, (t), respectively, where:

3
=S, + I, + S, + 1. ®)

The dynamics of the system are analyzed in the feasible region
Q c RY?, defined as follows:

A A
Q:{(SF,...,Ib)eRE:NHg—”,NMS—M}, (4)
HH Hm

where Ay =Ayr + Apg-

3.1.2 | Positivity of Solutions

To ensure the biological relevance of the model, we first show
that all state variables remain nonnegative for all ¢ > 0.

Lemma 1. Let the initial conditions be nonnegative. Then, the
solutions (Sg, ..., 1) of the system (1)~(2) remain in R'? for all t > 0.

Proof. Consider the equation for the susceptible human popu-
lation Sg:

ds
d_tF =Apyr — [(1 — W)y + (1 =V)Aer +llH]SF > —-O(t)Sp,

(5)

where &(t) =(1-w)A,(t)+ (1 -v)Ax(t) +uy. By integration,
we obtain:

t

Sp(t) > Sg(0)exp (— / qs(r)df) >0. (6)

0

Similarly, for the infected compartment Ip.:

dI

=kt )l = T(0) 2 I (0)e ) 20, (7)
Applying the same comparison principle to all other human and
mosquito compartments, it follows that all state variables remain
nonnegative for all ¢ >0. O
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FIGURE2 | Schematic diagram of the Zika virus transmission model. The human population is divided into two subgroups: women (F) and general
population (G), each stratified into susceptible (Sr, S;), infected (I, I;), complication (C, Cg), and recovered (R, R;) compartments. The mosquito
population is divided into two classes: mosquitoes carrying Wolbachia (S, I,,) and those without Wolbachia (S, I,,). Zika virus transmission occurs
through two main routes vector-borne transmission with force of infection 4,,, and sexual transmission with force of infection A,. The transmission rates
between humans and mosquitoes are denoted by f,; and 88y, while p£¢ and S5 represent sexual transmission between subpopulations. The progres-
sion to complications is governed by «, recovery occurs at rate y, and disease-induced mortality is represented by a. Control measures are incorporated
through three parameters: u (Wolbachia deployment), v (sexual transmission prevention), and w (vector control), which reduce the effective transmis-

sion rates.

3.1.3 | Boundedness and Invariance 3.2 | Existence and Uniqueness

Lemma?2. The region  is positively invariant and attracting for =~ Theorem 1. For any initial condition in £, there exists a unique
the system (1)—(2). global solution to the system (1)—(2) for all t > 0.

P r oof. Summing the equations for the human population Proof. The right-hand side of the system (1)—(2) is a vector field
yields: f (). Since the forces of infection 4,,, A, and A are ratios with
denominators N, and Ny, they are continuously differentiable
provided N,;, Ny >0. Since the solutions remain in the positively
invariant region 2 c R!?, and the right-hand side of the system
consists of smooth functions for nonnegative arguments, the vec-

According to the Comparison theorem’ NH(t) SNH(O)e_ﬂHt + tor field is locally LlpSChltZ continuous in . ThuS, the vector

dN,
d_tH = Ay = uyNy = a(Cp + Cg) <Ay = uyNy. (8)

A (1 — em#ut). Thus, lim sup,_, .. Ny (t) <2, field is locally Lipschitz continuous on £2. By the Cauchy-Lipschitz
= ) ) . ) theorem, a unique local solution exists. Since £2 is compact (all
For the mosquito population, the total dynamics follow: variables are bounded), this solution is global in time. O
dNy Ay A\,
@ = MmNy = Nu(t) = iy + <NM(0) T )¢ ot 3.3 | Disease-Free Equilibrium (DFE)

) The DFE of the system (1)—(2) is obtained by setting all infection-
related compartments to zero and solving for the remaining vari-
As t = 00, Nyy(t) = 2. Tf Ny (0) = Ay /pag, then Ny (t) =Apg/py,  2DIES: At the DFE, we have:
for all t>0. Consequently, Q2 is an attracting and positively
invariant set. O Ipy=Cp=Rp=15=C;=R5=1,=1,=0,
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and the susceptible compartments satisfy:

ds A

—F = Apyp = ppSp =0 = 89 =-H,

dt M

ds, A

7= A —HuSc =0 > Sy ="

dt Hu

ds, Ap(1 =
220 Ay (1 - u) = Sy =0 = g0 A=)
dt Hm
ds, A

b Ayt = Sy =0 = 89 =M1

de Hm

Thus, the DFE is given by:

&o = (5%.0.0,0,5%,0,0,0,55.0,59,0).

3.4 | Basic Reproduction Number

The basic reproduction number R, represents the average num-
ber of secondary infections generated by a single infectious indi-
vidual in a completely susceptible population. We compute
R, using the next-generation matrix method [22].

