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Local and global asymptotic behavior of
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Abstract. In this paper, a mathematical nonlinear model system of equations describing
the dynamics of the co-interaction between malaria and filariasis epidemic affecting the
susceptible host population of pregnant women in the tropics is formulated. The basic re-
production number R,,, ; of the coepidemic model is obtained, and we investigated that it is
the threshold parameter between the extinction and persistence of the coepidemic disease.
If R,y < 1, then the disease-free steady state is both locally and globally asymptotically
stable resulting in the disease dying out of the host. Also, if R,,; > 1, the disease lingers
on. The center manifold theory is used to show that the unique endemic equilibrium is
locally asymptotically stable. However, variations in the parameter values involved in
the model build up will bring about appropriate control measures to curtail the spread of
the coepidemic disease. Numerical simulations are carried out to confirm the theoretical
results.
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1 Introduction

Coinfection is an infection of a single host simultaneously by a causative agent
with multiple pathogens which possess various strains of the disease. Malaria -
filariasis coinfection is an old parasitic disease that still poses a serious threat and
a medical challenge to the global world population, where the endemic impact is
most felt in the developing and third world countries in Africa and Asia. These
two coendemic diseases account for the world largest mortality and morbidity re-
spectively. According to the World Health Organization (WHO) fact sheet of 2018
[1], malaria killed an estimated 438, 000 individuals, where over 90 percent deaths
occurred in Africa, while 10 and 2 percents deaths were recorded in Asia and the
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Eastern Mediterranean Region respectively. Malaria is a deadly parasitic disease
transmitted to the human body through the bites of infected mosquitos, mainly
female Anopheles mosquito. The clinical signs associated with malaria after few
days are tiredness, headache, high fever, chills, etc.

Lymphatic filariasis is another debilitating mosquito-borne disease caused by par-
asitic nematode of filaroidea family. There are three types of filaria parasites,
namely, Wuchereria bancrofti, which is responsible for 90 percent of cases, Bru-
gia timori, Brugia malayi. According to WHO fact sheet of 2018 [2], 856 mil-
lion people in 52 countries remain threatened by filariasis and require preventive
chemotherapy to curtail the spread of this parasitic disease. Infection happens
when filarial parasites are deposited in human body through mosquito bite, thereby
causing damage to the lymphatic system. The filaria worms can live in the lym-
phatic vessels for 6 — 8 years, producing millions of microfilariae (immature lar-
vae) that circulate in the blood. Infected humans exhibit clinical manifestation of
lymphoedema, elephantiasis, body deformation, thereby leading to social stigma.
Nigeria is one of the subtropical countries where this codisease thrives. A. G.
Abdullahi et al. [8], reported the presence of lymphatic filariasis and malaria in
rural communities in Nassarawa state of Nigeria, see also [3, 13]. In 2014, Nige-
ria launches Africa’s first nationwide malaria and lymphatic filariasis elimination
coimplementation plan to protect the citizens from this dreaded disease [5, 7].

In this paper, our focus is on analyzing the dynamics of the spread of coinfectious
malaria - filariasis disease among susceptible pregnant women in Nigeria, who
are compliant or noncompliant to antenatal medical program to access treatment
and care to reduce cases of maternal and foetal mortality [4,6,9]. The works of
[10 — 12, 14 — 22, 24] have proved very useful in the understanding of coinfection
dynamics of the spread of diseases. Having gone through all the cited literatures
above, and motivated by the works of H.C. Slater [23] and [12,25 — 29], in this
study, a mathematical coendemic deterministic model describing the qualitative
dynamics of malaria - filariasis coinfections considering pregnant women only is
considered. The rest of the paper is organized as follows: Section 2 presents the an-
alytical discussion and formulation of malaria - filariasis coinfection transmission
model with corresponding initial conditions. In Section 3, the basic reproduction
number I, 7 is obtained. Also, in Section 4, the time-independent steady-state
solutions are found where the malaria - filariasis coinfection is present and ab-
sent in the host population, while the necessary and sufficient conditions for the
asymptotic stability of the coinfections at disease-free steady state are investigated
both locally and globally. Furthermore, the endemic steady state is analyzed by
employing the center manifold theory. Section 5 deals with the numerical simu-
lations and graphical illustrations of the behavior of the variables and parameters
involved in the model. Also, conclusions and recommendations were made.
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2 Mathematical model formulation

