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A Mathematical Model For Lassa Fever
Transmission Dynamics With Impacts of Control
Measures: Analysis And Simulation

Oke I. Idisi and Tunde T. Yusuf

Abstract—Lassa Fever, caused by Lassa virus, is a vector-
host transmitted infectious disease whose prevalence has been
on the upsurge over the past few decades. Thus, considering
the grave implications of the continuous spread of the disease,
an epidemic model was developed to describe the disease trans-
mission dynamics with impacts of proposed control measures.
This is to help inform effective control strategies that would
successfully curtail and contain the disease in its endemic areas.
The model is qualitatively analyzed in order to contextualize
the long run behavior of the model while the model associated
basic reproduction number is derived. The model analysis
reveals that the disease-free equilibrium is locally and globally
stable whenever the basic reproduction number is less than unity
and the disease prevalence would be high as long as the basic
reproduction number is greater than unity. Finally, the model
is numerically solved and simulated for different scenarios of
the disease outbreaks while the findings from simulations are
discussed.

Index Terms—Lassa virus, Vector-Host model, Basic reproduc-
tion number, Equilibrium solutions, Stability analysis.

I. INTRODUCTION

Lassa fever is an acute viral illness caused by the lassa
virus. The vector for the virus are the rodents of the genus
Mastomys, also known as the “multimammate rats”. Lassa
virus is of family Arenaviridae which includes Junin virus
discovered in 1958, Machupo virus (1963), Gunarito virus
(1989), Sabia virus (1993), Chapare virus (2004) and Lujo
virus (2008). All these viruses have their members generally
associated with rodent-transmitted diseases in humans. These
viruses are zoonotic, hence do not obviously cause illness to
their host [3], [13]. Lassa virus was first discovered in a town
called Lassa located within Borno state in Nigeria during
the year 1969 and it has since spread to other countries.
For instance, It has been reported in Benin Republic, Cote
d’Ivoire, Ghana, Liberia, Mali, Nigeria, Sierra Leone and
Togo [3], [13]-[15]. In 2019, the Nigeria Center for Disease
Control (NCDC) declared the outbreak of Lassa fever as
emergency with 324 confirmed cases of Lassa fever and
72 death with case fatality rate (CFR) of 22% of the 3746
contacts identified in January 2019 across 20 states in Nigeria
including the federal capital territory [20]. Recently, the
Nigeria Center for Disease control (NCDC) cumulative
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report from week 1 to week 41, 2020, recorded 228 deaths
with a (CFR) of 20.7%. Thus, the disease is gradually
becoming endemic in Nigeria having spread across 27 states
comprising 129 Local Government Areas of the federation.
Moreover, it is imperative to mention that 80% — 90% of
humans contact Lassa fever either through primary human
infection or secondary human infection route. The primary
human infection occurs through eating food contaminated by
infected rat (Mastomys Natalensis) urine/droppings while its
secondary human infection occurs through direct contact with
blood secretion, organs or other bodily fluids of infected
persons. As for the rodents, the virus are passed from mother
rodent to offspring during pregnancy and most infection are
transmitted among adults rodent during sex, fighting, and
bites. Also, the viruses are shed into the environment in
urine or droppings of infected host [3], [13]. It is essential
to mention that the incubation period of Lassa disease
ranges between 6 - 21 days and the prodromal of disease is
associated with mild symptoms similar to that of Malaria and
Typhoid fever. These symptoms include nausea, vomiting,
chest pain, puffy face, puffy cheeks, edema, dehydration,
conjunctiva injection, fainting attacks, bleeding from orifices,
hypertension, coma, and shock development in severe cases.
Nevertheless, Lassa fever can be treated using Ribavirin
which is effective at the early stage of infection [12], [13],
[15].

Over the years, mathematical models have been used to study
vector-host disease transmission dynamics [11], [16]. For
example; Esteva and Vargas, Cruz-Pacheco et al, Boureima et
al (see [17]-[19]) developed and investigated compartmental
models for the spread of dengue fever, West Nile virus and
Malaria respectively; using a system of ordinary differential
equations.  Similarly, Brauer et al, and Cai & Li
developed a basic transmission mathematical model to study
some vector-transmitted diseases (see [1], [10]). The Brauer
et al study was centered on transmission dynamics and
control of Zika virus disease while Cai and Li analyzed a
simple vector-host epidemic model with direct transmission
using SIS and SIRS compartments for the human population
and SI for the vector population.

