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Abstract: This paper investigates the transmission of malaria and attempts to control the disease using mathematical model.
In this research, we analyse the dynamics of malaria using a system of nine differential equations. The analysis carried out
reveals that if the basic reproduction humber Ro<lI, the disease free equilibrium point is stable, but if Ro>l, the disease free
equilibrium is unstable. We conclude from the analysis that there is no endemic equilibrium and malaria — free society is
feasible. Our analysis also reveals that certain control strategies are capable of reducing malaria transmission. These are:
sufficient treatment of infected people with drugs; spraying of insecticides and the use of insecticide-treated bed nets;
destruction of mosquito breeding sites and campaign strategy for malaria control.

Keywords: Mathematical Modelling, Disease-Free Equilibrium, Basic Reproduction Number, Endemic Equilibrium Point,
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1. Introduction

Malaria is an infectious disease caused by the parasite
known as plasmodium that is transmitted from human to
human by the female anopheles mosquito. It was about
1880 that scientists discovered that malaria was a parasitic
disease which is transmitted by the anopheles mosquito.
The mosquito infects the host with a single cell parasite
known as plasmodium. Shortly after, they discovered that
malaria is transmitted from person to person through the
bite of the female mosquito, which needs blood for her
eggs. In humans, malaria is caused by plasmodium
falciparum, plasmodium malariae, plasmodium ovale,
plasmodium vivax and plasmodium knowlesi. Of these,
plasmodium falciparum is the most common cause of
infection in Africa and South East Asia, and is responsible

for 80% of all malaria cases and 90% of deaths (Mandal et
al, 2011). Malaria therefore is a life — threatening disease.

Malaria parasites multiply in the human liver and
then infect red blood cells. A malaria patient may exhibit
the following symptoms: headache, aching muscles,
tummy ache and weakness or lack of energy. A day after,
the body temperature may rise (up to about 40 degree
Celsius) and the patient may have fever, shivers, severe
headache, vomiting, diarrhoea etc. The time taken for
symptom to appear depends on the type of parasite one is
infected with. If one is infected with plasmodium
falciparum malaria can progress to more severe form and
be complicated. The symptom may include: low blood
sugar levels, severe anemia, jaundice, fluid on one’s lungs
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(pulmonary Oedema), acute respiratory distress syndrome,
kidney failure, spontaneous bleeding, and state of chock
(circulatory collapse) convulsions, paralysis and coma.
Severe malaria is capable of affecting the patient’s brain
and central nervous system and can be fatal (WHO, 2009).
According to World Health Organization (WHO)
2012 report about 3.3 billion people were at risk of malaria
in 2011, with people living in sub-Sahara Africa having the
highest risk of malaria infection (Silva and Torres 2013).
Since the campaign to eradicate malaria in the middle of
the last century failed control of malaria infection has been
aimed at reduction in morbidity and mortality. However,
recent initiatives are based on elimination and eventual
eradication of the disease (White et al, 2009).
Mathematical models can serve as tools for studying
the dynamics of the spread of infectious diseases. Several
researchers have used mathematical models of
epidemiology to understand the dynamics of the spread of
malaria in a population. Mathematical model can be used

to determine the important factors in malaria transmission
(Fatimawati and Tasman, 2013). Models produce the most
useful data when they are formulated with important
biological, economic and practical realities in mind and
when their results interpreted with care, making them
another useful tool in the fight against malaria.