The infectious compartments relevant for disease transmis-
sion are:

« Infected humans: I, Cr, I, Co
 Infected mosquitoes: I, and I,
The total infectious pressure from humans for the mosquito

infection is given by Iy = Ir 4+ 0Cr + I + 6Cg, where 6 accounts
for the relative infectiousness of the complications class.

We consider the vector of infected states:
X = (Ip.Cp.I5.Co. 1y 1) .
At the DFE, we have:

A A A
Ng = 0+ 8¢ =2 TAHG o g0 g0 2V
Hu Hm
The total susceptible human population at DFE is S = S% +
% =NY,.

The forces of infection at the DFE become:

1, + oI, I+ Cg
9n:ﬁH wNz(\)/I s ﬂgF:ﬁs,Fch
Ir + Cp I+ Cg
A6 =Bscr £ + bsca .
so ZPor g TR,

Following the next-generation matrix approach, we write:
=(F -7)x,

where & contains the terms representing new infections and 7
contains the transition terms (including recovery, mortality, and
progression).

Given the structure of the model, we can reduce the system by
noting that the total infectious pressure from humans for the
vector infection is:

H;=Iy + 0Cy + I + 0C.

Using the relationships  S%/NY =Apr/(Agr +Apg) and
SL/NY =Apc/(Apr + Apg), we define the effective sexual trans-
mission parameters:

ﬂ? = PG

ﬁs GG

L v L e vt

The reduction to a single parameter f; in the R, expression that
follows is a simplifying assumption made due to data limitations.
In the full model, sexual transmission involves distinct rates
Psrc» Pscr» and fig go. Under the assumption of symmetric mix-
ing and using the effective parameters pf and g§ defined above,
we approximate the sexual component by a single effective rate
Ps. The resulting R, formula should therefore be interpreted as an
approximation that captures the main qualitative behavior.

The reduced new infection matrix for the states (Hj, I, I,) is:

(1-v)p, ﬁH ﬁH

S0
F= Pu —“6 0 0
Ny
SO
6ﬂM 0 0
H
The transition matrix is:
y+puy 0 0
V= 0 uy O
0 0 pym

The next-generation matrix is K = FV~L:

(A -v)ps  BuSh oBuSh

v+um Nygar Ny
S0
K= O'BMiw 0 0
Ny (y + un)
5ﬂM52 0
NY(r + pur)

The characteristic equation of X is:

det(K — AI)
_/1 12_(1_‘)):6.3/1
Y+ Uy

BubrSHSs ( , S )}
- 1+6 —0.
NN e (r + pr) S5,

The spectral radius p(K) is the largest positive root of:

PuPuSiiSe

(1 -v)ps < Sg)
2 - A 820 =o.
Ny NS une (v + pazr) S%

Y+ Hu
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Substituting S, =Np, S% /Ny =1—-u, and S)/S% =u/(1-u):

PubuSySu 2 S0\ _ Pubu(l-u) 2 _U
Ny N T B Hm <1+5 1—“>
_ Pubu

w

(1 -u) + ).

Thus, the quadratic equation becomes:

12— (1 B v)ﬁs/l _ ﬁHﬂM

vy+ua o u(y ) (@-u)+&u)=o0.

Hm Solving this quadratic and taking the positive root, the basic
reproduction number is:
_ 1 2 ﬁHﬁM 2
Ry =g [(L=V)fs + [ (1 =v)B)* + 4(y + pu) ———— (1 —u) + &*u) |-
2(y + pmr) pa (¥ + prr)

Given that S, = N% and S, /Ny, = (1 — u), the final expression for
R, can be written in a compact and standard form:

Ry + \/R2 4+ 4R%,

Ry = s
0 2
where:
1-v
Ry = A-v)ps (sexual transmission component),
Y+ Hu

R, = \/ _Pubu ((1 = u) + 8%u) (vector-borne component).
Ha (7 + )

This decomposition shows that the overall reproduction number
arises from a nonlinear interaction between the contributions of
vector-borne and sexual transmission pathways. The vector-
borne component decreases with increasing Wolbachia coverage
u (since 6<1), while the sexual transmission component
decreases with the level of sexual prevention v.

3.5 | Stability Analysis

This section is devoted to the stability analysis of the DFE of
system (1)—(2). We first investigate the local stability using line-
arization techniques, and then establish the global stability by
applying the approach of Castillo-Chavez et al. [23].

3.6 | Local Stability of the DFE

The local stability of the DFE, denoted by &, is determined by
the eigenvalues of the Jacobian matrix evaluated at &,,.

Theorem 2. (Local stability of the DFE). The DFE &, of system
(1—(2) is locally asymptotically stable if Ry <1, and unstable if Ry > 1.