In this model, the total pregnant women population at time ¢ denoted N, is subdi-
vided into disjoint sub-populations of individual pregnant women who are compli-
ant to medical antenatal program denoted Sj; Individual susceptible women who
are noncompliant to medical antenatal program as S>; Individual pregnant women
infected with malaria only I,,; Individual pregnant women infected with filaria-
sis only I¢; Individual pregnant women infected with both malaria and filariasis
Iy, r; Individual pregnant women treated from malaria - filariasis coinfections as
T; Thus, Ny, = S+ S2+ Iy, + 15 + I,y +T . Since the spread of malaria - filari-
asis is being carried out by the same vector (Anopheles mosquito), the total vector
population is denoted N,; Susceptible mosquito as 5,,; and exposed mosquito as
E,, and infected mosquito as I, such that N, = S, + E, + I,.

The population of the susceptible pregnant women compliant to medical antenatal
program is recruited into the host population at constant per capita rate Ay, while
7 and 7 are represented as the fraction of susceptible pregnant women that are
compliant to antenatal medical program, and loss of immunity to the codisease
respectively. This group is further reduced by natural death rate p, and § as the
progression rate from .S;, to S> group and force of infection K,,S), and K;Sj
respectively. Hence the rate of change of the host population is thus given as

Sp=mAp — (Kma + K;)Sh — (un + 6)Sp + 7T. (1)

Also, S, is generated by (1 — ) A}, individual susceptible pregnant women who
are noncompliant to antenatal medical program, progression rate J1, and force of
infection (K, + Ky)Sy. It is reduced by mortality rate due to S, group, natu-
ral death rate uy, and oy, where € is the modification parameter representing the
assumption that filariasis infected individuals exposed to malaria develop malaria
faster than those infected with filariasis. Also, oy, is the rate of malaria symptoms
by susceptible pregnant women noncompliant to antenatal medical program, while
~ is the disease-induced death rate. Thus, the rate of change is given by

SZ = (1 —m)Ap + 015, + (Kma =+ Kf)Sh — (eop + v+ pn)S. 2)

Furthermore, the rate of change of I, class is increased by €0 5> and decreased
by 0K I,,, where ¢ takes into account the increased susceptibility to infection
with filariasis for individuals infected with malaria. Also, it is further reduced by
the quantity (v + ¢1 + pp ) I, wWhere @1, pp, ¥ are the treatment rate, natural death
rate, and progression rate respectively. Hence, it is given by



34 O. M. Ogunmiloro

Iy = €018y — 0K 1y, — (b + &1 + i) I (3)

Also, Iy class is increased with progression rate I, but decreased by pK,q1y,
where p takes into account the decreased susceptibility to infection with malaria
for individuals infected with filariasis, ¢»I; as the recovery rate from filariasis
through treatment, natural death rate y1;,1¢. Thus, the state equation is given by

Iy =¥l — pKpalp — (v + ¢2 + pn) I )

The rate of change of population of individual pregnant women infected with both
malaria and filariasis is increased by 0K 1, and pK,,,I; but decreased by re-
covery rate ¢31,,, ¢, vol,, s as the treatment rate for the coinfection, nyI,, is the
codisease induced death rate and natural death rate yy 1, r. Hence, it is given by

Ly = 0K Loy + pKmal — (83 + v + 07 + p) Ing- (5)

The rate of change of population of treated pregnant women infected with both
malaria and filariasis is increased by v@ 1y, ¢, @11, 9215, 931, 5 but decreased by
natural death rate p;, T and loss of immunity rate 77". Then

T = vplns + ($1Ln + ¢2If + ¢3lnys) — (un + 7)1 (6)

The rate of change of population of susceptible mosquito is generated by the re-
cruitment of mosquitos A, and decreased by the natural death rate u,,S, and con-
tact rate K,,.S,, between susceptible and exposed class such that

Sv = Av - K’L)S’U - ﬂv5v~ (7)

The rate of change of population of exposed mosquito is generated by the force of
infection K, and decreased by progression rate of mosquito o, and natural death
rate of mosquito z,,. Thus, it is given by

E, = K,S, —o,E, — MUE’U' 3)

Finally, the rate of change of population of infected mosquito class 7, is generated
by
I, = o, By — pyly. 9)

The notation 7
aa
Kma = th ) (10)
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where « is the biting rate of mosquitos and a is the transmission probability of
malaria in pregnant women per bite, is introduced. Also

B(Im + Imf + kjf)

Ky = N ,

(In

where b is the probability of transmission in mosquitos from any infected pregnant
women, [ is the effective contact rate of infection between the infective classes,

while

K, = ab(Iy, + 01,y) . (12)

Np,

Here, § is the modification parameter that takes into account the increase in the
likelihood of infection of mosquitos from susceptible pregnant women with coin-
fection of malaria - filariasis in relation to acquiring infection from pregnant women
with malaria only. Also, k is the modification parameter that accounts for the rela-
tive infectiousness of asymptomatically infected individual with filariasis exposed
to malaria.
Assumptions in the model build-up are:

« The total population of pregnant women in the tropics is considered alone.
* There are birth and death rates.
« There is no vertical transmission between the mother and the child.

e Treatment is carried out for both pregnant women that are infected with
malaria or filariasis.

