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Lassa fever is a severe hemorrhagic viral infection whose agents belong to Mastomys natelensis. Generally,
humans contract Lassa virus through exposure to food or household products that have been contaminated with
the excreta of the infected rodents. Lassa fever is endemic in some West African countries including Nigeria. A
basic model is proposed to examine the transmission of the disease. The proposed model is subjected to quali-
tative study via the theory of differential equations and the threshold quantity that denotes the dominant
eigenvalue was derived using next-generation matrix approach. The basic model is further extended to an
optimal control model with four controls namely, the fumigation of the environment with pesticide, the use of
condom to prevent human to human transmission during sexual activities, early treatment and the use of indoor
residual spray. The theory of optimal control was explored to establish the necessary conditions for curtailing the
transmission of Lassa fever. Numerical simulation was conducted and the results showed that if the Lassa fever
transmission and spread were to be reduced significantly in the endemic region, all the control measures must be
taken with all seriousness.

1. Introduction 10%-16% of all hospitalization each year is due to Lassa fever, con-

firming the health implication of Lassa fever on the population of these

Lassa fever is a rat-spreading, haemorrhagic disease. The disease
originated in Nigeria [1]. Although Lassa fever has been in Nigeria in the
1950s, it only became known in 1969 when it claimed the lives of two
nurses at Lassa town, one of the towns in today’s Borno State [2]. Lassa
fever is confined to West Africa and has become a serious health chal-
lenge in the region with significant morbidity and mortality recorded
each year [3]. The eradication of Lassa fever from the West African
sub-region has become challenging because recovery from the disease
cannot be predicted with certainty as the virus can remain in the bodily
fluids of humans (e.g. semen) after recovery [4].

Lassa fever cases are predominant in Nigeria, Liberia, Sierra-Leone
and Guinea. Nevertheless, other neighbouring countries also stand the
risk of contracting the disease as the agents of Lassa fever, Mastomys
natelensis are distributed throughout the neighbouring countries. In
certain regions in Liberia and Sierra- Leone, it is reported that about
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countries [5]. Human-to-human transmission and laboratory spread of
the disease may also emanate from the inadequate prevention and
control strategies, particularly in the health care system [6]. The in-
cidences of Lassa fever are strongest in the dry season, despite the
breeding of multimammate rodents’ reservoir during the rainy season
[7-11].

The incubation period of Lassa fever ranges from 6 to 21 days. For
most Lassa fever infection, (about 80%), symptoms are usually mild and
undetectable. The mild signs include moderate fever, general pain and
fatigue, and headache. Nevertheless, the disease can progress to severe
symptoms in 20% of people infected with the disease. The infection can
grow to acute symptoms, including respiratory disorder, incessant
vomiting, severe pains in the back, chest and abdomen, facial dis-
figuration and shock [12].

Several mathematical models have been used to analyse physical,
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Fig. 1. Pictorial representation of the model.
Table 1
Detailed defination of variables and parameters.

Variable Description

Sr(t) Susceptible human

En(t) Exposed human

Iy Infected human

Ru(t) Recovered human

St Susceptible rat

E() Exposed rat

Lt Infected rat

Parameter  Description

O Recruitment rate of susceptible humans

o, Recruitment rate of susceptible rat

ap Rate of progression of human from the exposed class to the infected
class.

My Natural death rate of humans.

Sh The disease-induced death rate for humans

T Constant rate due to treatment.

¢ Natural recovery rate for individuals

v Human recovery rate with limited immunity

1-v Proportion of infected human with Lassa fever with limited immunity
becoming susceptible to Lassa fever.

(4 Constant rate of using the indoor residual spray

h Probability of disease transmission per contact by an infectious rat

Po Rate of spread of the disease via sexual activity through asymptomatic
infected human

Bs Rate of spread of the disease via sexual activity through symptomatic
infected human

Pa Rate of spread of the disease per contact by an infectious human.

