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Abstract

Background: Ebola Virus Disease (EVD) has brought the human population, especially the West African race, great
losses in so many areas such as economic productivity and human life. During the 2014 Ebola Virus outbreak, the
disease devastated and threatened the whole world. EVD symptoms (fever, diarrhea, vomiting, etc) may appear
anywhere between two to twenty-one days after infection. Those that recovered from the disease return to being
susceptible again and can transmit the virus through semen as research has shown the virus presence in semen even
after recovery.

Material and Methods: Mathematical modeling method with the combination of vaccine, condom use, quarantine,
isolation and treatment drug together as control measures in a population consisting of human and animals. A model
system of non-linear differential equations for the control of EVD was formulated and the model effective reproduction
number (Hz) was obtained using the next generation matrix method and used in the stability analysis of the model.
Center manifold theorem was used in the bifurcation analysis of the model.

Results: The result shows that the stability analysis of the model shows that the EVD — Free Equilibrium is locally
asymptotically stable when Rz == 1 and EVD - Endemic Equilibrium is locally asymptotically stable when Rz = 1.
The model was shown to exhibit a forward bifurcation.

Conclusions: Numerical simulations and analysis of the model show that EVD could be effectively controlled and
eradicated within a short period of time when vaccine, condom use, quarantine, isolation and treatment drug control
measures are implemented together.
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Introduction

Ebola Virus Disease (EVD), which was also known as Ebola hemorrhagic fever, is an uncommon and a very
deadly disease caused by one of its five known types called Zaire Ebola Virus (EBOV). It can cause disease in human
and non-human primates (Washington State Department of Health, 2018). Ebola virus was first discovered in 1976 near
the Ebola River in what is now known as Democratic Republic of Congo, since then there have been several outbreaks
in Africa (Rivers et al., 2014). The 2014 Ebola outbreak in West Africa is related to EBOV virus. It was the most
widespread in the history of the disease with so many countries affected (WHO, 2014). According to Rivers et al.
(2014), the outbreak began in Guinea on March 23, 2014. The outbreak spread to yield wild spread and intense
transmission in Guinea, Liberia and Sierra Leone, as well as cases in five additional countries. It is seen that arthropods,
rodents and bats could be the host for Ebola virus (Olival et al., 2013). Thus, the virus enters the human population
through human contact with body parts or body fluids of a dead or living infectious animal (WHO, 2015). Thereafter,
the disease then spreads within the human population through human to human mode of transmission (CDC, 2014).
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Fever, headache, vomiting, watery diarrhea and abdominal pain are some of the symptoms of EVD which
may appear anywhere between two to twenty one days after infection and at the time of no symptoms the individual is
not infectious (CDC, 2014). It is possible for an EVD infected person to recover when the disease is effectively
managed and controlled but immunity after recovery is not certain and the virus was found to be present in breast milk
and semen even when it was no longer detectable in the patient's blood. Further research showed that the virus was
present in semen within the first 7 to 12 weeks after recovery from EVD. For these reasons, abstinence from both
breastfeeding and unprotected sex is encouraged even after recovering from Ebola virus disease (WHO, 2015; Fisher et
al., 2016; Thorson et al., 2016). So many EVD mathematical models with control measures have been developed and
studied ever since the inception of the disease. Some models considered pharmaceutical control measures while others
considered non pharmaceutical control measures. Using partial rank correlations and multivariate sensitivity analysis
approach, Legrand et al. (2007) investigated the impact of isolation and barrier nursing control measures. Rivers et al.
(2014) incorporated only pharmaceutical measures in their model while Madubueze et al. (2018) considered non
pharmaceutical control measures such as quarantine and contact tracing. Rachah and Torres (2016) studied EVD
dynamics using sensitivity analysis with the effect of vaccination in the population and Webb et al. (2015)
implemented early identification and isolation of contact traced individuals that are infectious. We hereby consider both
pharmaceutical and non-pharmaceutical control measures such as vaccine, treatment drugs, quarantine, isolation and
condom use.

A study carried out in December, 2016 showed that the vaccine known as rVsv-EBOV is close to hundred
percent effective in protecting against EVD infection, this was considered the first vaccine for the purpose of protection
from the virus and is made available for use during outbreaks on compassionate ground.

During the 2018 Eastern Democratic Republic of the Congo outbreak, some treatment drugs were made
available for EVD patients’ treatment of which regeneron (REGN-EB3) and mAb114 had higher overall survival
outcome among the four drugs that were initially made available. These two drugs are currently in use for EVD patients
and they work by stopping the virus from replicating itself (CDC, 2014).