IN recent times, the emergence of Lassa fever has pre-
cipitated several researches on how to understand the
dynamics of disease transmission and combat the spread
of the disease. Consequently, Sulaimon and Ibrahim [5]
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formulated a mathematical model describing the transmission
dynamics of Lassa fever infection. They adopted the SEIR
compartment model for the human population with a split
of the infectious class into symptomatic and asymptomatic
infectious classes while assuming that rodents do not recover
once they are infected with the Lassa virus. They defined
a threshold parameter and concluded that when the respective
basic reproduction number R < 1, the disease dies out and if
otherwise, the disease persists in the population. Aside, there
are quite a few other works on Lassa fever disease transmission
dynamics (see [2], [23], [24]). Thus, authors like Omale &
Edibo, Akanni & Adediipo, and Eraikhuemen & Eguasa all
developed and analyzed mathematical models for Lassa fever
transmission dynamics with control strategies. They equally
carried out stability analysis and simulations of their models
while they proffer suggestions on control strategies that can
help mitigate the alarming spread of the disease based on
findings from their various studies (see [4], [6], [8]). The
purpose of this paper is to describe and analyze a mathematical
model for the transmission dynamic of Lassa virus within
the vector and host population. Thus, the paper is structured
as follows: In section 2, the proposed mathematical model
for Lassa Fever transmission dynamics will be formulated;
In Section 3, qualitative analysis of the model will be
presented; In section 4, the model will be solved numerically
and simulated for different scenarios of the disease outbreak
while the simulation results will be discussed; In section 5,
the conclusion from the study will be given.

II. PROPOSED MODEL FORMULATION

N this section, a vector-host epidemic model with

direct and indirect vector transmissions is presented and
analyzed, the human population is divided into susceptible,
exposed, infected and recovery (SEIR) compartments and the
rodent population is divided into susceptible and infected (SI)
compartments. Susceptible humans are recruited in to the
population at rate Ay and became exposed having contact
with either infected humans or rodents at rate (3; or [s.
Exposed individuals proceed to the infected compartment
at rate v and die due to Lassa disease at rate kp, infected
individual who recovered from the disease proceed to the
recovery compartment at rate a, while p denote natural
death in each of the human compartment. Also, rodents
are recruited into susceptible population at Ar and became
infected having sufficient contact at rate 7 and they die either
naturally or by human hunting denoted by ¢r or dg. It is
assumed that all humans are susceptible to the infection ab
initio.

The proposed model satisfies the following assumptions

1) Susceptible individuals can be infected via two routes
of transmission, that is, directly, through a contact
with an infected individual (supposedly as a result of
blood transfusion,or sexual transmission), and indirectly
through eating of contaminated food by the urine or
feces of infected rodents. Thus, we denote the rate
of direct transmission by (2 so that the incidence of

new infections via this route is given by a standard
incidence rate % also we denote the rate of
indirect transmission of Lassa with 31, and the incidence
of new infections transmitted by the vectors is given
again by a standard incidence rate % .

2) The total human population Np is heterogeneously
mixed and the total rodent population Nz is equally
heterogeneously mixed.

3) It is assumed that, at the outset, there is no control
measure in place to check the free spread of the disease.

Thus, the dynamics of this infectious disease in the human
and rodent populations can be described using system of
nonlinear differential equations Eq. (1) and the schematic
diagram presented in Fig. 1 below:

dSy A b1Sulr  P2Sulu g
dt H NR NH HoH,
dEyg  (1Sulr  B2Sulg

I Nn + Ni Yog— plm,
dI

7H :’yEH—KIH—OzIH—/.LIH,
dRu —aly— uR

dt - H— pivg,

dSR TSRIR

—— =Agp— ————— pSg—6S

7 R TN SR Rs

dIR TSRIR

—_— = — dIp— 01R.

i Ny ¢IRr R

At any time, the total population of humans and rodents is
given respectively, by

Ng(t)=Sut)+ Eg(t)+ Ig(t) + Ru(t),

Nalt) = Sn(t) + In(t). @

subject to the following non negative initial conditions

Sor >0, Eon > 0, Iog > 0, Rog > 0, Sor > 0, Ipp > 0

3)

The entire growth for human and rodent population is respec-
tively described by the following equation:

dN.,
— () = Ay — pNg(t) — kg (1),

dc%(t) =Ar — (¢ +0) Nr(t).