2. Model Formulation

Anon linear mathematical model is formulated and
analysed using deterministic approach. In modeling the
dynamics of malaria transmission, the total human
population is denoted by Ny and total mosquito population
by Nv. We use S-E-I-It-In-R to describe the various states
of the model for the humans and S-E-I- for the states of
mosquitoes. Human population is divided into susceptible
Sh, Exposed, En, infected, Iy, infected and treated I,
infected and not treated, In and removed, R. The mosquito
population is divided into susceptible, S, exposed, Ey, and
infected I..
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Figure 2.1. Flow diagram of the model
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Humans enter the population at the constant recruitment
rate A, by birth, which is the rate at which one enters the
susceptible class. Infected humans that are successfully
treated return to susceptible class. When a susceptible
human is bitten by an infected mosquito, there is the finite
probability that the person will be infected and so he
proceeds to exposed class at a constant rate of f,. The
campaign strategy for malaria control such as information
on sleeping under mosquito treated nets or use of
insecticides denoted as n when practiced completely (i.e.
n=1) there will be no movement to exposed class. When
the exposed human becomes infected, he moves to
infectious class at a constant rate of¢. The infected human
can move to infected human treated at a constant rate of
« or to infected human not treated at a constant rate of 6.
When treatment of infected human fails he moves to
removed (dead) class at a constant rate ofz. The infected
human not treated also move to removed class at a
constant rate of f. Apart from disease induced death,
humans also leave the population by natural death, 3.

Female anopheles mosquitoes enter the susceptible
class by birth at a constant rate of 4,,. When the mosquito
bites an infected human, the wvector moves from
susceptible to exposed class at a constant rate of S,. A
parameter ¢ which denotes reduction of mosquito
breeding sites is introduced to reduce movement of
mosquitoes from susceptible to exposed class. Mosquito
moves from exposed to infected class at a constant rate of
p. The biting rate of mosquito is denoted by m. A
parameter c is to reduce the movement of mosquito from
exposed to infectious class if there is adherence to
awareness programme on malaria control such as
spraying of insecticides. Mosquito leaves the population
by natural death, insecticides and other causes at the
constant rate of D.

Equations of the Model
The model in fig. (2.1) satisfies the equation system:

ds
—F= A + ulp — (1= 1)BpSp — 8Sp

% = (1-n)BnSh - YEy - 6y
S = Byl - aly ~ 01,
8T = aly — ply — 61y — Tl
= 0ly— fly — Sy (1)
& =1l + fly — 6R
2o = dy — (1-9)BySy — DS,
2 = (1-4)BySy — (1 — €)pE, — DE,
=1~ pE, = DI,
3. Model Analysis
The system of nonlinear equations will be

qualitatively analyzed to enable us find the condition for
existence and stability of disease free equilibrium points.
Analysis of the model enables us to determine the impact
of treatment and campaign strategy for malaria control on
the transmission of malaria infection in a population. The
value of the reproduction number Ro, enables us
determine if the disease is endemic in the population or
can be eradicated.

3.1 Positivity of Solutions
It is necessary we prove that all solutions of system (1)
are positive for all t>0.

This will be established as follows:
Lemma 1
Let

{($r(0), En(0),I,(0), I (0), Iy (0), R(0), $,,(0), E;,(0), I, (0)) >

0}eQ
Then the solution set {Sy, Ey,, I, I, Iy, R, Sy, Ey,, 1,}(t) Of
the system (1) is positive for all t > 0.
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Proof
From the first equation in the system (1), we obtain the
inequality.

Bh > —((A=mBn + )Sh )

Which gives

Suey 2 Su(0)e" (D9 2

Therefore all solutions of system (1) are positive for all
t> 0, since e¥>0 for all yeR.

Similar proofs can be obtained for the positivity of E, I,
I, In, R, Sy, Ev, Iy

3.2 Disease Free Equilibrium (DFE)
The disease free equilibrium of the model (1) is

obtained by setting
dSy _ dEn _ dly _ dlp _dly _ dR =dS, _ dE, _ dl, _

dat dt dt dat dat dat dt dt dt
0 (3
In the absence of disease or disease-free state (E, = I, =
Iy = Iy = E, = I, = 0) and the system (1) becomes
Ay — 8N, =0
A, — DS =0
Therefore, the disease-free equilibrium (DFE) denoted by
Eo of the system (1) is given by:
Eo =2,0,0,0,0,0,2,0,0
(4)
3.3 Local Stability of Disease-Free Equilibrium
The disease free equilibrium of the model (2.1) was given
by:
E, = (S-tO E}tlo I}tlo I%O,Iw,Rw,S,’;LO,E,fO,IEO)
=2,0,0,000,2,0,0) (5)

