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Abstract

In this paper, we propose a multi-patch model to study the effects of population dispersal on the
spatial spread of malaria between patches. The basic reproduction number 4, is derived and it is
shown that the disease-free equilibrium is locally asymptotically stable if ,<1and unstable if
Z,>1. Bounds on the disease-free equilibrium and 4, are given. A sufficient condition for the
existence of an endemic equilibrium when 4,> 1 is obtained. For the two-patch submodel, the
dependence of 4, on the movement of exposed, infectious, and recovered humans between the
two patches is investigated. Numerical simulations indicate that travel can help the disease to
become endemic in both patches, even though the disease dies out in each isolated patch.
However, if travel rates are continuously increased, the disease may die out again in both patches.

Keywords
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1. Introduction

Malaria is a parasitic vector-borne disease caused by the Plasmodium, which is transmitted
to people via the bites of infected female mosquitoes of the genus Angpheles. People with
malaria often experience fever, chills, and flu-like illness. If not treated promptly or
effectively, an infected individual may develop severe complications and die. VVaccines for
malaria are under development, with no approved vaccine yet available. About half of the
world's population is at risk of malaria. This leads to an estimated 225 million malaria cases
and nearly 781, 000 deaths worldwide in 2008, the vast majority are children under five in
Africa region (WHO [48]).

Following the pioneering work of Ross [35] and Macdonald [24, 25, 26], mathematical
modelling of malaria transmission has been developed rapidly. Among these, we would like
to mention Dietz et al. [12], Aron and May [4], Nedelman [30], Koella [22], Gupta et al.
[16], Ngwa and Shu [33], Ngwa [32], Chitnis et al. [7, 8], Ruan et al. [36], Lou and Zhao
[23], and the references cited therein.

In paper [33] (also Ngwa [32]), Ngwa and Shu introduced a compartmental model described
by ordinary differential equations (ODESs) for the spread of malaria involving variable
human and mosquito populations, in which the human population is classified as
susceptible, exposed, infectious and recovered and the mosquito population is divided into
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classes containing susceptible, exposed and infectious individuals. They established a
threshold below which the disease-free equilibrium is stable and above which the disease
can persist. Chitnis et al. [7, 8] extended the model in Ngwa and Shu [33] and Ngwa [32] to
generalize the mosquito biting rate, include human immigration and exclude direct
infectious-to-susceptible human recovery. They presented a bifurcation analysis in [7],
defined a reproductive number and showed the existence and stability of the disease-free and
endemic equilibria. To determine the relative importance of model parameters in disease
transmission and prevalence, sensitivity indices of the reproductive number and the endemic
equilibrium were computed in [8].

Malaria varies greatly in different regions in the vectors that transmit it, in the species
causing the disease and in the level of intensity. It can be easily transmitted from one region
to other regions due to extensive travel and migration (Martens and Hall [27], Tatem et al.
[41]). This leads to new outbreaks in some former malaria-free or lower transmission areas.
For instance, even though malaria has been eliminated in the United States since 1950's,
about 1,500 malaria cases are diagnosed every year in this country, of which approximately
60% are among US travelers (Newman et al. [31]). Thus it is necessary to distinguish the
regions and understand the influence of population dispersal on the propagation of the
disease between regions, which may improve malaria control programs.

Multi-patch models have been developed to study the spatial spread of infectious diseases by
many researchers over the past three decades. In particular, models of malaria in this
direction include Dye and Hasibeder [13], Hasibeder and Dye [17], Torres-Sorando and
Rodriguez [44], Rodriguez and Torres-Sorando [34], Smith et al. [38], Auger et al. [5],
Cosner et al. [9], Arino et al. [3], etc. For references on general epidemic models in a patchy
environment, we refer the reader to two review articles by Wang [46] and Arino [2]. Most of
these studies focus on evaluating the basic reproduction number A and establishing the
existence and stability of the disease-free and endemic equilibria. One of the goals in
considering multi-patch epidemic models is to study how the dispersal of individuals, in
particular of the exposed and infectious individuals, contributes to the spread of diseases
from regions to regions. Mathematically, one way to investigate this problem is to determine
how Ry depends on model parameters, especially those describing the movement of exposed
and infectious individuals. This indeed is a very interesting and challenging problem and
there are very few results on this aspect (see Theorem 4.2 in Hsieh et al. [20] and Lemma
3.4 in Allen et al. [1]). The reason is that for a multi-patch model A, usually cannot be
expressed analytically in terms of model parameters and the monotone dependence of Ry on
model parameters is very complicated.

In this paper, based on the model of Ngwa and Shu [33] (also Ngwa [32] and Chitnis et al.
[7, 8]), we propose a multi-patch model to examine how population dispersal affects malaria
spread between patches. The paper is organized as follows. In next section, we describe our
model in detail. The basic reproduction number &, is derived and shown to be a threshold in
section 3. In section 4, we analyze the dependence of 4, on the model parameters, in
particular on the travel rates of exposed, infectious, and recovered humans, for the two-patch
submodel using the matrix theory. In section 5, numerical simulations are performed to
investigate the effects of human movement on disease dynamics. Section 6 gives a brief
discussion of main results and future work.

2. Model formulation

We model the transmission dynamics of malaria between humans and mosquitoes within a
patch and the spatial dispersal between 17 patches. Within a single patch, our model is based
on that of Ngwa and Shu [33] (also Ngwa [32] and Chitnis et al. [7, 8]) with an SEIRS
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structure for humans and an SEI structure for mosquitoes. Hereafter, the subscript 7refers to

patch 7and the superscript h/v refers to humans/mosquitoes. Let S (r), E? (1), I7' (r) and R” (1)
denote, respectively, the number of susceptible, exposed, infectious, and recovered humans
in patch 7at time ¢ The total human population in patch 7at time ¢is

N (t)=S" () +E" (t) +1" (1) +R! (¢). Similarly, S} (v), E} (r) and I} (r) denote, respectively, the
number of susceptible, exposed, and infectious mosquitoes in patch /at time £ The total
mosquito population in patch 7at time tis N; (1) =S} (t) +E; (1) +1; (#). The mosquito
population has no recovered class since we assume that the mosquito's infective period ends
with its death.

For patch 7 all newborns in both populations are assumed to be into the susceptible class (ho
vertical transmission). Susceptible humans, Sf, may become exposed when they are bitten
by infectious mosquitoes. The exposed humans, Ef’ become infectious as the incubation
period ends. Infectious humans, 7%, either reenter the susceptible class or recover into the
immune compartment, Rf, where they remain for the period of their immunity before
returning to the susceptible class. Susceptible mosquitoes, S, can be infected when they bite
infectious or recovered humans and once infected they progress through the exposed, E?,

and infectious, I}, classes. Both human and mosquito populations follow a logistic growth
and migrate between patches, with humans having additional disease-induced death. The
flowchart of malaria transmission for patch 7omitting density-dependent death and travel is
illustrated in Fig 2.1. Solid arrows denote within-species progression while dotted arrows
denote interspecies transmission.