Proof. Linearizing the system around

&= (52.0,0,0,5%.0,0,0,5%.0,59,0),

the Jacobian matrix takes a block triangular form:

]SS ]SI
I

The eigenvalues of Jgg are — pp (with multiplicity four) and — uy,
(with multiplicity two), which are strictly negative. Therefore, the
stability is governed by the infected subsystem Jy;.

The characteristic polynomial of J; can be written as:
P(A)=(A+y+a+uy)(d+pum)* (2 + a1d+ ay).

Clearly, four eigenvalues are negative. For the remaining qua-
dratic term, we apply the Routh—Hurwitz criterion:

ay = pipg + v + >0, ay = puyy (7 + ppr ) (1 = Ry).

If Ry<1, then a,>0, implying that both roots have negative real
parts. Hence, &, is locally asymptotically stable. If R, > 1, then a, <0,
and at least one eigenvalue is positive, implying instability. O

3.7 | Global Stability of the DFE

To establish global stability, we rewrite the system as:

d—X*F(X Z)

dt - ’ ’

dz

E:G(X,Z), G(X,O) :0,

(10)

where

X = (Sp,Rp, 86, R Su» Sp) ", Z = (I, Cp, I, Cg. L In) ™.

Theorem 3. (Global stability of the DFE). The DFE &, is
globally asymptotically stable in 2 if Ry<1 and the following con-
ditions hold:

(H1) The subsystem % = F(X,0) has a globally asymptotically
stable equilibrium X*.

(H2) G(X.Z)=AZ-G(X.Z), where G(X.Z)>0 for all
(X,Z) € Q, and A=D,G(X*,0) is an M-matrix.

3.7.1 | Verification of (H1)

When Z =0, the subsystem reduces to:

ds S
Tf = Apyr — puSr, Tf =Anc — #uSe,
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ds, ds,
ar =Ayn(1 - u) = uyS,, CTtbz/\MM—llMSb-

All these equations are linear and admit globally asymptotically
stable equilibria:

A A Ay (1= A
SO =—HE g0 — AHG o _ m( “)752: MU
HH HH Hm Hm

Thus, condition (H1) holds.

3.7.2 | Verification of (H2)
The Jacobian matrix of the infected subsystem at the DFE is:
- kl 0 0 0 ay 5]
Kk -k, 0 0 O 0
0 0 -k 0 «a a
A= 1 3 4 ’
0 0 «x -k O 0
P P P Po —pm O
Ps Pa Pz Pa O —py

where k; =y +x+puy and ky =y + a+ uy.

Matrix A is a Metzler matrix with negative diagonal entries;
hence it is a nonsingular M-matrix.

We now construct G (X, Z) explicitly:

G,
0

. G

Gx.z)=| .
0
Gs
Ge

where
G, = (1-w)py(, + 8l,) ———)

SO S
+ (1 =v)pyrc(lg + Cg) (W - ij{)

0
Gy = (1 - w)bn(ly + 1) S—G—S—G)

N% Ny
S
+ (1 =v)fycr(Ir + Cp) (— - N—Z)

sY S,
Gs = pullyp +IG+CF+CG)(N N_)
n Nu

~ Ry
Ge = Pu(Ir +IG+CF+CG)(fg_Ni)'
m Nu

In the invariant region 2, we have:

0<Sp<S% 0<S;<8% 0<S,<5%, 0<8,<S).

Thus,

Se Sr Se 56 Su_Su S S
Ny~ N Ny~ NY%' Ny~ N% Ny~ NY
Hence, all terms in parentheses are nonnegative, implying:
G(X.Z)>0forall (X,Z) € Q.

Therefore, condition (H2) is satisfied.

By the theorem of Castillo-Chavez et al. [23], the DFE &, is
globally asymptotically stable whenever Ry <1.

4 | Parameter Estimation and Model Fitting

The parameters of the SICR-SI model were estimated using
weekly time series data of reported Zika virus cases from seven
archipelagos: Tahiti, Leeward Islands, Moorea, Tuamotu-—
Gambier, Marquesas Islands, Austral Islands, and Yap. The data-
sets, obtained from official epidemiological reports of French
Polynesia and the Federated States of Micronesia, cover the first
epidemic wave (weeks 1-25), corresponding to the initial growth
and peak phases of the outbreak.

For each locality, the available data consist of aggregated weekly
reported cases. No disaggregated observations distinguishing
between the two human subpopulations (F and G) were available.
Consequently, the model was calibrated using total incidence data.
The subdivision into F and G groups is therefore introduced at the
modeling level to capture heterogeneity in transmission pathways,
particularly in sexual contacts, and should be interpreted as a
latent structure rather than directly observed compartments.