By Movement rate of exposed rat to infected rat

My Natural mortality rate for rat.

biological and many other complex systems dynamics. Different studies
have been conducted using the mathematical models applied to epide-
miology, which includes the following [13-19]. Given this, few studies
have attempted to use the mathematical modelling techniques to study
the dynamics of Lassa virus [20-29]. The application of optimal control
theory to disease modelling offers useful knowledge about how control
steps can be implemented. Numerous infectious diseases have been
contained through vaccination, diagnosis, public education, and so on
[30]. Since the implementation of optimal control theory in disease
modelling, a considerable number of infectious disease studies have
been conducted using the concept of optimal control theory [31-36].
We have identified that till now, only one study have attempted to
study optimal control of Lassa fever disease dynamics using
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mathematical modelling approach. [37] developed a deterministic
model of Lassa fever using SIR and SI approach for the human and rat
populations respectively. Lassa fever can also be transmitted from per-
son to person through contact with an infected person’s blood, urine,
saliva, throat secretion or semen [38]. This study bridges the gap by
considering a deterministic model, incorporating exposed human
compartment and exposed rat compartment. The following controls are
considered. The use of condom during sex as control to prevent human
to human transmission, fumigating the environment with pesticide,
early treatment and the use of indoor residual spray which was not
considered in their work. In view of the above, we developed a deter-
ministic mathematical model to analyse the dynamics of Lassa fever
disease with optimal control strategies and the effects of such controls.
The paper is organised as follows; section two deals with the formulation
of the model and the mathematical analysis of the optimal control
problem, section three presents the numerical simulation and the re-
sults. Sections four and five are the discussion of results and conclusion
respectively.

2. Materials and methods

In this section, we propose a Lassa fever model which comprises two
groups; the human population and rat population. The human popula-
tion is divided into four compartments; namely, the susceptible Sy, the
exposed Ey, the infected I, and the recovered R; individuals. Similarly,
the rat population is divided into the following compartments; S;,E, I,
which respectively represents the susceptible rat, the exposed rat pop-
ulation and the infected rat population. The human and rat population
are function of time t, that is, Sp(t), Ex(t), Ix(t), Ry(t) and S.(t), E(t),
I,(t) respectively. 6, represents recruitment rate of humans which is by
birth or immigration. 6, is the rate of recruitment for the rat, a; repre-
sents the rate of progression of humans from the exposed class to the
infected class. p;, represents the natural death rate of humans. The
disease-induced death rate by humans is represented by &y, zis the
constant rate due to treatment. There is a natural recovery rate for in-
dividuals denoted by ¢. We assume that the infected human may recover
with limited immunity at the rate vby migrating to the recovery class
whereas, the proportion of infected individuals with limited immunity
become susceptible to Lassa fever at the rate(1 — v). 0 is the constant
rate of using indoor residual spray, ; represents the probability of
disease transmission per contact by an infectious rat, j, is the rate of
spread of the disease via sexual activity through asymptomatic infected
human, f is the rate of spread of the disease via sexual activity through
symptomatic infected human, g, is the rate of spread of the disease per
contact by an infectious human. The infected rat population is increased
as a result of movement from exposed class at the rate g, but is reduced
by the natural mortality rate at . From the above descriptions, we have
the following system of differential equations in equation (1) while the
pictorial representation of the model is displayed in Fig. 1. The associ-
ated model’s variables and parameters are described in Table 1.

ds B, Sl + P,Si1, + BiSul,
St gy + (1= V)l + @Ry — BiSul: + BySul. + BsSiuds — 1S,
dt Ni
dE] BiSuly + BySuly + P3Sil
7:: ( = ZN: ) = BBy —
dI,
7; = BuEn — (W, + 6)ly — @i,
R (@]
h
- vl — (@) + uy)R,
ds, BuliS,
=0, ————— WS,
dt N, K
dEr )B4IhSr
- - E,
i N, (B, +u,)Er,



O.J. Peter et al.