The disease- free equilibrium point for system (1) is
locally asymptotically stable if Ro<l and unstable if Ry>l.
3.4 Basic Reproduction Number Ry

The basic reproduction number R, is the number of
secondary infections that one infectious Individual would

create over the duration of the infectious period
provided that everyone else is susceptible. It is a
parameter used to determine how long an infection will
prevail in a particular population and this is determined
by the value of Ro. If the basic reproduction number Ro <
1, it implies that an infected individual produces an
average of less than one infected person, which implies
that with time the disease will go into extinction in that
population. But if Ro > 1, this implies that an infected
individual produces more than one infected person in the
population, and so the disease will remain in the
population. Therefore, for the disease to die out of the
population with time, Ro must be less than one.
Ro is obtained by taking the largest non-negative eigen
value (Spectral radius) of

9 a
[ag 0)” z (Eo)] (Addo, 2009) (6)
Where

Fi is the rate of appearance of new infection in
compartment i

Viis the transfer of individuals out of the compartment i by
all other means.

E, is the disease-free equilibrium.

The associated matrix at disease free equilibrium is
obtained as: —

0 0 0 0 0 (1—nenm
0 0 0 0O 0
0 0 0 0O 0
F=| 0 0 0 0O 0
(1 - d))ghv”aAv
0 DI, 0 0O 0
0 0 0 0O 0 __|
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And 0L, — (f + &)y =0 (14)
(fw 5 . . . . . tly + fly—6R=0 (15)
+ _
Yy (G+a+6) 0 0 0 0 lv—(lqb);—":mhs”—DSv=0 (16)
0 - u+d6+1) 0 0 0 _
0 -6 0 f +6) 0 0 (1‘1’)18\,—":”1’15” —[D+ @ —-c)plE, =0 (17)
0 0 0 0 @+0=-cp) 0
~ From the (18), we have:
g = (=908 (19)

From equation (19), we have

It follows that the basic reproduction number R, for the e _ (1= )enmIESE

model system (1) is given by: v = N Dr(1-0)p) (20)
_ [$Q-@)enn?62,(1-men(1-c)p 7) Substituting (20) into (19), we have
0 =\ Zn@+8)(E+a+6)D2(D+(1-0)p] Je = [A=0pla-@enymigss

Ry = \/Ron*Roy v DNp[D+(1-c)p]

®) (21)

From equation (16), we have:
_ (1 —mrpe,nd (1—-¢)( - c)pepymhy Se — _ MNn (22)
= X v T (1—¢)ep,mIS+DN

@ +8)(6+a+0) D*(D + (1-c)p) T
Substituting (22) into (21), we have
[(A - )pl(1 — P)enymlf iy
3.5 Endemic Equilibrium Point I =
demic =quifibrium " TDD + (1= O)pl[(L — $enyrlf + DN,]

Endemic equilibrium point is a state where at least one of D[ = €)p](1 — p)en,mIEA
the infected compartments is non zero, or are steady state IE P ' hv

" T D2[D+ (1 — OpI[(L — §)enomls + DNy ]
From equation (8)
_ (1 B ¢)(1 — C)th,]Tl.'ﬂv

solutions where the disease persists in the population. It
implies that malaria infection will persist in the

population and the endemic Equilibrium (EEP) of the Ry, = 5
model is given as: Theref DED + A= c)p)
EEP = (S§, Ef, If, If. 1§, R®, S5, L, If) ©) eI
(S, EE, I, 12,15, R®, SE, ES, 1) > 0 e
3 . . e _ ov='h
To derive the EEP, we have to solve (1) by equating it to I = e peromsrony (23)
Zero. From equation (11), we have:
(1-n)eppnly,Sp _ _ ece
An+ lpy == == =05 =0 (10) Comenmih — (p + )5 = 0 (24)
“"”‘1’+’””5h — (W +8)E, =0 (11) Substituting (23) into (24) we have
_ _ (1-m€ynmDRoylxSE e _
YEy, ((i;— a+0),=0 Nn(Q—®)enarls +DN7 (p+8)EF =0 (25)
(12) From equation (12) we have
al, —(u+5+0); =0
(13)
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ES = (6+a+O)I;,
(7]
(26)
Substituting (26) into (25) we have:
(1-mewnmDRoplSy  (@+8)(5+a+6)If @7
Np((1-d)enyml;; +DNp) @