The interactions between humans and mosquitoes in patch 7 (with /=1, 2, ..., 1) based on
the above assumptions are then described by the following differential equations with non-

negative initial conditions satisfying Nf (0) >0:

dS! S parh, phph h_ Al on b (k) ch, &S ch
T =UNIBIRI+r] - S ST - ) (Ni)Si+Z]90iij’
, =
B! MR oh (b ook (wk)) ph © Eph
7 =St (e (V] ))Eﬁ.z]%:ij’
! =
dry h h ho ko oh Nk Th = Tk
L =V'E! —(rf’+al. +yI+f (Nl. ))Ii Z]gol.jlj,
J=
dR} hrh _ (pha ¢h (R pho w R ph
Z =91 _(ﬁi +f; (Ni )) Ri+zl(pinj’ (2.1)
]:
8 ey Gy AR B sy
ra _/liNi_N_thi_N_thi_f; (Ni)Si+,Zl¢’iij’
=
dE: L{:”.u:..ll{l v dlh‘u:R{’ v V vV Vv v & E Vv
T =SS = (v, (Ni))Ei+j:1¢ijEj,

ai  _ vpv v v\ v < Iy
Z =VE - f (Ni)1i+zlwﬁlj,
]:

where

f (Nlh ) =p;+p; Ny is the density-dependent death rate for humans;

v

1 (N}) = +p} N} is the density-dependent death rate for mosquitoes;
A" is the birth rate of humans;

A! is the birth rate of mosquitoes;
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a; is the mosquito biting rate,

c}"’ is the probability that a bite by an infectious mosquito on a susceptible human will
transfer the infection to the human;

cf’" is the probability that a bite by a susceptible mosquito on an infectious human will
transfer the infection to the mosquito;

d}'h is the probability that a bite by a susceptible mosquito on a recovered human will
transfer the infection to the mosquito;

vﬁ’ is the progression rate that exposed humans become infectious;

v; is the progression rate that exposed mosquitoes become infectious;
r! is the recovery rate that infectious humans become susceptible;
al'is the recovery rate that infectious humans become recovered;

y! is the disease-induced death rate for humans;

,Bf’ is the rate of loss of immunity for humans;

soi’; > 0for K= S, E, I/, Ris the immigration rate from patch jto patch 7for i # jof
susceptible, exposed, infectious, and recovered humans, respectively;

%L,- = 0for L = S, £, /is the immigration rate from patch jto patch /7for j# = jof
susceptible, exposed, and infectious mosquitoes, respectively;

—¢k > 0for K= S E I, Ris the emigration rate of susceptible, exposed, infectious, and
recovered humans in patch / respectively;

—yk > 0for L=, E, /, is the emigration rate of susceptible, exposed, and infectious
mosquitoes in patch / respectively.

For simplicity, death rates and birth rates of the individuals during travel are ignored. Thus,
we have

n n
¢h== > ¢k K=S,E LR, andyf=~ Yk L=S,E,I,1<i<n.
j=1 J=1

J# JE

Unless otherwise indicated, the travel rate matrices (sﬂff)nxn for K= S, E /, Rand (l!/&)m for

L =5, E, /are assumed to be irreducible. Here the movement of humans and mosquitoes
between patches is governed by the Eulerian approach (Cosner et al. [9]), that is, humans
and mosquitoes change their residences when they move from one patch to another patch. It
is worth noting that they may have different spatial scales because humans can travel much
longer distances than mosquitoes.

In the absence of disease and dispersal, both human and mosquito populations in each patch
are modeled by the logistic growth. For the persistence of the dispersal system, we assume
that
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s(((4F - ) oiry), ., ) >0 and s (45 = ) 8i+053), ., ) >0,

where sdenotes the spectral bound of a matrix which is the largest real part of any
eigenvalue of the matrix and & ; denotes the Kronecker delta (i.e. 1 when /= jand 0

otherwise), or else they will die out in all patches. This implies that 27>u” and 4;>; for
some 7and J.

Furthermore, it is assumed that all parameters in the model are strictly positive with the
exception of the travel rates.

Let N" (0= NI and N' (=) Ni (), The following theorem demonstrates that
model (2.1) is mathematically well-posed and epidemiologically reasonable.

Treorem 2.1. Consider model (2.1) with non-negative initial conditions satisfying N7 (0) >0
fori=1, ..., n. Then the system has a unique solution and all disease state variables remain
non-negative for all time t = 0. Moreover, both the total human population N(t) and the
total mosquito population NV(t) are bounded.

Proof. The vector field defined by (2.1) is continuously differentiable, so the initial value
problem has a unique solution which exists for all = 0. The non-negative property of state
variables can be easily verified.

1

Denote X =Max (4 = 17)>0 ang p'=minp; Then
o ?_il (4Ny =1 (N)N) :,_il ((/l}' — 1) N} = P}'(N}’)z)
B n n 2 - n n 2
S ONET (M) <x' LNy - p"( b N;‘) /n

:X\'N\' _p\'(NV)Z/n: (X\' _vav/n) N'.

Hence, by a comparison theorem, A¥({) is bounded from above by max{/mV/(p", N¥(0)}.
Similarly, we can find an upper bound for (. The proof is complete.

3. Threshold dynamics

We first show the existence of a disease-free equilibrium (DFE) for (2.1), then calculate the
basic reproduction number &, and give an estimate of it. Uniform persistence of the disease
and the existence of an endemic equilibrium are discussed at the end of this section.

3.1. Disease-free equilibrium

A disease-free equilibrium is a steady state solution of system (2.1) where there is no
disease, namely, $*=5"*>0, $Y=5*>0, and all other variables E”, E}, I!', I, RI=0 for /=1,
2, ..., n. The partially immune human, R”, is regarded as infected because individuals in this

status are still infective to susceptible mosquitoes. Mathematically, if E¥=E}=1"=1'=0 for
all 7at a steady state, then by summing the fourth equation of (2.1) up from 1 to /7, we have
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Z(,B +£1(N1)) RMZZgaijj Z Br+fl (V) R"+ZZ¢1’5
i=1 j=1 i=1 j=1
Hence, —Zi:, (ﬁ?+fih (N?))Rﬁl:(). This implies R"=0 for /= 1,2, ..., n
Let S"*= (s, 85", ....8M") and $™*=(S}". S5".....5}"). Thus there is a DFE for (2.1) if and
only if ™ and Sv* are positive equilibria to the subsystems
dst
i _yhgh _ h
— =S ")s! +Z¢,]S l<i<n @
and
=AS] - S+Zzﬁij,1<z<n 3.2)

respectively. They are guaranteed by the following lemma.