Table 2
Parameters of the model and values.
S, =100,E, = 20,1, = 10,R, =5, S, = 1000, E, = 10, I, =20

Parameter Value Source Parameter Value Source
P 0.01 Assumed Pa 0.025 [12]

= 0.0038 [26] ¢ 0.05 Assumed
Hp 0.003465 [26] T 0.2 Assumed
6, 0.00001 [12] % 0.23 Assumed
O 1.2 Assumed 0 0.75 Assumed
h 0.0182 [25] Sn 0.00019231 [13]

Pa 0.083 [25] @ 0.00385 [25]

P 0.024 [25]

2.1. The model analysis

Normalizing system (1), we obtain,

S, = O+ (¢ + 1)1 =) + @Ry — B1Sul, — BoShEn — BsSuli — 1y Sh
E,(t) = BiSul, + BySuEn + B3Suly — PuEn — pyEn,
L(t) = BuEw— (uy +8) — I,
R,(1) = (¢ +0)hw — @Ry — Ry,
S,(t) = 6, = PiuS, — p, S, — 0.,
E(t) = BulS, — (B, + 1, )Er,
L) = BE -l
(2)
For the human population,
Nj, = Sy + Ep+ Iy + Ry, the differential equation is given as

th
—=6, — 6,1, — u,N,,.
d I ndn — My N

Also, for the rat population,

N, = S;+ E,+ R,, and the corresponding differential equation is
given as

dN,
— =6, —u,N,
dt ”I‘

Theorem 1.

Let (Sh,En, In, Rn, Sr, Er, I;)be the solution of (1) with the initial con-
ditions in a biologically feasible region.

I' =TI'y x I'y with

O
r,= {Sh,E,,,lmR,, ERL:N, s#—’} and
h

0,
r,= {S,,EV,R,- ER :N,sﬂ—}

r

Then I'is non-negative invariant.
Proof.
Following the approach of [22], we have that,

9
0 < N,(1) < Ny(0)e ™ + ﬂ—“ (1—ey, 3)
h

also
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N (1) <N, (0)e ™ + %" (1—e). (4)

Hence, the set I'is positive invariant and for t. Thus for t—>o00, 0 <

Ni(t) < % and N, (t) < ;i Therefore, I'is an attracting set.

2.2. Lassa fever free equilibrium state

Setting the right-hand side of (2) to zero i.e.,
S,=E,=1,=R,=S,=E.=1 =0
Thus, the Lassa free equilibrium state is given as

[ 0,
Py= (Shth7Ithh7Sr7Er7Ir) = (}%,07070,/77070) . 5)

h r
2.3. The basic reproduction number

The tendency for Lassa fever to spread becomes higher if an indi-
vidual is infected with Lassa fever in the population. The threshold for
disease transmissibility in epidemiology is called the basic reproduction
number. This threshold shall be computed for our model to make pre-
dictions regarding the outbreak or otherwise of Lassa fever in the pop-
ulation. Following the approach of [25], we obtain,

B00 00 o P10

My My K B+, 0 0 0
0 0 0 0 =By mtBte 0 0
F= , V=
0 0 +p. 0
0 /ﬁo 0 i+ P,
r 0 o 4 u
0 0 0 O
1
— 0 0 O
ag
g, 1
/h 0 0
ayd; dp
vi=
1
o 0 — 0
as
0 0 b,
apl, H,
where
ar =, +
@ =p,+p,+¢
as =p, +p,

Thus, the basic reproduction number is given as,

B,.6h n 1B\B2530n +ﬂr9rﬁ4_ ®)
HeHpaia Hparazas3

2.4. Extension of the model into optimal control

Ry=pFV—1 =

We further extend the model in (1) by incorporating four control
variables namely; fumigating the environment with pesticide, the use of
condom, early treatment and the use of indoor residual spray u; (t), ux(t),
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Fig. 2. Simulation showing the effect of fumigating the environment on exposed human, infected human, exposed rat and infected rat population.
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Fig. 3. Effect of the use of condom on exposed human, infected human, exposed rat and infected rat population.
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Fig. 4. Effect of early treatment on exposed human, infected human, exposed rat and infected rat population.
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Fig. 6. Effect of the application of all the controls on exposed human, infected human, exposed rat and infected rat population.

