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Abstract. Schistosomiasis is a neglected tropical disease affecting communities
surrounded by water bodies where fishing activities take place or people go to swim,
wash and cultivate crops. It poses a great risk to the health and economic life of
inhabitants of the area. This study was carried out to evaluate the impact of public
health education and snail control measures on the incidence of schistosomiasis. A
model was developed with attention given to the snail and human populations that are
the hosts of the cercariae and miracidia respectively. The existence and stability of
disease-free and endemic equilibrium states were established. The disease-free and
endemic equilibrium states were shown to be locally asymptotically stable whenever the
basic reproduction number was less than unity. Numerical simulations of the model
were carried out to evaluate the impact of interventions (public health education and
snail control measures) on schistosomiasis transmission. It was observed that the
implementation of low coverage snail control with highly efficacious molluscicide and
massive public health education will make the basic reproduction number smaller than
unity, which implies the eradication of schistosomiasis in the population.

Keywords: basic reproduction number; cercariae; miracidia; public health education;
schistosomiasis; snail control.

1 Introduction

Schistosomiasis is a neglected tropical disease that is associated with poor
socioeconomic conditions such as lack of sanitation and treatment of infested waters
[1]. It affects mostly children in communities where humans frequently come in
contact with water bodies for socioeconomic activities. Schistosomiasis poses a
serious public health challenge in many developing countries with incidence as high
as one in thirty [2]. According to the WHO, an average of 206 million people
worldwide took preventive treatment in 2016, while 89 million people received
curative treatment [2]. Globally, schistosomiasis causes 200,000 deaths every year [3].

Schistosomiasis has a complex life cycle that is made up of two free living stages,
miracidia and cercaria, the intermediate host, snail and the definitive host, man. The
larva stage of schistosomiasis occurs when cercariae penetrate the skins of humans
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and develop into adult [4]. In a few weeks, these adult schistosomula produce eggs
that are shed into the environment through urine and faeces by the definitive host.
These eggs hatch in water and release miracidia, which penetrate the intermediate host
dwelling in freshwater bodies. These miracidia develop into sporocysts inside the
snails and asexual reproduction takes place after four weeks for the formation of
cercariae. Shedding of these free living cercariae takes place by the infected snail, who
swim and penetrate a new human host and the cycle continues. Schistosomiasis results
from the host’s immune response to schistosome eggs and granulomatous reactions
[5]. The drug of choice for the treatment of schistosomiasis is praziquantel. The
treatment leads to discontinuation of eggs deposition in the body, which averts its
complications [6].

Some of the non-pharmacological interventions (NPI) advocated by the WHO include
snail control and public health education. These NPI will complement the modern-day
mass drug delivery programs for communities and school-age children for
discontinuation of reinfection [7]. Snail control is the addition of molluscicides to
water bodies that are frequently used by people and their livestock in day-to-day
activities or for agricultural purposes [8]. Public health education strategy is about
having adequate knowledge of the epidemiology of schistosomiasis. The majority of
residents in endemic communities assume schistosomiasis is caused by soil-
transmitted helminths, thus revealing their inadequate knowledge of the disease [9].

Mathematical modeling helps the understanding of the epidemiology of infectious
diseases and also assists the decision making for public health policy formulation [10].
Mathematical modeling of schistosomiasis has been formulated in ordinary
differential equations on several occasion and some researchers have developed new
schistosomiasis models or modified existing ones using a deterministic approach [11].
Several models of schistosomiasis have been formulated with or without controls
using different methods. Chiyaka & Garira [4] investigated the host-parasite dynamics
of schistosomiasis, Ishikawa et al. [12] and Gurarie et al. [7] considered the effect of a
mass treatment program with snail control, while Chiyaka et al. [13] observed that
treatment eliminates the mature worms and active macrophages over a period of time
with declining T-cell immune responses in the human body. The importance of public
awareness campaigns was examined by Guiro et al. [14] and Yingke et al. [15], where
Guiro et al. [14] used two general non-linear incidence functions and distributed
delay. Diaby et al. [16] carried out a stability analysis of schistosomiasis dynamics,
while Musa et al. [17] promoted the use of vaccination, and Ronoh et al. [18]
considered the impact of environmental transmission in humans. Among the
aforementioned authors, none discussed the importance of snail control and public
health education for the dynamics of schistosomiasis. Also, there are only few works
on modelling of schistosomiasis. Thus, the current work was aimed at evaluating the
impact of public health education and snail control measures on schistosomiasis
dynamics.
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The rest of this paper is organized as follows. Section 2 presents the model
formulation, while Section 3 provides an analysis of the model. The numerical
simulations are in Section 4 and Section 5 contains the discussion and conclusion.