Lemmwa 3.1. Let IntR", be the interior of R7. For system (3.1), there is a unique nonzero
equilibrium $”* e IntR" which is globally asymptotically stable with respect to R”\ {0}.
Moreover, if 2/>u! for 1 < i< n, we have

b h
Pt = min < SM < Qf = max Lk
I<izn [ T l<izn Lh
/lh _’uh
h i i
;= — . h h h
where ' b forl<i<pand L= (Ll, Y S ,,) is the unique solution to

Zgo,/Sh 0,i=1,--- ,n, and S'=1

with L?>0 for 1 <7< n-1and L=1. Similar result holds for system (3.2).

Proof. 1t is easy to see that system (3.1) is cooperative and irreducible. The existence,

uniqueness and global asymptotic stability of S can be proved by applying Theorem 6.1 in

Hirsch [18] or Corollary 3.2 in Zhao and Jing [50].

Let L= (L'{ Y n) be the right eigenvector of the irreducible matrix (%,)

nxn

corresponding to the principal eigenvalue 0 normalized so that its last entry equals 1. The

existence, uniqueness and positivity of £ is proved in Lemma 1 of Cosner et al. [9] or

Lemma 2.1 of Guo et al. [15]. We denote by #7the vector field defined by (3.1) and let o

denote the corresponding flow. Then the jth component of /7 evaluated at /7.7 satisfies
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Al (mLf) - f* (L) - mLf?+él¢fij’;=A? (mLl) - £ (mLE) - mL

Ayt K
—m (A - ) - plmLl) Lr=mpl L ( Lt~ ) L=mp Ll (L_ - m) Lt
K"
. < min —
form>0and i=1, ..., n Thus A(mL") >0 for ™ = 1mg1£1Lfl and #(mL") < 0 for

k!
"= flgl?gﬁL_fl In particular, 7(P") = 0 and #(Q") < 0. It follows from the theory of monotone
dynamical systems (Smith [39]) that ¢ (Ph) is non-decreasing and ¢ (Qh) iS non-increasing
for £2 0. Since both ¢/ (P*) and ¢/ (Q") converge to 5, we have A7< §7 < Q.

3.2. The basic reproduction number

To derive the basic reproduction number 4, for (2.1), we order the infected variables first
by disease state, then by patch, i.e.,

s dns s tno n

h 1-h h v v v gh th h v v v ph ph h
EMEL . ENEVE,. . ELIL. DL, L.R.R... R

and follow the recipe from van den Driessche and Watmough [45] to obtain

0 0 0 Ag O A
0 0 A;3 0 Ay 0 A
F=]10 0O 0 0 0 and V= —A3] 0 A33 B
00 O 0 0 0 —Ag 0 Agq
00 O 0 0 0 0 —As3 0 Ass

where

An=(6; (Vi+ 11 (ST7)) = €)= (0 (i1 4018 ) = )

nxn’

A=(0y (87 (S17)) = ), ~(00 Vit +0iS 1) = o)

s
nxn

A31=(617v?) ,=diag {v’]1 VA vZ}

nx

An ={oy (+alarlef! (S7)) =)
=(03 (M +at eyl sulepiSE) - o)

Xn

s
nxn
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A42:(6l-jv}') n=diag {v‘]’, V5o, v);} ,

nx

Aw={0uf] (1°) = w5),,.,~(0u (i IS ") )

nxn’

N ANET hoh h
A53_(6Ua/,- )nxn—dlag {cxl, Uyyeees an} s

Ass=(6 (BI+17 (SI7)) = i) =05 (B4} 4075 17) = ¢])

nxn nxn’

_ Vo T vh v vh v vh v
A64—(6,~jcl. a; )nxn—dlag {cl aj,cy dy,...,Cp an} s

Ap=(0ycl"a}S " /S¥)

nxn

syt

xn'

The terms Agy, A7z and Ays are named after the partial derivatives of the vector fields of
susceptible humans to infectious mosquitoes, susceptible mosquitoes to infectious humans,
and susceptible mosquitoes to recovered humans, respectively.

Since Ajfor /=1, ..., 5, is a strictly diagonally dominant matrix, by the Gershgorin circle

theorem, the real parts of its eigenvalues are positive and therefore A7 Vexists. So the inverse
of Vexists and equals

-1
All -1
-1 -1 0 -1 4 -1
vil=|  AAsA7] 0 A3
0 A ARAS, 0 Ay
AsAsdpAndll 0 AGAsAy 0 Ay

Thus, the next generation matrix (see Diekmann et al. [11]) is

0 M* 0 AgsAZ) 0
1 M 0 (As+As5A3lAs3 )AL 0 AgsAsl
Fvi'=l o o0 0 0 o |
0 0 0 0 0
0 0 0 0 0
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where M"'=Ag A7l ApAs) and M= (A73+A75A5) As3) A33 A1 AT, Note that MY and M
account for new human infections due to each infectious mosquito and new mosquito
infections due to each infectious or recovered human, respectively.

By calculating (FV"1)2, we find the basic reproduction number

Ho=p (M),

where p denotes the spectral radius and Mis the product of Mand M7 e,

M =M"th"=A64AZiA42A£21 (A73 +A75A;51A53) A;§A31AI11
:A64AZJ A42A521A73A;31A3 1 A]_]1 +A64AZJA42A£21A75Ag51A53A;31A3 1 A]_ll .

The first term in Mrepresents infections related to infectious humans, while the second one
describes infections related to recovered humans who survive the infectious class and
acquire partial immunity.

Theorem 3.2. The disease-free equilibrium of (2.1) is locally asymptotically stable if #,<1and
unstable if gz,>1.

Proof. To prove the stability of DFE, we need to check the hypotheses (A1)—(A5) in van den
Driessche and Watmough [45]. (A1)—(A4) are easily verified while (A5) is satisfied if all
eigenvalues of the 7,7 x 7 matrix

have negative real parts. Here J; is a 277 x 5nmatrix and J; = diag{ Df(S™), Df*(5"*)}
where 7~ denotes the vector field defined by (3.2). By Lemma 3.1, 5(J4) < 0. So is &(J).

Remarc 3.3. The basic reproduction number for the #th patch in isolation (i.e., there is no
travel between patch i and other patches) is given by

o | @) (el (peat) vl (4 - i)t

. (33)
O\ () (et e ) (B ) () (= e

i 2
This is slightly different from Ngwa and Shu's [33] which is (%) .

It is easy to see that in calculating #,, the matrix M is a positive matrix (all entries are
positive) and hence p(M) is an eigenvalue of Mand it is simple. In fact, it follows from

Corollary 3.2 in Smith [39] that AZ', /=1, ..., 5, is a positive matrix. Moreover, as a

i !

consequence of Theorem 2.5.4 in Horn and Johnson [19], we know the determinants of both

Al.‘,.l for/=1,...,5and A73+A75A5‘51A53 are positive. So is M. In particular, M has two
distinct positive eigenvalues when 7= 2. This fact will be used later.