us(t), us(t)respectively. The number of susceptible humans is reduced
by
BiSulr (1 —ur) = BrSiEn(1 — uz) — B3Sidy (1 — uz)

Due to contact with the infected rat and as a result of sexual contact
with asymptomatic and symptomatic infected human. The infected
human recover through drug administration at a rate zus. The

susceptible rat population is risen by the daily recruitment rate §,and
reduces by
BulS,(1— 1)

Upon contact with the infected human. du4(t) represent the control

measure by indoor residual spray. By incorporating the above descrip-
tion into (2) we obtain the following differential equations
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ds

7th:6’,,—&-(¢-‘,—1'u3)(1 =)+ @Ry — B1Sul (1 —uy) — BoSiEn(1 — uz) — B3Sidi (1 — uz) — S,
dE;,

5 = PiSulr (L= ) + PoSiEn(L —2) + Sl (1 —2) = (B + 1y ) En,
dl

E:ﬂhEh—(¢+TM3)1/,—(/4/1+5/,)1;”

dR),

T;:(¢+Tu3)"1h—(fﬂh+ﬂh)Rh7

ds,

7 =0, — B, ,S, (1 —uy) — p, S, — OuyS,,

dE,

dr :ﬁAIhSr(l7M])7ﬁrEr7ﬂrE,-79M4E,,

dI.

—=pE —ul —Ouyl,.

dt B, Hy Uy,

The objective function is define as

w(1) | u(h)

Hamiltonian, H is defined as

2 u2

2 2

i
2
t
J (g, uy, uz,uy) = /(BlEh(f) + BoI,,(t) + B3N, (1) +KIT+KZT+K3MST()
0

u; :max{O7 min(l7 BusSuli (e = /11);,541;15)(/16 — 15)) },
1

2
—+ K4M42ﬁ) dt

uz :max{O, min(l, PuSiilde = 21) + BslhSila — ﬁl)) }7

K>

2 2
u u u
H(uy, , uz,uy) = (B,Eh + Byl + B3N, + Klj‘ + K2+ K2+ Kq“) + 00+ tus (1 = V) + @Ry — BiSul (1 — wy) — BoSEn(1 — up) — B3Suli (1 — )

—pSn) + A2 (BySil (1 — wr) + BoSuEn(1 — w2) + B3Suli(1 — w2) — BLEn — i, En) + A3 (B En — (¢ + tus) Iy — iyl — Suli) + Aa(vvusly, — (@, + iy )R1)
$45(0, — Bl (1 — ) — 1S, — 0usS,) + A6 (BulnSo(1 — ) — B.Ey — . Ey — OwsE,) A(B,E, — 1, — Ousl,)

Theorem 2.

There exists an optimal control with the corresponding solution (S,
Epn, Iy, Ry, Sy, E I) corresponding to the state equations in (2) and the
adjoint variables 11 (t), A2(t), A3(t), A4(t), As5(t), 46(t), A7(t)such that,

—& == (B (1 =) +foEn (1 —16o) + P31 (1 —162)] (A1 — o) + i

Ay =PoSi(1=12) (A1 = 42) + (21 —a) +py 22— By,

~ 3= (¢ 1us) [(1 =) +v (s = Aa)] B384 (1= u2) (1 = 22) + (uy +64)25 — B,
—/1;1:%(/11 —A4) iy Aas

—ds=Byln(1—uy)(As —A¢) + (i, +6us)As — B3,

—A6 =P, (A — A7)+ (4, +6us) A6 —Bs,

—A =P Si(1—uy) (A1 —A2) + (1, +6us) 1 — B3

Such that,

‘ :max{o, min<1; (e + 1) (43 —44)1,11:3 (v— 1)(¢+r)1h/11> }

N E.A¢ — 1,
uy :max{O, min(l, —Q(Sﬂls + Kylﬁ rb)) }7
4

3. Results

We perform the numerical simulations by using the values in the
Table 2. We solve the optimal control system which is made up of the
state and adjoint equations. The optimality system is solved numerically
via forward-backwards sweep method. We also use the following values
for the weight factors.

