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In this study, a mathematical model for the transmission dynamics and control of schistosomiasis is studied using a system of
nonlinear ordinary differential equations. The basic reproduction number &, for the model is obtained, and its dependence on
model parameters is discussed. Analytical results reveal that the disease-free equilibrium point is globally stable if and only if the
basic reproduction number %<1, indicating that the disease would be wiped out of the community, and the endemic
equilibrium point is globally stable if %, >1 and the disease would persist at the endemic steady state. Numerical simulations
reveal that a combination of treatment, public health education, and chemical control intervention strategies significantly in-
creased the number of susceptible human population and susceptible snail population while significantly decreasing the number
of infected humans, miracidia, infected snails, and cercariae. The results further indicate that a combination of treatment, public
health education, and chemical control intervention strategies can effectively manage the transmission of schistosomiasis in

endemic areas.

1. Introduction

Schistosomiasis, commonly known as bilharzia or snail
fever, is a disease caused by parasitic flukes of genus
Schistosoma. It is listed among the neglected tropical diseases
(NTDs) and is endemic in many countries, particularly in
tropical countries of Africa, South America, and Asia.
Schistosomiasis is the second most devastating tropical
disease after malaria [1], and its prevalence has continued to
prevail amidst efforts to curb it.

The human is the definitive host of the parasite and the
snail is the intermediate host. The snail lives in fresh,
shallow, and slow running water sources. The three main
schistosomes that infect humans are Schistosoma japonicum,
Schistosoma mansoni which cause intestinal and hep-
atosplenic disease, and Schistosoma haematobium that
causes urogenital pathology. Each species of the schistosome
is transmitted by a snail of different species; however, the

species share the same pattern in the reproductive cycle
[1-3].

The infection cycle begins when an infected host elim-
inates eggs of the parasite through urine (Schistosoma
haematobium) or feaces (Schistosoma mansoni and Schis-
tosoma japonicum) into fresh water bodies [2]. The excreted
eggs can stay up to seven days and hatch into miracidia that
infect fresh water snails of appropriate species [4]. The
miricidia then multiply through asexual reproduction within
the body of the snail [1], and within 4-6 weeks after in-
fection, the snails release cercariae into water which can then
penetrate the skin of a new definitive host (human) and take
about 4-6 weeks to mature in the blood vessels of the urinary
or the digestive system. The cercariae continue to develop
and mature to adult size and pair in sexual reproduction [5].
The period between cercariae penetration of the human skin
and release of schistosome eggs in human waste takes about
five weeks [6] and subsequent egg laying continues the life
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cycle of the parasite. Drinking water or eating food that has
been washed with untreated water can also lead to infection.

The disease is characterized by an itchy skin within the
first few hours of penetration, fever, cough, headache, dif-
ficulty in breathing, loss of appetite and weight, diarrhea and
blood in stool. In advanced cases, children develop thin legs,
seizures and spinal cord inflammation which lead to physical
and mental development problems [5, 7]. However, most of
these conditions can be reversed and prevented through
early and regular treatment with praziquantel [8]. Globally,
76.9 million people received treatment for schistosomiasis in
2020, and of these, 59.9 million were school aged children
(55.2 million in African region) and 17 million adults (14.5
million in African region) [9].

Studies to determine the effectiveness of the control
strategies on schistosomiasis have been undertaken before.
Gao et al. [10] studied the effect of treatment and snail
control on schistosomiasis transmission, Das et al. [11]
studied the optimal control of snail population and sani-
tation and treatment on schistosomiasis transmission, Nur
et al. [12] determined the effect of health education and snail
control on schistosomiasis transmission, and Kanyi et al.
[13] determined the effect of treatment and sanitation on
schistosomiasis transmission. Although there have been
studies that address the role of reducing the intermediate
host population (snail population) in the spread and control
dynamics of schistosomiasis, the combined effect of treat-
ment, public health education, and chemical control in-
terventions on the disease transmission dynamics has not
been explicitly established. Therefore, there is need to ex-
amine the effectiveness of control measures that include
environmental modifications that separate humans from
contaminated water sources through public health cam-
paigns and snail reduction with chemical control measures
to limit schistosomiasis transmission. In this study, a de-
terministic mathematical model describing the effect of
treatment, public health education, and snail chemical
control strategies on schistosomiasis transmission is for-
mulated. The model considers control of schistosomiasis
through human treatment using praziquantel and chemical
control intervention by use of molluscicide (niclosamide) to
reduce snail population and public health education which is
intended to create change in human behavior, so as to
maintain improved sanitation and hence reduce schisto-
some worm egg disposal in water by infected individuals.

The rest of the study is structured as follows. In the next
section, we present the schistosomiasis model. In Section 3,
we find and determine sufficient conditions for the stability
of the disease-free and endemic equilibria and analyze the
reproduction number of the disease, while Section 4 pro-
vides numerical results, and Section 5 concludes the study.

2. Model Formulation

2.1. Variables of the Model. The model consists of the human
population divided into two epidemiological classes: the
susceptible human population Sy (f) and the infected hu-
man population I (t) such that the total human population
is given by Ny (t) =Sy(t) +Iy(t). The snail host

Journal of Mathematics

population is categorized into two epidemiological classes,
namely, the susceptible snail population Sg(¢) and infected
snail population I (¢) such that the total snail population is
given by N (t) = Sg(#) + I3 (t). The model also includes the
population of the free-living larva stages, the miracidia M (t)
and cercariae C(t).

