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ABSTRACT. Is it possible to break the host-vector chain of transmission when
there is an influx of infectious hosts into a naive population and competent
vector? To address this question, a class of vector-borne disease models with
an arbitrary number of infectious stages that account for immigration of in-
fective individuals is formulated. The proposed model accounts for forward
and backward progression, capturing the mitigation and aggravation to and
from any stages of the infection, respectively. The model has a rich dynamic,
which depends on the patterns of infected immigrant influx into the host pop-
ulation and connectivity of the transfer between infectious classes. We provide
conditions under which the answer of the initial question is positive.

1. Introduction. Vector-borne diseases represent a major public health problem
around the world, cause over one million deaths, one billion cases each year [43], and
more than half of the world’s population is at risk [42]. They are typically associated
with the tropics and subtropics where these diseases are endemic. However, recently
these diseases have expanded their geographical distribution and have been reported
in many temperate countries. For instance, Dengue and Chikungunya have been
reported in France [12, 13, 29, 38|, Italy [30, 31], and Portugal [41]. The CDC
recently [8] reported that mosquito, tick, and flea bite borne diseases tripled in the
United States from 2004 through 2016.

Many drivers are reported to be behind the geographic expansion of vector-borne
diseases, including but not limited to trade, travel, climate change, urbanization
and other social upheaval phenomena [20, 21, 32]. Particularly, immigration and
migration have been pointed to be the leading drivers in the emergence of vector-
borne diseases in temperate nations [2]. For instance, a term Airport malaria has
been coined by [18]. Indeed, it describes a malaria infection that has resulted from
the bite of an infected tropical anopheline mosquito by persons whose geographic
history excludes exposure to this vector in its natural habitat [18]. Hereafter, we use
the term “immigrants” to represent both endemic area borne individuals migrating
into a “naive” area as well as non-endemic area native individuals who acquired an
airport vector-borne disease after a stint in an endemic area. Naturally, the latter
term follows the definition of Airport malaria.
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Moreover, the existence of vector populations that are capable of transmitting
several arboviruses in the US and western Europe has been widely documented.
For instance, the vector Aedes albopictus also known as the Asian tiger mosquito, a
vector competent of transmitting many arbovirus including Japanese encephalitis,
West Nile, and yellow fever, Dengue, etc., to humans [26, 33|, is well established in
North America [3, 26, 33] and Europe [26].

Together, the increasing interconnectedness of the world brings an influx of
viremic (latent or infectious) individuals and their epidemiological life-history into
naive geographic areas or populations, and thereby infecting local competent vec-
tor populations. This could potentially create a chain reaction that could lead
to an autochthonous transmission cycle of arboviruses and sporadic outbreaks of
vector-borne diseases in these otherwise naive host populations. For instance, the
presumed index case of Italy’s 2007 Chikungunya outbreak was a man from India
who developed symptoms while visiting relatives in one of the villages where the
outbreak started [31]. Similarly, an estimated 475 cases of imported chikungunya
are reported in mainland France [29] from November 2013 to June 2014, and these
cases are reportedly traced back to travelers returning from the French Caribbean
islands where chikungunya and Dengue are endemic [29]. The 2012 Portugal’s
Dengue outbreak was reported to be imported by a traveler from Venezuela [41]. Tt
is therefore important the gauge the impacts of infected immigrants of the dynamics
of vector-borne diseases.

Typically, modeling the dynamics of directly transmitted or vector-borne diseases
have often been based on the assumption that the recruitment into the considered
population is completely susceptible, and thereby sweeping the effects of global
movement of individuals across the world at unprecedented levels under the rug.

To the best of our knowledge, Brauer and van den Driessche [6] were the to
first propose a mathematical model that accounts for immigration that includes
infected individuals using an SIS structure in an attempt to study HIV in prisons.
Subsequently, McCluskey and van den Driessche [25] proposed a model studied with
the same features where both immigration of latent and infective are considered, in
the context tuberculosis. These two papers [6, 25] showed that there is no disease-
free equilibrium and that the endemic equilibrium (EE) is globally asymptotically
stable. Indeed, the model proposed in [6] is a two-dimensional, and the Poincaré-
Bendixson theorem has been used to study the global stability of the EE. In [25],
the authors considered model is an SETS model and a geometric approach [22, 23]
is used to prove the global stability of the EE. Li et al. [15] generalized the before-
mentioned models for staged-progression model — by considering a model with n
infectious stages and a proportion p; of the total influx is incorporated for each
infectious class I;. The models in the before-mentioned papers are all for directly
transmitted diseases.

Recently, Tumwiine et al. [37] investigated the effects of infected immigrants
using an STR — ST Ross-Macdonal’s model in the context of malaria and showed
that the disease persists in host and vector populations whenever the proportion
of infected immigrants is non zero. However, their model does not account of
immigration of latent individuals, a critical category as these pass the precautionary
measures of screenings, if these were in place. Moreover, for many vector-borne
diseases, hosts’ infectious period is variable, and infectivity to the vector population
is not homogeneous. Indeed, for Chikungunya, after the incubation period, the
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infectious period consists of two main stages: an acute stage, followed by a long-
lasting chronic and incapacitating arthralgia [34, 40]. Similarly, Chagas disease
is a two-phased disease with a differential infectivity to the vector population [10].
Dengue [9] and tick-borne relapsing fever [19] have been reported to exhibit multiple
stages of infection, with varying parasitemia, thereby leading to a heterogeneous
infectivity to vectors. For directly transmitted diseases, stage-progression models
have been studied in [1, 17, 14]. These investigations do not account for the influx
of infected and infectious individual into the host population, nor do they consider
the relapse phenomenon — or backward stage progression — for which an infectious
host at an advanced stage could improve its infectious state to an earlier stage.

In this paper, we derive and investigate the global behavior of a system that cap-
tures the dynamics of a class of vector-borne models accounting for flux of infected
individuals at different stages of infection. Of particular interest is the impact of
the influx of infected individuals and transfer rates between infectious classes on
the overall the dynamics of the model. The paper is organized as follows:

e We derive a class of vector-borne models with n stages of infection, for which
there is a flux of infected and infectious immigrants at all of these infectious stages.
The formulated model accounts also for the progression and amelioration during
the infectious stages, from an arbitrary stage i to an arbitrary stage j. The transfer
is considered a progression if ¢ > j and an amelioration if ¢ < j (Section 2).

e We completely study the dynamics of the proposed model (Section 3). It turns
out that the model has a variety of dynamics, which depends on the patterns of the
influx infected host into the population and the transfer rate matrix — that describes
the amelioration and deterioration of hosts’ infectivity level. Particularly, we show
that, under certain conditions, it is possible to corral the infectious hosts only
into the classes in which they are replenished and maintain the vector populations
disease-free. A threshold N?(pg, p, pni1) plays a critical role for the existence of
such steady-state.

e We provide the global dynamics of the model when there is no influx of infected
individuals into the population, which surprisingly has not been done (Section 3.1).
In this case, the model exhibits the threshold phenomenon — the basic reproduc-
tion number RZ determines the outcome of the disease both in host and vector
population. It happens that R2 := N?%(0,0,0).

e Illustrations of the results and numerical simulations are carried out in Sec-
tion 4.

2. Formulation of the model. We consider a disease whose evolution is captured
by a host-vector interaction for which the host population is composed of suscepti-
ble, exposed, recovered and infectious of stage i (1 <14 < n). These subpopulations
are denoted respectively by Sy, Ey, Ry and I;. The total host population is therefore
Nyp =8y, +Eh+Z?:1 I;+ Ry,. The vector population N, is composed of susceptible,
exposed, and infectious arthropods; denoted by S, E,, and I,,, respectively.