At the time of the 2014 Ebola outbreak, when there was no vaccine or treatment drugs available for human use,
quarantine and isolation were the control measures used to help reduce EVD spread in West Africa (Giubilini et al.,
2018). Quarantine is a control measure used in restricting the movement of those individuals that are exposed to a
communicable disease such as EVD during the period of the virus incubation while isolation is used in separating the
EVD symptomatic and infectious individuals from those that are healthy (Cetron ef al., 2004).

As a result of the virus being present in the semen of those that recovered from EVD and abstinence not easily
implemented, condom use is a good control measure when the recovered individuals are released back into the
population to help stem the disease spread.

This model is different from these other EVD mathematical models that have been used before now. It
combines both pharmaceutical and non-pharmaceutical control measures and considers the susceptible vaccinated and
unvaccinated condom users and non-condom users’ populations separately. The model provides possibilities for those
exposed to the virus to take treatment drug at the onset.

This paper, using mathematical model approach formulated a model for EVD that combined vaccine, condom
use, quarantine, isolation and treatment drug together as control measures in order to investigate the effect of
combining these control measures in stopping EVD spread in human population.

Materials and Methods

The paper has two distinguished population types viz: human and animal populations, each subdivided into
mutually-exclusive compartments at time t. The total human population is denoted by; Ny {t) = S{t) + S,(t) + Su(t) +
Spe() + Spn(t) T Sue(t) + Fun( + E (@O + Eg() + Er (O + IO + I + Iy() + R () + Dy(D).

The total animal population is denoted by ~ N.(t) = 5.(t) + E.(t) + I(1).
Thus, the total population is denoted by N (t) = Ny(t) + N(t).

Assumptions about the model

e There is no herd immunity in the population.

e Isolated individuals are under close surveillance and do not contribute to the transmission of the infection.

e Vaccine, condoms, treatment drug, place of quarantine for the exposed and place for isolation for the
infectious are all available and accessible to the population.

e The recovered individuals become susceptible to the virus again after some time.

e  The infectious compartment is a transition point.

e The Ebola virus disease recovered individuals are still infectious through semen for some time.

e Ebola infected and infectious animals in the population have interactions with the susceptible human
population.
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Figure 1 : The Model Schematic Diagram
Model Variables’ Description

S: The susceptible population, Sy: The susceptible vaccinated population, Su: The susceptible unvaccinated population,
Sve: The susceptible vaccinated condom users population, Svn: The susceptible vaccinated non-condom users population,
Sue: The susceptible unvaccinated condom users population, Sun: The susceptible unvaccinated non-condom users
population, E: The exposed population , Et: The exposed treated population, Eq: The exposed quarantined population,
I: The infectious population, I;: The infectious isolated population, It: The treated population, In: The infectious not
treated population, R: The recovered population, Du: The dead and unburied population, Sy: The susceptible animal
population, E;: The exposed animal population,

I:: The infectious animal population.

Model Equations

With our assumptions about the model and Figure 1, the following system of equations for our model was
formulated;
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WED = go(utr+ KSR '1
@ dj.;:n = rS5—(u+A+ KIS,
L = g X5- (w+ o +EYS,
(4) E5e8 dst,.n _ ASp — (u+ 5y,
s dsé_ﬂrlﬁ - FoZ8, — (i + By)5py
(6) dsun 1 a5, —(u + Bz)5y,
(7) SunlD dSuul o _ V5, — (1 + Ba)5yn
(8) ern = BiSpc + BrSpnt BaSuc + BaSun -+ oy + ag)E
(9) d:‘;;::n = @ E — (u+ 6y)Eg
(10) *ff'-* D — @E-(u+8; +p)E; .
ke - CuFq+ CoFr — [y +/)ly
(12) d:;,r[tj — Cafp + CyEr —(dy + ]I
(13) 40 dr,,lﬂ _ CsEg+ CeEr—daly
(14) ““ “ = D+ +pEr — 1R
(15) Hl‘f D = daly+dyli+dl— gD,
(16) % — A= (e + w)5,
an d:-:ar:l - wSy — (i, +¥)E;
(19) d.rnr‘- _ FE, —dy I, /

With the initial conditions given as follows:

500) = 55,5,(0) = 5,0,5,(0) = 5,0 5, (0) = 5,00, 50m (0} = 500 50 (0) = 500,50 (0) = 5,00, E(0) = Ey,
EQ{U:] = EQDJET{D:] = E’]’[_\J I‘T‘{U:] = I']'D.-I[{U':] = I[DJ IN{U] = Iy R{U] = Rg; DA{U] = DuD-’

5.(0) =5,,.E,(0) = E,pand I,{0) = 1,4

Where; di=p+ &, da=p+ &, ds=p + &, di=p + &, X=(1-1), Z=(1-1), Y = (1-0), Ci= 6151, Co= 6,51, C3= 0152,
C4=0,S,, Cs = 0:S3, Cs= O2S3 and