2.2. Assumptions. The following assumptions are considered
in the formulation of the model:

(i) There is no vertical transmission of the disease in
humans
(ii) There is no immigration of infectious humans

(iii) Seasonal and weather variations do not affect snail
populations

(iv) Susceptible host is infected only by contact with
infected water

(v) The public health education awareness campaign
covers the entire population

(vi) Treatment provides cure but does not prevent
reinfection

(vii) The interaction between the miracidia and the
susceptible snails, and the interaction between the
cercariae and the susceptible humans has negligible
effect on the pathogen population

2.3. Parameters of the Model. The parameters used in the
model are described as follows:

Ap: Recruitment rate into the human population

Ag: Recruitment rate into the snail population

n: Recovery rate due to treatment

Ay Force of infection of the susceptible human
population

Ag: Force of infection of the susceptible snail population
¢: Public health education efficacy parameter

p: Number of schistosome eggs excreted by infected
human

y,: Rate at which excreted eggs hatch into miracidia
y,: Rate at which infected snails release cercariae
B,: Rate at which susceptible humans get infected
B,: Rate at which susceptible snails get infected

€: Limitation rate of growth velocity

@, Saturation constant for cercariae

My Saturation constant for miracidia

85> 0g: Disease induced mortality rates of the human
and snail population, respectively

05,051, 0 Elimination rates of snail, miracidia, and
cercariae by molluscicide, respectively

Ui Ys: Natural death rates of the human and snail
population, respectively

Unp> Yoo Natural death rates of the miracidia and cer-
cariae population, respectively
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The parameters Ay and Ag are given by
Ay = BiCIG, + €C and Ag = B,M/ M, + €M, respectively.

2.4. Equations of the Model. From the compartmental dia-
gram in Figure 1 and applying the assumptions, definitions
of variables and parameters above, the following system of
differential equations that describe the effect of integrated
control strategies on schistosomiasis transmission 1is
obtained:

ds
Tf =Ay+nly —(1-9)AySy — 4ySu»
dI
S = (1= usSu (1t + )
dM

a (1= ®)pyily = (ar + Opr)M,

ds "
d_ts = AS — ASSS - (ﬂs + 95)85,

dI

T: = AsSs = (s + 05 + b5)I,

dcC

Fr Vals = (e + 6c)C.

Let d) =1+ py + 0> dy = phpg + 6y, d3 = pg + 6, d, =
yg + 05+ 6, and ds = p- + 6., then system (1) can be
written as

ds
d_tH = A+l = (1= OAySy — 4uShs
dI
d—f = (1= PAySy —di Iy,
dm
ar (1= @)y, Iy - d, M,
t
ds .
d_ts = Ag = AsSs — d3Sss
dI
d_ts = Asss - d413,
dc
a = YZIS - dSC
3. Model Analysis
3.1. Positivity and Boundedness of the Solutions
Theorem 1. Let the initial population be
{8t I, Mo, Ss,» I, Cp 2 0} € Q. (3)

Then, the solution set  {Sy(¢),Iy(t), M(t),
S (1), I (t), C(t)} of (2) is positive for all ¢ > 0.

Proof. From the first equation of system (2), we get
Ag + 1l = (1= @Ay +py)Sy 2 = (1= PAy + 4y)Su-

(4)
This implies that
ds
d—fz (= Py + py) Sy (5)
By separating variables, (5) is integrated to give
InSy; > — (1 = Ay +py )t + K, (6)

where K is the constant of integration. Applying the initial
condition Sy (0) = Sy, to (6) gives K = lnSHO.
Hence,

Sy () > 8y e (I Pharsun)t 7)
0
Therefore,
Sy () =0. (8)
Again from system (2), one gets

dI,

s —dily,
T
% > = AgSs — d5Sss (9)

Now, separating the variables and integrating with the
initial conditions I4(0) = IHO,M(O) = M,,Ss(0) =
SSO) IS (0) = ISO’ C(O) = CO giVeS

Iyt 21y e ™ >0,
M(t)>Mye “' >0,
Ss(1)2Sg,e” ) >0, (10)
I(t) 2 Ige ™ >0,
C(t)2Coe ™'

Thus, the solution set of model (2) is positive for all
values of t > 0. O
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Theorem 2. The feasible solution set of the model system (2)
is mathematically and epidemiologically well-posed in the
domain as

Ay

{(SH>IH’M S, I, C) € R¢: NH<#_ M<

H

Proof. From Ny (t)
dNy
dt

=Sy (t) + I (¢), it follows that
= Ay — N = Opyly <Ay — pyN, (12)

and integrating (12) with the initial condition N, (0) = N
gives

Ay
NH(t)<___(AH ‘“HNHO)E tt, (13)
U  HH

and as t — oo in (13), we get

NH(t)s;:—H. (14)
H

For the snail host population, we get

Ny (t) = S () + I (1),
(15)
dN
Tts = Ag—d;Ng — 853 < Ag — d;Nj.
Integrating (15) with initial condition N (0) = N, gives
Ag 1 —dyt
Ns(t)sd—3—d—3(AS—d3Nso)e . (16)
As t —> 00 in (16),
A
N (b) sd—s. (17)