@(1-1)eyp DRy, IESE—Np(1-@)ep,mly +DNp) (P+8) (S+a+6)I;
ONp((1-@)epymlf+DNy,

0
(1 - H)thDRm;Iﬁ
— Np((1 — p)epymlf + DNp) (W + 8)(8
+a+0)If=0
Iﬁ [(p(l - ﬂ)fvhﬂDRwSﬁ - Nh((l - ¢)Ehvnlﬁ +
DNy) W +8)(§+a+6)]=0
If =0 or
@(1 — N)enmDRG,SE — Np (1 — Pep,mlf +
DNy) W +8)(+a+6)=0
©(1 —n)eynmDRy, Sy — Nh((l — @)ep,mlf; +
DN,) (@ + 6)
b+a+6)=0
(28)
Dividing (28) by Ny, (¢ + 6)(6 + a + 0) we have
Y1 —n)eypmDRy, Sy e
Ny(p+8)+a+6) (@ = P)enmlf +DNy))
=0
<Nh((p +8)(+a+06) Rov DS
— (1 — P)epymlf + DNy) =0
5

An 1
< — _ < =
But N, < s and NS

Therefore

1[)(1 B TI)thﬂ5 e
</1h((p +8)( S+ a+ 9)) RovDSi

DAy,
- <(1 - (l))Eth[I;el + T) =0

Recall that

A-memend o
h@+8)S+a+6) O

D,
= Ron X RoyDSE — | (1 — Pepmlf + —2) =0

)
6(1 — p)ep,mlf + DA

Rop X Ry, DSE = 1-¢) hg h h
But R3 = Ry, X Ry
Then

§(1 — p)epymly + DA
RZDSE = 1-¢) h(;; h h

e _ 6(1—¢)6hvﬂlﬁ+Dﬂ.h

Sh = RZDS (29)
Using equation (10) we have
A+ ply — SRS s5e — (30)

h

Substituting (23) and (29) into (30) we have:
Ah + /.lIT — (1 —

Ye Tt RoyDIf, (5(1—¢)eh,,n1,‘i+mh)_
€T\ = g)ep,mis +DNy, R2D6

6(1—¢)6hv7'[1,el+7)).h _
5( R2DS ) =0

_[(1 - U)th”R0vD5(1 - ¢)ehvn

+6%(1 - §)2ehym? I

+ [AnRGDS (1 — p)epy

+ ulpREDS(1 — P)ep,m

- (1 - U)th”Rtz/'lh

—62(1 — ¢p)ep,™DN,,

— 8D (1 = Pepym]ly;

+ [ALRED2SN,, — 6D?AN,] = 0
[(1 - n)evhnR0vD6(1 - (P)Ehvn

+6%(1 - ¢)26ﬁvn2]lﬁz

- [AhR(%Dé‘(l — PlepT

+ ul:RyDS(1 — p)ep,m — (1

- 77) EvhNROVDZ/lh

- 8%(1 — ¢p)ep, DNy,

— 6D (1 — p)eypmlly

— [AnRED2S5Ny, + ulyRED2SN,,

— 8D?A,N,]1 =0
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EE =

The above equation is quadratic. i.e (1-¢)enynGy,
AlIE12+BIE+c=0 (31) [D+(1-c)p][(1-P)€pymG+DNp]
Where
A= (1—-n)epmR,DE(1 — P)ep,m

+68%(1 - ¢)?ep,m?
B = —[A4R3D5(1 — ¢p)epy,m + ulRyDS(1 — )€y,

— (1 = nepnmRoyD? A (36)

— 8%(1 — ¢)€py,mDN,

— 6DAp(1 — P)eypm]

From equation (23) we have:

C = —[A,RED?5Ny, + ulprRED?5Ny, — §D?A,Ny] e =
. . v
Applying the quadratic formula RopDG
—B ++VBZ% —4AC ((1-¢)epymG+DN)
X =
2A