The key parameters estimated from the data include the vector-
to-human transmission rate (f5,,), the human-to-vector transmis-
sion rate (f), the effective sexual transmission rate (f5;), and the
vertical transmission probability (p). Due to the lack of detailed
behavioral or contact data, homogeneous and symmetric mixing
was assumed for sexual transmission within and between the two
subpopulations. Under this assumption, f, represents an effective
average transmission rate that aggregates all sexual contact pat-
terns. This simplifying assumption ensures parameter identifia-
bility while preserving the essential transmission mechanisms.

Parameter estimation was carried out by minimizing the nonlinear
least squares error between the observed weekly incidence and the
model-predicted incidence. Model trajectories were obtained by
numerically integrating the system of differential Equations (1),
(2). For each archipelago, the optimal parameter set was determined
by maximizing the likelihood of observing the data given the model,
while vector-related demographic parameters (mortality and incu-
bation rates) were fixed based on values reported in the literature.

Uncertainty in parameter estimates was quantified by computing
95% confidence intervals using a bootstrap procedure with 500
resamplings. It is important to note that the use of aggregated
data may limit the practical identifiability of certain parameters;
therefore, the estimated values should be interpreted with cau-
tion, focusing primarily on qualitative insights and comparative
dynamics rather than precise quantitative prediction.

Regarding Wolbachia-based interventions, no empirical deploy-
ment data were incorporated into the calibration procedure.
Instead, Wolbachia-related parameters were introduced to explore
hypothetical control scenarios and assess their potential impact on
transmission dynamics. Consequently, simulations involving Wol-
bachia should be interpreted as exploratory.

Figure 3 provides a comprehensive assessment of the model per-
formance across the seven archipelagos by jointly presenting the
fitted epidemic curves and the associated residual diagnostics.
Overall, the SICR-SI model successfully reproduces the temporal
evolution of reported Zika cases in all locations.
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FIGURE 3 | Model SICR-SI fitting and residual analysis for each locality. Each subfigure shows two panels: (al, bl, cl, d1, el, f1, and gl) the
comparison between observed cases (black dots) and the simulated curve (blue line, with a 95% confidence interval) and (a2, b2, c2, d2, e2, 2, and g2) the

corresponding normalized residuals centered around zero, with a gray band indicating the +2¢ interval. This combined representation provides an

immediate visual assessment of the model fit quality and the temporal distribution of errors for each archipelago. (a) Tahiti, (b) Leeward Islands,

(c) Moorea, (d) Tuamotu-Gambier Islands, (e) Marquesas Islands, (f) Austral Islands, and (g) Yap Island.

A very good agreement between model predictions and observed
data is observed for Tahiti, the Leeward Islands, and Moorea,
where both the timing and magnitude of the epidemic peaks
are accurately captured. This indicates that the estimated trans-
mission parameters adequately describe the dominant infection
mechanisms in these relatively larger and more connected

populations. The narrow confidence intervals further suggest
limited uncertainty in parameter estimation for these regions.

For smaller or more isolated archipelagos, such as the Austral
Islands and Yap, the model still captures the general epidemic
trend, although slight discrepancies are observed. These deviations
are likely attributable to stochastic effects, reporting variability, or
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unmodeled local factors, which typically have a stronger influence
in small population settings.

The residual analysis (Figure 3a2, b2, c2, d2, e2, 2, and g2)
further supports the robustness of the model. Most normalized
residuals lie within the +2¢ interval and are symmetrically dis-
tributed around zero, indicating the absence of systematic bias.
Moreover, no clear temporal structure or autocorrelation is
detected, suggesting that the model adequately captures the
main epidemic dynamics without omitting key mechanisms.

Occasional outliers, particularly in Yap and the Austral Islands,
remain within expected statistical variability and do not indicate
model misspecification. Such fluctuations are common in epide-
miological data, especially when case numbers are low.

4.1 | Estimation of the Basic Reproduction Number

The basic reproduction number, R,, was calculated from the
fitted parameters according to the formula derived from the
next-generation matrix.

The results, illustrated in Figure 4, reveal substantial spatial vari-
ability in R, ranging from 3.0 to 4.08 across the archipelagos. The
highest values, observed in Moorea (4.08) and Yap (3.80), reflect
favorable conditions for both vector-borne transmission (high
Aedes aegypti density) and sexual transmission. Conversely, the
lower values in the Australes (3.0) and Marquesas (3.02) archipel-
agos may be explained by reduced vector density and limited
human mobility. The estimated parameters and the correspond-
ing basic reproduction numbers R, are summarized in Table 1.

The results confirm that the SICR-SI model, calibrated with empir-
ical data, successfully reproduces the spatio-temporal dynamics of
the Zika virus. Residual analysis validates the statistical quality of
the fit, while the R, estimates highlight geographic heterogeneity
consistent with entomological and sociodemographic observations.
These findings demonstrate the robustness of the model and
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FIGURE4 | Comparison of the basic reproduction number R, among

localities. Error bars indicate 95% confidence intervals.