« After treatment, immunity is lost, thereby making the pregnant women to be
susceptible to the codisease again.

Hence the full malaria - filariasis model is given by

Sh = TAR — KinaSp — KfSh — (un + 0)Sp + 77T,
Sy = (1—m)Ap + 6Sh + KimaSh + K¢Sy — (eon + v + pn) S,
Iy = €08y — 0K 1y — (¢ + ¢1 + i) Im,
Iy =Ly — pKmaly — (v + ¢2 + pn) I,
I = 0K L + pKpaly — (63 + 06 + 07y + ) I,
T = vl + (d1hm + ¢21 5 + ¢3lpy) — T — 77T,
Sy = Ay — KuSy — Sy,
E, = KySy — (04 + 1) Ev,

I, = o0, EBy — poly, (13)
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20’ Im(O) - Imo, If(o) -

subject to initial conditions S; (0 ) =
0 Fp(0) = Eyo, 1,(0) = Tpo.

) = Sho (
Ifm Imf(o) — Imfo> T( ) 15, Sy ( )

2.1 Positivity and boundedness of solutions

The solutions of the malaria - filariasis model with nonnegative initial data are
nonnegative for all time ¢ > 0 [17, 19].

Theorem 2.1. If S}, (0), S2(0), 1,,(0), I7(0), L,,,7(0),7(0), S, (0), £,(0), 1,(0) are
nonnegative, then Sy,(t), S2(t), L, (t), I (t), Ly (1), T'(1), Su(t), t
are defined for all t > 0, such that

A
lim sup/Nj, () < = (14)
t—o00 Hh
and
. A,
lim supN,(t) < —, (15)
t—o00 Ly
which implies that
A A,
Na(0) < =2, N,(0) < =, (16)
Hh My

The feasible region for (13) is given by

€= (&) (&) CRG xR, (17)
where
& = (S 82, I Iy, I, T) € R
A
Sh+Sz+Im+If+Imf+T§M—h} (18)
h
and
£, = [(SU,EU,LJ) eR S, + B, < ﬁ} (19)
Hh

show that £ is a positively invariant region.
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Proof. Since
Sh(o)a SZ(O)a Im(0)7 If(O), Imf(O), T(O), SU(O), Ev(o)a Iv(o) (20)
are nonnegative, where ¢; > 0, such that

ty =suplt > 0:5y,5, Ly, I, Iy, T, Sy, Ey, I, are nonnegative on [0, ¢]].

2n
If t; < oo, from the first equation of (13), we have
t
Shltr) = Z(01,0)5,(0) + [ A9t <) @)
0
where
Z(t1,§) —e” fs(Kma+Kf+Mh+6)(S)dS. (23)
Furthermore, the sum of the last three state equations in (13) is given by
Nv = Av - (Sv + B, + Iv)ﬂv = Av - Nvﬂv (24)
so that,
it Av — vt
Ny(t) = Ny(0)e H" 4+ —(1 — e #") (25)
[
and
. Ay
limsup, ,  Ny(t) = —. (26)
[
From (26), it follows that
Ay
Ny(0) < — 27
Ho
and
A
N,(0) < ==, (28)
o

Moreover, the addition of the first six state equations in (13) yields
Ny =Ap = (Sp+ S+ Ly + In+ I f +T)pup, — vS2 — vIy — Ly, (29)
so that, in the absence of disease-induced mortality, (29) becomes

Ny, < Ap — up Ny, (30)
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then
Ap — (pn + v+ )N < N, < Ap — pp Ny, 3D

Applying the standard comparison theorem method yields

A
N (0 (Hh+'7+77t)+7h’ 1 — ettty < N, < N (0 _”ht,
W (0)e e ) < N < Ny(0)e
so that
Nmmgé@ (32)
122
and
A
Nu(t) < 22 (33)
Hh

Thus, the malaria - filariasis model is epidemiologically feasible and mathemati-
cally well - posed. o

3 Basic reproduction number (R,,s)

The basic reproduction number (R,, ) is a measure of potential for the malaria
- filaria disease spread in a susceptible host population of pregnant women. If
R,,; < 1, few infectives introduced into the population will fail to replace them-
selves leading to the eradication of the disease. However, if R,y > 1, the total
number of infectives will increase which in turn leads to disease spread and mor-
tality until optimum strategies are considered in order to curtail the spread of the
disease. Also, if I,y < 1, the disease-free equilibrium is locally asymptotically
stable. There exists the endemic equilibrium if R, ; > 1.