2 Model Formulation

The model traces the life cycle of the schistosome parasite at any time, t. The model is
made up of human population, N (t); snail population, Ng(t); miracidia, M(t); and
cercariae, C(t); at any time, t. The human population is subdivided into susceptible
humans, Sy (t), acute infected humans, I,4(t), and chronic infected humans, I, (t).
Individuals in the human population move from one class to another as their status
changes and as the disease evolves. Susceptible humans are humans without infection
and have the ability to contract the disease when they come in contact with cercariae

near fresh water. They progress to acute infected humans as a result of infection at rate
Ay, Where Ay = % and By is the transmission rate for cercariae to susceptible
0
humans; m € (0,1) is the public health education control strategy to reduce the
transmission rate; C, is the half saturation constant of cercariae in the environment;
and € is the limitation of the growth velocity of the parasite. The number of
susceptible humans increases as a result of birth/immigration at rate Ay as well as
acute infected humans that recover at rate e and return to the susceptible class, since
re-infection is bound to occur as recovery does not result in permanent immunity. This

takes place among humans in the acute infected class.

Acute infected humans recover when they take their treatment correctly. Those that
miss or do not complete their treatment may progress to chronic infected humans at
rate k. Chronic infected humans, I, (t), occur as a result of continuous deposition of
parasite eggs in the human host. The human population dies naturally at rate p;, while
the acute and chronic infected human subpopulations die of the disease at rates oy,
and o,y respectively. We assume that disease-induced death of chronic infected
humans is greater than that of acute infected humans, that is g, > 0,4, since the
complications of the chronic stage of the disease like liver and kidney failure as well
as cancer and ectopic pregnancies may not allow recovery from the disease.

The acute and chronic infected humans, I and I,y, shed eggs through their faeces
and urine indiscriminately into the environment at rates (1 —m)y; and a(1 — m)y,,
while public health education m reduces the shedding rate a becomes higher in the
chronic stage. The shedding contributes to the life cycle of schistosoma. The eggs find
their way into fresh water supplies and hatch into a free-swimming ciliated larva
called miracidium, M. Miracidia, M, die naturally at rate u,, when there is no
intermediate host (snail) to penetrate.
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The snail population is subdivided into susceptible snail population Sg(t) and infected
snail population I5(t), at any time t. Recruitment into the susceptible snail class is by
birth at rate Ag, while the exit occurs as a result of disease infection when a

susceptible snail comes in contact with miracidia, M, at rate Ag, or die naturally at rate

Us, Where Ag = %, and B is the transmission rate for miracidium to snails; a €
0

(0,1) is snail control such the application of molluscicides or the hunting of

snails; b € (0,1) is the efficacy of the snail control; M, is the half saturation constant

of miracidia; and ¢ is the limitation of the growth velocity of the parasite larvae.

Snails that come in contact with water contaminated with miracidia get infected and
progress to infected snails, Is(t). We assume that the infected snails die of the disease
at rate gg. The infected snails release free living/swimming larvae called cercariae at
rate y,, of which the snail control a reduces the shedding. The free-living larvae have
the capacity to infect humans and die naturally at rate u. in the absence of a human
host. The contact patterns and snail population is assumed not to be affected by
climatic variations. We also assumed that other animals such as cattle do not
contribute to the parasite density in the environment. Also, there is neither vertical
transmission of the disease in humans, nor immigration of infectious humans. In
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Figure 1 Schistosomiasis flow diagram. The blue dot arrow represents the
interaction between susceptible humans and susceptible snails with the
cercariae and miracidia respectively, while the orange dash arrow represents the
shedding from infected humans and infected snails in the environment.
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addition, infectious snails do not reproduce due to castration by the miracidia and
seasonal variations do not affect snail populations and contact patterns. Furthermore,
re-infection is bound to occur as infection does not result in permanent immunity [18].
This takes place among humans in the acute infected class.