The total host population is replenished through a constant recruitment, 7,
that includes birth and migratory influx of individuals. Of this constant recruit-
ment, a proportion pg, p; (i = 1,...,n) and p,11 is latent, infectious at stage i
and recovered, respectively. Thus, the total recruitment in the susceptible class

is m, (1 - Z;:Ol pi). Naturally, we assume that, for all 4, 0 < p; < 1 and 0 <
erol pi <1
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Susceptible hosts are infected at the rate aﬂq,h]{,—“, where «a is the biting/landing

rate and S, is the Host’s infectiousness by arthropod per biting/landing. Vector’s

infection term is captured by aS, ZN%’L[&”, where ; is the vector’s infectiousness

by infected hosts of stage <. This accounts for the differential infectivity of vectors
with respect to hosts’ infectious stages.

Motivated by [15, 16, 24], we incorporate incremental and non-incremental ame-
lioration and recrudescence in the infectivity at each stage of the host’s infection.
For instance, for models in [4, 10, 28], the transitions between infection stages are
incremental, that is, always from stage ¢ to ¢ + 1. However, with vector-borne
diseases, a bite of infected arthropod to an already infected host, say at stage i,
may increase this host’s parasitemia, thereby catapulting its infectious class from
stage ¢ to any stage, say j, where ¢« < j < m. To incorporate this phenomenon,
we denote by 7;;, the per capita rate at which the host progresses from stage ¢ to
stage j. Similarly, the increase of treatments (which decrease the parasiteamia in
the blood-stream) of vector-borne diseases could alleviate the host’s infection and
therefore, its stage could change form 4 to k, where 1 < k < i. We denote by d;x
the per capita rate at which the host regresses from stage i to stage k, where k < 1.
These generalizations are illustrated in Figure 1.

In concert, the overall dynamics of the Host-Vector infection is given by:

n+1
S =7 (1 — Zm) —aﬂvhshf — upSh

=0

I,
E}, = pomn + aBuon Sk N (h +vn +n)En

I = pimn 4+ vn B — (pn +m)h — 1 2’713 + 25311

jzzpzﬂh—(M}L—FﬁQ 2—12( Z 025 + Z ’Y2]>

Jj=1,j<2 J=1,7>2

S GpLi+ > %‘2Ij>

Jj=1,5>2 j=1,<2

Ii = pimn — (un +mi) L — I ( Z dij + Z %a) 1)

J=1,5<i j=1,j>1
n

+ ( Z 05:l5 + Z ’infj>
G=1,j>i j=1,j<i
n—1 n—1

j=1 j=1

Ry = pns17h + Zm[ — urR

—aS, Zﬁ” (o + 80) S

E, = aS, Zﬁ” (o + 1o + 60) By

I, = v E, —(uv—i—é)

To ease the notations, let us denote by
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FicURE 1. Flow diagram of Model 1. Note that, to unclutter the
figure, we did not display the arrows that represent the recruit-
ments for Is, Is and I,. Similarly, the arrows representing the
death, p;, and recovery rates, 7;, in all host classes are not dis-
played.

8 if i<,
m;; = 0 if = j,

and o, = py + Uy + 0y, a1 = pp + 11 + Z?:g Y1j = pn+m + 2?22 m;1 and for
P>,

tn + 1 + Z dij + Z Yig

Q; =
J=1,j<i Jj=1,3>1
n
= pntnit E M.
i=1
The matrix M = (mij)lgz‘,jgn is the transfer matrix between Host’s infectious

classes and the parameters «; represent the rates at which infected of stage i leave
this stage. The total host population is asymptotically constant. Indeed, its evo-
lution is given by Ny, = 7, — pp N, and thus, it is straightforward to show that

™
tlim Ny = iy Moreover, the subsystem describing the dynamics of the host is tri-
0 Fh

angular, and hence we can disregard the dynamics of the recovered host Ry. Hence,
by abusively denoting tlim Nj, again by N, and using the theory of asymptotically
— 00

autonomous systems for triangular systems [7, 39], System (1) could equivalently
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be written in a compact form as follows:
. 1
Sp=mn (1=po—1"p — pns1) — aBun Sn Fl; — UnSh

. I,
En = pomh + aBon Sh N, (e, +vn +n)En

I, =mp + V§Eh€1 — (diag(a) — M)I,, 2)
Sy = Ty — aN—;<ﬁ ’ Ih> — (o + 04)Sy

. Sy

Ev = 0= IL - v v 51} Ev

o = ag(BITh) = (o + 00 +00)

Iv = Vva - (Nv + 61))-[1)7

where Ih = (Ila 127 ey In)T7 /6 = (617627 sy /Bn)Ta P = (plap25 e apn)Ta and
M = GT + DT with G = (v;;) representing the progression matrix, or forward flow

transition matrix while D = (J;;) represents the amelioration matrix, or backward
transition flow matrix. More precisely,

0 7vi2 73 ... Yin 0 0 .. 0 0
0 0 Y23 e Y2n (521 0 e 0 0
G=]": and D= : ) ) :
0 0 0 ’Yn—l,n (5»,7‘_1’1 5n—1,2 0 0
0o 0 0 ... 0 St bn2  oei Onmo1 O

(3)

The parameters of System (1) are described in Table 2. The flow chart capturing
the infection process is represented in Fig. (1).

TABLE 1. Description of the parameters used in System (1).

Parameters Description

T Recruitment of the host

To Recruitment of vectors

Po Proportion of latent immigrants

Di Proportion of infectious immigrants at stage ¢

a Biting rate

Lh Host’s natural death rate
Bu.h Host’s infectiousness by mosquitoes per biting

i Vector’s infectiousness by host at stage ¢ per biting

vy Host’s rate at which the exposed individuals become infectious
i Per capita recovery rate of an infected host at stage ¢
Vij Host’s per capita progression rate from stage i to j
0ij Host’s per capita regression rate from stage i to j

o Vectors’ natural mortality rate

Oy Vectors’ control-induced mortality rate

Uy Rate at which the exposed vectors become infectious

Model (2) follows an SEI™R — SEI structure. That is, of the host and vector
populations dynamics follow an and SEI™ R and SEI types of model, respectively.
The choices are make to capture some key features in modeling different vector-
borne diseases. Indeed, many special cases could be obtained from our general
framework to fit a particular arboviral disease. For instance, if v, — oo, the Host’s
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dynamics will be an SI™R model. An SIR — SI model have been considered for
malaria [37] and Dengue [11] while an ST™R — ST model was deemed more suited
for tick-borne relapsing fever [19, 28].

Model (2) generalizes other models proposed in the literature in the following
five ways:

e If D=0,, and v;; = 0 for all 4, j, except when j =i + 1, Model (2) consists
of a class of staged progression vector-borne diseases models with an influx of
infected individuals of each class into the considered population. In this case,

— Model (2) extents the existing stage progression vector-borne models to
incorporate a differential proportions of the overall recruitment in all in-
fected classes. This allows us to gauge the impact of imported cases on the
dynamics of vector-borne infections. When p = 0, py = 0, in Model (2),
we obtain the model proposed and studied in [4]. Moreover, our model
extends also [28], for which ; = f, for all ¢ and the recruitment con-
stitutes of susceptible individuals only. Our model generalizes also [10],
which considers Chagas disease model with two stages, namely acute and
chronic phases.