Similar to Theorem 2.3 in Salmani and van den Driessche [37] and Theorem 3.2 in Hsieh et
al. [20], we have the following result which gives bounds on the basic reproduction number.
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(i) i i
Theorem 3.4. maX(‘ZO ) < jg max(%f) +max(@)

1<i<n

(%(l)) =c! ha! (,u +p!S Y — l//”)_l (v U +p!S T — z//”)_l
(Chsa—hs+dh;hs (Br+ul+plst - o) oz,-)

-1
h h g h= ! h hqh E
'(rfl“'“i Y] OIS ‘pii) V?(Vfl"'/“‘t ;S - ‘pii) ’

and

(@) ~paursaisy) lrmmisy) S5

-(r?+aﬁ’+7?+u§’+p?5 B) Vs )

(F) =crawpysy) vy (viupeorsy) S (Bl )

af(ri+arl v+ +Pf’5?*)_ ViVl +phSh*) 1

Proof. The lower bound can be proved by applying Fischer's inequality (see Theorem
2.5.4(e), Horn and Johnson [19]) to estimate the diagonal entries of matrix A5, /=1, ..., 5.

In fact, for example, let A1 = (aj) xpand Afll=(<¥ij)
therefore

then 1/g;;< ajifor i=1, ..., nand

nxn’

0 < diag {1 /a1, ..., 1/am} < diag{aii,.. ., @) < A7).

To establish the upper bound of &, observe that, for example,

-

T(AuB)=1 = T (BuAy)=1,

where T=(1,1,..., 1), and Bu=Aas — (v};) =diag {f} (S}").... £ (S;")}. This implies
that the spectral radius of B44A;i is 1 and hence

p(Au) =p (B BuAy) < p (Bt )p (Buadll) =0 (B

Finally, the proof is complete with the properties p(MLM,) = p(MyMy) and p(My + My) <
p(My) + p(M) for any square matrices My, M, with the same order.

Rewarc 3.5. The trick in finding an upper bound for the basic reproduction number seems
very useful for general epidemic patch models. With such a trick, one can prove the upper
bound in Theorem 2.3 of Salmani and van den Driessche [37] without any additional
restriction on the parameters which is a nice improvement. Also, the trick can be used to
prove the upper bound in Theorem 3.2 of Hsieh et al. [20] without assuming that d;= dfor 7
=1,2,...,n

SIAM J Appl Math. Author manuscript; available in PMC 2013 May 28.
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Rewar 3.6. When A7>4% and > for 1 < /< n, a combination of Lemma 3.1 and Theorem
3.4 yields an estimation of %, which only depends on model parameters. However, this
result might have little use, because we omitted some terms in the process of estimation.

persistence and the endemic equilibrium

Under certain conditions, we can use the techniques of persistence theory (Freedman et al.
[14], Thieme [43], Cantrell and Cosner [6], Smith and Thieme [40]) to show the uniform
persistence of the disease and the existence of at least one endemic equilibrium when gz,>1.
The proof is similar to Theorem 2.3 in Wang and Zhao [47] and Theorem 3.2 in Lou and

Zhao [23]. For convenience, we denote the vector (S}{ ®,...,s (t)) by S(9 for t=0. £1(8,
(8, R1(D, S¥(8), £¥(2) and /(?) can be introduced similarly.

Treorem 3.7. Let e17 denote the disease-free equilibrium of (2.1), W5(eq4) be the stable

manifold of e11, and Xg be R?. x IntR" x R x IntR3". Suppose that 7,>1, then we have
Ws(e11) N Xg = . If, in addition, assume that

() - —yisofori=1,2,....n;
(i) <p§>0forK:S, E.LR =12, ...,ni#];

W) wsofori=1,2, .. .n(orvi=vi=vlfori,j=12, ..., n).

Then the disease is uniformly persistent among patches, i.e., there is a constant x > 0 such
that each solution ®y(xo) = (SN(t), EN(Y), 1N(t), RN(t), S¥(1), EV(t), IV(1)) of system (2.1) with
Xo = (S"(0), EN(0), 1"(0), RP(0), S¥(0), E¥(0), I7(0)), € X satisfies

lim inf (E* ). 1" 0).R" (1) .E" (1) . 1" () >(k. K . ... K15

and (2.1) admits at least one endemic equilibrium.

Proof. We show first that U(e11) N Xp = & whenever g,>1. Define

(6501) O 0 (6sc;"a),, 0
0 (6'7'0;’)an (6ijclh‘,a;,)nxn 0 (6ijdll?va;’)”l><"
A= 0 0 (6ijp fZ)nxn 0 0
0 0 0 (6361) 0
0 0 0 0 (6561) s

and M. = F- V- eA. It follows from Theorem 2 in van den Driessche and Watmough [45]
that 4z,>1if and only if s(F- V) > 0. Thus, there exists an €1 > 0 such that s(A//) >0 for e
€ [0, e1]. Let | - | be the Euclidean norm in R”". Choose m small enough such that

ST S7(0) St(0) .\ e .
— > ————¢,———>1-€,N/(0) < S}"+e and N} (0) < S " +¢
NE@©) ~ 5™ (0) N"(0)

fori=1,2,...,n |Xg— e11] £m. We now show that
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lim sup|®; (xg) — &11[>n forxg € Xp.

t—00

Suppose, by contradiction, that there isa 7> 0 such that |®{xq) — e11| < m for £= 7. Pick @
(X0) € Xp as new Xg, then |®[xq) — e11] < m for £= 0 and

h
dd_t > Clh \I\ (1-¢)- (V +f (Sf-'*+61)) E?+Zn:905E77
=

' Sl* S\* , , . , n
— > cf-" a}]lh (S;’* - 61)+dh‘ a; Rh [S—h - 61] (v}'+fi‘ (S; +6])) E;’+ZW§E;,
=1

h
O s Bt~ (ol (sl e Yol
J=1
dl’;
d_z VIE] — S +511+Zw,”,

dR! N
T 2 o (B At (S e R D R,

J=1

Consider an auxiliary system

dow (1)
dt

=M,w (). (34)

Note that M, is an irreducible, cooperative matrix for sufficiently small ;. Using the
Perron-Frobenius theorem, s(M,) > 0 is a simple eigenvalue associated to a positive
eigenvector. It then follows that any solution of (3.4) with positive initial value goes to
infinity as £— oo. By the comparison theorem, we have

lim (Ef 0, E7 @), I} (0. I} (1), R} (1)) = (o0, 00, 00, 00, 0) ,i=1,2, ... .

Suppose (i) and (ii) hold. Let X= {XO € RI":N} (0)>0 fori=1,2.. n} We now claim that
there exist 7+ 1 positive constants C1, C», ..., C, and A such that

X={x0 € X:N}' (0) 2 ¢ fori=1,2,...,nand N* (0) > A
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is closed positively invariant and each orbit of (2.1) starting in X eventually enters into .
The proof of this claim is straightforward, but tedious, we refer to Theorem 2 of Cui and
Chen [10] for the approach.

Let Xo={xo € X :E/' (0), 1! (0) R} (0) . E} (0). [} (0) >0 for i=1,2,....n}, and g%o=% X, It

is sufficient to prove that system (2.1) is uniformly persistent with respect to (Xo, 5Xo).