Table 1 Model Parameters and Their Description

Parameters Description Values (per day) Sources
Ay Recruitment rate for human population 8000 [4]
Ag Recruitment rate for snail population 200 [4]

Progression rate from acute stage to chronic stage for

k human population 0.05 Assumed
O1n Disease induced death rate for acute infected humans 0.039 [4]
Oy Disease induced death rate for chronic infected humans 0.05 Assumed

e Recovery rate for acute infected humans 0.131 Assumed
Uy Natural death rate for human population 0.0000384 [4]

Us Natural death rate for snail population 0.000569 [4]
By Transmission rate for human population 0.406 [4]

Bs Transmission rate for snail population 0.615 [4]

m Public health education parameter [0,1] Varied
Os Disease induced death for infected snail class 0.0004012 [14]
M, Half saturation constant of miracidia 1x 108 [4]

Co Half saturation constant of cercariae 9 x 107 [4]

Y1 Shedding rate for infected humans 0.00232 [4]
Yo Shedding rate for infected snails 2.6 [4]

Modification parameter of the shedding rate for chronic

a infected humans 03 Varied
a Snail control parameter [0,1] Varied
b Efficacy of the snail control parameter [0,1] Varied
Uc Natural death rate for cercariae 0.04 [4]
Uy Natural death rate for miracidia 0.9 [4]

€ Growth velocity limitation of the pathogen 0.2 [4]

A flow diagram of the model is presented in Figure 1 and a description of the
parameters and their values and sources are given in Table 1.

From the description of the dynamics of schistosomiasis and the flow diagram in
Figure 1, the following system of differential equations is derived:



248 Abokwara, A. & Madubueze, C. E.

dSy _ BuC(1-m)

a — Dut el Corec SH T HuSH)

chlItH - ﬂHci(Jrlg_cm)SH —eliyy —khiy — (ugtoim)lin,

% =khy — (Ug+0o20)lzn,

C;_Ith 1 -m)y1hy + A —m)yraly — puM, ( @)
W@ = BSESs — s

% = %SS — (ustog)ls,

% = (1 —ab)y,ls — ucC,

which is subject to initial conditions, Sy(0) > 0, I;4(0)= 0, I,5(0)=> 0,M(0) =0,
Ss(0) > 0, I5(0)= 0 and C(0) = 0. All model parameters are assumed to be positive.

3 Model Analysis

The basic properties of the model in Eq. (1) such as the invariant region, disease-free
equilibrium state and its stability and basic reproduction number are discussed in this
section.

3.1 Invariant region
The total human population at time ¢, Ny(t), is given by

Ny (t) = Su() + Iig (@) + Ly (D), (2)
and the total snail population, Ng(t), is given by

Ns(t) = Ss(t) + Ls(0), 3)
with initial conditions Ny (0) = Nyq, Ng(0) = Nso, C(0) = Cy- and M(0) = My-.

Theorem 1. The solutions of Eqg. (1) will enter the positive invariant region, D, that is
uniformly bounded in a proper subset D = Dy X Dg X Dy X Do where Dy =

{(SH,IlH,IZH)eRi:NH(t)Sz—”} is a subset of the human population, Dg =

H

{(SS,IS)eIRi:NS(t) S%} is a subset of the snail population, D, = {C(t) <
S

AUy and Dy = { M(t) < 2HE"MA*Ds o subsets of cercariae and
Ushc HHEM

miracidia in the environment respectively.

Proof. Adding the human and snail subpopulations, we have
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dNy dNs
— = AMw— ugNyg — o1yl — ozplyy and —= = Ag — psNs — osls .

Without loss of generality, we assume that the dynamics of Eq. (1) without infection
are asymptotically stable, that is, the disease-induced death rates for acute and chronic

humans, o;5 and o,y and infected snails, ag, are negligible. So that, % < Ay -

dN
‘UHNH and T:S As“llsNS .