— Model (2) generalizes existing models that investigate staged-progression
for directly transmitted infections for which influx of infected individuals
are considered [15, 25] and [6], where no stages are considered in the
latter.

— Model (2) extends also the model in [37], where the authors considered a
host-vector model STR — ST with infectious immigrants in investigating
the effects of the latter on Malaria dynamics, by incorporating a latent
class, n stages of infection in the host’s dynamics and a differential infec-
tivity of vectors with respect to host’s infectious stages.

e If D and G are as defined in (3), our model extends [4, 6, 10, 15, 25, 28, 37]
by incorporating forward (deterioration) and backward (amelioration) stage
progression. Moreover, the progressions or regressions are not necessarily
incremental.

e Model (2) extends the models considered in [15, 16, 24] to vector-borne dis-
ease models and the incorporation of influx of infected in each of the hosts’
infectious classes.

Overall, Model (2) generalizes in some fashion or aspect models in [4, 6, 10, 15, 16,
25, 28, 37, 24].

Also, it is worthwhile to notice that our system could be seen as a class of
models for vector-borne diseases that are vertically transmitted at each stage of the
infection. That is, when off-springs are infected by mothers during pregnancy or
delivery. Zika virus is a natural example of a vector-borne disease that is vertically
transmitted [35].

The following result shows the solutions of Model (2) are positive and remain
bounded at all times, thereby making the model biologically grounded.

Lemma 2.1. The set

0= {(Sh,Eh,Ih,Su,Ev,Iv) S IRnJrS | Sn+ Ep, + ]lTIh < N, := %,
h

o
Sy, +E,+1I, <N, :=
v ! Mv+5v}
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is a compact positively invariant for System (2).

In the next section, we investigate the steady states solutions of Model (2) and
their asymptotic behavior.

3. Global stability analysis. The next theorem establishes the existence of en-
demic equilibria of System (2) and provides conditions under which they may exist.
Following Thieme [36], we use the nomenclature strongly endemic equilibrium if all
of its components are positive and weakly endemic equilibrium, if at least one of
the infected component is positive. Naturally, we start with the assumption that
p # Orn». The case p = Or~ is dealt in Section 3.1.

Theorem 3.1. The equilibria of System (2) are as follows:
1. If B =0, a unique weakly endemic equilibrium (Sy, Ep, 11, S,,0,0) exists.
2. If B# 0 and po # 0, it exists a unique strongly endemic equilibrium (S, Ef,,
L, S5, By L)
3. If B and p are such that <,8| (diag(at) — M)~ p> # 0, a unique strongly
endemic equilibrium (S Eti It1 ,SEER IE) eists.

4. If Item 1, Item 2 and Item o’ are not satisfied, then a threshold N& (po, P, Pnt1),
defined by

NG (0, P, Pny1)
~ a®Bonvevn Ny T (1—po— 17D — ppy)
Ay (,uv + 5v)ah,uh N;%
exists and for which
o If NG (po,Pspnt1) < 1, a unique weakly endemic equilibrium (S5, 0,15, S0,
0,0) where I§ > 0 exists.
o If N&(po, P, Pnt1) > 1, a unique strongly endemic equilibrium (Sh, En, I,
S'U,Ev,fv) exists.

Proof. An equilibrium (S}, Ef, I, ..., I}, S5, E%, 1Y) for Model (2) satisfies the fol-
lowing relations.

(B (diag(er) — M) ex),

I*
Ah = aﬂvh S;; Niv + ,LLhS;:

*

N

(n +vn +n)Ej, = portn + Bon S,

(diag(a) — M)I};, = m,p + v Ejeq
S:; * *

Ty = am<,3 | I;) + (o + 60)S;

Sy .
N, <ﬁ | Ih>

(o + 1o +00)Ef = a
(o + 60) I = wEy,

where Ay, = 7, (1 —po—1'p —pn+1). Using these relationship and N, = S, —
E, — I,,, one could express I in terms of I}, as follows:
av.
Iy + 6y + — )| = —v I;). 5
(moras5-010)) - s I )
Moreover, the first equation of (4) leads to:
ALNy,

Sf=———>0.
" Ny + aBonl;
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Furthermore, since the matrix diag(a) — M is strictly diagonally dominant and thus
invertible, we obtain:

L, = my(diag(ar) — M)~'p + v, Ejy(diag(er) — M)~ ey,

and

E* 1 ( + Ahaﬂthj )
= ——(pomp+ —————2— .
h (i +on+0) O un Ny + aBonly

Therefore, Ij could be written as:

Ana thfff
wn Ny + aBonl}

Vh s -1
—_— d - M .
(n + v+ 1) >( sla) =) e

(6)
The relation (6) is key for the remaining of the proof, as we will use it to compute
<ﬂ | IZ> and obtain a quadratic equation in I} using Equation (5). The latter

equation leads to:

I;, = mn(diag(a) — M) 'p+ (pmrh +

0=1 (uv + 6+ Nihw | mn(diag(a) — M)~'p)+

a Up Aha ﬂuhL’j _
a Vv _ DhGOvhty di
+Nh (n +vn + 1) (poﬂh + MhNh + aﬂuﬂ*) p | iag(a 61>>
avy _
(fto + Vo + 00) <5\”h(dlag( )— M) 'p)—

v Ny Ana Bun I} av, -1
-_ di - M
(tn +vn +n0)Nn (pmrh * pr Ny + aﬁvhfiﬁ) (o + v + dv) B | iag(a ) ")
(7)

After some rearrangement, Equation (7) could be written as
AI*® + BI* +C =0, (8)
where
= aBon |0+ 0o + <ﬁ | ma(diag(a) — M)™'p)+

44 "
Ny (un + v +1)
> 0,

(pomn + An) (B |(diag(a) — M)~ ter)

a . —
B = (tty + 8y)pin Ny + Fhm&ﬁ | (diag(ar) — M)~ 'p)un Ny,

(4 Vp ) »
L S d M N
- Nh (,uh + vp + n)poﬂ-h<ﬂ |( lag(a) ) €1>'LL h
a 6vh’/v N .
(o +vo +0,) N ”h<5 | (diag(a) — M)"'p)
a 6vh1/vyh Nv ) .
a -~ PoT diag(a) — M) e
('u”"_’/v"“sv)(ﬂh'f‘l/h—f—n)thO n(B] (diag(a) )" ter)
GQ/BUhV’UVh N

An(B | (diag(er) — M)~ eq),

- (o + v + 00) (por + v + 1) N
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and
C= ﬁ]\] 7Th/lhj\]h</3|7Th dlag( ) — M)_1P>
avy N, N, VthNh
(1o + vy + 6u) Np (ptn + vi +n)
Now, we investigate cases for which Equation (7) has non-negative solutions.

e If 3 =0, then C =0 and B = (py + 0y)un Ny, > 0. Hence, I = 0 is the unique
solution of the quadratic equation. Thus, the unlque equlhbrlum for System (2) is
(Sn, Ep, 11, S,,0,0), where Sj, = L:, Ey = gty I = ma(diag(a) — M) ~'p +
%(dlag(a) M) tey, and S, = -+~ This proves Item 1.

e If 3 +# 0 and py # 0, then C' < 0 and therefore Equation (8) has a unique
solution such that I’ > 0. Thus, from Equation (6), System (4), and using the fact
that (diag(a) — M)~"te; > 0, we deduce Item 2.

e If 3 and p are such that <,3 | (diag(a) — M)*1p> # 0, then we also have C' < 0;
that is, it exists a unique If > 0 of Equation (8). As in the previous point, this
leads to Item 3.

o If the conditions of Item 1, Item 2 and Item 3 are not satisfied; that is, if 3 # 0,
po = 0 and p is such that <,6" (diag(a) — M)_1p> = 0. In this case, C =0 and B
could be written as:

B = (py + 0y)unNn
a?BunVeln N
(o + o+ 00) (n + vn + 1) Niy
= (pv + 00) tn Np, [1 -
a®BunVeln Ny Ay
(Ho + Vo + 00) (1o + 00) (1t + i + 0w Niy Ny,
= (po + 00) i N (1 = NG (Do, Ps Prt1)) -

Thus, it follows that if NZ(po, P, pn+1) < 1, then B > 0, leading to I = 0 and
I} = mp(diag(a) — M)~'p > Orn. If NG (po, Py Pn+1) > 1, then B < 0 and therefore
Iy > 0, leading to a strongly positive equilibrium. O

pomr(B| (diag(a) — M) er).