III. MODEL QUALITATIVE ANALYSIS

Here, the qualitative analysis of the model Eq. (1) is carried
out to determine the eventual behavior of the system in the
long run. In order to achieve this, firstly we show that the
model is mathematically well pose and that its compact set is
positively invariant. Secondly, the model equilibrium solutions
are obtained and the criteria for their stability are established
using Routh-Hurwitz criteria and direct Lyapunov function
technique.
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Fig. 1. Flow diagram for the spread of Lassa virus involving human and
rodent transmission. Note that: Orange nodes are infectious and Aqua nodes
are non-infectious. Circular shapes represents human cohorts and square boxes
represent rodent cohort

TABLE 1
DESCRIPTION OF VARIABLE AND PARAMETER FOR MODEL SYSTEM (1)
Variable Interpretation
SH Population of susceptible individuals
Eg Population of individuals exposed to Lassa
Iy Population of infectious individuals
Ry Population of individuals recovered from Lassa
Sr Population of Susceptible rodents
I Population of infectious rodent
Paramater | Interpretation
Ay, Ap Recruitment rates
B1, B2 Transmission rates

¥ Progression rate from Ep to Iy

« Progression rate from Iy to Ry

T Progression rate from Sr to Ig

K Disease induced death rate

¢ Death due to predator / human hunting of rodent
1/0 Rodent Average life span

1/1 Human average life span

A. Positivity of Solutions for Model (1)

Lemma 3.1: The compact 2 defined as (A; X As) is a
positively invariant set, which attracts all positive orbits in

RY.
Based on system of Eq. (1), we have:
dN.
Tf:AH—pNH—K}IH (5
Since x > 0 and I(t) > 0 for all ¢ > 0, Eq. (5) becomes:
dN.
— < A~ Ny (©)
t
Integrating Eq. (6), we obtained:
Ny (t) < 2 <NH(O) — H> G
A ()
< Ny(0)e # + TH (1—e ")
Similarly, solving the second equation of Eq. (2):
AR AR ) _
Ng(t) < + | Ng(0) — e M
w0 < St (Ve - S N
Ar
< Ng(0)e " + 1—e#t

Agr
510

A
Therefore, as t > 0, Ng(t) < ZH and Ng(t) <
i

Hence:

Ay :{(SH,EH,IH,RH) eR Ny < Af}
A
= 2. <7R
AQ {(SR’IR)€R+'NR¢+5} (9)

A AR}
Q=<A; X Ag|Ng < — N <
{ 1 2|H_M RS 3TS

This implies that ATH and Af();) are the upper bond for human

population Ny (t) and rodent reservoir Ng(t) respectively.
Thus, from lemma 3.1 the set {2 is positive invariant with
respect to system of Eq. (1). Then we, conclude that the set
Q is positively invariant and all solutions of Eq. (1) are non
negative and epidemiological well posed.

B. Reproduction number

In order to further understand the disease transmission
dynamics, we analyze the basic reproduction number Ry,
which is defined as the number of secondary disease cases
caused by introducing a single infective individual during
his/her infectious period into a wholly susceptible population
of host and vector. For the proposed model Eq. (1), this is
calculated using the approach in [1] which considers only
human infections as new infections with infections of rodent as
transition. It is salient to point out that the same expression was
obtain for the reproduction number using the next generation
matrix approach by [1] & [21]. Hence, using the approach in
( [1] section 3), we form the matrix product as K = rv-1
with

/31SHIR+ BoSuln
Sp+Ir ' SutEn+luntRu (v+u)Eu
Fi = 0 yVi= |=vEu+ (s +a+p)ln
"Snln (6+0)I
Sr+ I

(10
such that ¢ = 1,2, 3, thus the associated matrices F' denote
new infectious terms and V' the remaining transition terms
computed using the following Jacobian matrices:

[OR OF OR] [0 9V oW
OFEy 0Ig O0Ig OFEy 0Iyg O0Ig
oFy, 0Fy, 0F, oVy  OVy  OVs

F= G 9y o g 9% 11
O0Ey OIy 0Ig|’ OFEy 0lIyg O0Ig an
oF, OF OF oy Vi oy
|OFEg 0lg Olg] |OEg 0Ig Olgr]

After proper substitution and evaluations of the matrices in
(11) at the disease free equilibrium, we obtain:

B1 An (6+0)

0 B Hale vHp 0 0
F=10 o0 0 , V=| = kta+p 0 (12)
0 0 T 0 0 o+6
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Thus, the inverse matrix of V' in equation (11) was obtain
as:

1
T 0 0
— 1
V= | Groeadarm  wrern O (13)
1
0 0 55

Since the first column of F' in equation(11) has zero entries,
the same is true of FV 1, and thus, the basic reproduction
number (Ry) is the largest eigenvalue of F'V ~! which implies
that Rg = p(FV 1) = max{Ry, R, } where:

B2y _ T
(v+ )k +a+p)’

Ry = (14)

Ry

(¢ +0)
where R, and Rj is the reproduction number due to an
infected rodents and infected human population respectively.