Theorem 3.1. [24] Let © = (21,22, ..., 2,,)" be the number of individuals in each

compartment, where the first m < n compartments contain infected individuals.

dxi
dt

= Fi(z) — Vi(z), i=1,2,..m,

where f;(x) is the rate of appearance of new infections in compartment i. V;(x)
is the rate of either transition between compartment 1 and other infected compart-
ments, such that

9 f1(o) OVi(xo)

F:[ij], VZ[T%_], 1<i, j<m,



Asymptotic behavior of malaria-filariasis coinfections 39

F is entrywise nonnegative and V is a nonsingular M-matrix. Also, V~\ is entry-
wise nonnegative. Thus, the matrix (F'V ") has [, j] entry equal to the expected
number of secondary infections in compartment 1 produced by an infected indi-
vidual introduced in compartment j. FV = is the next generation matrix and
Ry = p(FV~Y), where p is the spectral radius.

Proof. We use the next generation matrix method [24]. Suppose that

00 O 0 0O 0 0 00
00 B8 Bk B 0 0 00
00 O 0 0O 0 0 00
00 O 0 0O 0 0 00
F=1|0 o0 68 68k 93 0 0 0 o], (34)
00 O 0 0O 0 0 0O
0 0 O 0 0O 0 0 00
00 O 0 0 0 K, 00
00 O 0 0O 0 0 00
Jg 0 0O O 0 T 0 0 O
6 J 0 0 0 0O 0 0 o0
0 €eop, J3 O 0 0O 0 0 o0
0 0 o J 0 0O 0 0 O
V=10 0 0 O Js o 0 o o011, 35)
0 0 ¢ ¢ vp+9s Jo 0O 0 O
0 O 0 O 0 o J; 0 0
0O O 0 O 0 0 Jg 0
0 O 0 O 0 0 0 o, Jo

where Ji = (up+0), Jo = (€on+y+pn), J3 = (b+o1+un), Ja = (v+oa+un),
J5 = (¢3 + U¢ + n’y + Mh)’ Jf) = (,U/h + 7—)9 J7 = M’U? JS = (UU + Mv)s J9 = ,LL’U’

EO'h(J6J1 (5/6’(/) — BJ4) -+ 7'5(1!}95/{ — 95]4)) .

Ry f(FV~H =
mf{ ) TO(YV 2 — Jags)eoy, + J1J2J3 456

(36)
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4 Stability analysis of the model

4.1 Local stability analysis of disease-free steady state

Theorem 4.1. [25] The disease-free equilibrium is asymptotically stable if R,y <
1 and unstable if R,y > 1.

Proof. Firstly, we analyze the malaria - filaria codisease qualitatively to investigate
the steady states of the model. We make the model system static by equating the
right-hand side of the model to zero, that is, the system does not depend on time,
such that

Sp=8=IL,=If=1I,;=1T=0, S,=E,=1,=0. (37)
Therefore, the steady states are given by

A A
(Sn="20 8 = 28 1y = 0,1y = 0,1,y = 0,7 =0,),
Hh

1223

A
(8 == B =0,1,=0). (38)
v
The local stability of the system is determined by the signs of the eigenvalues and
it is further proved by linearizing to obtain its Jacobian at disease-free steady-state
points so that

—Ji 0 0 0 0 T 0 0 0
6 —-J 0 0 0 0 0 0 0
0 eop, —J3 O 0 0 0 0 0
0 0 P —Jy 0 0 0 0 0

Jafe = 0 0 0 0 —Js5 0 0 0 0 . (39

0 0 ¢ ¢ vo+¢s —Jg O 0 0
0 0 0 0 0 o —-J; 0 0
0 0 0 0 0 0 0 —-Jg O
0 0 0 0 0 0 0 o, —dJo