Bi=1, B,=15 By=15, K, =02, K, =02, K; =0.15, Ky = 0.5

To examine the effect of the control interventions, we considered the
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following strategies to see the effect of the best control strategies on
exposed rat, infected rat, exposed human and infected human
population.

. Fumigating the environment with pesticide u;

. The use of condom us

. Early treatment as control intervention us

. The use of indoor residual spray u4

. Applying all the control strategies that is, fumigating the environ-
ment with pesticide, use of condom, early treatment and the use of
indoor residual spray u; (t), ua(t), us(t), us(t)respectively.

a b~ wWwN =

4. Discussion of results

4.1. Effects of fumigating the environment with pesticide u;

We use fumigation of the environment with pesticide as the only
control strategy (u; # 0, up, us, u4 = 0)to minimise the objective func-
tional J, while the other controls u,, us and u4 are set to zero. In Fig. 2(a)-
(e). It is observed that the strategy does not have any effect on the
exposed and infected humans but has a greater impact on the exposed
and infected rats.

4.2. Effects of condom usage uy

We apply the use of condom as the only control strategy that is,
(uz # 0, ug,us,us = 0)to minimise the spread of Lassa fever, while other
controls u;, uz and u4 are made to be zero. In Fig. 3, we observe that the
strategy does not have any effect on the exposed and infected rats but
has a significant effect on the exposed and infected humans as the use of
condom can prevent human to human transmission during sexual ac-
tivities. The number of individuals in the exposed and infected classes
reduces considerably in Fig. 3 (a)-(e).

4.3. Effects of early treatment as control intervention us

We apply early treatment as the only control strategy (us # 0, u,uz,
us = 0)to check the transmission of Lassa fever, while the other in-
terventions uj, up and u4 are set to zero. In Fig. 4 (a)-(e). It is observed
that the strategy does not influence the exposed and the infected rat
populations but has a significant effect on the exposed and infected
humans as their populations decrease significantly.

4.4. Effects of the use of indoor residual spray uy

We apply indoor residual spray as the only control strategy (u4 # O,
u;,uy,u3 = 0)to curtail the Lassa fever spread, while other controls u;,
up and uy4 are set to zero in Fig. 5 (a)-(e). The strategy does not have any
effect on humans but has a significant effect on the exposed and infected
rats. The indoor residual spray controls the rats but does not have a side
effect on humans.

4.5. The combination of all four controls

Fumigation of the environment with pesticide, use of condom, early
treatment and use of indoor residual spray u(t), u2(t), us(t),
uy(t)respectively. In Fig. 6 (a)-(e). It is clearly shown that the applica-
tion of all the four controls yields better results i.e. there is a drastic
decrease in the number of exposed humans, infected humans, exposed
rats and infected rats. Therefore, Lassa fever can be eradicated in any
given population with time if all the suggested controls are adequately
applied.

5. Conclusion

In this study, a model for the dynamics of Lassa fever was proposed.
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The solutions of the model were first of all tested for the basic properties
of positivity and boundedness and were found to be positive and
bounded at all time. A qualitative analysis was then carried out by
deriving the equilibria points, computing the reproduction number and
investigating the existence and stability of equilibria. By using the
Pontryagin’s maximum principle, we formulated the optimal control
problem by analysing the conditions for the optimal control of the dis-
ease spread. The optimized system was solved numerically and the nu-
merical simulations were carried out to illustrate the analytical results.
The numerical simulation results showed that optimal level was attained
in the control and containment of Lassa fever when fumigation of the
environment with pesticide, use of condom, early treatment and use of
indoor residual spray were combined. Therefore, the fight against the
spread of Lassa fever disease requires a multifaceted approach. We have
not considered the stability aspect in this work and other control mea-
sures like personal hygiene, this gives space for future research. The
findings obtained in this work can be a valuable reference for the Lassa
fever Local National Control Program and the basis for the preparation
and design of the best intervention strategies to eradicate Lassa fever
disease.