TABLE1 | Estimated SCIR-SI model parameters for the seven locali-
ties studied.

Locality Pu Pu Bs 14 R,

Tahiti 0.61 0.61 0.216 0.23 3.14
Sous-le-Vent 0.67 0.51 0.216 0.083 3.30
Moorea 0.72 0.133 0.74 0.213 4.08

Tuamotu—-Gambier 0.22 0.71 0.172 0.114 3.14

Marquesas 0.7 0.32 0.117 0.162  3.02
Australes 0.6 0.43 0.250  0.213 3.0
Yap 0.54 0.52 0.117  0.204  3.80

Note: Values in parentheses indicate 95% confidence intervals.

support its use for prospective simulation of control scenarios, as
presented in the following section.

5 | Impact of Wolbachia on R,

We analyzed the impact of Wolbachia introduction on Zika virus
transmission dynamics by separately considering the vector (Ry,,)
and sexual (Ry;) components. Figure 5 shows the evolution of R,
as a function of Wolbachia coverage u € [0, 1], assuming no sex-
ual prevention (v =0).

Without Wolbachia (1 = 0), the basic reproduction number is high
(Ro = 3.94), with a majority contribution from vector transmission
(Rom = 2.425) and a nonnegligible sexual component (Ry, = 0.35).
When Wolbachia reaches complete coverage (u=1), the vector
component is nearly eliminated (R, = 0.242), but the sexual com-
ponent remains unchanged, leading to a residual R, of 2.472.

These results highlight a ceiling effect: Wolbachia effectively reduces
vector transmission but does not modify sexual transmission, which
limits its overall effectiveness. In the absence of sexual transmission,
a critical threshold u, ~ 0.838 is identified, corresponding to a mini-
mum coverage of 83.8% required to achieve R, <1 and eliminate the
disease. In contrast, when sexual transmission is accounted for, no
threshold appears in the interval [0, 1]: even complete Wolbachia
coverage is insufficient to eradicate the epidemic.

These results suggest that Wolbachia deployment should be com-
bined with other interventions targeting sexual transmission
(prevention, screening, and awareness campaigns) and classical
vector control to achieve optimal effectiveness.

6 | Optimal Control of the Zika Virus
Transmission Model

This section presents the application of optimal control theory to
the previously described Zika virus transmission model. The objec-
tive is to determine time-dependent control strategies that simulta-
neously minimize both the level of human and vector infection and
the cost associated with health interventions. The three strategies
considered are as follows: (i) the release of Wolbachia-infected
mosquitoes (u), (ii) sexual prevention (v), and (iii) vector control
(w). These controls are time-dependent functions, bounded in the
interval [0, 1], and act on vector reproduction, sexual transmission,
and the mosquito-human contact probability, respectively.
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FIGURE 5 | Evolution of the basic reproduction number R, as a function of Wolbachia coverage u. The vector component Ry, (blue line) decreases

strongly with u, while the sexual component R, (red line) remains constant. The black curve represents total R,. The critical threshold u,=0.838

(dashed line) only exists when sexual transmission is absent.

6.1 | Formulation of the Optimal Control Problem
The state dynamical system is given by the differential

Equations (1)-(2) describing the human population as follows:

(SF7IF»CF7RF’SG'IG’CGaRG)s

and the vector population
(Sw~ Iwa Sb’ Ib)’

under the influence of controls u(t), v(t), and w(t).

The optimal control problem consists of minimizing the cost
functional defined as follows:

T
v w) = / AV(Cr + Co + I + 1) + As(Ty + 1)
o (1)
+5(D1u2+D2v2+D3w2) dt,

where A, and A, are positive weights representing the severity of
human and vector infections, while D;, D,, and D; weight the
economic and operational costs associated with each control. The
quadratic terms ensure the convexity of the functional.

The set of admissible controls is defined as follows:

Uug = {(u,v,w) | u,v, w measurable on [0, T],

0 <u(t),v(t), w(t) <1}, (12)

w(t) =

Ao [Se (As, = 21,) + 56 (As = ;)] + Pu it [SulAs, = 41,) + 68y (4s, = 21,)]

The optimal control problem is then formulated as follows:

min J(u.v, w) subject to the dynamical system (1)— (2).
(uvw)eUyqy

To determine the necessary conditions for optimality, we intro-
duce the Hamiltonian:

H = A\(Cp + Cg + I + Ig) + Ay (I, + 1)
1
+5(D1u2 + Dv? + Dyw?)

12
+ X 4f;(Sp.Ir. Cr. Rp. Sg. Ig. Cg: R Su» L Sp. I, . v, w),
j=1
(13)

where the f; are the right-hand sides of the state equations and
the 4;(t) are the associated adjoint variables.
The adjoint vector satisfies the backward system as follows:
di  oH
oy’
where y; denotes the j-th state variable.