The eigenvalues of the system above satisfy —Jy < 0, —Jg < 0, —J7 < 0,—J5 <



Asymptotic behavior of malaria-filariasis coinfections 41

0, and the remaining characteristics polynomial is given as

No— (J1+ Ja+ T3+ Jy + )\
+( NI+ N1 s+ i da+ Jide + JoJs + Jads
+ods + J3ds + Jado )N — (1o Js + JiJads + JiJode + JiJ3ds
+J1J3Je + J1dade + oS3y + JaJ3Je + JrJade + J3J4J6))\2
+(—o0Tpreopn, + JiJaJ3 s + JiJadsJe + Ji1Jadads
+ 1 J3Jade + JaJ3Jade) A

—(popeondT + preapdtJs — 12 J3da, Jo(1 — Ring)).  (40)

Clearly, in the trace-determinant plane, the trace of (39) is
—(Jo+ s+ 1+ Js+ s+ Ja+ 3+ L+ J) <0 (41)
and the determinant of (39) is
JoJg J7Js(—0T 1oy, — dTdapreoy, + Ji + o+ J3+Js+ Js) > 0. (42)

Hence by the Routh-Hurwitz criteria [25], all the eigenvalues have negative real
parts, which proves that the disease-free equilibrium is locally asymptotically sta-
ble when R,,,; < 1. o

4.2 Global stability of disease-free steady state

Theorem 4.2. [27,28] The disease-free steady state of system (13) is globally
asymptotically stable whenever Ry, 5 < 1.

Proof. From the theorem of Castillo - Chavez et al. [27], given that

X =F(X,2),
7 =G(X,2), 43)

where X = (Sp,, 52, T, S,) represents the total numbers of compartments without
infections, such that X € R and Z = (L5, If, Ins, Iy, Ey) tepresents the total
number of compartments with infections. The disease-free equilibrium solutions
is denoted as E° = (X*, Z*) = (X*,0), where X* = (%, %, %) The
following conditions hold:

i X = F(X,0), X* is globally asymptotically stable,
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ii G(X,Z) = Dz(X*,00Z —G(X,Z) > 0forall (X,Z) € A, where A is a
region where the model system (13) makes an epidemiological sense,
where D;G(X*,0) denotes the Metzler matrix with nonnegative off-diagonal el-

ements.
Therefore,
wAp — (pp +0)Sp + 7T
1-mA -
—(pn +7)T
)\v - MvSv
and
_GIme - (770 + ¢1 + Mh)lm
Yl — pKmlp — (v + 2 + pn) 1y
G(X,7Z)= OK ¢l + pKnlp — (¢3 +v¢+n7+,uh)lmf . (45)
_(Uv + ,U”U)E’U
_,UvIv

In the absence of disease, it is clear that G(X,0) = 0. Also

—my 0 0 0 0
v —my 0O 0 0
D;G(X*,00=1] 0 0 -m3 O o |, (46)
0 0 0 —-myg 0
0 0 0 oy, —Ms

where my = (1 + ¢1 + pn), ma = (v + b2 + pn), m3 = (d3 + VP + 19y + p),
mg = (UU + uv)’ ms = [y.

so that
e(m_I )Kf_ml(I In)
A <f*—f*> K1 — Iy) = ma(T; — 1)
G(X,2) = [ 0K (I}, )+pK (If Ip) =ma(Ly = Imgp) |- 47
—my (B — Ey)
—ms (I — I,)

From the first condition in the stated proof above, Sp(t) = ﬂ + (Sh(O) -

An ) g—pnt Ap — T4 _ ﬂAh —pnt T AR
Hh)e — Zkast — oo, SH(t) = ol S52(0) e - o
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ast — oo and S,(t) = % + (SU(O) - %)e—uut — % as t — oo. Since

X* = (%, %, %), X* is globally asymptotically stable.

Also, if Iy, = I, I = Iy, I} o = Innyp, Ej = By, I} = I, then the disease-free
steady-state points denoted as I, I, I, E, I}, are all zeros. Then, G(X,2) >
0. Therefore, from the second condition in the stated theorem that G(X,Z) =
Dz(X*,0)Z — G(X, Z) > 0, the disease-free steady state E* = (X*,0) is glob-

ally asymptotically stable. o

4.3 Local stability of endemic steady state

The possibility of the existence of a backward bifurcation is investigated to es-
tablish the local stability of the endemic equilibrium of the system. If 2,,,; < 1,
there is the possibility of a backward bifurcation. Also, I2,,,; > 1, the disease per-
sists and become endemic and 2,y = 1 is the bifurcation point where a forward
bifurcation occurs.