3

For the miracidia free-living larva stage subpopulation,

A
5 = (- 9pnily - dM< (1~ Doy~ -d,M, (18)
Hu

and integrating (18) with the initial condition M (0) =
gives

(1-¢)pyiApy 1 ( Ay > —dyt
M) s——————-—( A -Ppy;—-d,M, |e
‘quz d2 (/5 PY1 Uy 24770
(19)
Ast — 00 in (19), we get
1- A
M(t) 3%. (20)
Hrd,

For the cercariae free-living larva stage subpopulation,

dc Ag
Frc dC<de -dsC. (21)

Integrating (21) with initial condition C(0) = C, gives
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—OPihe  As o _Pabs|
——————— N¢< 11
de s<2,C% a4, (D)
Vohs 1 dst
C(t)_d i d (y ) -d Co)e . (22)
As t — 00 in (22), we have
VzAs
t)<
()<d i (23)

Thus, the region (Q is positively invariant, and hence, the
model is well posed and biologically meaningful. O

3.2. The Disease-Free Equilibrium Point. The disease-free
equilibrium point is obtained by setting the right-hand side
of (2) to zero and is defined at the steady state where there is
no disease. Therefore, in absence of the disease, we have I'; =
M =I5 = C = 0. Hence, the disease-free equilibrium point is
given as

Ay A
Ey = (84,0,0,8,0,0) = (— 0,0,=5,0, 0) (24)
Bu dy’

3.3. Basic Reproduction Number. The basic reproduction
number % is the average number of secondary infections
caused by an infectious individual in a fully susceptible
population. It is a threshold for predicting the disease as well
as evaluating the effectiveness of the intervention strategies.

The value of &, is obtained using the next generation
operator approach described in [14, 15]. Let F; be the matrix
of the rates of the appearance of new infections in com-
partment i and V; be matrix of the rates of the transfer of
individuals into and out of compartment i. Thus, from (2),
we have

[ (1= P)AySy
0
F, = ,
AsSs
L 0
) a1, (25)
V.o d,M = (1= )py Ay
1 dIs
L dsC - y,I

Let F and V be the Jacobian matrices of F; and V,,
respectively, evaluated at the disease-free equilibrium point
(24). Then, one gets
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'0 0 0 (1-¢)B1 AL
Cobiy
0 0 0 0
F: >
BaAs
0 0 0
M yds
26
LO 0 0 0 j (26)
rd, 0 0 017
~(1-¢)py, d, 0 0
V:
0 0 d, 0
L 0 0 -y, ds
[ 0 0
0 0
FV''=
(1=@)pyifals  Bols
Modidrdy  Modydy
0 0

The eigenvalues of matrix FV~! are obtained from
det[FV™' - AI] =0, (28)

where I is a 4 by 4 identity matrix. This gives

/12<)L2 _( - ¢)BIPY1AH)( - ‘/’)ﬁzp)’zAs)) -0, (29)

Cod 1 dyyy M yd3d,ds

and the roots of the characteristic (29) are

1= 0,\[BiBopy Vol (1 — $VIB g Mopiyyddydsd,dy and
A= _\/ﬁlﬂzp)’l)’zAHAs (1= ¢)*1B oM opiyyd dydsd,ds.

The basic reproduction number is the dominant ei-
genvalue of the matrix FV~! and is thus given as

R = ’IB1/32PY1Y2AHAS(1 - ¢)°
0 Gyl oy d, drd;d,ds

_ \j( (1- ¢)ﬁ1PY1AH)( (1- ¢)ﬁzpyzAs> (30)
Cod dyiyy M yd3d,ds

where

5
Evaluating FV~!, we get
Biy2(1=¢)Ay (1-¢)BALT
Godydspiyy Codsiiy
0 0
(27)
0 0
0 0 j
@t = (1-9)Bipyi Al
0 Cod dypiyy
(31)

75 = (1= OPapyalis
0 ﬂ0d3d4d5 .

Thus, the basic reproduction number, &, can be written
in terms of R{ and RS, where &' describes the average
number of secondary infections by an infected snail in a
completely susceptible population (the average number of
susceptible humans infected by the infectious snail) and %
describes the average number of secondary infections by an
infected human in a completely susceptible population (the
average number of susceptible snails infected by the in-
fectious human).

3.4. The Endemic Equilibrium Point. The endemic equilib-
rium point determines the persistence of the disease in the
community and this is evaluated when %, > 1.

Theorem 3. System (2) has a unique endemic equilibrium
point when R, > 1.

Proof. Setting the right-hand side of system (2) to zero, we
have
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Ay + Iy = (1= OAySy = pSy = 0,
(1-P)AySy —di Iy =0,

(1 -P)pyily —d,M =0,

Ag = AgSs —d;Ss = 0,

AgSg—dyIs =0,

y,Is—dsC=0.