We have
e _ “BEVB?—4AC

h— 24

—B ++VB? —4AC —B —VB?% —4AC
= or @37)
24 24 S . _

e _ _B+VB?—4AC _ VEP=#AC-B _ 0 This situation leads to the following theorem:

h — 24 - 24 - h = Theorem 4.4

(32) The malaria model (4.1) has
From equation (29), we have: i.  Precisely one unique endemic equilibrium if € < 0 &
Sﬁ _ 6(1—¢)}:2h£7;G+Dlh (33) Ry <1
O ii.  Precisely one unique endemic equilibrium if B <
From equation (26), we have: )
(5+a+6)G Oand C =00r B —4AC =0

h P iii.  Precisely two unique endemic equilibria if C > 0,B <
From equation (22) we have 0 and B? — 4AC > 0.

e _ AvNy iv.  No endemic equilibrium if otherwise.
SU - (1-¢)epymG+DNy, (35) a

From equation (20), we have:

o _ (1= ®enmisss

" Na[D+ (1 -0)p]
Substituting for S, we have:

e (1 — Pepymlydy

B = D+ @ = 0Pl - Pemnll + DNy
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4. Estimation of Parameters
Table 1: parameters estimation

Parameter Value Source
An 50000 ESTIMATED
1) 0.00004566 Fatmawati (2013)
' 0.08333 Chitnis (2008)
u 0.25 Silva (2013)
n 0.75 Onah (2015)
6 0.0723 ESTIMATED
a 0.533 ESTIMATED
Ay 23350 Niger (2008)
By 0.09091 Chitnis (2006)

Lakshmikantham

p 0.75 (2004)
D 0.0476 Silva (2013)
T 0.05 ESTIMATED
F 0.4 ESTIMATED
¢ 0.59 Onah (2015)

_ I/)(1_4’)"3%1;7752 SA,(1-n)epp(1—c)p
T A@+8)(5+a+0)DZ[D+(1-c)p]

The sensitivity index of © with respect to Re

_OR. _m
om Re

Enw 0.86 Niger (2008)
Evh 0.083 Miranda et al (2009)
T 0.50 Johansson (2010)

c 0.65 ESTIMATED

From (7), the basic reproduction number Ro is given as

Ro= Y(1-)epy 264, (1-n)epn (1-C)p
7 | 2n @+8)(6+a+6)D2[D+(1-0)p]

Ro = 0.004904929309
Sensitivity Analysis

Sensitivity analysis is used to determine the
sensitivity of a model to changes in the values of the
parameters of the model and to changes in the structure of
the model (Atokolo and Omale, 2018). Based on model
(1) the effective reproduction number.
Re

_2n*Pp(1 = @)eny 82, (1 — Mepn (1 = )pAn(p + 6)(6 + a + O)D?[D + (1 — 0)p]

@+ 86 +a+6)DD + (1~ )plP(1l — P)enym?82, (1 — My (1 = ©)p

=2

The sensitivity index of ey With respect to Re is

Evh
Re

Y1 = P)enym?82,(1 =M1 — )peyndn (W + 6)(6 + a + )D?[D + (1 - c)p]

T 2@+ 8)(6 +a +0)D?[D + (1 — 0)plP( — P)enym?84, (1 — M)A — O)p

=1.

The sensitivity index of D with respect to R. is

__OR. _ D,
9D " R.

Y1 — D) ep,m284,(1 —n)eyn(1 — )p[3D? + 2Dp — 2¢Dp]DAL (Y + 8)(8 + a + 8)D?[D + (1 — C)p]

@+ 8)(6 + a+ O{D[D + (1 — Opl}*P(1 — @)ep,m?84,(1 — ey (1 — C)p
Academic Journal of Statistics and Mathematics (AJSM)
An official Publication of Center for International Research Development
Double Blind Peer and Editorial Review International Referred Journal; Globally index
Available www.cird.online/AJSM: E-mail: AISM@CIRD.ONLINE



mailto:AJSM@CIRD.ONLINE

Academic Journal of Statistics and Mathematics (AJSM)
Vol.6, No.2; February - 2020;