Obviously, X, is relatively open in g. It is easy to check that X, is positively invariant.
Theorem 2.1 implies that system (2.1) is point dissipative. Define

My={xo € 9Xo:®, (x0) € 8%, V1 2 0},
Dy={xo € X:E! (0) =1} (0)=R] (0)=E] (0) =1} (0)=0, Vi € {1,2,....n}},

D={xp € X:8] (0)=E} (0) =I} (0)=0, Vi € {1,2,....n}}.

We claim that Mj, = Dy U D». Clearly, D1 U D, C Mj. It suffices to show that My C Dy U
D,. For any x, € X\ (D; U D,), We have N7 (0)>0, /=1, 2, ..., n, and

D" (EL©)+1F (0) +RE (0) +E (0) +1} (0)) 0, )" (S} (0) +E (0) +1;' (0)) >0.

i=1 i=1

By the form of (2.1) and the irreducibility of travel rate matrices, it follows that
@, (Xo) € X, for >0. Hence xo & Mj and the claim is proved.

Let _o>=((), 0,...,0),, Itiseasy to verify that there are exactly two equilibria in Mj, i.e.,

R e R R o R
810:(5 »0,0,0,0,0, O)and 811:(5 »0,0,0,57,0, 0). Clearly, the total mosquito
population AV(§) is permanent with respect to Xy provided that (iii) holds, and hence there is
a & > 0 such that

lim sup|®; (xg) — &10| = 6 for xg € X).

t—00

Consequently, both {e10} and {e11} are isolated invariant sets in X, WA(e1g) N Xy = & and
WA(e11) N X = . Notice that every trajectory in M, converges to either e1g or £11, and
{e10} and {e11} are acyclic in My. It follows from Theorem 4.6 in Thieme [43] that system

(2.1) is uniformly persistent with respect to (f(o, (95?0).

A well-known result in uniform persistence theory says that a bounded and uniformly
persistent system has at least one interior equilibrium (see Hutson and Schmitt [21] or
Theorem 2.4 in Zhao [49]). Since system (2.1) is bounded and uniformly persistent, we

. - ~ sh =h h sh =v mv = - ) )
conclude that it has an equilibrium & = (S ENTR'SET ) € Xo. By the first and fifth
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equations of (2.1), we find that §” € IntR” and §" € IntR”. which indicates that  is an
endemic equilibrium of (2.1).

Remarc 3.8. For =1, the theorem is an improvement of Proposition 3.3 of Ngwa and Shu
[33]. By using the method in this proof, one can get similar or better results for some other
epidemic metapopulation models such as those in Hsieh et al. [20] and Salmani and van den
Driessche [37].

4. The dependence of 5 on parameters

In an epidemic model, once the basic reproduction number is calculated and shown to be a
threshold for the dynamics of the disease, a natural question about disease control is how the
reproduction number depends on the model parameters. Is the dependence in a monotone
way (Mdiller and Hadeler [29])? For a very special case of a two-patch epidemic model,
Hsieh et al. [20] showed that (Theorem 4.2) R, decreases when the travel rate of infected
individuals increases. See also Allen et al. [1] (Lemma 3.4). In general there are very few
results on this aspect. For model (2.1), it is easy to see that all parameters are directly or

indirectly contained in #,. Obviously, &, increasing with respect to c}"’, cf”’, df‘" ora;. By

Theorem 2.5.4 in Horn and Johnson[19], an increase in A7, /' or / will decrease 4,. The
dependence of 4, on other parameters is more complicated. For example, unlike in the
single patch model, the following result indicates that in a multi-patch model the parameters

v/ or v} can decrease or increase 7, and even more complicated dependence may exist.
Recall that %’Szp (M), where p denotes the spectral radius and

M=AuA; ApnAs, (A73 +A75A§51A53)A§31 A31A7]. Only Ag; and Ay; contain v while only A
and Ay, contain v!. Then we have p (M) =p (A"A31A7} ) =p (A"As243) ), where

A"=AgA ApnAs, (A73+A75A§51A53) Az and A= (A73+A75A5_51A53)A§31A31A|_|1A64AZJ are

positive matrices with positive determinants. For 7= 2, that is for the two-patch submodel,
the question is reduced to a matrix problem.

-1
A= e f Vi Vi +a1+k1 —kz
Prorosimion 4.1. Let™ g h V) —k; vo+ay — ko , where all invoIving
parameters are positive and satisfy en > fg. Then p(A) is decreasing in v if

+k +k
Bt (e+g)+a—2g)a1kl+(l+a2 2)a%g<0
v vy

1%

((l+i£) (e+g) — f - h) k%+ (e — h+2g+
2

2

and increasing otherwise.

Proof The matrix A is the product of three matrices which correspond to A”, Ag; and A;ll
(or, A, Agp and Agzl) in M, respectively. So here v, represents Vf’ (Or V}') and kjrepresents
@5 (oryf)for i, j=1,2and i# j

Note that A has two distinct positive eigenvalues and the inverses of the eigenvalues of A

are the eigenvalues of A~1. Thus it suffices to consider the monotonicity of the smaller
eigenvalue A1 = 1/p(A) of AL on vy.
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L H T
Let a,=a,+k; and ay=a, +ky, and letl =% W g h |  then X, ¥, z, w>0and xw> yz.
The characteristic equation of matrix AL is A2 — Z1+.2=0, where

P=tr (A_l) =x (V] +(_1] ) [vi+yky [vi+zka [vo+w (v2+(_12) /va,

2=det (A7) = (aw - y2) ((vl+&l)(v2+a2) - klkz) / (niva).

Thus, ’llz(ﬂ@ - NP2 - 4’@)/2 and 04, /0vi= (2 =P P =2 2) | NP> - 42/2, where
P =0P|dv;= — (xc_11+yk1)/v%<0 and

D=0.2/0v,= — (xw — y2) (&1 (v2+6_12) _ klkz) /(v2) <0 Then

QN[>0 = P -2 9 <0and(2) 2+(2) - P 2.2 0.

The second inequality is equivalent to
(yva+wk) k%+ (xva+zks) ark;> (zc_tl +wky ) (v2+(_12) as. (4.1)

Claim: (4.1) implies 22 g» _2 & <. In fact, we have

-P PV = (x L+ay /vy | +yk, [vi+zka/vat+w [ 1+ay /va )| [ xar +yk,

(x+zk2/v2+w (1+6_12/v2)) (xc_ll +yk; )

= ((xv+zk2) +w (v2+512)) (alkl +yk%/x) x/ (k1vp)

> ((yv2+wk2) kf+ (xva+zko) ark; — wkzk%+w Vatay c_llkl)x/ (k1vp)

> ((zc_q+wk1)(v2+(_12)c_zl _ wk2k$+w(vz+a2)&]kl)x/ (iva) by (4.1)
> (2w (V2+a2)&,k, _ wkzklz) x/ (kyva) = (zxm,&] (v2+(_12) _ xwklkz) Jv
2 (ow — y2) (51 (v2+c_t2) _ klkz) Jva=—2 242,

The proof is complete by substituting a,=a, +k; and a,=a,+k, into (4.1).