C. Local Stability Analysis of &

The basic reproduction number serves as the threshold
parameter in determining the relative rapidity of the spread
of an infectious disease. Its value is also a measure of the
ease or difficulty of controlling the spread of a disease.
Thus, the bigger the value of R, the more difficult it will be
to curtail the spread of the disease in question, and vice-versa.

1) Disease Free Equilibrium: The disease free equilibrium
(&o) is the scenario where no individual and rodent are infected
by Lassa virus in the country of interest. Mathematically this
is determined by setting the derivatives Sy = Ey = I;; =
R/H = 5;3 = I;Z = 0 in system (1) and solving the resulting
system of equations simultaneously. Thus, the model disease
free equilibrium (&) is given as:

A A
& = |(Sw, Ext, I, Rir, Sgy Ir) [ —£,0,0,0,—2—.0 (15)
m ¢+

In addition, the stability of the disease-free equilibrium is
established to reveal the conditions under which Lassa fever
cases will die out or persist in the population.

Theorem 3.2: The disease free equilibrium & of system
(1) is locally asymptotically stable if Ry < 1 and unstable if
Ro > 1.

Proof: Evaluating the Jacobian matrix of Eq. (1) at the disease-
free equilibrium gives Jig) =

-0 —Bs o o -PLhulexd)
A,MAR 5)
0 —v—pu Ba 0 0 %
0 HAR (16)
¥ —a—k—p 0 0 0

0 0 o — 0 0

0 0 0 0 —¢—6 7

0 0 0 0o 0 T+—¢—6
The characteristic equation |Jo—IA] = 0 is ob-

tained from the Jacobian determinant with the Eigenvalues
A (i=1,...,6) gotten as follows:

Y= p=A Ba

A+ A +o+0)A—7+0+90) =0 (17)

y —(a+K+p)—A

From equation (17), either

A+ A+6+0)A=T+d+6)=0 (18)
or
Y= A B _
v —(a 4K+ p)= A =0 (19

Solving equation (18) to obtain the eigenvalues, we have:

)\3 = _d)_ 57
M= (R, —1)(¢+9)

)\1 =M, )\2 = —HK,
M=T—0—10 and

Based on Routh-Hurwitz criteria, the matrix in equation (19)
has a trace(A) < 0 and a Det(A) > 0 provided Ry < 1,
since

Trace (A) =—(v+pu+N)—(a+Kr+p+A) (20)
is obviously negative because all the parameters
(v, p, K, and ) are positive and

Det A = (v4p) (a4 s+ p) — B2y,
= (1-Ro)(v+n)(a+r+np); 21

> 0 whenever Ry <1

From Eq. (16) the first four eigenvalues all have negative real
parts. We then establish the necessary and sufficient conditions
for the remaining two eigenvalues of equation (19) to have
negative real part. Therefore, if Rg < 1, then A5.0¢ > 0
and A5 + A\g < 0. consequently, we have that the disease-free
equilibrium (&) of the model is locally asymptotically stable
if and only if the basic reproduction number (Rg) is less than
unity. This complete the proof (.

D. Endemic Equilibrium (&)

System (1) can be shown to have a unique endemic equilibrium
of the form (S%, I5, Si;, Ei. I}, R}). Due to the complex
nature of the model, system (1) was solved using mathematical
software and the following results were obtained:

It = Ar(t—=6—¢) __ AR(RT - 1)
5=

w« A
SR_ - T(0+¢) T T

T

An [—M:ST —xTp? —Ty(a— K+ Bo)p — EB1T + Br1E(0 + ¢) + \/Z}

St = (7 (Be — )i T R 16— 1)B)

A [(6 +o—7) (B2 + xp+v(e+26)B1 — pr(px —v(B2 — X)) 7 + \/Z]
2yu(r(6 + ¢ — 7)B1 + pT (B2 — K))

By =

Anr [(5 +¢—7) (12 +xp+(a+26)81 — pr(px — (B2 — X)) pr + \/Z]

T = G (S e g Yo Y gy

e alp [((5 +¢—7) (12 +xp+v(+28)B1 — pr(px — (B2 — X)) p7 + \/Z}
s =

2u(T(B2 — k) + K( + ¢ — 7)B)X (v + 1)

with & =p® +(a+v+rR)p+ay, x=a+k+u,
A = Py + p)xr? = 27 [Boyur + (6 + ¢ — T)EB].
(v + wpx + [Baypr — (6 + ¢ — 7))
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E. Global Stability Analysis of DFE (&)

Theorem 3.3: The disease free equilibrium of Eq. (1) is
globally asymptotically stable, if Ry < 1 and unstable if Rg >
1.