By = %[‘mr'n.r"‘ mylr + Mgl + myDy] )
By = %[nlfw+ falr + Mgl + myD, ] 3)
Bz = %[E,_IN+ Gl + 85 I+ 8, 0,] 4)
B = %[rlfﬁr + tlr + L+ £,0,] (5)

Positivity of Solutions

Since the system of equations (1) represents human and animal populations. We must consider that the
population size cannot be negative. Considering the biological feasible region
Q= {(S,880,16,SmSue, Sun EEQ.ET I L IR Dus S Ex L) € B3 : Ny = T/, = Ay}

. . . . dn,
To ensure that all solutions in Q remain in Q for all time; whenever N = H.u'i u then d—:‘ = [ and whenever

dr . . di . dI
N, = 4 -{“ - then d—? = 0. However, following that IT — ulN; is a bound of % and 41 — p, Ny is a bound of d—";’ then

by recalling the implication of the comparison theorem, it can readily be shown that

Ny (0 = T/ + V(0 — T/ple and N, () = Ay + [N,00) — Ay, Jert
Obviously, Nz (8) = /it Nx(0) = Tfy and N, (9 = 4/, it N,(0 = 4/, .

Hence, we conclude that every solution of the eighteen equations of the model (1) with initial conditions in Q remains
there for all t > 0. Thus, € is positively invariant and attracting. Therefore, it is sufficient to consider the dynamics of
the flow generated by the system (1) in Q. Thus, the model can be considered as being epidemiologically and
mathematically well posed.
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Model Effective Reproduction Number (Rg)

A better and widely used method in finding Rg that reflects its biological meaning is the next generation
operator method described by Dickmann and Heesterbeek (1990) and subsequently the method was analyzed by Van
den Driessche and Watmough (2002). Using this method, we obtain the effective reproduction number for the system
(1) which is the spectra radius p of the next generation matrix FV-!, that is Rg = p(FV-!) and the spectral radius is the
maximum eigenvalue of FV-!. Where F is a nonzero matrix that represents all new infection terms and V is an M-
matrix representing all disease worsening terms. Considering the compartments E, Eq,Er,It,l;,IN,R,Dy,Er and I; we have
the following;

00 0 @ 0 a 0 a 0 a s 000 00 0 O 0 0 07
000 O0O0COeC O OC O D B¢ 0 0OO O0OO0OO0OD
000D O0COoOO0O OO0 O D d 0 e 00O OCOO O
000 00O 0O OO0 O 0 f g h oo 0 00O
looo oo o 000 0 loi j o ko oooO0
F=la oo oo o 000 o and "=lo i moonr 00 0 0
000 OO0 O 000 0 00 p g+ 0 = 0 0 D
000 0O0OQC 00O O 000 t uwv 0 woO O
0o 00 0OO0O0C 000 O o 00 O0CODO OO OO0 x O
o o0 000 O 00 O- log 0 0 0 0 O O 0D y =l

Using MATLab software, we obtained the effective reproduction number for our model (1) as;

a4 (bef+ocdg) a2z (bel+ocdm) a2z (befltnt+behinu+cdglnt+behkv+cdhjnu+edhlomy)

RE aceh aCEN acehlmw
Mg SpctNaiym+Eadiuctiziun My Spe+Py Sy +ESuctliSun Mg Spct Mg Syn +EgSuctlySun
where; @y = Gy = , By = .
- N = N = N
— L] 51; il 351;1-: +335u+ l?35111':
Gy = )

o
o= {H+ﬂ1+ﬂ:lh = —Gy.C = {,U+Ej_l|i = —g. & ={,I'-r| +3: +_I‘?:].uf= _E]_.IH =_C:Jh- ={d;|_+_|r:l?:=
—Caj =—Cok=(dy+]Jl=~Com=—Con=dyp=—Ju.qg=—Jar=ps=r1t=—dou=—dyv=
—fy, W=q,X = j, ¥y=®F,2=d,

The EVD - Free Equilibrium Point of the Model

The EVD - Free equilibrium is the state of total absence of Ebola virus disease in the entire population.
At EVD - Free equilibrium state:

o __ @ 50— v S0 B XA
U+r+Ex T (utr+ B X a4+ 5520 70 (pars+ 0y X (ues+Bo¥) 0
50 irm 50 Ko Eri 50— FHyER 50—
Ve (uar+ry 30 e d+mo2iin+ 807 T (pare gy @ (ue e w2l u+ 80 7 W (per+my X oo+ Bg¥iu+ 517 7 un
KaFE, X p_ A

(utr+ 8 X o+ B ¥ u+ 850 ° Sy
Thus, in the absence of the disease, the EVD - Free equilibrium of the model (1) exists and is given as;

X°= (857,50, S5, St Sies Sim: EQ. EF. I 10, I.R®, D, 57, B7 I} =

( i i K X Arit KaErH
U r+E X (B X (e A+ Ea 20 (e r+ By X (e g B2 VD (par+ 8 30 (na A+ Ko 20 [u+ 547 (uer+ 2 X0 (ue 1+ Ko 20 [u+ 5270
GRy X Ry YK XD

0,0,0,0,0,0,0,0, i,o,O}.