Theorem 4.3. [27,28] If R,y = 1, then R,y = 1 is the bifurcation value where
the stability of the system changes.

Proof. The center manifold theorem is employed, where the following change in
notations of variables was made. Let Sj, = 21,52 = x2, I, = 23, 1§ = x4, ;5 =
xs, T = x¢, 5, = v7, B, = xg, I, = w9, and fk = Bk* denote the bifurcation
value and R,y = 1 as the bifurcation point. That is,

T6(Ydo — Jags)eon + J1JaJ3Js s g

L= o Ue i (Bl — By) £ 73 (008K — 05 T5))" (%)

where Sk* = #f' The model of system (13) is redefined as

2 = wAp — Kpax1 — fol —dxq + Tx6,
(1 =m)Ap + 021 + Kpa1 + Kpxy — (€0, + 7 + pn) 22,
23 = eopxy — 0K w3 — (Y + ¢1 + pp)xs,

i)

Ty = a3 — pKimazs — (v + ¢2 + pn) 24,

Ts = 0K x5 + pKinazs — (93 + o + 1y + pp)ws,
T = vPrs + (1273 + aT4 + P375) — fpT6 — TT6,
17 = Ay — Kyx7 — iy,

7y = Kyz7 — (00 + 1y) 78,

L9 = OpTg — [hoT9. (49)
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The Jacobian of the system (13) is given by

—Ji 0 0 0 0 T 0 0 0
6 —J 0 0 0 0 0 0 0
0 eop, —J3 0 0 0 0 0 0
0 0 P —=Jy 0 0 0 0 0
0 0 0 0 —Js5 0 0 0 0 , (50)
0 0 ¢ ¢ vot+¢s —Jg O 0 0
0 0 0 0 0 o —-J; 0 0
0 0 0 0 0 0 0 —-Jg O
0 0 0 0 0 0 0 oy —Jo

where J; = (up+9), Jo = (eop+vy+un), J3 = (V+oi1+pn), Ja = (y+o2+un),
Js = (93 +vop+ny+pn) Jo = (pn +7), J7 = pos Jg = (00 + i), Jo = pu.
We now proceed to calculate the left and right eigenvectors associated with (50).
Let w = (wy, wy, w3, wa, ws, we, W7, Ws, We) be the right eigenvector associated
with the matrix (50), then, we obtain

T (¢ + ¢1 + pn) w

w = — W, Wy =
(TR ) I con

wy= LT w0,

(4

ws =ws >0, wg =

Y

w7
Hn+ T 4

wy; =0, wg=wg >0, wg=wg > 0. (51
Also, for v = (vy, vy, v3,v4, Vs, Ug, V7, Ug, V9) |, e obtain

1) €EORKLV3 >0 2

V) = —V2, V) = ———, V3 =713 V4 = — Vg

Jl 9 J2 9 9 J4 )

_ vp+ o3 J3vs3

T 0 T Laen + 1)

Vs v = O, vg = 0, Vg = 0. (52)
m}

Next, the following theorem is used.

Theorem 4.4. [19, 28] Consider the general system of differential equations with
a parameter | such that

O F), R xR R,
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and f € C2(€Rn x R), and 0 is an equilibrium point of the system for all p and

Hi

H2

H3

il

iii

v

Vi

B = D,f(0,0) = w is the linearization matrix of the system around
J

the equilibrium O with 0 evaluated at 0.

Zero is a simple eigenvalue of B and all other eigenvalues of B have negative
real parts.

The matrix B has a right eigenvector w and left eigenvector v corresponding
to the zero eigenvalue.

If . is the k' component of f, then

_ n 3 asz(070)
Qo = Zk,z’,j:l Wk Vi V5 5,00,

_ 9 f(0,0)
bo = X ki1 Wk Vi Vj g7 a5k s

the local dynamics of the system (13) at the equilibrium solutions is deter-
mined by the signs of a, and b,, especially, if a, > 0 and b, > 0, then a
subcritical (or backward) bifurcation occurs at pn = 0.

ao, > 0,b, > 0: when p < 0 with |u| << 1,0 is locally asymptotically
stable and there exists a positive unstable equilibrium; when 0 < p <<
1,0 is unstable and there exists a negative and locally asymptotically stable
equilibrium.

ap < 0,b, < 0: when p < 0with || << 1,0 is unstable; when 0 < p <<
1,0 is unstable and there exists a positive and unstable equilibrium.