Proof:
Considering the quadratic Lyapunov function for the model

Eq. (1):

W(t) Z(SH—S;{ITLSH)+EH+IH+RH+ 22)
(SR — SEI?%SR) + Ip
Differentiating (22) with respect to time yields
W(t) = Su V= S0 4 By gy R+ S (1 2R 4
Su ~ Sg
_(, _ Si _ BSulr  B2Sulu
= (1 55 (g Bl a0
I 1
i Dudn | BBl B B~ (k4 w)In
Ng Ny
S5 Srl
+alp +pRy + <1* R) (AR* ToRR *(¢+M)SR)
Sr Nr
Srl
+ T]\I; E—(¢p+mln
R
(23)

Simplifying Eq. (23), we obtain:

o CSE\ e (1 Su\ L BSE (1 Su
W(t)—AH<1 SH)+'MSH(1 S}fl>+ NR 1 S;} IR

P25t Su P2Su B
+ Nr ( SH)IH {NH (/§+u)}IH uE
B1Sy | TSR Sk
—/LR+|:N +N7R—(¢+5):|IR+AR<1—£>
TSR SR * SR
+N—R<1—SE> Ir+ (¢ +9)Sk <1 S—ﬂ)

(24)
Using condition of Eq. (15), equation (24) can be expressed
as:

oy Sk . Su Sk
0= (1= 50 ) s (1 52 (1 50)
S
+ (¢ +9)Sk (1 - S—R) — pEy — pRy
R

. A . A
But SH=7H and Sg = +R5
W(t)<AH<1—SH>+AH(1—S’:)+AR< SR)
SH SH R
+ AR (1 — Sf —,U,EH — }LRH
SR
Sy S Sk S
<Ap(2- —ZR) 4 A (2- PR
H( 5 SR>+ H( 5 SR)
—uEg — pRy
. Ap (Su—S5)°  Aw (Sg—S5)°
t) < — — —pEy —
W) < SuSy SkSH HEw = pBu

W(t) < 0, only when Ey, Ry = 0. Therefore, the max-
imum invariant set in is the singleton set &. Hence, the
global stability of & when Ry > 1 follows from LaSalle’s
invariance principle (see [25]). This means that the disease
free equilibrium © = (S, Fy, Iy, Ru,Sr,Ir)is globally
asymptotically stable on 2 [.

F. Global Stability Analysis of &

Theorem 3.4: If Ry > 1, then there exist an endemic
equilibrium &; (in addition to the disease free equilibrium)
of system (1) and it is globally asymptotically stable.

Proof. Suppose Ry > 1, then the existence of the endemic
equilibrium point (£;) is assured. Applying the common
quadratic Lyapunov function

V($1,$2...7$n) =

[an 3 (@i x;‘)] (25)

i=1
Then, the derivative of V' with respect to time is given by:

av

o = 5n = S8h) +

(Bg — Ey)+ (Ig —Iy)+ (Ra — Ry) +

+(In—I%)]. |:d(SH + Eg + ]Hd-: Ry + Sy +IH)}

(26)
Substituting equation (5) into (26) yields:

W (5w — i) + (B — Bip) + (I — Ii) + (R — Ry) +

+Ur—Ip)] . [Aw +Ap — p(Su + Ey + In + Rp)

—kIg — (64 ¢)(Sk + Ir))
(27)

By Setting
Ay =p (S + Ef + I+ Ry) + kI and
Ap =(0+¢) (Sk+ Ik)

and substituting into equation (27), we have:

av

oS <[(Su - Si) + (Em — Ef) + (g — I) + (Rg — Ry)+
(Sr—Sk)+ Ur — Ip)] . [W(SF + Efr + I + Ryp)+
(6 +¢)(Sk +Ig) — u(Sg + Eg + Ig + Ry )—

wlg — (6 + ¢)(Sr + IR)]

<[(Sg - Si) + (Em — Ef) + g — I) + (Rg — Ry)+
(Sr — Sk) + (Ur — IR)]. [~-(Sg — Si) — u(Eg — Ex)
g —Iyg) — p(Ry — Ry) —6(ly — If) — (0 + ).
(Sr — Sgr¥) — (6 + ¢)(Ir — I)]

kg +

av
dt =

<— (S —Sy)* — 1 (Su — Si) [(Bn — Egy) +
+(Ry — Ryp)l = (Su — Sip) - [x (In — Ifp) +
(Sk — Si+ In — I})] — n(Ey — B)? — p(En — Eyy)
(S — Si) + (Im — Iiy) + (R — Ryy) | —