(32)

Adding the first two equations of (15) and rearranging
gives

Sy = Ay — (uy + SH)IH_ (33)
by
From the third equation of (15), M = (1 — ¢)py,/d, 1.
Substituting this into the fourth equation gives
_ Ag(Mydy + €(1 - $)py,Iy)
Modyds + (B, + eds3) (1= $)py, Iy

Ss (34)
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Putting (33) and (34) into the fifth equation of (32) gives
Ay (1 = d)pyi Iy

I = : (35)
¥ Modrdsdy +d, (B, +edsy) (1 - d)py Iy
From the sixth equation of (32), we have
Y2
==
C ds S (36)
Consequently, (35) and (36) yield
C= AsyaB (1 = )pyi Iy (37)

ds (M ydydsd, +d, (B, + eds) (1 - ¢)PY11H).

Now, using (34) and (36) in the second equation of (32)
and then simplifying gives

Iy(Aly - B(%5-1)) =0, (38)

where

A =py, (1= ¢)[Gouyd,d,ds (eds + B,) + ey Agys s + AsBiBrys (1 - ¢) (uy + 8w,

B =Gyl yd,dydsd,ds.

From (38), I; =0 corresponds to the disease-free
equilibrium and Ij; = B/A(Rg — 1)for A#0 indicates en-
demicity of the disease. Thus, system (2) has a unique

Ay - (#H + 6H)IZI

(39)

endemic equilibrium point E, (Sf, I, M*, S5, I3, C*) when
R, > 1, where

Sy = ,
" Hy
I = Gy M yd,d,dsd,ds (Rz _ 1)
" py1 (1= ) [Goupd, d,ds (eds + B,) + ey Agys B + AsPiBayz (1= ¢) (g + )] ©
mr = Py
d,

_ As(Mydy + (1 - )pyiI)
s Modyds + (B, + eds) (1= p)py, Iy

_ Agpr (1 - ¢)PY1I;1
Modydyd, +d, (B, +eds) (1 - (/5)/))1111*{

c* AsyafB, (1= @)y I

- ds (Mydydsdy +dy (B, +edsy) (1= $)py,I};)

3.5. Local and Global Stability of the Disease-Free Equilibrium
Point

(40)

O
Theorem 4. The disease-free equilibrium point E, of system
(2) is locally asymptotically stable whenever Ry <1 and un-
stable whenever R, > 1.
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Proof. The Jacobian matrix of system (2) evaluated at the
disease-free equilibrium point E; is given by

[ -(1- ¢)/31AH ]
- 0 0 o 0 ———M—=
H Cobiy
o 4 o o o U-9RA
Coliy
0 (1-¢)py; -d, 0 0 0
]Eo =
—BrAs
0 0 -d, 0 0
M yds ’
BaAs
0 0 =2 0 -d 0
M yds !
L 0 0 0 0 7y, —d; J
(41)
-d, - A
(1-¢)py;
Ps(M) = (_.“H - /\) (_d3 - ’1)
0
0

From (42), it is clear that A, = —py, A, = —d;. The other
remaining eigenvalues are obtained by considering the
matrix

Can o o 9B
Cotipr
(I-¢)py, —d, -2 0 0
, (43)
Bhs
0 1y, dy— A 0
L 0 0 Y -ds -1

whose characteristic equation is

The disease-free equilibrium point E; is locally as-
ymptotically stable if the real parts of the eigenvalues of ],
are negative; otherwise, it is unstable.

The eigenvalues of Jp are obtained by setting the
characteristic polynomial.

Pg (1) = det(Jg, — AI) equals to zero. Thus, we have

0 0 —(1-¢)BiAy
Gobir
-d, -2 0 0
=0. (42)
Pabs 4
1y, dy— A 0
0 V2 -ds - A
Mya +a,  +ad+a, =0, (44)
where a,=d, +dy,+d,+ds,a,=d\d, +d,d, +d,ds+

d,d, +dyds +d,ds, a5 = dldzdé +d,dyds +d,d,ds +
d,d,ds, a, =d,d,d,ds (1-R).
According to [16], the Routh-Hurwitz conditions for the

stability of the polynomial (44) are as follows:
(i) a;>0
(ii) aya, —a; >0
(iii) a5 (a,a, — a;) —alay; >0
(iv) a, >0
Clearly (i) is satisfied and (iv) holds true whenever

R, < 1. It remains to check conditions (ii) and (iii):
and
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a,a, —ay = dody + dody + dods + d,ds + 2d,dyd, + 2d,dyds + dod, + dods + d,\d5 + 2d,d,ds
+d,d +2d,d,ds + dods + dyd? + dyd? >0,

(45)

a;s(a,a, - a;) - “%‘h = (d,dyd, + d,d,ds + d\d,ds + d,d ,d;)
((dy+d, +d,+ds5)(dd, +d,d, +d,ds +d,d, +dyds +d,ds) - (ddyd, +ddyds + d,dyds + dyd,ds)] (46)

~(dy +dy +dy +ds)’dydydyds(1- R) > 0,if By < 1.

Thus, the Routh-Hurwitz conditions hold when all the
eigenvalues have negative real parts making E, locally as-
ymptotically stable whenever % < 1.