Remarc 4.2. The biological interpretation of the inequality in Proposition 4.1 is not easy.
However, if the emigration rate k1 = 0, then the inequality is always failed and p(A) is
consistently increasing in v1. So, the decreasing phenomenon is due to the emigration of the
corresponding exposed class and shortening the exposed period (1/v1) makes them migrate
less to the other patch.

In the rest of this section, we will study the dependence of &, on the movement of exposed,
infectious, and recovered humans for the two-patch case. As far as we know, there are very
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few results on this topic (Theorem 4.2 in Hsieh et al. [20], see also Allen et al. [1]). Note
that only A contains 905 and only Ags3 contains sofj. We know p (M) =p (AEAIf ) =p (A1A§31 )
where AE=A64ALIA42A§2] (A73+A75A§5] A53)A§31 Aszrand

A1=A31A1_1] A64AZJA§2' (A73+A75A§5'A53) are positive matrices with positive determinants.
We first consider the case when the travel rates of exposed, infectious, and recovered
humans from one patch to the other depend on both the residence and disease status. The
question then becomes a matrix problem as follows.

e f] a1 +k; —ky -

Prorosition 4.3. Lez‘A:[ g h -k ax+ky | , where all involving parameters are
positive and satisfy eh > fg. Then p(A) is decreasing in ky if(e+ g)la, > (f+ h)la and
increasing otherwise.

Proof. The matrix A is the product of two matrices which correspond to AF and A]ll (or, A

and A;31) in M, respectively. Here kjrepresents saﬁ (or 90;,-) for/,j=1,2and i# /.

It suffices to consider the monotonicity of the smaller eigenvalue A1 = 1/p(A) of A™L on k.

T
LetlL =2 W & h | Thenx y, z w>0and xw> yz The characteristic equation of
matrix A2 is 1> — P 1+.2=0

P=tr (A7) =x (ay+ky) +yk + 2o +w (ar+hs)

D=det (A7) = (ow = y2) (ar+h) (aztha) = ki)

Thus, 41= (gz - N2 - 43) /2, Direct calculation yields
am/a/q:(@ (2 & -2 9) N _4,@)/2’ whete 57 -9 3k oty and
D =02/0k1=(xw — yz),o- Then

N[>0 — P 22 9< 00t () 2+(2) - P 22 <,

which is equivalent to
(x(a1+ky) +yk +zka+w (a2 +k2)) (x+y) =2 (xw —y2)ar <0 (4.2)
or
(xka+y (ar+k2)) ((x+y) a1 — (z+w) az) (xw — yz) <0.  (4.3)
Since xko + & + ko) > 0 and xw> yz, (4.3) isreduced to (x+ Y)a; < (z+ Wa. Itis easy to

verify that (4.2) implies (4.3). Therefore, when (x+ Ya; < (z+ Wa, i.e., (f+ hla < (e+
9 ay, p(A) is decreasing in Aq.
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Remarc 4.4. The conclusion in Proposition 4.3 still holds if ¢, 4, a1, & >0, £, g, ki, ko= 0, eh
> fg, and hky + & + kp) > 0 (namely, k> > 0 or > 0 which implies that there is also
infected (exposed, infectious, or recovered) human or infected mosquito migration from
patch 2 to patch 1). In particular, when only the two classes associated to &1 and 4, travel

between patches, p(A) is decreasing in A if (g+e) /ai=e/a1=% > (f+h) Jar=h|ar=2,.
Biologically, this means that the disease outbreak becomes less severe if more people
migrate from the high transmission area to the low transmission area.

Rewarc 4.5. If hiky + & + kp) = 0, namely & = 0 and 7= 0, which means no infected
(exposed, infectious, or recovered) human or infected mosquito migrates from patch 2 to
patch 1, then

S

We have p(A) = max{é&/(a, + k1), Ala} which is non-increasing in Aj.

ai+k; 0 ]‘1_ e/ (ay+ky) 0
ki ay | | (gar+hky)/ ((a1+ki)a) hlay |

The following result assumes that the travel rates of exposed, infectious, and recovered
humans depend on disease states but are independent of residences (i.e., the travel rate

matrices (wf)m and (‘pf/)m are symmetric).
-1
Azl € f a+k -k
Prorosmion 4.6. Let™ | g h -k ax+k | ,where all involving parameters are

positive and satisfy eh > fg. Then p(A) is decreasing in k if (e+hla, > (g+ M)l a and (e + g)la
> (f+ hla, or(e+ Hlay < (g+ hla and (e + g)lay < (F+ W)l ay; and increasing otherwise.

Proof. We use the same notations as in Proposition 4.3 and consider the monotonicity of the
smaller eigenvalue A1 = 1/p(A) of A1 on k The characteristic equation of matrix A1 is

22— PA+2=0, Where P=yx (a; +k) +yk+zk+w (ar+k) and 2= (xw — yz) ((a1+k) (ar+k) - kz).
Obviously, 27 =92 0k=x+y+z+w and @ =9 2/0k= (xw — yz) (a1 +a»)- Then

000k >0 = P 22 9<00r() 24(2) - 7 2 <0,

which is equivalent to
(x (a1+k) +yk+zk+w (ap+k)) (x+y+z+w) <2 (xw — yz) (a1+az)  (4.9)
or
—((x+2) a1 — (+w) a2) (x+y) a1 — (z+w) az) (xw — y2) <0.  (4.5)

Since xw> yz, the solutions to (4.5) satisfy (x+ 2 < (y+ Wa and (x+ Ya; < (z+ Way,
or(x+2a > (y+ wa and (x+ Y)a > (z+ w)a. It is easy to verify that (4.4) implies (4.5).
The proof is complete.

Rewarc 4.7. The monotonicity of p(A) is still true if e, /, @, & >0, £, g k= 0and e > fy.
Epidemiologically, this means that the disease trend depends on a double-side effect. If f=g
=0, p(A) is always non-increasing in Awhich means that travel can reduce the disease
severity when only the two classes associated to A migrate between patches.
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So far all our analyses are carried out for all three classes of humans: exposed, infectious
and recovered. However, one would expect that the effect of the recovered human
movement is different from that of the other two classes. In fact, the last two propositions do

not work for the movement of recovered humans R} which is related to different matrices,

[ e f [ d ] a+ky  —ky |7
ie,| g h dy ki artky and
[efHdl ]+ a+k k|
g h d —k ar+k | ) where all parameters are positive and en> fg. A

tentative analysis suggests that similar, but more complicated, results may hold for the
recovered class.