(Eu — E3p) (5 (I — Lip) + (¢ + 6) (Sp — Sj + In — I})]

— 1(Ry — Ry)? — p(Ry — Ry) . [(Su — Sir) + (En — Ejy)
+ Iy — Iip)] — (R — Ryy) (5 (I — Iiy) + (¢ + )

(Sr— Sp+1Ir—1I}) = (w+k) (In — Iip)* — pu(Ig — Ify)
[(Su — Sip) + (B — Ep) + (Ry — Ryy)) — (I — Iip) -
[(¢+06) (Sr— S+ 1Ir—1I5) ] — (0+¢) (Sk — S;)°
—p(Sr = S3).[(Su — Si) + (En — Egy) + (Ru — Ryy)
+Un—1I) | = (Sr = Sp) (@ +0) (Ir — I) + sl — Iyy)]
—(64+¢)(In —Ip)* — p(r — I}) . [(Sy — Sir) +

(Eg — Ey) + (R — Ry) + (Ig — I)] — (Ir — IR)

(¢ +6) (Sr — Si) + k(I — Ijy)]

(I = I)
(¢ +9).

(28)

(Sr — S%)

(Sr = Sk)
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In view of the foregoing in Eq. (28), we have that % <0,
though 4% 0 only at & (e, if Sy S, Fg =
Efy, Iy = Iy, Ry = Ry, Sr = S%, and Ir = Ij). So,
it follows from LaSalle’s invariance principle [25] that all
solution of system (1) approach & as t — oo if Ry and
R, > 1. Therefore, the endemic equilibrium &; is globally
asymptotically stable in €2 whenever R, and R, > 1. This

completes the proof L.

IV. NUMERICAL RESULTS AND DISCUSSION

The sensitivity analysis of the basic reproduction number
with respect to the model parameters is carried out and the
numerical simulation of the model system (1) is done using
Runge-Kutta fourth order scheme, using Matlab program to
elucidate the qualitative analysis of the model system based
on variables and parameter values presented in Table IV-A.

A. Sensitivity Analysis

Sensitivity analysis determined the behavior of the model in
response to the changes in the variables and parameter values
in the model structure. The contribution of parameters to the
basic reproduction number reveals the effectiveness of each
of the parameter value to persistence of the disease in the
environment with respect to time. In the present case, the focus
is given to determine how changes in the model parameters
impact the effective reproduction number. However, this is
done through the normalized forward-sensitive index.

The normalized forward-sensitive index of R, and R, to any
parameter say (II) can be defined as

B9 T Ry
The sensitivity index of Rj with respect to parameters
(B2,7, 1, K, and ) are as stated below:

= 29)

ORy _ B2
F =t 22—
or /82a Rh 8ﬁ2 Rh
ORy,
For ~, T} e UV S -
" Oy R, v+t
OR 2
For 4, TV _OBn  op _ plitat2ut) (30
" Op Ry (v+u) (k+atp)
For i’ ORs x = i
K =X =
R P KE+a+p
ORy, K o
F o =— _ = ——
of & TR T th K+a+p

The sensitivity index of R,
are as stated below:

with respect to parameters (7, d ¢)

For 7, T% ::(')a]? X —]; =1
OR, & 5
For 6, T3 =22 ___ 9
o R Ty R T i+ D
OR, ¢ &
F re = =
R A S

The sensitivity indices of R; and R, with respect to each
of the model parameters are presented in Tab. I based on
parameter values from Tab. IV-A.

)

24

TABLE 11
SENSITIVITY INDICES OF R}, AND R, TO PARAMETERS
Parameter | Description [ Index
B2 Transmission rate 1
¥ Progression from Eg to Ipr 0.0001054
“w Human natural death -0.000175
K Disease induced death rate - 0.0128
a Progression from Ig to Ry -0.9871
T Progression from Sgr to Ip 1
) Rodent natural death rate -0.1177
0] Rodent death due to predator | -0.8823

In Tab. II, it is observed that the most sensitive parameters
are (f2) and (7) with both having sensitivity index of 1.
However,this implies that R;, or R, approximately decreases
by 1% when either 85 or 7 is decreased by 1. This implies
that any control measure that can reduced human transmission
rate and progression of susceptible rodent to infected rodent
will be a keynote in controlling the transmission dynamic of
Lassa fever. Thus the parameter of model (1), their nominal
value and references are presented in Tab. IV-A