ISSN (5730 — 7151);

p —ISSN 4052 — 392X

Impact factor: 3.92

= —2.153
The sensitivity index of & with respect to Re is
_OR. &
~ a5 " Re

(1 — D)ep,m?,(1 — e, (1 —)p{6(a+ 0 +6) +Yla+ 04,1 +8)(S +a+86) DD+ (1—c)p]
DD+ (1 = )pll6@W +a+6+8) +y(a+ )P — @)ep,m264,(1 —n)eyn(1 —c)p

=0.9999
The sensitivity index of g, with respectto R, is
aRe Ehv

aghv Re
(1 = &)n?52,(1 — Mepn(1 — C)PpenvAn (p+8)(5+a+6)D? [D+(1-)p]

Ah (Y +6)(5+a+0)D2[D+ (1) plP(1-B) enpm2 V(1= epn(1-C)p

=1
The sensitivity index of p in respect to R, iS
_ JdR, o P
dp R,
(1 = P)epym?64, (1 — Mepn(1 = OPAp (p18)(5+a+6)D? [D+(1-)p]
Ak (h+6)(5+a+0)D2[D+(1-0) I (1= ) eppm2 54V (1 =) Epp (1=C)p

=0.1535
The sensitivity index of y with respect to R, is
_ oR, o 2

Y R,

821 — D)ep,m22,(1 — ey (1 — )pYap (P + 6)(6 + a + 6)D?[D + (1 — c)p]
@+ 82+ a+ DD+ (1 — c)plp(1 — P)ep,m284, (1 — Meyn (1 — c)p
= 0.0005476

The sensitivity index of a with respect to R, is

_O0R, «a

"~ da R_e

=P = P)epym?5A,(1 = Mepn (1 = )padn (P + 8)(8 + a + 8)D?*[D + (1 — c)p]

T @+ 8 (6 + a+6)*DD + (1 — )plyp(1 — D)ep,m284,(1 — ey (1 — c)p

= —0.8805
The sensitivity index of 6 with respect to R, is
OR, ©
= X —
09 R,
_ (A = P)epym?8A, (1 — Mepn(1 — 0)pBAa (P + 8)(8 + a + 8)D?[D + (1 — c)p]
@+ )6 +a+6)’D2[D + (1 - )plP(l — P)enym262, (1 — Meyn(1 = c)p
=—0.1194
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The sensitivity index of @ with respect to R, is

oR, @
= X —

J0d R,
_ _lpghvnzs/lv(l B n)gvh(l - C)qu/lh(lp + 6)(8 +a+ 9)D2 [D + (1 B C),D]
B Ah(w + 6)(6 ta+ Q)DZ [D + (1 - C)p]l[)(l - <P)£hv7'[26/1v(1 - n)gvh(l —op
= —1.439
The sensitivity index of n with respect to R, is

_0R, 7
~n "R

(1 = D)ep,m?5Apepn (1 — pAR (Y + 8)(8 + a + 0)D?[D + (1 — c)p]
@+ 8) (S +a+0)DAD + (1 — )plp(1 — D)enym282,(1 — ey (1 — ©)p

=—3
The sensitivity index of ¢ with respect to R, is

JR, ¢
= X —

dc R,

_ ~¥(A — P)epym?62, (1 — megnp{[D+ (1 — )p+ (1 — YplicAn W + 8)(8 + a + )D?[D + (1 — c)p]
@+ 6)(8 + a+0)DD+ (1 — )pl*P(1 — P)ep, 2624, (1 — n)eyn(1 — c)p

= — 3.469

x 10° Rate of Change of Population of Classes of Human with Time
T T T T T

Numerical Simulations

The numerical simulations of the model (1) are conducted
to find out the dynamics of the disease in the human
population. The simulations are conducted using
MATLAB. The initial conditions were