Therefore, for the two-patch submodel, the basic reproduction number g, varies
monotonically with the travel rates of exposed, infectious, and recovered humans depending
on their disease states. This demonstrates that if there is enough travel of humans between
the two regions malaria can be sustained in the region with lower or no transmission.
Screening at borders usually can help to identify infected individuals with symptoms but not
those individuals with subpatent parasitaemia or those with only liver stage infections
(exposed). The analysis in this section shows that the travel of the infected individuals, with
or without symptoms, can contribute to the spread of the disease from one patch to another.
Thus, as far as malaria is concerned, screening at borders is not an effective control measure.

These results can be applied to general multi-patch models when the impact of population
dispersal on the spatial spread of an infectious disease is concerned. When the travel rate is
independent of the disease state, but may or may not be independent of residence, the
relationship between , and the travel rates of exposed, infectious and recovered humans
becomes even more complicated and non-monotone dependence can occur. We will
investigate these situations by presenting some examples in next section.

5. Numerical simulations

In the case when two patches are concerned, we study the effects of population dispersal on
disease dynamics by performing numerical simulations. Some of the parameter values are
chosen from the data in Chitnis et al. [8] and the references therein.

Exaweie 5.1. To compare the importance of human movement of different exposed, infectious
and recovered classes in the geographical spread of the disease, we need to do sensitivity

analysis of the basic reproduction number 4, on the dispersal rates <p§, <Pfj and <P§,
respectively.

Assume parameters in system (2.1) are as follows: 27=5.5 x 107, u'=8.8 x 1075,
pI=2.0x 1077, 2/=0.13, u!’=0.033, p}=4.0 x 107>, ¥*=0.1, v;=0.083, r'=2.2 x 1077,
af=4.8x 107, y#=2.0 x 107, gI=3.5x 107, a/=0.14, for /=1,2, and ¢}"=0.11, ¢}"=0.08,
d=0.02, ¢;'=0.02, 3"=0.337, d5'=0.06. These parameters yields the respective basic

reproduction numbers in isolation of %, ’=1.0127>1and %,’=0.8535<1 Thus, malaria is
endemic in patch 1 and dies out in patch 2.

With migration between patches, we take the same travel rate for mosquitoes from one patch
to the other, namely, =y, =y, =y3, =y =y} =0.01. For human movement, we assume
that the travel rates are independent of residences and choose ¢7},=¢3,=0.15 for the
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susceptible. Now we keep two of the three travel rates, i.e., ot =05, =k, ¢},=¢5,=0.1k and

¢ =¢8,=0.4k, fixed with k= 0.1 and let the remaining one decrease with 4 from 0.1 to 0.
For example, if the first two travel rates are fixed with A= 0.1 and the remaining one

decreases with & from 0.1 to 0, then ¢},=¢5,=0.1and ¢},=¢5,=0.01, and ¢§,=¢5 =0.4k, k€
[0, 0.1]. The curves of %, against kare illustrated in Fig 5.1(a). The monotonicity of the
curves is predicted by Proposition 4.6. Since %,=1.0006>1as = 0.1, the disease is
endemic in both patches by Theorem 3.7. To eradicate the disease, it is more effcient to
restrict the travel of infectious humans in case we can only control the travel of one of the
exposed, infectious and recovered human classes.

However, the optimal control strategy is changed if the parameter values are varied. For
example, taking the same parameters as above except that cg"=0.23 and d’;"=0.1365, then

Z\"=1.0127>1, %=0.8497<1, and 72,=1.0002>1 s k= 0.1. From Fig 5.1(b), the only
choice is to strictly control the travel of the recovered humans while travel restriction on the
exposed and infectious humans has an adverse influence on disease control.

Exaweie 5.2. For model (2.1, we present an example where the disease dies out or persists in
each isolated patch but becomes endemic or extinct, respectively, when there is suitable
migration between them. In fact, such a scenario may happen even for two identical patches
from the aspect of ecology and epidemiology.

Case 1: Z,"<1and %<1, but 7,>1. For j=1, 2, suppose A"=5.5 x 1075, ;/=8.8 x 107¢,
pI=2.0x 1077, 2/=0.13, 1/’=0.033, p}=4.0 x 107>, ¥"=0.1, v/=0.083, r/'=2.1 x 107,
af=4.8x 107, y'=1.8 x 107°, BI'=2.7x 107, a/=0.14, c}*=0.11, c"=0.08, d/"'=0.008. We
choose the travel rates as follows: ¢},=k, ¢},=¢},=¢%,=0.2k, ¢3,=0.5k, ¢5,=¢} =¢5 =03k
and v, =y, =y, =y, =y5, =y}, =0, where kincreases from 0 to 0.10. Note that the travel

rates of exposed, infectious and recovered humans are independent of disease states but
depend on their residences and there is no mosquito migration between patches.

For the above parameter values, the dependence of 4, on kis shown in Fig 5.2. In

particular, we have %, ’=2,"=0.9557 and the disease can die out in each isolated patches
(see Fig 5.3(a)). When humans move between these two patches, even for very small travel
rate (k> 1079), Z, exceeds 1 and the disease becomes endemic in both patches (see Fig
5.3(b)) which is coincident with Theorem 3.7.

Case2: %,">1and %,”>1, but 77,<1. Use the same parameter values as in Case 1 except
that a|=a5=0.15 and the travel rates. We choose ¢},=k, ¢1,=¢|,=¢,=0.6k, ¢3,=0.5k,
o 1=¢h, =5, =0.05k, and Y}, =y, =y =y, =, =wh, =0, where k varies from 0 to 0.10.

Thus,Z,"=2%,"=1.0240 and the dependence of 7z, in kis shown in Fig 5.4. Suitable human
movement may result in the extinction of the disease in both patches, even though the
disease persists in each isolated patch (see Fig 5.5).

In studying how travel affects the spatial spread of certain disease, Hsieh et al. [20]
considered two patches, a low prevalence patch with a minor disease outbreak (basic
reproduction number in isolation is less than 1) and a high prevalence patch with endemic
disease (basic reproduction number in isolation is greater than 1). They numerically
demonstrated the possibility that for the low prevalence patch open travel with a high
prevalence patch could lead to the disease becoming endemic. However, for a high
prevalence patch open travel with a low prevalence patch could eradicate the disease. Our
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simulations in Example 5.2 present more interesting scenarios. Case 1 indicates that if both
patches have low prevalence of the disease, travel of the exposed and infectious individuals
from one patch to another would increase the chances of infecting the susceptible
individuals in the second patch, travel of susceptible individuals from one patch to another
patch would give them more opportunities to be infected in the second patch, and vice versa.
These travels would make the disease more likely to be endemic in both patches. Such a
situation has also been observed in Cosner et al. [9] for a two-patch Ross-Macdonald
malaria model. Case 2 is an ad hoc and probably less likely scenario which could occur
when all exposed and infectious individuals from one patch moved to another patch while
all the susceptible individuals in the second patch move to the first patch. This dilution of
the overall prevalence could lessen the severity of the disease so that it becomes minor in
both patches.