To study the global asymptotic stability of the disease-
free equilibrium, the method described by Castillo-Chavez
et al. [17] and in [18] has been employed. The model system
(2) is expressed in the form:

dx
d—tl = F(X1>X2)>
(47)
dX
d—tz =G(X,,X;), G(X,,0)=0,

where X, = (Sy,Ss) comprises of the uninfected subpop-
ulation and X, = (Iy, M, I, C) comprises of the infected
subpopulation. Let U, = (X7}, 0) be the disease-free equi-
librium point of system (47). Then, U, is globally asymp-
totically stable provided that %, <1 and that the following
conditions hold true:

(H1): For dX,/dt = F(X,,0), X} = (8%, 52) is globally
asymptotically stable

(H2): G(X,,X,) = AX, -G(X},X,),G(X},X,)>0
for (X;,X,)€Q, where A= DXZG(XI‘, 0) is an
M-matrix (the oft-diagonal elements are non-negative)
and Q is the region where the model makes biological
sense O

Theorem 5. The disease-free equilibrium point E,, for system
(2) is globally asymptotically stable provided R,<1 and
conditions (H1) and (H2) hold true.

Proof. For system (2), we have

% = F(X,, X,)
Ag+nly = (1= OAySy — #pSy
) As=AsSs - S ’
& 6(x,x)
[ (1= ApSy —di Iy T (48)
(1 -yl —d,M
oas-an |
L y,Ig—dsC i}
P (X,,0) = [ Ay~ #uSu .
L Ag—d5Sg

Ast — 00, we observe that (X;,0) — E, € Q, that s,
Sy — Ay/py and S — Ag/d;. Thus, (H1) holds true:

A 0G(X,,0)
0X,
[ (1- ¢)ﬁ1521 1
-d 0 o ———=
1 %0
(1-¢)py, —d, 0 0 (49)
U, — >
B2Sh
0 —2 d 0
My ?
L 0 0 —d; _
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G(XI’XZ) = AX, - G(X,, X;)

ﬁzM(

From (49), clearly A is an M-matrix (all the off-diagonal
elements are non-negative), and from (50), G(Xl,Xz) >0
since 8%/6, >S /€, + €C and S3/My > Sg/ My + €M. Thus,
(H2) holds true, and the proof is complete. |

3.6. Local Stability of the Endemic Equilibrium. The center
manifold theory by Castillo-Chavez [19] is used to establish
the local asymptotic stability of the endemic equilibrium
point.

Theorem 6. Consider the following general system of ordi-
nary differential equations with a parameter 9:

i—f:f(x,S), fiR"XR — R", f e C*(R"xR), (51)

and without loss of generality, it is assumed that 0 is an
equilibrium point of the system (51) for all values of the
parameter 9, that is,

£(0,9) = 0forall 9. (52)

Assume the following points:

Al. A=D,_f(0,0) = (afi/axj (0,0)) is the lineariza-
tion matrix of system (51) around the equilibrium 0
with 9 evaluated at 0. Zero is a simple eigenvalue of A,
and other eigenvalues have negative real parts.

A2. The matrix A has a non-negative right eigenvector
w and a left eigenvector v each corresponding to the
zero eigenvalue.

Let f, be the k" component of f, and then, we get

9
r SO S -
1- H___"H
Al ‘b)c(%o G, + eC)
0 (50)
Ss S
My My+eM
0 §
n aZf
a= kzlvkwiwjva;j (0, 0),
s j= 4
(53)

n aZ f
b= kZ_ vkwva’ig (0,0).
Li=1 1
Then, the local dynamics of the system around 0 are
completely determined by the signs of a and b that can be
given as follows:

(i) a>0,b>0. When 9<0 with |9/« 1, 0 is locally
asymptotically stable and there exists a positive
unstable equilibrium; when 0 <9« 1, 0 is unstable,
and there exists a negative and locally asymptoti-
cally stable equilibrium.

(i) 2<0,b<0. When 9<0 with |9| <1, 0 is unstable;
when 0<9« 1, 0 is locally asymptotically stable,
and there exists a positive unstable equilibrium.

(iii) a>0,b< 0. When 9<0 with |9] <« 1, 0 is unstable,
and there exists a locally asymptotically stable
negative equilibrium; when 0 < 9 « 1, 0 is stable, and
a positive unstable equilibrium appears.

(iv) a<0,b>0. When 9 changes from negative to
positive, 0 changes its stability from stable to un-
stable. Correspondingly, a negative unstable equi-
librium becomes positive and locally asymptotically
stable.

Theorem 7. The unique endemic equilibrium point, E, of
system (2) is locally asymptotically stable if R, > 1 but close to
1.
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Proof. We apply the change of variable on system (2) as

follows. Let Sy = x, Iy = x5, M = x3,Sg = x4, [¢ = %5, C =

X¢. The model system (2) can be written as dX/dt = F, where

X = (%1% %3, X4, X5, %) and F = (f1, £, f3 fr [ 5 fo):
dx,

@
X

= Ay +nx, - (1- @ﬁxl —HaXis
dx,
g - f2

_(1-gPrre

=(1-¢) G+ €x6x1 %z,
dox,
? - f3

= (1= P)py1x; — dyxs,

(54)
dx,
? - f4
x

=Ag— /%624_;63954 —d3xy,
dxs
? - f5

Baxs _

My + ex3x4 d%s:
dxg
? - f6

= ¥2%s5 — dsXe.