Population of Classes of Human

Sp, = 2,000,000. E, = 2,000,000
I, = 1500,000 Ir = 800,000 4
Iy = 400,000 R = 300,000 . C
Sy, = 300,000 E, = 150,000 — .
I, = 50,000 Time[years]
The simulation was conducted in years.
Ir
'” Fig 4.1: This illustrates the changes in the six classes of

human. The susceptible humans, exposed humans,
infected humans, infected humans treated, infected
humans not treated and removed humans with time. it
shows the transmission through the model affecting all the
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parameters, including treatment rate, campaiqn strategy
for malarial control, use of insecticides and inJucticides —
treated bed nets and reduction of mosquito breeding sites.

x 10° Rate of Change of Susceptible Human Population with Time

~
T

)
T

1=0.75,0=0.50
1=1.00,0=1.00
— n=1.25,0=2.50

IN
T

Susceptible Human Population
(5]
T

w
T

r r r r r r r r r :
0 5 10 15 20 25 30 35 40 45 50
Time[years]

Fig 4.2(a): This shows the response of susceptible human
population to increase in treatment rate and campaign
strategy for malaria control. The susceptible human
population increases with increase in treatment rate and
campaign strategy for malaria control. The increase in
susceptible human population is as a result of rising
number of treated people returning to susceptible class.

x 10°  Rate of Change of Exposed Human Population with Time

N

=
©

Iy
o

I
iN
T

1=0.75,0=0.50
1=1.00,0=1.00
— n=1.25,0=2.50

=
N
T

Exposed Human Population
o o o
S [« [oe] =
T T T T

o
N
T

o

r r r r r r r T
0 5 10 15 20 25 30 35 40 45 50
Time[years]

Fig 4.2(b): The graph shows the response of exposed
human population to increase in treatment rate and
campaign strategy for malaria control. It is observed from
the graph that the increase in treatment rate and campaign
strategy causes decrease in the exposed human
population.

From the graph, there is a sharp decrease in the exposed
human population up to a period of about 10years after
which the decrease becomes gradual.

x 10° Rate of Change of Infected Human Population with Time
15

c

K]

T

= 10| 1=0.75,0.=0.50
S n=1.00,0.=1.00
o —_—

i 1=1.25,0.=2.50
©

£

>

I

B

S 5

QL

£

00 5 10 lr5 20 25 30 35 40 45 50
Time[years]

Fig 4.2(c): The graph illustrates the response of infected
human population to increase in treatment rate and
campaign strategy for malaria control. It is observed from
the graph that as more people are treated of malaria and
the campaign strategy increases, the number of infected
people reduces. It can also be observed that there is a
sharp decline in the number of infected people up to about
2years after which the number decreases gradually. This

indicates high recovery rate from the disease.
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x 10° Rate of Change of Treated Human Population with Time

1=0.75,0=0.50
1=1.00,0=1.00
1=1.25,0.=2.50

Treated Human Population

20 25 30 40

Time[years]

Fig 4.2(d): this shows the response of the population of
treated people to increase in treatment rate and campaign
strategy. It is observed from the graph that as more people
are treated and control strategy increased, the population
of treated people increased in the first 2years, and after
that begins to reduce drastically. This may be as a result
of the diminishing rate of the disease

35 45

x 10° Rate of Change of Non-Treated Human Population with Time

— 1=0.75,0.=0.50
1=1.00,a.=1.00
— n=1.250=2.50

Non-Treated Human Population

15

20
Time[years]

25 30 35 40 45 50

50

Fig 4.2(e): The graph indicates the response of the
population of untreated people to increase in treatment
rate and campaign strategy. It is observed from the graph
that as the treatment rate and campaign strategy are
increased, the untreated human population reduces. The
number of untreated people decreases sharply in the first
Syears and after that reduces gradually. This may be due
to the fact that the untreated people die of the disease

x 10
1.8

Rate of Change of Removed Human Population with Time

Iy
)
T

[
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T

Nn=0.75,0.=0.50
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Fig. 4.2(f): This shows the response of the removed
human population to increase in treatment rate and
campaign strategy for malaria control. It is observed from
the graph that as more people are treated of malaria, and
the campaign strategy increases, the number of people
dying of malaria decreases. The decline in the number of
people dying of malaria begins to manifest after 4 years.
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x 10° Rate of Change of Population of Classes of Mosquito with Time
L L L L L L L L L