<ﬁ| (diag(a) — M)7161>

<,8| (diag(a 61>

The different scenarios presented in Theorem 3.1 have intuitive interpretations
as follows:

e The condition of Item 1 — 8 = Ogr» — means that the local vector population
is not competent to acquire the infectious pathogen. And so, even if there is
an influx of infected or infectious hosts into the naive population, the vector
population stays disease free and there will be infected or infectious hosts in
population, due to the continuous influx of latent or infectious hosts. Thus,
the system reaches an weakly endemic equilibrium.

e The condition of Item 2 — B # 0 and pg # 0 — means that if the vector is
competent in acquiring the infectious agent, then the influx of latent individ-
uals into the population is sufficient for the disease to persist within the host
and vector populations. This condition leads to the existence of a strongly
endemic equilibrium.

e The condition of Item 3 — 3 and p are such that <ﬁ | (diag(a) — M)_1p> #0-
states that if the patterns of the arthropod’s competency to different stages of
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the hosts’ infectivity and those of the influx of infectious hosts’ into the naive
population and the transfer matrix M that describes the flow between the
infectious classes, are such that the above condition is satisfied, the disease will
persist in host and vector populations. This case include also the case where
the set of indices of vector competency and the set of indices for infectious
influx are disjoint. That is, the host in whichever infectious stage in which
there is an influx of infectious hosts, will not able to transmit the pathogen
to the vector population. In this particular case, the forward and backward
transition patterns (from any stage to another) allow the infection to persist
in the host and vector population.

e The condition of Item 4 — py = 0, B, p the transition matrix M are such that
(B] (diag(a) — M)~'p) = 0 — means that there is no influx of latent hosts and
that: a) there is an influx of infectious individuals only to a subset of stages
and that the hosts in these stages are unable to infect the vectors and b.)
the infectious hosts at these stages do not “ameliorate” or “deteriorate” their
infectiosity to stages in the complement of the subset in which they belong.
In this case the disease either persists in all hosts and vector population or
dies out in the vector population and persists in host population only through
migration, depending on whether the threshold NZ(po, P, pnt1) is above or
under unity, respectively.

The following two theorems establish the global stability analysis for the two types
of endemic equilibria exhibited in Theorem 3.1. This gives a complete description of
the global asymptotic behavior of System (2) whenever there is an influx of infected
or infectious individuals into the population.

Theorem 3.2. Let (S}, E}, I}, S5 E), 1Y) be a strongly endemic equilibrium of

v Tv

Model (2). This equilibrium is globally asymptotically stable whenever it exists.
Proof. Let consider the following Lyapunov function ¥V = V), + V,,, where

Sh * Ep E* n I; I*
V, = co/ < S’L>dz+co/ < h)dechi/ <1l)do:,
S X E X i—1 7* X

* *
h h

and,
Sov * Ey * I, *
VU:cv/ (1—&>d1}+60/ (1—&)dx+mcv/ (1—1—1’)d1:.
sz T B T Vy Ix T
The coefficients ¢ = (c1, ¢z, ...,c,)T are positive to be determined later. The coef-

ficient cg and ¢, are related to ¢; as follows:

*

v B
coaBun S,’:Nv =cvpE; and c¢,aS h
h

Z?:l ﬁl[l* '

*

i ©)

:Cl

This function is definite positive. We want to prove that its derivative along the
trajectories of System (2) is definite-negative. Throughout the proof, we will be
using the component-wise endemic relations (4). That is,
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n+1
(1 —Zm) = 0 Bun 5§ o o R

i=0

*

(tn +vn +n)Ej = pomh + aBon S, ﬁh
n
alff =p17mh + l/hE;; + Zmljf;-‘
=2
n
agly = pomy, + ZmQjI;

j=1

n (10)
CllI; = PiTh -+ Z mmj;
j=1

n

OénI,;; = PnTh + Zm"jlj

=aS:Zﬁ L (e + 88

I
(o + Vo + 50) EX = S*}jﬁ
=1

(o + 6u) 1y = v, E
The derivative of V}, along the trajectories of System (2) is:

Sy EX\ . n I\ .
1—=L) S, +e h)E + ci(l—’)ll
(-5 seo(-5) Bya (-7

S, n I; y I, E;
= copunSy ( -k - Sh) + coaBun Sy ~ (2 _Sh Shh)

Vi

Sy Sh " N Sn Sy Ii B
B B, I\ By I
+00P07T< - F: - EZ) ) <5vh ShNh> B + coa BunSy — N,

n I\ .
+> e (1 - Iﬁ) I. (11)
i=1 v

Using the endemic relation ay I = p1m, + vp Ef + Z mle;-‘, and the relationship

j=1
between ¢y and ¢1, Equation (11) yields to

. (S, S I St S, I,Ef Byl
Vi = copnSy ( §Z - SZ) + coafun S (3 - sz - ?ZFF: - Eﬁﬁ)
h v h

Er Ey, If I
+Cop077< E: E*) +COa/thSh N + c1p1imh < - I% - If‘)

n n n
I
—C1 I/hE;; + mle* % +c1 mlej + 1 mle’-k
J ]1 J
j=1 j=1

=1

—c1 Zmlj +ch< ;)' (12)
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Noting that, from the endemic relations (10), we have oI} = p;mp + 2?21 mi;I7,
and thus, the last term of Equation (12) leads to

Ir Ir " L
<1 - L) I = cipimn (2 7 ) +ci E mijli —ci jEZlmiﬂj T
+¢ En mgil; — cig 5" mg;l; (13)

st i} Iz s J=J

Moreover, we can check that the derivative of V,, along the trajectories of System
(2) is:

n
- SSasp Bl (5 S SL B R
V’U:C”U,l <A1)+ aS:; L 3—71}—7*7*7”_ v
=1 NZ Sv S I

o3

»I¥E, EXI,
* - ﬁl 7 * - 5211* Iv
—I—aSv; s; No ] (9
. Sx Sy
where A, = (py, + 6,)S5 (2 — S— - ? . Combining equations (12), (13), and

(14), we obtain:
- Sy, Sy I Sy Sy l, Ef EylIf
V = Silo—-=2_Zh S v (g Zh _ZRUTZh TRIL
coftn h( S Sh)“Oth ( S, SiI: B, EilL

Ef B, I, 2 I
_ _—n __ " ’Us*i iDi 2_71_7
+Cop0ﬂ'< B E*) + coa Bun hNh +i_510p7rh( 2 IZ*)