Taking f3; as the bifurcation parameter while considering

the case %, =1 gives
B, =p = CoMopyd d,d;yd,ds
1~ F1 — .
Bopy1v2ApAs (1 - ¢)°

The linearization around the disease-free equilibrium
point evaluated at 3] gives

(55)

Journal of Mathematics

gy 0 o o o “U-PBly
Coliy
1-¢)BTA
0 —d, 0o o o (L-9hAM OB A
Coliy
0 (1 _¢)PY1 _dz 0 0 0
A:
_ﬁzAs
0 0 —X35 4, 0 0
ﬂ0d3 ’
BoAs
0 0 25 0 d 0
‘%Od3 ¢
L o 0 0 0 vy, —d |

(56)

Matrix A has zero as an eigenvalue, and this can be
deduced from (21)-(23) with &, = 1, which yields

AN + a2’ +ayd +a;) = 0. (57)
The right eigenvector w = (w,w,,Ww;, Wy, Ws, w6)T

corresponding to the zero eigenvalue is computed from
Aw = 0, which yields

B (1 -¢)A
o PO
Ui

(1 -¢)A
wy B,
oM

6>

* 2
Wa = pY1Bi A (1 - ¢)

We,
’ Coppdidy ¢ (58)
_ —PViBiBaAsAy (1 - ¢)24 )
4 = >
‘%O%OHHdledg
ds
Wy = —W,
575, 6
we >0
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The left eigenvector v = (v, vy, V3, v,, Vs, V)’ is com-
puted from vA = 0 which yields

v, =v, =0,
Cobuds

Vo= 7 aa Ve

B (-9Ay
yy = — Cobdids Ve (59)

PYiBI A (1- ¢)

VS = %VG’
Ve > 0.

Letting wy = 1, it can be seen from (58) that any other
right eigenvector of matrix A corresponding to the zero
eigenvalue is a constant multiple of w (the same is true for
the left eigenvector in (59) by letting v¢ = 1). Hence, zero is a
simple eigenvalue.

In the computation of a and b, only nonzero partial
derivatives of system (54) are used. Since v; = v, = 0, the
nonzero partial derivatives computed at the disease-free
equilibrium are from f,, f;, f5, and f,. These are obtained
as

O fr B
2 Py,
0x,0xs G, ¢
Of, 2B .
= - 1- , 60
asz ng ( ¢)x1 ( )
P B
0x,0x, M,

* * S* *
L:(SH—SH+SHln§> +(IH—IH+

11

0’ f510% x5 = —2¢B,x:/M? and 0” f,/0x,0p; = (1 — ¢)/B,xT.
Thus, it follows that
f, 2’ fs 2 fs 20 fs
a= V2w1w6m V2w6az—x6 + V5LU37.U4W + 72

w
5%32
X4 0 X3

Cobiy €y Agy,

(CISCNE e e

a=—-vVWw,
6We 2
AsBay;

b ==2v,w, >0.

d6
Bl

(61)

Since a <0 and b > 0, then by condition (iv) of Theorem
5, system (54) exhibits a forward bifurcation at %, =1,
implying that the unique endemic equilibrium is locally
asymptotically stable when %, >1 and close to 1. O

3.7. Global Stability of the Endemic Equilibrium Point

Theorem 8. If R, > 1, the endemic equilibrium E, of system
(2) is globally asymptotically stable.

Proof. To analyze the global stability of endemic equilib-
rium, we consider the candidate Lyapunov function
L(Sy, Iy, M, S, I, C) given by

Ijn—=|+{M-M +MIn—
Iy M
(62)

Ss Ig c*
+ (SS - S5 +S§1nS—S) +<Is -1 +I;lnI—S> +(C—C* +C*ln6).
s

S

Clearly, L(Sj, I, M*.S5,15,C*) =0, and L>0, other-
wise. Moreover, L is radially unbounded in RS. So, it remains

dt Sy ) dt I

(s I3\ dly (C-cT\dC
I, ) dt c )t

N CEAT WAL

to determine the sign of L/. Differentiating (62) with respect
to t gives

M-M"\dM [Sg-S:) dS;
|l —— | —+ —_—
M ) dt S; ) dt

(63)
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Substituting for values of dSy;/dt, dI;/dt, dM/dt, dSg/dt,
dIg/dt, and dC/dt in (63) yields

Journal of Mathematics

% = (SHS_SH> (Mg + Iy — (1= OAySy — uySy) +(IHI_ IH) (1= @AySy —dIy)
H

+ (%) (1 =)oy Iy —d,M) "’(

H

SSS;SS) (Ag — AsSs — d;Sq) (64)

N

Io—1T; c-C*
+( SI S)(/\sss—d4ls)+( C >(Yzls—dsc)-
s

Rearranging positive and negative terms in (64) gives

dL
a =P- Q’ (65)

where

P= Ay +nly+ (1= Ay +py + As +d3)Spy + (1= 9AySy +Ag)Ss +d, I

+(n+ (1= P)py )y +d,M™ + Ag + ASs + d,yIs + y,Ig +dsC™,

I (66)