Author contribution statement

Olumuyiwa J. Peter®, conceived the idea, Olumuyiwa J. Peter,
Adesoye 1. Abioye® and Festus A. Oguntolu®, did the writing-original
draft, Abdullaziz G. Zakari®, Titilayo A. Owolabi, and Timilehin
Gideon Shaba® Review & Editing, Olumuyiwa J. Peter” formulated the
model, Olumuyiwa J. Peter®, Adesoye 1. Abioye” and Titilayo A. Owo-
labi® wrote the coding aspect.

Ethical statement

We wish to confirm that we have adhered to the ethics for publica-
tion according to the requirements of Elsevier and COPE.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References
[1] Dachollom S, Madubueze CE. Mathematical model of the transmission dynamics of
Lassa fever infection with controls. Math Model Appl 2020;5:65-86. https://doi.
org/10.11648/j.mma.20200502.13.
MacNeil A, McConnell R, Patel A, Dillon KE, Hamilton K, Erickson BR, Campbell S,
Knust B, Cannon DL, Miller DM, Manning C, Rollin PE, Nichol ST. Imported Lassa
fever, vol. 16. Pennsylvania, USA: Emerging Infectious Diseases; 2010.
p. 1598-600.
Asogun DA, Adomeh DI, Ehimuan J, Odia I, Hass M, Gabriel M, Olschlager S,
Becker-Ziaja B, Folarin O, Phelan E, Ehiane PE, Ifeh VE, Uyigue EA, Oladapo YT,
Muoebonam EB, Osunde O, Dongo A, Okokhere PO, Okogbenin SA, Momoh M,
Alikah SO, Akhuemokhan OC, Imomeh P, Odike MA, Gire S, Andersen K, Sabeti PC,
Happi CT, Akpede GO, Giinther S. Molecular diagnostics for Lassa Fever at Irrua
specialist teaching hospital, Nigeria: lessons learnt from two years of laboratory
operation. PLoS Neglected Trop Dis 2012;6:1-15.
Baize S, Marianneau P, Georges-Courbot MC, Deubel V. Recent advances in
vaccines against viral haemorrhagic fevers. Curr Opin Infect Dis 2001;14:513-8.
Crowcroft N. Management of Lassa fever in European countries. Euro Surveill
2002;7:50-2.
Cummins D, Bennett D, Fisher-Hoch SP, Farrar B, Machin SJ, McCormick JB. Lassa
fever encephalopathy: clinical and laboratory findings. J Trop Med Hyg 1992;95:
197-201.
Cummins D, McCormick JB, Bennett D, Samba JA, Farrar B, Machin SJ, Fisher-
Hoch SP. Acute sensorineural deafness in Lassa fever. JAMA, J Am Med Assoc
1991;264:2093-6.
Demby AH, Inapougui A, Kargbo K, Koninga J, Kourouma K, Kanu J, Coulibaly M,
Wagoner KD, Ksiazek TG, Peters CJ, Rollin PE, Bausch DG. Lassa fever in Guinea II:
distribution and prevalence of Lassa virus infection in small mammals. Vector
Borne Zoonotic Dis 2001;1:283-97.
Johnson KM, McCormick JB, Webb PA, Smith ES, Elliott LH, King 1J. Clinical
virology of Lassa fever in hospitalized patients. JID (J Infect Dis) 1987;155:456-64.

[2]

[3]

[4]
[5]

[6

s}

[7

—

[8]

[9

—


https://doi.org/10.11648/j.mma.20200502.13
https://doi.org/10.11648/j.mma.20200502.13
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref2
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref2
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref2
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref2
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref3
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref4
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref4
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref5
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref5
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref6
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref6
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref6
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref7
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref7
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref7
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref8
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref8
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref8
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref8
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref9
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref9

O.J. Peter et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

Bolzoni L, Dobson AP, Gatto M, De Leo GA. Allometric scaling and seasonality on
the epidemics of wildlife diseases. Am Nat 2008;172:818-28. https://doi.org/
10.1086/593000.