ap > 0,b, < 0: when p < 0 with |u| << 1,0 is stable and there exists a
locally asymptotically stable negative equilibrium; when 0 < p << 1,0 is
unstable and there exists a positive and unstable equilibrium.

ao < 0,b, > 0: when p < 0, if u changes from negative to positive and
0 changes from stable to unstable, there exists a positive and unstable equi-
librium. Also, a negative unstable equilibrium becomes positive and locally
asymptotically stable if a, > 0 and b, > 0, then a backward bifurcation
occurs at i, = 0.
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Computations of a,, and b,

To compute for a, for the transformed system of (50), the associated nonzero
partial derivatives of f (evaluated at the disease-free steady state) are given by

Zy = fi(z1,22,....,29) = TAp — Koy — Kypxy — 621 + T,
Zr = fo(z1,22,....,29) = (1 = M)A + dz1 + Koy + K
— (€op + v + pn) w2,
= f3(x1, 22, ..., w9) = €opxs — OKpr3 — (P + o1 + pup)x3,
Va3 — pKpazs — (v + ¢2 + pn) 24,

( T9) =
= fs(x1, $27~~~~,$9) 0K ¢x3 + pKinmars — (03 + 00 + 1y + pp)s,
= fo(z1,72, ..., 29) = VPT5 + (P173 + P24 + P3T5) — PnT6 — TT6,
= f1(x1, 22, .oy k9) = Ay — K17 — pypwy,
= fs(x1, 72, ..., T9) = Kyw7 — (04 + piv) 8,
= fo(w1,22, ..., T9) = — [wT9, (53)
where
O fi O’ fi O*fi O
= —aa, = _B = ’ = _/Bk>
0x10x9 01103 Oxs50x)’ 0Oxs0x
O*fr O f O f O O f4
- k? = aa, = 5 = ’ = —paa,
0x4011 02101y 021013 0xrs0x1’ Ox9x4
> fs D fs 9 fs 9 fs
—= =08 = , = 00k, = paa,
8I32 81‘5%3 8.1‘46.1‘3 8%51‘4
O fr 0 fr D fs 0 fs
= —ab = —abd =ab, —— = abd. 54
0x317 " Oxsxy avo, 0x317 av Oz510 @ S
A direct calculation from the expression above yield
O fr
a, = U Z w,w]a 8 + (%) Z wlea 83,‘]

4,J=1 3,j=1

O f4
+v3 Z wleﬁ 836 + v Z WiWj 7 8@830]

i,j=1 1,5=1
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02 fs 9 fe
ts Z it 01, 8:1:18% + Z withy 8%8%

,5=1 3,j=1

& fs
+U7Zwlw]8 Oz +Sszwja &rj

,5=1 3,j=1
9 fo
+v9 JZI WiWj 7z 83:1630] (55)

Since v3 = v7 = vg = vg9 = 0 in (52), after some re-arrangement and simplifica-
tion, (54) and (55) yield

a, = vi(—aawjwy — fwiws + wiws) — Bk(wiws)
+v2 (aaw wo+ L (wy w3 +wiws ) — B (wyws+wws )+ Bk (wwa) —va (paa(waws)))

+us(06(w3* 4+ wyws) 4 0Bk(wiws) + paa(wswy)) > 0. (56)

To compute for b, for the transformed system of (50), the associated nonzero
partial derivatives of f (evaluated at the disease-free steady state) are given by

’fHh ’fs
0r40Bk* B 0x308k* o8, 7)
so that
_ > f & fs
b, = U2w4m + ’U5w3mv (58)
bo = B(vaws) + 08 (vsw3) > 0. (59)

Since a, > 0, b, > 0, then the model system (13) will undergo a subcritical
bifurcation, otherwise it will exhibit a forward bifurcation. Hence the endemic
equilibrium is locally asymptotically stable.
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5 Numerical simulations

Table 1. Variables in Model (13) and Their Meanings

Variable Descriptions Values Source
Sy (0) Antenatal compliant susceptible pregnant women 50 Assumed
S,(0) Antenatal noncompliant susceptible pregnant women 30 Assumed
I, (0) Malaria infected pregnant women 10 Assumed
17(0) Filariasis infected pregnant women 15 Assumed

Ly (0) Malaria - filariasis infected pregnant women 20 Assumed

T(0) Treatment of malaria - filariasis infected pregnant women 10 Assumed
S+ (0) Susceptible mosquitos 25 Assumed
E (0) Exposed mosquitos 20 Assumed
I, (0) Infected mosquitos 10 Assumed