* - * I - - *
—C VhEh+Zm1jIj T}+Clzm1jlj +c Zmljlj
Jj=1 j=

Jj=1

= . = Bil; RN b
—0171 ;mljlj + Cy,1 (—f—aSv; N, —(LSU; N, I{f)
- I
+D 0 |a ) mil; —c me i Czme
. ]:1 7 —_
Cz% Zmijlj +cy 1Ay
1 :1

. S* S, I BEX  E,I*
+Cvlzasv N ( &SZ')‘UE’,UE;IU) (15)

Given the relatlonshlp (9), the linear terms in I,, in Equation (15) cancel. Further-

more, by substituting 4, by its expression and ¢, ; by their expressions, Equation
(15) leads to

. N S, Si, Sk 8,
= 9 2h _2h o1 (fto 9 Pv_ Pv
% copn Sy, ( S: S ) + co1 (o + 04) S, ( S S{j)

E; Ej " Ir I
9_—Zh _ iDi [ E——
+Cop07T( B EZ) + E CiPiTh ( 1, Ii*)
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S, S;I;E, E I, S, S;I'E, Eil,

l

“+cCv.1 Zas* /B'LI (6 Sh Sh I’U Eh Eh Il S’U S,U I,L EU E'uIv )

i=1

—c <l/hE;; + Zmlj];‘> % +c Zmljlj +c Zmlj[;
j=1 1 j=1 j=1
_01[—1 (;mleJ) —|—§ CZ;TTLUIJ* — <me ) *

~
[uly

& Ir (& v E;
+c; miil; — c; =+ miil; +Cln7* ,BZIZ . (16)
We choose the vector ¢ = (c1,c¢a,...,c,)T to be the solution of the linear system
Be = 0, where
—<{11 mglfik mglfik mnllf
17
VhEh Znﬁzl Bl + m12I2 —<099 mgg.[; e . anI§
1.
B = l/hE;; 721231 Eili* + m13[§‘ m23[§‘ —<033 e . mngf;i (17)
I * *
vy Z" BT +mainly monl) manIi ... .. —Opn
where
— Zz 2 ﬂl i S * _ - *
O11 = VhEh + Zmljlj R and for k > 2, opp = kajfj .
ZZ 1/8Z [ j=1 :

The matrix B is irreducible. Indeed, since I} >> 0, we notice that all elements of the
second upper diagonal of B are all non zero, as m;4+1,; = 7i,i+1, and thus represent
the incremental transition between infectious classes. This, along with the first col-
umn, makes the matrix B irreducible. Hence, it could be shown that dim(ker(B)) =
1; and by the Kirchhoff’s matrix tree theoreml[5, 27], ¢; = —C;; > 0 where Cj; is
the cofactor of the i*" diagonal of B. Hence, it exists ¢ = (cy, ¢z, ..., cn)? > 0 such
that Be = 0. Moreover, this implies that, in Equation (16), we have:

* - * I - - *
0 = — VhEh+Zm1jIj I—i—l—clz:mlj[j +clzm1jlj
=1 1 — X

n

n n Ii n
+Z ciZmijI;f— Zm” i F-l-cizmiﬂj
i=2 j=1 ¢ Jj=1
VhE;: " T
Sl (Z ’ I)

Thus, (16) yields to:

- S Sy

Er  E, ° Ir I
pRp= pimh (2 — = — =
+cop07r< o E;)—&-;cpﬂh( i I;‘)
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Le Zas* 6_Sh _SnLEf Enli S; SoLiE; E.J
! v N S, S;iI:E, EL, 8, S:I:E, B,
Wi
n n . I+ I*
£ S amyt; (1-F 7). 1s)
i=1 j=1 v

The first three terms of (18) are definite-positive. Now, we will break down
the last two terms in (18) into definite-negative terms. Indeed, following [16], we
transform each theses expressions as sums of terms in the form of f(z) = 1—z+Inz.
To this end, we will use the fact that the function f(z) is definite negative around
x* = 1. Indeed, using the properties of natural logarithm function, the expression
of W; in (18) could be written as:

S;  SwIl,Ef E.If S: S,I, Ef EI

Wi —6‘5‘?175‘?71‘?@‘?17*‘133@
Sh I, B . SWI.E; EJ: | B
(1 T >+( S*I:;Eh+lns;I;Eh ! E:l, +n E:l,
Eh L Buli S,LE: S, LE: S: s
1- 1 1- In
< B E,’;Il) + < ik, sirE ) T\ s, T,
LI
+1 FT-
Noting that
* * L T*
_]7]7]: _]LL_F] I]+1 [Ij’
L I L I LI I

and substituting the expression of W;, Equation (18) becomes

VZCOMhSZ( ;_&)+CUI(MU+6)S*<2_S_SF)

Bilf S Sr Sy I, E} Spl,Ef
0,105 1— " +1In 1— ——-L+1
+ Cyp10 ; + Sh + S,j T: Bn +In Silf,‘Eh,

BEJr . B E I} | Enlj S, LE:
1- In 0% 1- 1 1-
+ ( B, E:;Iv) + ( EL  CEL)T SiI'E

Sy LB}, S* Es Ey
In J 9_—Zh _ 20
TNSIE > ( s, )]“‘”’”( By E;;)
I; I; Ir I I7I;
rSenm (2= )+ St (1—”*+1 M;)
* Blz Il *
+ ¢y1aS) Z In ; +chzm”1

h i=1 j=1

*

(19)

S
All but the last two sums in (19) are definite negative. Let us denote by S the sum
of these two sums. We focus on proving that S := 0. Indeed, recall the expression
of ¢, 1 in terms of ¢1, given in (9):
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By replacing ¢, 1 by its value in S, we obtain,

LS e m
VhE* 2 «
:WZ“ i el

=1 Jj=1
" LI ]
:Clzln I*I n I*/BJ +m1] J +chzm”1
J=1 147 1= 16

However, since ¢; are the components of the solution of Bec = 0 where B is given in
(17), it follows that, for any j > 2,

c1 (VhEh"”ﬁlI* +myly ) = Z Ml | = Z cimij I,
=1 =2

Plugging this expression into Equation (20), and using again the properties of nat-

ural logarithms, we obtain:
Py

" LI} -
1 [Cj (Z mjkfii> chm” J
=1 =2 j=1
n Iljl* Ill* Iil"k
:ZCiln T, <Zm1kfk>+zczzmw [_ I I; I;IJJ

=2 j=1

*

*
S = Cv,laSv
i 1

*

*

(20)

J

LI

= LIF [ Ii1;
B SPRREILIN | o —&—ZczZng 5
j I j=1 ' =2 j=1 L
=0, (21)

since for ¢ = 1, the coefficient of the sum is In1 = 0. Finally using Equation (19)
and Equation (21), the derivative of V along the trajectories of Equation (2) is

. Sy, S; Sy Sy
V = copnSy, ( Si Sh) + o1 (ko + 60)Sy ( S, S*)

@I* S* S: Sp Iy Ef SwlE:
\1aS? TP L Y P T
t+ova Z AR Rl Gty o oy o

(1 EvLj‘_H B\, Bnd BT () SJLE:
_ 0 I _
E*I, E*1, Er I ErlL SiIYE,

IE* /* * E* E
o )—&—(I—S"—Fln&}>}—|—copoﬂ'<2— ho_ h)

S;I;E Se Sy En  Ej
17 I I71;
—&—Zcipmh (2——)—1—201277% ( —;Ii—i-lrl;[i), (22)
i—1 1’ 1 j z’j

which is definite-negative. Therefore, by Lyapunov’s stability theorem, the unique
endemic equilibrium is GAS. O

Theorem 3.3. Let (S3,0,13,52,0,0) be a weakly endemic equilibrium of Model
(2). This equilibrium is GAS.