Dugar CJ, Hastings A, Preisser EL, Strong DR. Seasonally limited host supply
generates microparasite population cycles. Bull Math Biol 2004;66:583-94.
Abdulraheem IS. Public health importance of Lassa fever epidemiology, clinical
features and current management review of literature. Afr J Clin Exp Microbiol
2002;3:33-7.

White A, Begon M, Bowers RG. Host-pathogen cycles in self-regulated forest insect
systems: resolving conflicting predictions. Am Nat 1996;148:220-5.

Gumel AB, Ruan S, Day T, Watmough J, Brauer F, Van den Driessche P,
Gabrielson D, Bowman C, Alexander ME, Ardal S, Wu J, Sahai BM. Modelling
strategies for controlling SARS outbreaks. Proc. Roy. Soc. Lond. B Biol. Sci. 2005;
271:2223-32.

Chitnis N, Hyman JM, Cushing JM. Determining important parameters in the
spread of malaria through the Journal of Applied Mathematics sensitivity analysis
of a mathematical model. Bull Math Biol 2008;70:1272-96.

Bakare EA, Nwozo CR. Mathematical analysis of malaria-schistosomiasis
coinfection model. Epidem Res Int 2016;1-19.

Gao W, Veeresha P, Baskonus HM, Prakasha DG, Kumar P. A new study of
unreported cases of 2019-nCOV epidemic outbreaks, Chaos, Solit Fractals 2020;
138:1-6.

Baskonus HM, Prakasha DG. New numerical surfaces to the mathematical model of
cancer chemotherapy effect in Caputo fractional derivatives, vol. 29. Chaos; 2019.
https://doi.org/10.1063/1.5074099.

Veeresha P, Prakasha DG, Kumar D. Fractional SIR epidemic model of childhood
disease with Mittag-Leffler memory. In: Fractional Calculus in Medical and Health
Science. CRC Press; 2020. p. 229-48.

Ogabi CO, Olusa TV, Madufor MO. Controlling Lassa fever transmission in northern
part of Edo State, Nigeria using sir model. New York Sci J 2012;5:190-7.

James TO, Abdulrahman S, Akinyemi S, Akinwande NI. Dynamics transmission of
Lassa fever disease. Int J Innov Res Educ Sci 2015;2:2349-5219.

Bawa M, Abdulrahman S, Jimoh OR, Adabara NU. Stability analysis of the disease-
free equilibrium state for Lassa fever disease. J Sci, Tech, Math Educ 2014;9:
115-23.

Mohammed BA, Umar CD, Mamman M. Sensitivity analysis in a Lassa fever
deterministic mathematical model. AIP Conference Proceedings 2015;1660.
050050-1-050050-8.

Andrei RA, Yusuka A, Hiroshi N. Quantifying the seasonal drivers of transmission
for Lassa fever in Nigeria. Phil. Trans. Roy. Soc. Lond. B 2019;374:1-7.

11

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Informatics in Medicine Unlocked 20 (2020) 100419

Peter OJ, Adebisi AF, Ajisope MO, Ajibade FO, Abioye Al, Oguntolu FA. Global
stability analysis of Typhoid fever model. Adv Syst Sci Appl 2020;20:20-31.
https://doi.org/10.25728/assa.2020.20.2.792.

Lakshmikantham V, Leela S, Martynyuk AA. Stability analysis of nonlinear systems.
New York, USA: Marcel Dekker, Inc.; 1989.

Bakare EA, Are EB, Abolarin OE, Osanyinlusi SA, Ngwu B, Ubaka ON.
Mathematical modelling and analysis of transmission dynamics of Lassa fever.

J Appl Math 2020;1-18.

Van Den Driesshe P, Watmough J. Reproduction numbers and sub-
thresholdendemic equilibria for compartmental models of disease transmission.
MathBiosci 2002;180:29-48.

World Health Organization. Lassa Fever Nigeria. Geneva, Switzerland: World
Health Organization; 2016.

Temesgen DA. Optimal control strategy for the transmission dynamics of typhoid
fever. Am J Appl Math 2019;37-48:48. https://doi.org/10.11648/j.
ajam.20190702.11.