Applying the differential inequality theorem by Birkhoff & Rota [19] and integrating
both sides of the equations with initial conditions Ny (0) = Ny and Ns(0) = Ng,
we have

An Ax —MHNHO\ —upt
< 2 (Z2E_2H TR0 HH
Nu < UH ( HH )e ' “)
and
As As — UsNso\ —puct
< =2 (=200 Ust

Ns < Us ( Us ) ¢ ®)

As t— oo in Egs. (4) and (5), the human and snail populations N and Ng approach

Ny < 2—” and Ng < % respectively. Thus, all feasible solutions of the human and
H S

snail populations enter the regions Dy = {(SH,Il,L,,Iz,L,)eIR%Sr Ny(t) < 2—”} and Dg =
H

{(SS, I)eR? : Ng(t) < %} respectively.
S

It is obvious that I, < Ny(t) < 2—*’ Ly < Ny < 2—*’ and Ig < No(t) < ;ﬁ With
H H S

this, we rewrite the fourth and seventh equation of Eg. (1) for the miracidia and
cercariae in the environment as

d A

S Sn=mA+ Ny (©) — M <y (1 -m)(1 +a) 28— uy M, (6)
and

dc As

= = (1 — ab)y,;Ns(t) — ucC < (1 — ab)y, us pcC. @)

Using the differential inequality theorem by Birkhoff and Rota [19] on Egs. (6) and
(7), the miracidia M (t) and cercariae C(t), with M(0) = M- and C(0) = C,- yield

M(t) < Agy:(1-m)(1+a) (AHV1(1—m)(1+a)—liH #MMO*) e~ Hmt (8)
- HH UM HH UM .

and
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As(1—ab)y, (1-a)y2As—usucCo*\  —pt
C(t) < — Het, 9
( ) - Us Ue ( HUskc )e ( )

Apyi(1I-m)(1+a)

Thus, the miracidia and cercariae populations, M(t) < oy
HHM

As(1-ab)y,
HUs Uc

and C(t) <

ast— oo in Egs. (8) and (9) respectively.

Hence, the feasible solutions M(t) and C(t) will enter the positive invariant regions,
Dy = (M(¢) < 2nomAras g b= (c(e) < %}. This completes the
H SHC

proof.
3.2  Existence and Stability of Disease-free Equilibrium State

3.2.1 Existence of the Disease-free Equilibrium State

The disease-free equilibrium state occurs at the state in which there is no infection,
that is, Iy =L,y =Ig = C = M = 0. Solving for the solutions of the system at
equilibrium state, we have the disease-free equilibrium state, E,, given as

Eoz(j:—”, 0,0, O,%, 0, 0). To carry out the local stability of the DFE, we first compute
H S
the basic reproduction number, R,,.

3.2.2 Basic Reproduction Number, R,

The basic reproduction number, R, is the number of new cases reproduced in a
wholly susceptible population when an infective individual is introduced into the
population [20]. The important parameters as well as the transmission potentials of an
infectious disease are emphasized by R, [21]. When R, < 1 it means that the disease
will die out in the population, while R, > 1 implies persistence of the disease in the
population. R, is computed using the next generation matrix approach by Van den
Driessche & Watmough [20] at the disease-free equilibrium state, E,. The next

generation matrix comprises of two parts: F and V, where F = [%] and V =
J

9V i(Eop)
[
infections from one compartment to another respectively. R, is the dominant
eigenvalue or the spectral radius of the matrix, FV~1 with the associated matrix F and
matrix V as the Jacobian matrices of F; and V; at E, [20]. The next generation
approach is about the infected compartments, I, 4, Iy, M, Is and C.

]. The functions, F; and V;, are the new infections and the transfers of

The Jacobian matrices of F; and V; with respect to the infected state variables at E are
given by
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0 —
0 0 0 0 SHBH(]- m)
Co
0 0 0 0 0
F=10 0 0 0 0
0 -
\O 0 SSBS(l (Xb) 0 0 /
M,
0 O 0 0 0
and
e +k+puy +o1y 0 0 0 0
—k Uy + ooy 0 0 0
V= —(1-m)y, —(1-m)ay; um 0 0
0 0 0 Us + og 0
0 0 0 —(1-aby, ke

The basic reproduction number, R, which is the maximum positive eigenvalue of the
matrix, FV =1, is given as

— 2 — 2
Ry = m: \/ AsAyBsBrY2v1 (g+ak)(1-m)? (1-ab) (10)

(e +k+up+o ) (Up+o21) (Us+0s)CoMolictim UHUS

where

Rons = Ropa + Ronc
_ AsBsy.(1—ab)?
Ryg = —>———,
(ustas)upusMo
4 R _ ApBryi19(1-m)? (11)
OHA' ™ (e +k+puy+o11) (uu+0am)Coltniic
ApBuyiak(1-m)?
(e +k+pup+o1y) (Up+021)Coltuiic

kROHC =

The reproduction numbers Ry and Ry are the reproduction numbers that the snails
and humans contribute through their respective shedding of miracidia and cercariae in
the environment, while Ry, and Ry are the reproduction numbers that the acute
and chronic infected humans contributed by shedding miracidia in the environment
respectively. Thus, for the disease to be controlled in the environment, the basic
reproduction number, R, should be less than unity, that is, R, < 1, which means that