EFFECTS OF MIGRATION ON VECTOR-BORNE DISEASES 6313

Proof. Let (S5,0,I5,59,0,0) be a weakly endemic equilibrium of Model (2).

e If 3 = 0, we remark from the vector’s equations in Model (2) that S, —
SY = M’;’“gv, E, —> 0and I, — 0 as t — co. So, by the theory of asymptotically
autonomous systems for triangular systems [7, 39], Model (2) is equivalent to

n+1
Sk =mn (1 - Zpi) — 1nSh
, i=0
Ep = pomn — (b +vn +0)Ep
I, =mp +vpErer — (dlag(a) — M)Ih

(23)

System (23) is triangular and linear, and its solutions converge toward (S, En, I1),

where S}, := ﬁ;, By = % and I, := (diag(a) —7M);17(7rhp—|— %el)
Thus, it follows that the weak endemic equilibrium (S, Ej,I5,S2,0,0) of Model

(2) is GAS.

Before we start the proof of the next case, let us define the order relation for the
vectors as follows: u < v if u; < v;, for all i, where u; and v; are components of u
and v respectively. Similarly, © < v if u < v and u # v. Also u > v if u; > v;, for
all 4.

o If Ttem 4 of Theorem 3.1 is satisfied with NZ(po, p, pnt+1) < 1. That is, 3 # 0,
po = 0 and p and M are such that <,6' | (diag(a) — M)*1p> = 0. These imply that,
using the endemic relations,

(diag(a) — M)~ 'p > 0.

Moreover, it follows that <,8 | IZ> = 0. This implies that it exists a subset J of
{1,2,...,n} such that I =0, for all i € J, I{ > 0 for i € {1,2,...,n} \ J; and
By >0forie{l,2,...,n}\J, and 8¢ =0 for i € J. WLOG, suppose that J =
{1,2,...,s—1} with s > 2. Hence, the endemic relation If, = mj,(diag(a) — M)~ 'p
and the condition (3| (diag(a) — M)~'p) = 0 imply that M has the form

My Os—1n-s+1
M= , ,
(le Mao

where My; € My_15-1, Moy € My_s11,6-1, Moo € My_sy1n—s41. Similarly,
pi=0foralliec J and I§ = (0,...,0,I2,...,I%) where I{ > 0 for s <i <m.

Let ¢ = (c1,c2)? where ¢; = (ci,...,¢5-1)7 and co = (cs, ..., cn)T. The vector
co is the solution of Bey = 0 where

—bs.s m~s+1,51§ Mgqo, sl R My, s IS
o o
M, st1154q —bst1,541 ms+2,s~+lls+1 cee e Mpsddy
~ o o o
B = ms,s+2ls+2 ms+1,s+213+2 _b33 el e mn,s—i—213+2
o © o 7
m&n[n ms+1,n1n ms+27nln e cee _bnn

where by, = Z?:S my;I7 for s < k < n. Since Mao is irreducible and I7 > 0 for
all s < i < n, the matrix B is irreducible. Moreover, B is the Laplacian matrix of
the graph interconnecting the stages I; for s <14 < n. Hence, as previously stated,
Kirchhoff’s matrix tree theorem affirms that the solution of Bey = 0 is such that
¢ = —Cj; > 0, where Cj; is the cofactor of i*" diagonal element of B. Hence
co > 0.
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Let I = (I$,I3)7 and consider the Lyapunov function candidate V = Vj, + V,,
where

Vh—leEiﬁ- 01’11 +ch/ (1—>dx and szchv—i-cv%Iv,
v

v

b aBurfn v oo g positive vector to be determined later. The
an prNr  (fo+0y)on

derivative of V along the trajectories of System (2) is:

where ¢, = 1

. [ Qy :
Vh = CliEh+<cl|Il>+;cz <1I)I +01)E'U+CU VvIv
Spl, = I
= C1aﬁuh o ]}\th (c1 | (—diag(a) + M11)L) + ;Ci (1 - Ii) I;,(24)
where & = (a1,...,as-1). Moreover, as in the proof of Theorem 3.2, using the fact,

for that, for 1 < i < n, the ¢; are the components of the solution of Bey = 0 and
L I;> I Lo I
it could be shown that Equation (24) implies that

n

I\ VA L I? I,
;Ci <1 - IZ) Ii = chpﬂl'h (2 TZ I) + ;CZ‘ p mijl;? ( - Tlé
IQ I n If s—1 n s—1
—|—1n[1_<>> ClI Zmijlj—&—ZciZmijIj
1=s vi=1 i=s j=1
I I L I? I,
= Zczpﬂl’h (2 I) + ZCiZmijI;? ( — TI%
L; i=s j=s vy
n I s—1
) ch 7 Zmijlj + C;Mglll. (25)
i=8 v i=1
We Ch(;OSG c1 to be the solution of (—diag(a) + M{; + Bé¥)c; = —MJ ¢y, where
B = a/ivft/’fh (1 +U§V)f& an %@ with 8 = (B1,...,08s—1) and é&; the fist canonical

vector of IR*~*. This solution exists and ¢; > 0 since ¢ > 0 and —(—diag(a) +
ML + BeT)~1 > 0 as —diag(a) + M} + BéT is a Metzler invertible matrix.
Hence, Equations (24) and (25) leads to

; Snl, n s I,
Vi, = c1afy ”’; ]’\lf (—diag(a) + M11)L) + § :Cipﬂrh ( — )
7

n s—1
+ZCZme <1—II§O +1 {;ﬁ) —ZCZ‘?ZTRUI]'
i=s v i=s v

+ Cy MglIl. (26)
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However,
<Cl | (—dlag(d) —+ M11)11> —+ CgMglIl :<(—d1ag(d) —+ Mﬂ)cl —+ M271C2 | Il>

—(Bélci |1h)
azﬁthth VyVh

=— 31,).
“ ,LLhN}% (ﬂv+5v)av0‘h<la’ 1>

Hence, Equation (26) leads to
Vp, ShI - I<> I; aQﬁthth Vth<B |11>
vh™— 117 27 S -
Vi =c1a8 h Z CiPiTth < I; I°> ¢ prNE  (py + Op)apary,

n I I n IO s—1
+ZCiZmij (1 — TF +1 IP) ZCZ ) m” (27)
i=$ j=s Z

We can check that derivative of V, along the trajectories of (2)

. . QO -
Vo = C’uEv+Cv7UI’U

v

Sy
Cy (ajvh</6 ’ Ih> - av ) + cv Vo (Vva - (Nv + 51})]1))

_ o BunAn VyVh R aBonn
= aa <5| I,) — I,
prNp (o + 60) oy, Nh Yan pnNa
o BonAn VyUh, Vh aBonAn
= cia I I, 28
NG, (fo + 0v) o, Ny <ﬂ| 1= h UrNp (28)

since <B | Ih> = <,B | Il>. Finally, the derivative of V = V, +V,, along the trajectories
of (2) is obtained by combining Equation (27) and Equation (28) as follows:

v 1 ( Ah> 7 a?BunAn VyVh Sy
v — C1

Vo= A G
Claﬂvh hNh h Uh MhNh (Mv‘f'&v)avah Nh

<5|11>

3 e 2_f_f +Zczm (1 LL P L
r iDiTh i £ ) i I IQ I IO
<>5 1

n
-2 e, 2 maly
1=s

Moreover, using the equation of Sp, and S, in Model (2), it is straightforward that
n+1

Sp < ﬁ—: and S, < N, := u%’ where A, = m, (12]31- . Hence V < 0.