Population of Classes of Mosquito

r r r r r

.
20 25 30
Time[years]

0 r r r

0 5 10 15 50

Fig. 4.3: This graph illustrates malaria transmission
through the various classes of the vector. These classes
are the susceptible vectors, exposed vectors and infected
vectors.

x 10° Rate of Change of Susceptible Mosquito Population with Time
4~

D=0.05,$=0.60
D=0.08,$=0.80
— D=0.11,$=1.00

Susceptible Mosquito Population

1.5 r r r r r r r T

.
0 5 10 15 20 25 30 35 40 45 50
Time[years]

Fig. 4.4(a): This shows the response of susceptible
mosquito population to increase in the use of insecticides
and destruction of mosquito breeding sites. From the
graph, increase of the use of insecticides and destruction

of mosquito breeding areas causes decrease of the
susceptible mosquito population. This is as a result of
mosquitoes dying of insecticides and natural death.

X 105 Rate of Change of Exposed Mosquito Population with Time

— D=0.05,¢=0.60
D=0.08,¢=0.80
" D=0.11,4=1.00

1.2

Exposed Mosquito Population
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20 25 30 35 40 45 50
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10 15

Fig. 4.4(b): The graph shows the response of the exposed
mosquito population to increase in the use of insecticides
and destruction of mosquito breeding sites. It is observed
from the graph that as more insecticides are used and
more mosquito breeding areas are destroyed, the number
of exposed mosquitoes is reduced. It can be observed that
there is a sharp dectine in the number of mosquitoes
exposed to malaria in the first 5 years, followed by
gradual decline in the subsequence years.
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x 10° Rate of Change of Infected Mosquito Population with Time

D=0.05,$=0.60
D=0.08,$=0.80
D=0.11,$=1.00

Infected Mosquito Population

0.5

0 2 @
Time[years]
Fig. 4.4(c): The graph indicates the response of infected
mosquito population to increase in the use of insecticides
and destruction of mosquito breeding sites. It is observed
from the graph that as the use of insecticides and
destruction of mosquito breeding areas are increased, the
number of infected mosquitoes is decreased. It can also be
observed that after 45 years the number of infected
mosquitoes is tending to O, indicating that the eradication
of malaria is imminent
Conclusion
We formulated and analysed a mathematical model that
enables us understand the transmission dynamics of
malaria in the population. The model considered human
population that incorporated recruitment of individuals
into the susceptible class through birth. Our model
incorporated effective measures that can control the
transmission of malaria such as the use of insecticides,
insecticides — treated bed nets, reduction of mosquito
breeding sites, treatment with drugs etc.
In our mathematical approach, we modeled malaria as a
9-dimensional system of ordinary differential equations.
We showed that there exists a domain where the model is
epidemiologically and mathematically well — posed. We
defined the basic reproduction number, Ro, as the number
of secondary infections that one infectious individual

0 r I r
10 15

35 40 45 50

would create over the duration of the infectious period
provided that everyone else is susceptible. We proved that
if Ro < 1, the disease cannot persist in the community and
when Ro > 1, the disease can persist. We performed
stability analysis of the model and we proved that the
disease — free equilibrium is locally asymptotically stable
if Ro < 1 and unstable when Ro >1. A theorem was proved
to show that the model has no endemic equilibrium.

The numerical analysis of the model revealed that the
most effective strategies for controlling and eradicating
malaria are: embarking on awareness programme on
malaria control practices such as the use of insecticides
and insecticide — treated bed nets; Prompt diagnosis and
treatment of infected individuals with drugs; and
destruction of mosquito breeding sites by environmental
sanitation and fumigation. This study concurs with the
intention of the Millennium Development Goal (MDG),
stated in Fatimawati and Tasman (2013) that, the MDG
has a target of halting the spread of malaria, and to
achieve this, it embarked on several interventions such as
the use of larvicides, insecticide, mass treatment with
drugs and insecticide — treated bed nets to reduce the
malaria transmission.
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