Abioye Al, Ibrahim MO, Peter OJ, Ogunseye HA. Optimal control on a
mathematical model of malaria. Sci. Bull., Series A: Appl Math Phy 2020:178-90.
Ayoade AA, Peter OJ, Ayoola TA, Amadiegwu S, Victor AA. Optimal intervention
strategies for transmission dynamics of cholera disease. Malay. J Appl Sci 2019:
26-37.

Alfred H, Oluwole DM, Santosh K, Fred FC. Optimal control and cost effectiveness
analysis for Newcastle disease eco epidemiological model in Tanzania. J Biol
Dynam 2017:190-209. https://doi.org/10.1080/17513758.2016.1258093.

Peter OJ, Ibrahim MO, Akinduko OB, Rabiu M. Mathematical model for the control
of Typhoid fever. IOSR J Math 2017:60-6. https://doi.org/10.9790/5728-
1304026066.

Awofisayo OA, Pratt A, McCarthy N, Hall I. Within-host mathematical modelling of
the incubation period of Salmonella Typhi. R Soc Open Sci 2019:182143. https://
doi.org/10.1098/rs0s.182143.

Khalid A, Adil El AL. An optimal control for a two-dimensional spatiotemporal
SEIR epidemic model. , 15 pages, https://doi.org/10.1155/2020/4749365; 2020.
Ifeanyi, S. O. Obiora, C. C. Praise-God U. M, and Godwin C. E. M.. Dynamical
system Analysis and optimal control measures of Lassa fever disease model. Int J
Math Math Sci Volume 2020, Article ID 7923125, 18 pages https://doi.org/10.11
55/2020/7923125.

Nigerian Centre for disease control. https://ncdc.gov.ng/diseases/factsh
eet/47#transmission. Accessed on 9th Aug., 2020.


https://doi.org/10.1086/593000
https://doi.org/10.1086/593000
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref11
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref11
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref12
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref12
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref12
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref13
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref13
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref14
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref14
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref14
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref14
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref15
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref15
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref15
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref16
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref16
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref17
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref17
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref17
https://doi.org/10.1063/1.5074099
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref19
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref19
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref19
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref20
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref20
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref21
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref21
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref22
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref22
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref22
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref23
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref23
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref23
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref24
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref24
https://doi.org/10.25728/assa.2020.20.2.792
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref26
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref26
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref27
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref27
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref27
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref28
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref28
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref28
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref29
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref29
https://doi.org/10.11648/j.ajam.20190702.11
https://doi.org/10.11648/j.ajam.20190702.11
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref31
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref31
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref32
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref32
http://refhub.elsevier.com/S2352-9148(20)30569-4/sref32
https://doi.org/10.1080/17513758.2016.1258093
https://doi.org/10.9790/5728-1304026066
https://doi.org/10.9790/5728-1304026066
https://doi.org/10.1098/rsos.182143
https://doi.org/10.1098/rsos.182143
https://doi.org/10.1155/2020/4749365
https://doi.org/10.1155/2020/7923125
https://doi.org/10.1155/2020/7923125
https://ncdc.gov.ng/diseases/factsheet/47#transmission
https://ncdc.gov.ng/diseases/factsheet/47#transmission

	Modelling and optimal control analysis of Lassa fever disease
	1 Introduction
	2 Materials and methods
	2.1 The model analysis
	2.2 Lassa fever free equilibrium state
	2.3 The basic reproduction number
	2.4 Extension of the model into optimal control

	3 Results
	4 Discussion of results
	4.1 Effects of fumigating the environment with pesticide u1
	4.2 Effects of condom usage u2
	4.3 Effects of early treatment as control intervention u3
	4.4 Effects of the use of indoor residual spray u4
	4.5 The combination of all four controls

	5 Conclusion
	Author contribution statement
	Ethical statement
	Declaration of competing interest
	References