Therefore, by Lyapunov’s theorem this proves the stabilit§ (;)f the weakly endemic
equilibrium (S¢, 0,13, 52, 0,0). Furthermore, Y is the sum of five nonpositive terms,
of which two are definite-negative. Hence, it is straightforward that the largest
invariant set on which ¥ = 0 is reduced to (S5,0,I3,52,0,0). Thus, by LaSalle’s
principle, (S¢,0,I5,59,0,0) is asymptotically stable. This completes the proof of
the global asymptotic stability of the weakly endemic equilibrium (S5, 0,13, 52,0, 0).

O

Per Theorem 3.1, Item 4, a necessary condition to break the host-vector trans-
mission, that is, to maintain the vectors disease-free, is p = 0 and <ﬁ| (diag(ar) —
M )_1p> = 0. The later quantity has an epidemiological interpretation. Indeed, it
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means that: a.) there is an influx of infected individuals only to a subset of indices
and that the hosts in these stages are unable to infect the vectors and b.) the in-
fectious hosts at these stages do not “ameliorate” their infectiosity to stages in the
complement of the subset in which they belong. That is, d;; = 0 for all i € A and
je{1,2,...,n}\ A, with p; > 0for all j € A and p; = 0 otherwise. In this case, the
threshold NZ(po, P, pnt1) determine whether or not the vector populations become
disease-free. If NZ(po,p,pns1) < 1, the disease dies out in the vector population
and it thus, the infectious hosts are contained only into the classes in which they are
replenished. This threshold captures the capacity of hosts in stage A to maintain
the disease in the vector population. Indeed, we can show that:

n+1

) Th <1 - Zm)
a thVvVth =0 <
(o + 8y)anin N}

n+1
Th (1 - ZI%)

azﬂvhl/vl/th =0 <,é | (dla (&) - M )716 >
Ay (,U/U + 6v)ahlu/h N}% & M !
In the light of Theorem 3.1, Item 4; Theorem 3.2, and Theorem 3.3, to break the
host-vector chain of transmission when there is an influx of infectious hosts into
a naive population and competent vector, a necessary and sufficient condition is
po = 0, the vectors 3, p; and the transition matrix M are such that <,@ | (diag(a) —
M)‘1p> = 0 and NZ(po, P, Pnt1) < 1, thereby providing for a positive answer to
our initial claim.

NG (o, PsPny1) = B (diag(e) — M)~ 'eq)

3.1. Sharp threshold property. In this subsection, we investigate the dynamics
of Model (2) when p =p; = --- = p, = 0. In this case, we obtain the model

) I,
Sp =T — aByn Sh N, — rSh
h

. I
En = aBun Sh th — (un +vn +n)Ey
j:h = l/hE}Lel — (dlag(a) — M)Ih

: Sy, r (29)
Sy =A, — aN7<,3 |Tn) — (o + 00)Sw

. Sy

E, = th(ﬁT |Tn) — (b + v + 6,) By

jﬂ =1, B, — (Mv + 51})]11

For the same reason evoked in Section 2, the solutions of System (29) stay positive
and bounded. Unlike in Model (2), the Model (29) has a disease free equilibrium
(DFE), and is given by (S?,0,0,5%,0,0) with S = Z—: and SY = H’TT”%

The basic reproduction number R3 is derived using the next generation method.

An explicit expression of it is given by
a?Bonvive N
RZ = u vy T (diag(a) — M)~ e
’ (Nh+Vh+77)(uv+MU+(5U>(VU+5U)Nhﬁ (diag(a) = M)™"ex
= NZ(0,0,0).

Note that since the matrix is M is Metzler (off-diagonal elements are non-negative)
and invertible, we have —M~1 > 0. Thus, R2 > 0. The following theorem gives
the complete asymptotic behavior of Model (29).
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Theorem 3.4. 1. If R3 <1, the DFE is globally asymptotically stable.
2. If R3 > 1, the DFE is unstable and a unique endemic equilibrium exists and
is GAS.

The proof of the first part of Theorem 3.4 follows using, for example, a left-
eigenvector argument. We omit the details. The second part is particular case of
Theorem 3.2. This result is new in itself.

4. Tllustrations and simulations. In this section, we provide illustrations to
highlight the effects of influx of immigrants and the transfer matrix on the disease
dynamics and provide some numerical simulations to showcase the results of Sec-
tion 3. To do so, we consider the case n = 4. That is, there are four infectious
stages in the host’s infectivity. Unless otherwise stated, we consider the following
baseline parameters:

1 1

1
7w, = 1000,a = 0.7, Byp, = 0.3, up, = days™ ", v, = 5 days™ ",

_
75 x 365

1

1 _ 1 _
M2 =g days™', yo3 = 31 = 5 days™", !

_ 1 _
=0days™ !, m = =0 days™ ",

| =

1 _ 1 _
e =173 = 35 days T 10 davs Y
1 _ 1 _ 1 _
m, = 10000, p, = 5 days™!, v, = 1 days™!, 6, = 2 days™!.
It is worthwhile noting that, although reasonable, these values do not necessarily
match any particular arbovirus diseases. We have chosen them to encompass results
of Section 3. The transfer matrix M and the vector proportions of influx of infected

p are given by

0 621 d31 Oa1 D1
m2 0 b3 dao D2
M = —
M3 Y23 0 daz |’ P D3
Yia Yoa Y34 O D4

We vary the parameter p, the vector p and the matrix M to investigate their impacts
on the disease dynamics.

Figure 2(a) and Figure 2(b) depict the dynamics of the Model (2) when there is
no transmission form hosts to vectors. That is, whenever 3 = Ogr~. In this case,
with p # OR», the infected hosts reach an endemic level ( Figure 2(a)) while the
disease dies out in the vector population (Figure 2(b)). This is in accordance is the
prediction of Theorem 3.1, Item 1, where the weakly endemic equilibrium is GAS
(Theorem 3.2).

For B = (0.2,0,0,0.5)7 # O+ and pg = 0.01, the trajectories converge to a
strongly endemic equilibrium (Figure 2(c) and Figure 2(d)) as the hypotheses of
Theorem 3.1, Item 2 are satisfied.

To illustrate Theorem 3.1, Item 3, suppose that B8 = (51,0,0,0)7 and p =
(0,0, p3,pa)” where By > 0, pg > 0 and ps > 0. By choosing yi4 = 24 = da1 =
031 = d40 = 0, we obtain:

T, _1_ Bragds(psysa + paas)
B (diag(a) = M)™'p = det(diag(a) — M))

Using this setup, Item 3 of Theorem 3.1 anticipates the existence of an strongly en-
demic equilibrium. Indeed, Figure 3 represents the dynamics of hosts (Figure 3(a))
and vectors (Figure 3(b)) in Model (2) in this case.