Rona, Rore < Ri. This implies that the transmission rates for the human and snail
0S

(e +k + uy+o1y)(ug+op) iy tmCo
Apyi(pg+ozptka)(1-m)?

populations satisfy the following inequalities: S5 <

(us+os)usuc Mo

and Be <
Bs Asy2(1-a)?
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3.2.3 Local stability of disease-free equilibrium

Local stability of the disease-free equilibrium is established using linearization, which
is computes using the Jacobian matrix at disease-free equilibrium. We state the
following theorem.

Theorem 2. The disease-free equilibrium, E,, is locally asymptotically stable
whenever Ry < 1 and unstable if Ry > 1.

Proof. Using linearization method for the model in Eq. (1), the Jacobian matrix at the
DFE, Eo, is given as

—Uy e 0 0 0 0 —E
0 —f 0 0 0 0 E
0 k -9 0 0 0 0
E)=| 0 n@A-m) an@-m) -uy O 0 o | (12
0 0 0 —L  —pus 0 0
0 0 0 L 0 —h 0
0 0 0 0 0 vy,(1—ab) —u¢
where
f=e+k+uy+op, g = Uy + o2y, h = us + os,
E = SIQIBH(I_m) L = S9Bs(1—ab)
B Co ' - M, )

The eigenvalues of the Jacobian matrix, J(E,) are —ug, —us and the roots of the
characteristic equation

A5+ A 2%+ 4,23 + A32%2 + A2+ A =0 (13)
where

Ai=f+uu+g+h+puc,

Ay =fg+fh+fuc+ fum+gh+guc+ gum + hue + hpw + ucpm,

Az = fgh+ fguc + fgum + fhuc + fhuy + fucpmtghic + ghpy +
lctim + hpc i,

Ay = (1 = RopcRos) fhumpc + fghuc + fghuy + fgumiic + gictim,

As = fghupyuc(1 — Rg)-

Using the Routh-Hurwitz criterion, the roots of the characteristic Eq. (13) has negative
real parts if the following inequalities are satisfied: i. Ay > 0, A2 >0, Az >0, A, >0,
As >0, ii. AtA,— Az > 0, ii. As (A1A2 — A3) - A4A% >0, iv. 2A1A4 — AZA% + ALA3
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whenever Ry < 1. This is supported by the approach in Heffernan et al. [23]. Hence,
the Jacobian matrix Eq. (13) has negative real eigenvalues if Ro < 1. Therefore, a local
asymptotical stability exists for the disease-free equilibrium state whenever Ry < 1.

3.3  The Endemic Equilibrium State

The endemic equilibrium state, E, is the equilibrium state when there is infection in
the population, that is, the infected variables are not equal to zero. Simultaneously
solving the model in Eq. (1) at equilibrium state and simplifying yields the endemic
equilibrium E, = S§, I3y, 15y, M€, 5S¢, 1, C), where

ge — HApy:(ak+g)—(k+pp+o1p) fghCoMopiciminis(RE—1)
H — ]

uny1(ak+g)H
je. — fahCoMorcumpurps(R3-1) [ — kfghCoMoncumpnps(R3=1)
1H yi(g+ak)H ’ 2H Y1(g+ak)gH ’
e = fghCoMopciminps(RE—1) ge — QAsY2—fghCoMopicimpntts(R—1)
N gHuy ; s UsY2Q :
e = fghCoMoucimpnis(RE—1) ce = fghCoMotcimpnis(RE—1)
S hy;Q ’ hQuc

with

H = (k+ py + 015)BsAsBu¥2 + fAsBsyaune + fheCoucpppis + fhCoBspiciny }
Q = (ak + @)Bulpy1(us + Bs) + fgeMopppumpts + (k + py + 014) GMoBrtimits

This shows that an endemic equilibrium state E€ exists whenever Ry > 1.

3.3.1 Local stability of endemic equilibrium

The center manifold theory by Castillo-Chavez & Song [24] is used to establish the
stability of the endemic equilibrium by proving the existence of forward bifurcation.
The existence of forward bifurcation means that the disease-free and endemic
equilibrium states are locally asymptotically stable if Ry, < 1 and R, > 1 respectively
[22].