Exaweie 5.3. Assume all parameters are as in Case 1 of Example 5.2 except that c‘,’h=0.118,

¢#=0.08, d'=0.008, c5"=0.012, ci"=0.50, d4"=0.176, and the travel rates. This means that the
two patches differ only in infectivity, namely, one with higher mosquito infectivity but
lower human infectivity and the other with lower mosquito infectivity but higher human
infectivity. Using formula (3.3), we obtain the respective basic reproduction numbers

Z."=0.9899<1and Z.=0.9250<1 for both patches in isolation. So the disease dies out in
each isolated patch.

Next, when the patches are connected, we fix the travel rates of mosquitoes and susceptible
humans by letting y5,=y =y |,=¢5, =05, =¢5,=0.002, ¢},=¢5,=0.15 and want to see the

effects of exposed, infectious and recovered human movement on the disease dynamics. If
the travel rates of exposed, infectious and recovered humans are independent of residences

and disease states, i.e., p|,=¢|, =@, =¢5, =95, =¢4,=k, then Fig 5.6 shows how gz, varies
with & from 0 to 0.10.

The disease may die out if the exposed, infectious and recovered human movement is weak.
Stronger travel of exposed, infectious and recovered humans between patches can lead to the
disease becoming endemic in both patches. However, if the travel rate keeps increasing, the
disease may again die out in both patches. This implies that inappropriate border control on
exposed, infectious and recovered humans could have negative feedback. Observe that it is
also an example where ¢, is not monotone in the exposed, infectious and recovered human
travel rate which is independent of residence and disease state.

6. Discussion

Malaria is one of the world's most common infectious diseases and it is a major cause of
child death and poverty in Africa. This issue may become even more serious due to many
factors such as the rapid expansion of modern transportation, urbanization in developing
countries, deforestation and so on. In this paper, taking the transmission heterogeneity into
account, we proposed a multi-patch model to study the impact of mobility of vector and host
populations on malaria transmission. We have discussed the existence and stability of the
disease-free equilibrium of the model and obtained a formula for the basic reproduction
number #,. By applying some matrix inequalities, bounds on gz, were given. A sufficient
condition was obtained to guarantee the existence of an endemic equilibrium. Then the
dependence of g, on the model parameters was analyzed. In particular, for a two-patch
model, we studied the monotonicity of 4, in terms of the travel rates of exposed, infectious
and recovered humans. Our analysis indicates that 4z, varies monotonously with the
movement of exposed, infectious and recovered humans which depends on the disease state.
We should mention that the monotonicity also holds for mosquito movement. Finally, three
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numerical examples were given to illustrate the impact of population dispersal for the
disease spread. The first example explores the role of different exposed, infectious and
recovered classes in the disease propagation. The second one shows that suitable human
movement can both intensify and mitigate the disease spread even for two identical patches.
In the last example, two patches which only differ in infectivity of humans and mosquitoes
are concerned. Non-monotonicity of 4, in the exposed, infectious and recovered human
travel rate which is independent of the residence and disease state is observed. These results
suggest that human movement is a critical factor in the spatial spread of malaria around the
world. Since the travel of exposed (latently infected) human individuals can also spread the
disease geographically and screening at borders usually can only help to identify those
infected with symptom, inappropriate border control may make the disease transmission
even worse and to control or eliminate malaria we need global and regional strategies
(Tatem and Smith [42]). Accordingly, a full understanding of movement is important in
designing effective anti-malaria measures.

There is still much work to do with our model. First of all, we are interested in the global
stability of the disease-free equilibrium when gz,<1. Unfortunately, it is difficult to give an
explicit formula for the disease-free equilibrium (even for 7= 2), so is &,. Even if we
obtained such a formula, it is too complicated to use it directly. Unlike models in Salmani
and van den Driessche [37] and Hsieh et al. [20], here we cannot use a comparison theorem
for the vector-host model using their methods. Secondly, the existence, uniqueness and
stability of the endemic equilibrium is in general unclear. Thirdly, the dependence of &, on
travel rates for three or more patches submodels would be extremely complicated since the
interaction networks are more complex. However, at least we can do some numerical
simulations. Furthermore, it is interesting to test our model with field data and carry out
sensitivity analysis to develop efficient intervention strategies.

We remark that there are many possibilities to generalize the ODEs model studied here to
increase realism. For example, in the model it is assumed that all parameters are constant. In
fact, the biological activity and geographic distribution of malaria parasite and its vector are
greatly influenced by climatic factors such as rainfall, temperature and humidity (Martens et
al. [28], Smith et al. [38]). The impact of climate change can be investigated by assuming
that some parameters to be time or temperature dependent. It is also important to consider
stochastic versions of these models. The basic modeling approach of dividing the population
into subclasses according to their locations and then observing their moving behavior can be
viewed as a Markov process with random coefficients (Langevin formulation) or with
known transition probabilities between regions. We leave all these for future consideration.
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Fig. 2.1.
Flow diagram of the mosquito-borne model in patch i.
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Fig.5.1.

The basic reproduction number , in terms of k. (2) %,=1.0006 as k = 0.1, the optimal
strategy for reducing 4, to be less than 1 is to restrict the travel of infectious humans. (b)
Zo=1.0002 as k = 0.1, the optimal strategy for reducing #,, to be less than 1 is to restrict the
travel of recovered humans.
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Fig. 5.2.

7, as a function of k=¢?, with %, =2,"=0.9557. The disease dies out in each isolated
patch, but it becomes endemic in both patches even when there is small human movement.
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Fig.5.3.

Numerical solutions of system (2.1) with (a) k = 0 (no human movement) and (b) k = 0.06
(the corresponding 2z,=1.1116), respectively. In both situations, the initial conditions are
S"(0)=187, EF (0)=3, I" (0) =8, R! (0) =9, S} (0)=2310, E} (0)=10, I} (0) =4 for i = 1, 2. The
solution in (a) approaches the disease-free equilibrium, while the solution in (b) approaches
the endemic equilibrium. Note that the two trajectories in (a) coincide completely because
they have the same initial values and the two patches have the same parameter values.
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Fig. 5.4.

T, in terms of k=¢%, with %, '=28'=1.0240, The disease persists in each isolated patch, but
it becomes extinct in both patches when there is suitable human movement.
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Fig. 5.5.

Numerical solutions of system (2.1) with (a) k = 0 (no human movement) and (b) k = 0.06
(the corresponding 22,=0.9727), respectively. In both situations, the initial conditions are
Sh(0)=221, EF (0)=3, I" (0) =6, R!' (0) =4, S} (0) =2150, E} (0)=8, I/ (0)=7 for i = 1, 2. The
solution in (a) approaches the endemic equilibrium, while the solution in (b) approaches the
disease-free equilibrium. Note that the two trajectories in (a) coincide completely because
the two patches have the same parameter values and the initial data are same.
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Fig. 5.6.

Relationship be_tween Z, and k:(p]EZ:(p{Z:()DIRZ:(pgl:()(-Jélz(pg]. The dise&_lse die_s out when_ the
exposed, infectious and recovered human travel rate is small or large, it persists otherwise.
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