The optimal controls u*, v*, and w* are derived from the stationarity
conditions 0H /du =0, 0H/dv =0, and 0H /ow = 0, leading to:

An (%5, = 7s,)
u(t) = ——m——»~, 14
= Aulls, (14
v(t) _ j'S.FSF ('151- - j'11--) ;ZAS-GSG (/156 B )“IG) , (15)

(16)

s

D,
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where Iy =Ir + 0Cr + I + 0Cg and N, =S, + 1.

Due to the bounds on the admissible controls, the actual optimal
controls are given by the projection onto the interval [0, 1]:

u*(t) = max (0, min (1M)) (17)

D,

v¥*(t) = max (0, min <1,

Asr Sk (As, = 4a,) +45.6Sc (As, = M) (18)
D, '

w*(t) = max <0, min <1,

By differentiating the Hamiltonian with respect to each state
variable, we obtain the system of backward adjoint equations:

Aon[Se (A, = 41,) + 6 (As = 1,)] + Pu it [SulAs, = 4,) + 68y (4s, = AIb)])) v
D, .

where the partial derivatives are as follows:

A p _ Bsrc  Odsp _ Psrc  Oksg _ Bscc 9sa _ Psca

dls, o, Ny~ oC Ny~ o Ny = oC Ny
= 0 Vs tplds, o Tw To Sw S w e A
— [(1 — W)y + (1 =), F] A, The coupled system formed by the state equations and the adjoint
equations is solved numerically using the forward-backward
diy, sweep method.
g = " At K )~ K, (21)
= vAg, — (L = p)is, — pis . . .
Pr, = (L= p)As, = phig 6.2 | Optimal Control Simulation
dic, In this section, we present the numerical simulation of the opti-
= A+ G +atup)ic —vig. (22) e p P
dt 1 Hi)iey = Vix, mal control problem using the forward-backward sweep method.
Qi The parameter values are based on the estimates for the seven
Re _ Ui, (23) archipelagos (Table 2), and the initial conditions correspond to
dt the baseline epidemiological scenario described in the model
dig calibration.
C = (1 -w)hy, + (1 —V)Ag + puy |4
dt 1 Vo + (L= Vs + s, (24)  We consider several control strategies involving three time-
= [ = w) Ay + (1 = V)46 dependent control variables: the release of Wolbachia-infected
mosquitoes (u), sexual prevention (v), and conventional vector
djic = A+ (7 +&+pg) A, — K, — Vi, control (w). The objective is to minimize the infectious burden in
a/1S,F a/1S.G
- dlg (1 - V)SF (ASF - AIF ) - dlg (1 - V)SG (ASG - /110)’ TABLE 2 | Model parameters and variation intervals used for global
(25) sensitivity analysis.
di Parameter Description Values  References
Ce
dtb =-A+(r+a+muu)ie, — 1ir, Upg Natural human 1/(70 % 365) [24]
oA oA mortality rate
- agF (1-v)Sp(As, — 41,) — agG (1-v)S6(4s, = 4,)- By
G G Hur Mosquito mortality 1/21 [24]
(26) rate
i, Y Recovery rate of 1/8.5 [24]
o = s (27) infected humans
oy Progression rate to 1/7.5 [24]
dis I I infectious phase
dtw = {(1 - w)ﬁMI\TH + ﬂM:| As, = (1 =w)py Niﬂm (28) P
H H Ay Mosquito recruitment 500 [24]
rate
dt (A + pn) s, - (29) 8 Wolbachia reduction 0.02 Assumed
factor
da I I i
S _ {5(1 _ w)ﬂM—H +/'4M:| A5, — 8(1 - w)ﬂMiﬂl,,» K Progression to 1/7 Assumed
dt Ny Ny complications
(30) a Mortality from 0.083 [25]
complications
T R G . Wolbachia 0.5 Assumed
competition rate
Abstract and Applied Analysis, 2026 11 of 17

85US017 SUOLILLIOD BAIFER1D) 3|edlidde au Aq pausenob ae ssjo1ie YO ‘SN 0 S3InJ 10y Afeiq 1 8UIIUO 8|1 UO (SUORIPUOD-PUR-SLUBY /WD A3 1M A.q 1 )BUI|UO//STNY) SUORIPUOD PUe SWis | 8U3 88S *[9202/90/22] Uo Ariqiauliuo A8|IM *IdN HeulH [eBeuss Aq zyoy,ST/eee/SSTT 0T/I0p/wo A8 m Areiqiieul|uo//sdny woly pepeojumod ‘T ‘9202 ‘8501



both human and mosquito populations as well as the implemen-
tation costs over the simulation period.