S*
Q=((1- Ay +uy)Sy + (Ay + ﬂIH)S—H+d1IH +(1- ¢)AHSHI—H+ d,M
H H

*

* * *

M S 1 C
+ (1= )py Iy—+ (Ag + d3)Sg + Ag> + dyIg + AsSs=> + dsC + p,[ ¢
M S I C

If P<Q, then dL/dt <0 noting that dL/dt = 0 if and only
ifSy =Sip Iy =15, M =M",Sg =85, Ig=15,and C = C*.
Therefore, the largest compact invariant set in
{(Sy> Iy, M, S, I, C) € Q: dL/dt = 0} is the singleton {E, },
where E; is the endemic equilibrium point of system (2).
Thus, by Lasalle’s invariance principle [20], it implies that E,
is globally asymptotically stable in Q if P < Q; which holds if
and only if %, >1. O

3.8. Sensitivity Analysis. In this subsection, sensitivity
analysis of the reproduction number %, on different pa-
rameters is carried out in order to determine their relative

importance to the disease transmission in the community.
The approach by Chitnis et al. [21] has been employed to
obtain the relative change in a state variable when the pa-
rameter changes. An expression for the sensitivity of %,
with respect to p is given by
Ko _ % P (67)
Ve op Ry

where p is any sensitive parameter to be considered in
relation to R,.

From (67), expressions for the sensitivity indices are as
follows:
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R R
Ve, = Vg
— ‘%0 — ‘%0
- VP - yﬁl
— ‘%U — ‘%0
N VYI - y}’z
— %0 — %o
=V TV
1
=5
a, _ _1Hc
Yue =73 4,
a _ 1 0u
Yo =24,
(68)
ao_ _Lim
Vi = 2d,’
7, _ 10
Yo =734,
= y5sn — _E d74’
@, 10c
Ve =73 a
y‘%o = _l M
b = 2  dd,
7, _ _1is(ds +d,y)
Yoo =73 a4,
The parameter values used are

pe = 0.004, g = 0.000569, g = 0.0004012, i, = 0.008, O =
0.1, = 0.0181, and y;; = 0.0000384.

Table 1 shows the sensitivity indices of %, with respect
to different parameters from the most sensitive to the least
sensitive. It is noted that the value of % increases when
parameter values 3, f,, P, 1> V2> Ap» and Ag increase, while
the other parameters values are kept constant. Since these
parameters have positive indices, the endemicity of the
disease is increased. When parameter yy;, 05, 00, s Opps Hs
01> and Jg are increased while the other parameters values
are kept constant, the value of %, decreases implying that
the endemicity of the disease is decreased.

4. Numerical Simulations

In this section, we numerically simulate the combined effect
of treatment with praziquantel, public health education and
chemical control strategies on schistosomiasis transmission.
The model was simulated using ODE solvers coded in
MATLAB computer software. The parameter values used are
shown in Table 2 with the initial conditions such as Sy; (0) =

13
nl,
Hﬁ_ SH IH .
. i ¢ \;\\VJH
1 A
\ vy s | D
y Hyt Oy M —>
\\ N AMM+9M
\‘ \\J
\ \
. AS, :
V1 s9s A
c Lol s, &

N
l/ poto, l/ g+ +0, l/ ps+ 0,

Figure 1: Compartmental diagram for schistosomiasis

transmission.

TaBLE 1: Numerical values of sensitivity indices of &,,.

Parameter symbol Sensitivity index

. ~0.5009
B, +0.5000
B, +0.5000
P +0.5000
" +0.5000
Vs +0.5000
Ay +0.5000
Ag +0.5000
oy ~0.4956
0 ~0.4952
0c -0.3333
pe -0.1667
Sy ~0.0885
7 ~0.0056
O ~0.0044
S ~0.0020

120000, I (0) = 15000, M (0) = 200, Sg(0) = 400, I;(0) =
200, and C(0) = 0.

Figures 2 and 3 show numerical simulation for a
mathematical model of schistosomiasis with the treatment
strategy only, where n = 0.0181, 65 = 0, 8,; =0, 6, = 0, and
¢=0.

The results indicate that with the treatment strategy only,
the subpopulations of infected humans, I};, and miracidia,
M, decrease in the early stages of treatment and begin to
increase again. The subpopulations of susceptible humans
and susceptible snails decrease, while the infected snails and
cercariae increase. It is noted that with treatment inter-
vention only, schistosomiasis persists within the population.