TABLE III

MODEL PARAMETER VALUES
Parameter | Nominal Value | Reference
B2 0.05 Assumed
~ 0.52 5]
Ay 0.215 Assumed
T 0.0003 Assumed
m 0.0000548 7
K 0.01 [4], [5], [13]
a 0.0005 Assumed
0 0.04 [4], [5]
¢ 0.01 [5]
AR 0.00045 Assumed
51 0.00005 [4]

The initial conditions Sy (0) = 111600000 , Ex(0)
63240000 , Ix(0) = 9300000, Ry (0) = 186000, Sr(0) =
150000000, and Ig(0) 50000000 where used for the
simulation, noting the demographic population of Nigeria to
be 186,000,000 people. Using the above initial conditions and
parameters’ values in Tab. IV-A) to simulate model (1) to
observe the behavior in each of the model compartments for
scenarios with Ry > 1 and that with Ry < 1 as shown in
(Fig. 2 — Fig. 7).

5 x10°

Suceptible Human Population (Millions)

o 20 40 60 80
Time (Months)

100 120

Fig. 2. Distribution of Susceptible Human Population
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Fig. 3. Distribution of Exposed Human Population
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Fig. 4. Distribution of Infected Human Population
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Fig. 5. Distribution of Recovered Human Population

Fig. 2-7 depict the behavior of model system (1) when
the threshold parameter Ry = max{R; = 0.1653, R, =
0.1400} < 1, and Ry = max{R, = 1.1568, R, =
12.3733} > 1, using parameters in table (IV-A)

Fig. 2 depicts the evolution of susceptible humans which
illustrate increase in human population when Ry < 1 and
steady decline when Ry > 1. Fig. 3 describe the evolution of
exposed humans to Lassa disease when Rg < 1 and Ry > 1.
Fig. 4 describe the evolution of infected humans. This shows
that when Ry > 1, there is a steady increase in the infected
population over time until it reaches its peak, after which

slowly decline to a stable population level. On the contrary,
When Ry < 1, there is a very slight increase is number of
infected individuals which is immediately followed by a steady
and rapid drop in the population as it eventually approach the
zero population level. Also, Fig. 5 depicts the profile of the
recovered human population when Ry < 1 and when Ry > 1.

%107

15
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o 20 40 60 80 100 120
Time (Months)

Fig. 6. Distribution of Susceptible Rodent Population
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Fig. 7. Distribution of infected Rodent Population

However, Fig. 6 describes the evolution of susceptible
rodents’ population and this shows that when Ry > 1
there was a drastic decline in susceptible rodents population
compared with when Ry < 1, while Fig. 7 describes the
evolution of infected rodents’ population when Ry < 1, and
this reveals a sharp decline in infected rodents population
compared with when Ry > 1,Thus, the basic reproduction
number R, is shown to be a distinguishing threshold
parameter of the extinction or persistence of Lassa fever
disease.

In order to investigate further into the disease transmission
dynamics, we perform plots for new cases of Lassa disease
infection as depicted in 8 and 9.

Fig. 8 was simulated using parameter value in table (IV-A)
with /35 taken as (0.5,0.51.....0.6,1, 1.1, ..., 1.5) which reveals
the effects of varying the human to human contact rate on
model system (1). This depicts that increase in the value of
(B2) yields increase in the number of new infected humans.
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New Cases of Infection (Millions)

0 20 40 60 80 100 120
Time(Months)

Fig. 8. Simulation of New-Cases of Lassa Fever infection

However from our simulation, increasing human contact rate
say [ B2 = 1.5 ] produces a sharp increase in the population of
infected individuals having high saturation within a very short
time, after which it slowly declines to its equilibrium. Thus,
decreasing the value of 35 say [ B2 = 0.5] elapse the time for
new cases of infection to reach its peak (Prolong rapid spread
of the disease) and also increases time to attain stability.

Disease Prevalence (Million)

I I I L I
] 20 a0 80 80 100 120
Time (Months)

Fig. 9. Simulation of Lassa Fever Disease Prevalence

Fig. 9 depicts the prevalence of Lassa fever in model (1),
which reveals that increase in the force of human to human
contact [say O2 = 1.5] reduces the time prevalence of Lassa
Fever reaches saturation (Peak) infected individuals. However,
by decreasing the value of 3, say [B2 = 0.5], Lassa virus
disease infects more individuals within long duration of time
compared to when there is an increase in the number of human
to human contact. By implication, if a control measure is
instilled on mitigating increase in force of infection (35), this
will allow time for policy maker and health sector to provide
a lasting solution (cure or Vaccine) to the spread and demise
of Lassa Fever.