6.2.1 | Single Intervention Strategies

We first analyze the effect of individual control measures applied
separately: Wolbachia deployment (u # 0,v=w = 0), sexual pre-
vention (v # 0, u = w =0), and vector control (w # 0,u =v=0).

The simulation results (Figure 6) show that while each control
reduces the number of infections compared to the uncontrolled
case, their effectiveness varies significantly. Figure 6a illustrates
the temporal dynamics of human infections across all scenarios.
The introduction of Wolbachia-infected mosquitoes emerges as
the most effective individual approach, reducing the overall epi-
demic peak by more than 80% (Figure 6d). Vector control achieves
intermediate effectiveness with a reduction of ~65%, while sexual
prevention alone remains limited, reducing the overall dynamics by
less than 6%. This result is consistent with the minor contribution of
sexual transmission to the overall R, in our calibrated model.

The corresponding control profiles (Figure 7) indicate that inter-
ventions should be applied at maximum intensity during the
early phase of the epidemic to ensure rapid containment.

However, single interventions remain insufficient to fully elimi-
nate the disease, as sexual transmission maintains a residual
epidemic risk even when vector-borne transmission is reduced.

6.2.2 | Double Intervention Strategies and Synergy

Next, we consider combined strategies, with a particular focus on
the association of Wolbachia and sexual prevention (u and v).

As shown in Figure 6f, the combination of these two controls
does not merely add their individual effects; it results in a genu-
ine synergistic reduction. While a simple addition of efficacies
would suggest an 82% reduction, the combined strategy yields a
nearly 87% reduction in the epidemic peak. This synergistic gain
of ~5% is highlighted in the inset of Figure 6f. This synergy arises
from the complementarity of action modes: Wolbachia drasti-
cally reduces the vector component (Ry,,), while sexual preven-
tion targets the residual pathway (R,,) that Wolbachia cannot
modify.

Figure 6b shows that this synergy also translates into a substan-
tial reduction in infections among women, a critical public health
indicator due to the risk of congenital complications. Similarly,
Figure 6c confirms the parallel decline in neurological
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FIGURE 6 | Epidemic dynamics and evaluation of optimal control strategies. (a) Total human infections overtime. (b) Infections in women (critical

indicator for congenital risks). (c) Neurological complications (microcephaly, Guillain—Barré syndrome). (d) Epidemic peak reduction for each strategy
(dashed red line indicates the additive expectation at 82%). (e) Cumulative disease burden. (f) Synergistic effect of the Wolbachia and sexual prevention

combination, exceeding the additive expectation by 5%.
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complications (microcephaly, Guillain-Barré syndrome) under
combined strategies.

6.2.3 | Full Intervention Strategy

Finally, we analyze the full intervention strategy, where all con-
trols (u, v, and w) are applied simultaneously.

The results presented in Figure 6 show that this integrated
approach is the most robust. Figure 6a reveals a dramatic reduc-
tion in the epidemic curve, with a peak reduction of 98.5% com-
pared to the no-control scenario (Figure 6d). The cumulative
disease burden, illustrated in Figure 6e, is drastically limited. A
critical public health indicator, infections in women, drops sig-
nificantly in this scenario, with a reduction of over 75% compared
to the uncontrolled case (Figure 6b), thereby minimizing the risk
of severe neurological complications like microcephaly.

The optimal control profiles, detailed in Figure 7, provide key
operational insights: the most effective trajectories rely on an
initial intensification of all interventions, followed by a gradual
relaxation once prevalence is reduced. Specifically, vector control
(w) is applied at maximum intensity during the early phase and
then gradually reduced, while Wolbachia deployment (u) is
maintained at a high level for a longer duration, reflecting its
role in sustained transmission reduction.

6.2.4 | Synthesis and Public Health Implications

Figure 8 complements this analysis by specifically quantifying
the reduction in infections among women for each strategy.
The full strategy achieves a reduction of over 75%, while the
combination of Wolbachia and sexual prevention reaches ~65%.

These results demonstrate that:

1. Combined strategies systematically outperform single
interventions;

2. The synergistic effect between Wolbachia and sexual pre-
vention is significant and operationally exploitable;

3. The full strategy (u + v+ w) enables near-elimination of the
epidemic;

4. Protecting women of childbearing age requires an inte-
grated approach combining vector control, biocontrol,
and behavioral prevention.

These findings provide a solid foundation for designing public
health policies adapted to the insular context of the studied
archipelagos.

7 | Quantitative and Sensitivity Analysis of
Control Parameters

To identify parameters influencing Zika virus dynamics, we
applied a global sensitivity analysis based on the Sobol method.
This approach decomposes the total variance of the model output
into contributions attributable to each parameter and their inter-
actions. Saltelli sampling was used to generate N = 1000 random
parameter sets, according to uniform distributions within the
intervals defined in Table 2.