Table 2. Parameter Values and Descriptions

Parameters Symbols Values Source
Recruitment rate of TAp 421 x 107 [19]
susceptible pregnant women
Per capita birth rate of mosquitos Av 1000 Varies
Per capita natural mortality rate of pregnant women Hh 0.00004 Assumed
Per capita natural mortality rate of mosquitos Py 0.05 [16]
Proportion of noncompliant susceptibles (1 —m)Ap 3% 1077 Varies
Progression rate from compliant 81 0.12 Assumed
to noncompliant class
Rate of loss of immunity T 0.0006 Assumed
to both malaria and filarisis
Rate of malaria symptoms in pregnant women op 0.8331 [16, 23]
Modification parameter € 0.7 Assumed
Modification parameter 4 12 Assumed
Modification parameter P 1.4 Assumed
Modification parameter § 0.00211 Assumed
Modification parameter k 0.011 Assumed
Modification parameter n 0.003 Assumed
Modification parameter v 0.0036 Assumed
Disease induced death rate of the codisease v 0.00231 [19]
Progression rate of malaria leading to filariasis symptoms P 1.0 [23]
Biting rate of mosquitos « 0.2 [19]
Transmission probability of malaria in mosquitos b 0.09 Varies
Transmission probability of malaria in humans a 0.8333 [16]
Rate of mosquito bite leading to malaria infection Bl 0.0183 [16, 20]
Rate of mosquito bite leading to filariasis infection By 3.6 X 107° [23]
Rate of mosquito bite leading to codisease infection Bl s 2.7 x 10° [23]
Treatment rate of malaria @1 0.00341 Assumed
Treatment rate of filariasis %3 0.00061 Assumed
Treatment rate of malaria - filariasis 3 0.00072 Assumed
Transmission rate between K, 0.502 [23]
susceptible and infected mosquitos
Natural death rate of mosquitos Ho 0.1429 [16, 23]
Progression rate of exposed o 0.0112 Assumed
to infected mosquitos

Figure 1 shows the profile of the pregnant women treated from malaria - filariasis
coinfection by varying ¢3 between 0.00021 — 0.00072. The decline in the graph
shows that use of drugs, e.g., ACT and Mectizan, will bring about the drastic
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reduction of the codisease in their system.

Meterierirrlrrirririrdinten
0 100 200 300 400 300
time (days)

Figure 1. Graph of Disease Profile of T against Time (t)

Figure 2 presents the disease profile of pregnant women infected with malaria -
filariasis. The rise in the graph shows that, in the absence of medical interventions,
there will be a full blown epidemic leading to mortality and morbidity.

06

0.54
Lmf(t)

044
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tina{ days)

Figure 2. Graph of I,,,; against Time ()

Figure 3 shows the disease profile of the susceptible pregnant women non com-
pliant to medical antenatal program. The rise in the graph depicts the group having
a high tendency of contacting the malaria - filariasis coinfection.
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Figure 3. Graph of .S, against Time ()

Figure 4 presents the variation of the loss of immunity rate 7 between 0.0002 —

0.0006. The decline shows that after appropriate treatment, they lose immunity
overtime, thereby making them susceptible to the coinfection.

t=0004
=10.0006
== =0.0002

Figure 4. Graph of T against Time ()

Figure 5 illustrates the disease profile’s number of deaths of Pregnant women
infected with malaria and filariasis in the absence of medical interventions, varying
the disease induced death rate v between 0.00176 — 0.00231.
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Figure 5. Graph of I, against Time ()

Figure 6 shows the S}, group of pregnant women who are susceptible to malaria
- filariasis coinfections but are still compliant to antenatal medical program. The
gradual rise and decline on the graph shows that the coinfections will be minimized
overtime with their compliance to antenatal program.
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Figure 6. Graph of S}, against Time ()

6 Conclusion and recommendations

A deterministic model describing the transmission of malaria - filariasis coinfec-
tions in susceptible host of pregnant women population is considered. A domain
where the model is well posed and realistic in an epidemic sense is presented.
Also, the basic reproduction number of malaria - filariasis coinfections (R, ) is
obtained and the local and global behavior is analyzed. It was investigated that
if R,y < 1, malaria - filariasis coinfections vanish out of the population, and
if R,y > 1, the coinfections persist and become endemic. However, variations
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in the values of state variables and parameters involved in the model formulation
bring about the need for medical intervention strategies like treatment, to curtail
the spread of the coinfectious disease. This work can be further extended by con-
sidering the impact of climatic factors, optimal controls, cost effective strategies.
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