> 0. (30)
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FIGURE 2. Effects of host-vector transmission on the dynamics of
Model (2) with n = 4. The proportions of infectious influx are

= 0.2, p3 = 0.1, p, = 0 and p5 = 0.3. The transfer matrix
is such as 713 = 24 = 0.1, 714 = 0.2, §o1 = 0.01, J3; = 0.02,
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FIGURE 3. Dynamics of infected hosts and vectors when the hy-
potheses of Theorem 3.1, Item 3 are satisfied. The proportions of
infectious influx are py = 0, p = (0,0, p3,ps)” = (0,0,0.2,0.0001)7
The transfer matrix M is such as v3 = 0.1,
Y14 = Yoa = 0, do1 = 0.01, 631 = 32 = d42 = 0, 641 = 0.035,
and 543 =0.03.
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By choosing 6,; = 0, Equation (30) implies that 87 (diag(a) — M)~'p = 0 and
thus satisfying the conditions of Theorem 3.1, Item 4. And so, a weakly endemic
equilibrium (S¢,0,1%, 59, 0,0) or a strongly endemic equilibrium (Sy, En, I, Sy, Ey,
I~v) exists depending on whether Ng(po, P, pni1) is below or greater than unity,
respectively. Figure 4(a) shows that the hosts’ infection dies out at stage 1 and
2 while it persists at stage 3 and 4. The disease dies out the vectors’ population
(Figure 4(b)). It is worthwhile noting that the disease is maintained at stages 1
and 2, due to the influx of infectious individuals at these stages, without whom,
the interaction between hosts and vectors is not sufficient to sustain the infectious.
That is, N¢(po, P, pn+1) < 1. Under the same transfer matrix M and the infectious
influx p configurations, but choosing the entomological parameters a = 0.9 and
Bor = 0.9, we obtain NZ(po,P,pn+1) = 1.6051 > 1. This leads to a strongly
endemic equilibrium (Figure 5(a) and Figure 5(b)).

AR (moppn) <1

(a) Dynamics of infectious hosts I;, for ¢ = (b) Dynamics of infected and infectious vec-
1,...,4. tors.

5 572 L
=
45 =
.
NG (p.p.ps) <

2 Nip <1

8568

8567

0 8566
(] 100 200 300 400 500 600 700 800 o 100 200 300 400 500 600 700 800
Time (days! Time (days;

(¢) Dynamics of susceptible and latent hosts. (d) Dynamics of susceptible vectors.

FIGURE 4. Dynamics of infected hosts and vectors when the hy-
potheses of Theorem 3.1, Item 4 are satisfied. The proportions of
infectious influx are py = 0, p = (0,0, p3,p4)” = (0,0,0.2,0.0001)
and ps = 0.3. The transfer matrix M is such as v3 = 0.1,
Y4 = Yoa = 0, 921 = 0.01, 31 = I3z = 041 = d42 = 0, and
843 = 0.03. With these parameters, N§ = 0.3237 < 1. As ex-
pected, the vector population will be disease-free (Figure 4(b) and
Figure 4(d)) and the infectious hosts are generated only through
influx of infectious immigrants at stage 3 and 4 (Figure 4(a) and
Figure 4(c)).
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(c) Susceptible and latent hosts when N2 > (d) Dynamics of infected vectors when N >
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FIGURE 5. Dynamics of infected hosts and vectors when the hy-
potheses of Theorem 3.1, Item 4 are satisfied. The proportions of
infectious influx are py = 0, p = (0,0, p3,ps)T = (0,0,0.2,0.0001)7
and ps = 0.3. The transfer matrix M is such as ;3 = 0.1,
Ya = Y2a = 0, do1 = 0.01, d31 = I3 = Iy = a2 = O,
and 6,3 = 0.03. Using the values a = 0.9 and B,, = 0.9,
NZ = 1.6051 > 1, and thus the trajectories of the system con-
verge towards an interior equilibrium.

5. Conclusion. Modeling the dynamics of vector-borne diseases have often been
based on the assumption that the recruitment into the population is completely
susceptible, and thereby making it difficult to assess the effects of the infected
or infectious individuals who enters the population. However, the recent surge of
vector-borne diseases such as Chikunguyna and Dengue in areas previously free from
the pre-cited diseases, that also coincides with an increase of global travel across
the world, makes the study of the effects of new arrivals on vector-borne diseases
dynamics a necessity. Indeed, the arrival of new individuals from endemic areas, or
the return of local residents after a stint in areas where the vector-borne diseases
are endemic, could potentially result in infecting the local vector populations and
the cycle of host-vector infection could start or accelerate.

In this paper, we formulate a general staged-progression and stage-regression
vector-borne diseases to capture some key features of their dynamics. Particularly,
we investigate the effects of the, often swept under the rug, influx of viremic in-
dividuals into the hosts and vectors’ population dynamics. We also explore the
impacts of treatment and repeated exposure. Indeed, assuming the infectious indi-
viduals in the population are undergoing a treatment program, whereby improving
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their health status; this could lead an infectious individual to go from stage ¢ to a
“lower” stage k, where 1 < k < 4. Similarly, the repeated exposure of infected hosts
to infected vectors could lead to more infectious bite. This could lead to an increase
of infected and infectious hosts’ level of parasitemia and thus worsening its health
status. In this case, the infected host progresses from stage i to an “upper” stage
k where 1 <14 < k. And so, we incorporate of these two phenomena of progression
and regression on the hosts’ dynamics, which happens to have an altering effects on
the qualitative dynamics of the model.

We derive a class of vector-borne model with n infectious stages. The host-vector
dynamics follows an SEI"R — SEI framework. We assume that a proportion — of
the overall recruitment — pg and p;, for i = 1,2,...,n, of latent and infectious at
stage 7, respectively, enter into the population. An infectious host at stage ¢ could
improve its status from stage ¢ to j, with j < ¢, at a rate J;; or worsen its viremicity
from stage i to stage k, with k& > 4, at a rate ~;;. We derived all steady states of
the general system and provided conditions under which they exist (Theorem 3.1).
It turns out that the model has multiple equilibria, depending on the connectivity
configuration between host’s infectious stages and the influx of infectious arrivals.
However, all of the equilibria are either strongly endemic (SEE) — for which all of
the infected and infectious components are positive —, or weakly endemic (WEE) —
for which some of host and vectors’ infected or infectious classes are zero. We show
that the influx of latent individuals into the population guarantees the existence of
an SEE, and we prove the global asymptotically stability of all equilibria whenever
they exist (Theorem 3.2 and Theorem 3.3).

An important particular case is when there is no influx of latent individuals (pg =
0) but the host-vector transmission vector 8, the proportion of influx of infectious
p and the transfer rates matrix M are such that 87 (diag(e) — M)~'p = 0. In fact,
if these conditions are satisfied, it is possible to break the host-vector transmission
cycle. Moreover, these conditions have a biological interpretation. Indeed, it means
that: a) there is no latent influx and b) there is an influx of infectious hosts only at
some stages of infection and the hosts at these stages neither infect the vectors nor
they “ameliorate” or “deteriorate” to stages that infect the vector population. This
later condition is captured by 87 (diag(a) — M)~'p = 0. More particularly, if these
conditions are satisfied, we show that the dynamics of the disease is determined by
the threshold NZ(po, p, pn+1). The disease will die out in the vector population if
NEZ(po, P Pnr1) is below unity and persists otherwise. In summary, it is possible
to break the host-vector chain of transmission when there is an influx of infectious
hosts into a naive population and competent vector if, and only if pg = 0, 3, p and
M are such that 87 (diag(a) — M)~ 'p = 0.

Our results show that when there is no influx of infected and infectious individ-
uals, the considered model becomes a vector-borne disease with n infectious stages
that accounts for amelioration from and progression to any stages. We show that
this model has a sharp threshold phenomenon, for which the dynamics is completely
determined by the basic reproduction number R2 (Theorem 3.4). It turns out that
RZ = NEZ(0,0,0), and if RZ < 1, the disease-free equilibrium exists and is globally
asymptotically stable. Moreover, if R2 > 1, we show that an endemic equilibrium
exists and is globally asymptotically stable.
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