For each set, the complete epidemiological model was simulated
until convergence to calculate the following indicators:

o Iy peak of human infections,
o Cheu: peak of neurological complications,
o I cumulative infectious burden,

o RS effective reproduction number.

Optimal control profiles for the full intervention strategy

1.0

0.8

[=3
(=)
Il

Control intensity
o
=
1

0.2

0.0 T T T
0 50 100 150

—— Wolbachia deployment (u)
—— Sexual prevention (v)

T
200 250 300 350

Time (days)

——— Vector control (w)

FIGURE 7 | Temporal profiles of optimal controls for the full intervention strategy.
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First-order sensitivity indices (S;) measure the proportion of vari-
ance directly attributable to a given parameter, while total indices
(S7) include both direct effects and nonlinear interactions. This
approach was implemented using the SALib module in Python.

Figure 9 displays the first-order Sobol indices (S;) highlighting
the most influential parameters on epidemic indicators.

Parameters fy, fy, u and w clearly dominate the variance,
reflecting their determining role in transmission dynamics and
epidemic control.

Figure 10 presents total indices (Sy) that include interaction
effects. Notable differences between S and S, indicate strong
nonlinearity in the model response.
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FIGURE 8 | Reduction in infections among women for each control
strategy.
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FIGURE Y9 | First-order sensitivity indices (S;) for main epidemic indicators. Controls u (Wolbachia release) and w (biological control effectiveness)

are the most influential.
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FIGURE 10 | Total sensitivity indices (Sy) showing combined and nonlinear effects. Interactions between f;, u, and w explain a significant portion

of the model variance.

8 | Conclusion

This study presents an integrated mathematical model of Zika
virus transmission combining vector, sexual, and vertical path-
ways, along with three control strategies: the release of Wolba-
chia-infected mosquitoes, sexual prevention, and vector control.
The proposed approach enables a coherent representation of the
complex interactions between human and vector dynamics, while
integrating behavioral and biological components rarely consid-
ered simultaneously.

Analysis of the basic reproduction number R, highlights that the
vector component remains the main driver of transmission, but
the sexual component, although secondary, maintains a signifi-
cant residual risk even when vector transmission is strongly
reduced. The release of Wolbachia-infected mosquitoes effec-
tively decreases vector competence and substantially reduces
Ry, though alone it does not enable virus elimination in the
presence of sexual transmission. In contrast, the combination
of Wolbachia and sexual prevention generates a synergistic effect,
lowering morbidity and epidemic burden more strongly than the
sum of individual effects. This result underscores the necessity of
multitarget strategies for sustainable Zika control.

Simulations from optimal control show that the most effective
temporal trajectories rely on an initial intensification of interven-
tions, followed by a gradual relaxation once prevalence is
reduced. This adaptive approach optimizes the trade-off between
transmission reduction and the operational cost of measures.
Furthermore, global sensitivity analysis, based on the Sobol
method, identifies entomological and behavioral parameters
(notably transmission rates Sy, fy; and the release rate u) as
the most determinant in epidemic dynamics, reinforcing the
importance of precise empirical estimates.

Overall, this work demonstrates the value of an integrative model-
ing framework combined with optimization tools to guide public
health policies. The results confirm that isolated interventions
offer limited benefits, while combined strategies provide superior
control, both on virus spread and associated severe morbidity.
These conclusions support the implementation of coordinated
approaches combining biocontrol, behavioral prevention, and con-
ventional vector management.

Beyond the case of Zika, this model constitutes a general frame-
work that can be adapted to other arboviruses with multiple

Abstract and Applied Analysis, 2026

15 of 17

85US017 SUOLILLIOD BAIFER1D) 3|edlidde au Aq pausenob ae ssjo1ie YO ‘SN 0 S3InJ 10y Afeiq 1 8UIIUO 8|1 UO (SUORIPUOD-PUR-SLUBY /WD A3 1M A.q 1 )BUI|UO//STNY) SUORIPUOD PUe SWis | 8U3 88S *[9202/90/22] Uo Ariqiauliuo A8|IM *IdN HeulH [eBeuss Aq zyoy,ST/eee/SSTT 0T/I0p/wo A8 m Areiqiieul|uo//sdny woly pepeojumod ‘T ‘9202 ‘8501



Correlation matrix parameters vs. indicators
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FIGURE 11 | Correlation matrix between parameters and epidemic indicators. Positive correlations (red) indicate an amplifying effect on epidemic

dynamics, while negative correlations (blue) reflect a reducing effect.

transmission routes, such as dengue or chikungunya. Future
extensions could integrate spatial mobility, seasonal effects, or
vaccination to enhance the model’s predictive capacity and eval-
uate the impact of new prevention strategies in a context of
climate change and increasing urbanization.
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