Figure 4 shows the numerical simulation of schistoso-
miasis model with treatment and public health education
control strategy when ¢ = 0.2, 0.5, and 0.9. The results reveal
that the susceptible humans and snail subpopulations in-
crease with increase in public health awareness from ¢ = 0.2
to ¢ = 0.9. The subpopulations of infected humans, infected
snails, miracidia, and cercariae decrease as ¢ increases. This
is because of increased awareness among the human pop-
ulation to maintain proper sanitation as well as reduced
contact with contaminated water.
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TaBLE 2: Parameter values used in numerical simulations of the schistosomiasis model.
Parameter Value Source
Uy 0.0000384 day™* [22]
B, 0.40 6 x 10~ %day ™" [10]
B, 0.615 L 'day ' (23]
p 300 [6]
Y 0.00232 day ™! [23]
¥ 2.6 day™! [23]
Ay 300 Estimated
Ag 200 [24]
Y 0.9 day™! [23]
A 0.01 day™! [11]
6c 0.008 day ™! [11]
C, 9% 107 [24]
M, 1x 10 [10]
¢ 0<¢p<1 Estimated
€ 0.3 [9]
te 0.004 day ™! [15]
1 0.0181 day ™! [26]
& 0.0004012 day ™" (24]
0, 0.008 day ™! [11]
s 0.000569 day ™ [23]
Sy 0.0039 day™* [27]
) %10° A. graph Of. Human Ipopulati(?n chang? with tirrlle b «10* {& graph (,)f Snail P,Opulatior,l change Iwith timeI
o 2F i 10 +
B= g
= g 8t
B 1.5+ 4 ;;
2 2 6|
g 1r 1 =
g o 4t
E &
T 0.5 h 2 L
0 : : : - : ' 0 : : - ' :
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time (days) time (days)
I SH — Ss
IH IS
10 x10* A %raph of rlniracidiaI populatilon changle with tilme x107 A Igraph of Icercariaelpopula'[ilon changle with tirlne
£ 18
é 6 3 3 1
: : |
g 4r 1 g 2L
s 20 1 81t ]
0 ‘ I 1 1 1 1 1 0 L i 1 1 1 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

time (days)

time (days)

C

FIGURE 2: Graph of population against time with treatment intervention only.
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FIGURE 3: Graph of human and snail subpopulations with treatment intervention only.
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FIGURE 4: Graph of population against time with treatment intervention and public health education control strategy when ¢ = 0.2, 0.5, and

0.9.
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FIGURE 5: Graph of population against time with treatment intervention and chemical control intervention strategy.
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FIGURE 6: Graph of population against time with treatment intervention, public health education, and chemical control intervention

strategy.
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Figure 5 shows numerical simulation of schistosomiasis
model with the treatment and chemical control intervention
strategy only with parameter values # = 0.0181, 65 = 0.01,
05 = 0.008, 6, = 0.008, and ¢ = 0. From the results, it is
noted that the subpopulations of susceptible humans and
susceptible snails increase relatively higher than that illus-
trated in Figures 2 and 3 which considers treatment only.
The subpopulations of infected humans, infected snails,
miracidia, and cercariae also decrease further as compared to
those in Figures 2 and 3.

Figure 6 shows numerical simulation of schistosomiasis
model with treatment, public health education, and chemical
control intervention strategies with parameter values # =
0.0181, 6 = 0.01, 6,, = 0.008, 6. = 0.008, and ¢ = 0.7. The
results indicate that the subpopulations of infected humans,
miracidia, infected snails, and cercariae decrease very sig-
nificantly compared to other strategies illustrated in
Figures 2-5, whereas the subpopulations of susceptible
humans and susceptible snail increase significantly.

5. Discussion and Conclusion

In this study, a deterministic mathematical model describing
the effect of treatment, public health education, and
chemical control intervention strategies on schistosomiasis
transmission was formulated and analyzed. The model was
found to be well posed and biologically meaningful.

Analysis of the model showed existence of two equilibria,
namely, the disease-free equilibrium and the endemic
equilibrium. The basic reproductive number %, of the
model was determined, and its biological interpretation
explained. %, was further decomposed into individual re-
productive numbers of the transmission agents of schisto-
somiasis; that is, % is the average number of secondary
infections by an infected snail in a completely susceptible
population and %5 is the average number of secondary
infections by an infected human in a completely susceptible
population. The disease-free steady state was found to be
locally stable whenever %, < 1. The disease-free equilibrium
point was also globally stable implying that all initial con-
ditions would converge to it over time; hence, treatment can
decrease the disease prevalence. The endemic equilibrium
point of the model was found to be locally stable if and only if
R, > 1. This meant that interventions by policy makers are
necessary to eradicate schistosomiasis over time. In order to
make endemic equilibrium point unstable, control measures
such as mass drug administration in endemic areas are
necessary.

Sensitivity analysis identifies the rate at which susceptible
humans get infected, 3, and rate at which susceptible snails
get infected, 3, as the main parameters fueling the spread,
while the 8,; and 6; are the elimination rates of miracidia and
snails by molluscicide (chemical control) as inhibitors of the
disease. Thus, from the results, it is noted that a combination
of treatment, public health education, and chemical control
intervention strategies can effectively manage the transmis-
sion of schistosomiasis in endemic areas.

Numerical simulations reveal that a combination of
treatment, public health education, and chemical control
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intervention strategies significantly increase the number of
susceptible human and susceptible snail populations while
significantly decreasing the number of infected humans,
miracidia, infected snails, and cercariae as shown in Figure 6.
The study shows that treatment only in Figures 2 and 3 is less
effective and the disease persists within the population,
which agrees with the results of Gurarie et al. The study also
reveals that a combination of both treatment and chemical
control intervention, illustrated in Figure 5 has more impact
compared to that of treatment only in Figures 2 and 3 which
agrees with the results of Gao et al. [10].

In conclusion, in order to effectively manage the prev-
alence of schistosomiasis transmission, there should be a
combined control intervention of treatment, public health
education, and chemical control intervention strategies.

Data Availability

The data to support this study were obtained from the
literature.
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