To further understand the transmission dynamic of Lassa fever
disease, three different cases were consider by varying the
effective human to human contact rate ((2) and rodent to
rodent contact rate (7) with parameter values in table (IV-A)
for simulation and to determine the eventual behavior of the

VOL. 2, NO. 2, MARCH 2021 26

infected compartment over time as depicted in Figure (10-12).
Moreover, this analysis illustrate a different approached as to
work done in [4]-[6], [23].

8
a5 10

g R <R <1

-+ R <R <1

2F . “ ——R =R <1

INFECTED POPULATION (MILLIONS)

. .
40 80 80 100 120
TIME (MONTHS)

Fig. 10. Case 1

The scenario where both human and rodent reproduction
number are less than unity is depicted in Figure (10) with
B2 = 3,0.6,2.13 and 7 = 0.003,0.0027,0.002 (so that
Rr = 0340 < Rp = 09016 < 1, Rp, = 0.198 < R, =
0.940 < 1, and R, = 0.7040 = Ry, = 0.7040 < 1) other
parameter value used are in Table (IV-A). The impact on
infected population when (R, < Rj) is more pronounced
as shown in figure (10), the infected population reaches its
climax of infection faster before decreasing gradually until
it reaches stability compared with when (R, < R,) and
(Rn = R,). Conversely, when (R, < R,) there was a
steady growth in the infected population until it reaches its
peak before declining to attained stability. Case 2: represented

u

memR =R > 1

INFECTED POPULATION (MILLIONS)

R >R >1

R>R >1

40 60 80 100 120
TIME (MONTHS)

Fig. 11. Case 2

in Figure (11) depicts the scenario where both human and
rodent reproduction number are greater than unity, by varying
parameter: 5o = 3.2,4,3.38 and 7 = 0.5,0.003, 0.00323 with
parameter value used in Table (IV-A), so that R,. = 166.707 >
Ry = 1.058 > 1, Ry, = 1.190 > R, = 1.0400 > 1,
and R, = 1.117 = Ry, = 1.117 > 1. Since Lassa fever is
zoonotic, there is a high prevalence when Ry, > R, > 1
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as against when R, = R, > 1. This is a pointer that can be
useful to proposed optimal intervention strategies in mitigating
the spread of Lassa disease.

5 =10%

o o
o =

INFECTED POPULATION (MILLIONS)
)
= o

|;
0.2

[} 20 40 60 80 100 120
TIME (MONTHS)

Fig. 12. Case 3

Figure 12 represent a complete scenario using different values
for B2 = 4,3,2.13,3.38 and 7 = 0.0006, 0.5,0.00323, 0.002,
with parameter values in Table (IV-A) so that (R, = 19.831 >
1&R, =0.640 < 1), (R, = 0.9016 < 1&R, = 50.040 > 1),
(R, =0640&R, =0.640 < 1) and (R}, = 10.047T& R, =
10.047 > 1 . By investigating the impart of reproduction
number on the population, it could be established that when
max{Ro} > 1, Lassa fever is endemic and reaches stability
faster, this implies that when human transmission rate is high
the spread of Lassa disease will be pandemic and this can
be controlled through awareness and government intervention
schemes as noted by [26].

V. CONCLUSION

An improved deterministic model for the transmission dy-
namics of Lassa fever is developed and rigorously analyzed.
The analysis and simulations of the model reveal the follow-
ings: i

1) The Model (1) has a locally and globally asymptotically
stable disease-free equilibrium whenever the associated
reproduction number (R) is less than unity and unstable
when the associated basic reproduction number (Rg) is
greater than unity;

2) Moreover, in addition to the disease-free equilibrium,
the model has another equilibrium solution called the
endemic equilibrium which is unique whenever Ry > 1.
Thus, control measures must be implemented to consis-
tently keep R below unity so that the disease spread
can be under check;

3) The sensitivity analysis of the model parameters reveals
that the most sensitive parameter are that of the human
transmission rate and progression rates of rodents to
the infected compartment. Thus, any control measure
that can significantly reduce these parameter and also
increase rodents’ death by predator will be effective in
eradicating the disease from the population;

4) The numerical solution of the model reveals that for
Lassa fever not to be endemic in the population, the
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effective contact rate of human to human should be
minimize and this can be achieved through engaging
communities to promote desired personal hygiene cum
safe health practices among populace, environmental
hygiene, and providing accurate and timely health advice
and information on the disease.
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