Using the center manifold theory [24], a forward bifurcation occurs at bifurcation
parameter ¢ = 0 if the coefficient constants p < 0 and g > 0, otherwise there is
backward bifurcation.

Solving for p and g, let s be the bifurcation parameter at R, = 1 such that

S 7 AsAuBr v2v1 (g+ak)(1-m)? (1-ab) 2

B fghuumbcls
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which implies that the Jacobian matrix in Eq. (12) has a simple zero eigenvalue and
negative eigenvalues. This is proven in Theorem 2 using Routh-Hurwitz criterion and
Heffernan et al.[23]. The right and left eigenvectors, w;s and v, s, associated with the
Jacobian matrix Eq. (12) at R, = 1 are given by w = (wy, Wy, W3, Wy, Ws, W, W) and
v = (v, V,, V3, Us, Us, Vg, V) Where

(k+pp+o1n)
Wy = ————2W,, wy, = wy >0, W3 = —W,,
HH g
y1(1-m)(g+ak) Ly;(m-1)(g+ak)
Wy = ——— Wy, Wg = ———— Wy,
( #M)( ) UmHUs
_ Lyy(1-m)(g+ak _
Weg = Ity Wy, w;, = EWZ ,
vy = 0, Uy, = Dy > 0,
ahEy Y, (1-m)(1—ab) Ey,(1—-ab)
v = Vy, Uy = ———=1,, vs = 0,
gumiUc UmHUC
Ey,(1—-ab) E
Vg = ——————V UV, = —7V,.
6 hyc z 7 uc 2

Representing Sy = x4, [y = X2, Ioy = x3, M = x4, 8¢ = x5, I = x4, C = x5 in EQ. (1),

. . . . a2
we have non-zero second partial derivatives at DFE, E,, given by ﬁ:
1 7
Bu(1-m)sy  9%f, _ —2efuAn(1-m)Sy  _0%*fs  _ Bs(1-ab)S§ 9%fs _ —2&eBsAs(1-ab)sg
Co T ox2 puCE " Bxadxs M, Toaxz psMZ !
9%f, _ eAy(1-m)Sy 0%fs _ eAs(1—ab)S?d
0x;00  upCé ' 0x40p  psM?

The coefficient constants, p and q, are given by

_ 0%f, 2 90%f 0%fs 2 azfs)
p="r; (W1W7 9x,0x; w7 x2 tWaWs 0x45 T Wi x2

SO 1 (k+uy+ Co+2euyA
= —v,wZ(1—m) [fﬁH H( uu+o1a)Co+2€Uy H) + Ey,BsS0(1 —

ECo lli\HCo
_ 2 2.2 (Mo+2eAsiy
m)(1 — ab)?(g + aky?yf (L) | <o,

0%f, 3%fs
= V2Wr 5 ag T VW 8x,0¢

<
|

FAuSY (1—ab)2(g+akmA55§’] >0

=v,wy(1 —m)e
2wa( ) EppCo hitcumusM§

We have the coefficients p < 0 and g > 0 since m, b, @« € (0,1). The central manifold
theorem implies that a forward bifurcation exists at R, = 1 and s = f5. Hence, we
can state the following theorem.
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Figure 2 Contour plot for the basic reproduction number, R,, as (a) a function of
snail control (a) and public health education (m), (b) a function of snail control ()
and the efficacy of the snail control (b). Here, the parameter values used are in the
simulation were taken from Table 1.

Theorem 6. The endemic equilibrium point E€ of Eq. (1) is locally asymptotically
stable when Ry > 1.

4 Numerical Simulations

The effects of snail control and public health education on the basic reproduction
number, R, is presented in Figure 2. System in Eqg. (1) is solved numerically using the
4th-order Runge-Kutta’s method and the solutions for the infected state variables are
shown graphically in Figure 3. It shows the dynamics of each of the infected
compartments. The parameter values used in the simulation were taken from Table 1.

5 Discussion

In Figure 2(a), the two control measures are implemented simultaneously and the
basic reproduction number, R,, lies at their point of intersection. The basic
reproduction number, Ry, is less than unity under two conditions: when the public
health education implementation is high (m = 0.8) and the snail control is low (a =
0.3) on the one hand, and when public health education implementation is moderate
(m = 0.6) and snail control is massive (@ = 0.8) on the other hand. Each of these has
the potential of controlling the spread of schistosomiasis in the population. However,
we advocate combined implementation of massive public health education and low
level of snail control because it is more cost effective. This is important because it will
avoid expensive and negative impacts that massive snail control will have on
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biodiversity. Figure 2(b) assesses the efficacy of snail control (molluscicide). From the
figure, the efficacy of snail control must be very high (b > 0.9) for the basic
reproduction number to be less than unity. This implies that snail control works
alongside public health education only if molluscicide application highly efficacious.
In other words, even though the snail control coverage can work when it is low, as can
be seen in Figure 2(a), the snail control must be highly efficacious in order to be able
to halt the transmission of schistosomiasis.

Figure 3(a) and Figure 3(b) show the impacts of the control measures on the acutely
and chronically infected human populations respectively under varying values of the
control parameters. The behavior of the graphs (Figure 3(a) and Figure 3(b)) are
similar in both instances. For instance, the basic reproduction number is less than
unity (Ry, = 0.432,R, = 0.853) in each graph when there is massive coverage of
public health education (im = 0.8) and the snail control is either 0.7 or 0.3 with an
efficacy of 0.9. In Figure 3(c), the impact of the control parameters on the infected
snail population with different values of control parameters is shown. Again, it can be
seen that the basic reproduction number is less than unity (R, = 0.432,R, = 0.853)
when public health education is 0.8 and snail control is either 0.7 or 0.3 with an
efficacy of 0.9. Similar patterns can be observed in Figure 3(d) and Figure 3(e) where
we considered the effect of the implementation of the control parameters on the
concentrations of miracidia and cercariae in the environment respectively.

The findings in Figure 3(a) and Figure 3(b) imply that the number of people infected
in the community will be reduced and ultimately lead to the control of schistosomiasis
when there is combined implementation of massive public health education and either
high or low coverage of environments infested with snails with highly efficacious
molluscicide. Furthermore, the spread of schistosomiasis will also be halted when the
concentrations of the infective stages of larvae (miracidia and cercariae) in the
environment that infect snails and humans are reduced, as shown in Figure 3(d) and
Figure 3(e) respectively. Thus, fewer snails and humans will be infected as the
concentrations of miracidia and cercariae are reduced following the combined
implementation of public health education and highly efficacious snail control.

A significant finding in this work is the pivotal role of public health education of the
affected population in controlling the spread of schistosomiasis. This is because as
more people become knowledgeable about the transmission of the disease, they will
take measures to prevent being infected. Another significant finding is that a moderate
coverage of the environment where snails live with highly efficacious molluscicide
will reduce the transmission of the disease. We advocate the implementation of low
coverage with highly efficacious molluscicide and massive public health education
because it will lessen the negative effects of molluscicide on the biological role of
snails in the ecosystem.
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The findings in this work are in agreement with the recommendation by the WHO that
public education and snail control should be implemented in order to achieve the
control of schistosomiasis in affected communities. It will also aid public health
professionals and policy makers in formulating control measures to reduce the
transmission of the disease in the endemic population. Therefore, it is advocated that
government agencies and non-governmental organizations should ensure that massive
public health education and highly efficacious snail control (molluscicide) are
implemented concurrently in order to halt the transmission of schistosomiasis among
affected populations.

6 Conclusion

A mathematical model for the transmission dynamics of schistosomiasis was
formulated in this work. The model was divided into human and snail sub-populations
and their sheddings, miracidia and cercariae. Non-pharmacological interventions
(NPIs) such as public health education and snail control were taken into consideration
in this study. The basic reproduction number, R,, was computed and used to show its
importance in achieving local stability of the disease-free equilibrium state when R, <
1. The existence and stability of the endemic equilibrium state are established when
R, > 1. The stability of the endemic equilibrium was determined using the center
manifold theory to prove forward bifurcation. Through numerical simulations it was
observed that creating massive awareness of schistosomiasis among communities and
implementation of widespread snail control in the environment with highly efficacious
molluscicide will minimize the number of persons infected in the population.
However, spraying of molluscicide in the environment (water bodies) on a massive
scale may pose serious problem to biodiversity with huge cost implications. Therefore,
it is recommended that the focus should be on implementing massive public health
education and low-coverage snail control in endemic communities since this will also
lead to the eradication of the disease.
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