(p+r+ w2 nr e+ gz viin+ 8377 luer+m 20 (nem+ B2 ¥iu+ 5
Local Stability of EVD — Free Equilibrium Point

At EVD -Free equilibrium; §y = f; =2 =6;,=0
Theorem 1: The EVD -Free equilibrium point ¥ is locally asymptotically stable (LAS) if Rg < 1

and unstable if Rg > 1.
Proof: we employ the Jacobian stability technique of determining the local stability of a system such as (1).
The Jacobian matrix of the system (1) at EVD -Free equilibrium #° is given by;
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where; U=- (utr+ KiX), W=-(u+ A+ KoZ),N=-(u+o+KsY), M=KiX, s=KzZ, n=K3Y,
a=-(ptoarto),c=-(+61),e=-(n+602+p),h=-(di+1J2),k=-(d+1]).

Let the eigenvalues of the Jacobian matrix [,= be n then J, 2= | H-l | ,

Evaluating we have the following corresponding eigenvalues; n; where i =1,2,3,...,16,17,18 and

m=-(p+rr+KiX), m=-(u+A+KoZ), m3=-(p+o+Ks¥), ma=-pns=-p,ne=-p,n7=-u,
Nn=-(put+toat+o),n=-EFO1),No=-E+O2+p),nu=-(di+]),n2=-(+) ,n3=-d3,nqa=-1,
Ms=-q,Mu=-(di +J2), M6=- pr, N7 = - pr, Mis = - da.

Since all the eigenvalues have negative real parts, we then conclude that the EVD -Free equilibrium (DFE) is locally
and asymptotically stable for Rz = 1.

The EVD - Endemic Equilibrium Point of the Model

To obtain the EVD — Endemic equilibrium point of the model we solve (1) simultaneously and have;

,_ m+zat 4 rid+ TRY) . Ky X7+ Y . Ar i+ TRYy
TR S (TR N | (TN O i TR OO T TIER U0 L L (T R 0T (T B T
1 EZr(T+ TRY) 1 FR X T+ TRY) 1 Es¥E XA+ R
PR v+ B B+ A+ B2+ 80 0 T (par+ B0 e+ BV u+ 820 T U0 (nar+ B X0 i+ o+ B ¥+ By’
i i 1 1 1 i 1 i
E:I. — 315%:"'315%7:*'.33511}:"'345%&'5 E:I. — &1 q!. — Gk 1 _ LiEG+ CEF 1_ C3Eg+ CaET t _ CsEf+ CeET
U+ Gy + @2 PR T a0 T p+Ba+p? T Y davpy 0N dz >
g daffrdatiedyid a4 4 wa oy fwa dR: = ma
pp= SWTELIAN g1 2 p1_ 04 yu_2ed 4Rt =—
q iy BE deuf T(i-4)
where A =

[ i Iﬂzfi Cqttz ] Iz {Ci':':l Caixs ]
(da+ 30+ oy + e pr+ 8230 L 8y w+Ba+p (dy+ o+ g+ o prr+ 2 ) Lp+ 8y, p+8y4p

oy ] [r[ﬁiliph?:h BokaZlp+ 4] Ky X[Ba0lp+80+ 55 :r’l:|.|+.?3);]
(p+8; +01 (4 my+ w )l p+r+Ey X [+ e+ G p+ A+ 520 (E+E R+ Bl p+r+EaY)

Thus, the EVD - Endemic equilibrium point of the model (1) exists and is given as

¥ 1={Sl,513:,5&, .S'E:r, .S'E:ﬂ, 5&5, Séﬂ,Ela Eé', E!!', 11__’ f[l, I};,Hi, Dii', .5'::, E}!‘, Irj:} #(0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0).

Local Stability of the EVD - Endemic Equilibrium

EVD - Endemic equilibrium points are steady state solutions where all the state variables are positive. This means that
EVD is present throughout in the population. The approach of center manifold theory described by Castillo - Chavez
and Song (2004) used to investigate the stability of endemic equilibrium near Bz = 1 is applied. It is used to examine
the existence of backward and forward bifurcation at Az = 1. To achieve this, we make the following change of
variables:

Let S =x1, Sy = X2, Su= X3, Sve¢ = X4, Svn = X5, Suc = X6, Sun = X7, E = X3, EqQ = X9, Er = x10, It = x11, i = X12, INn=X13, R =
X14, Du = X15, Sr = X16,Er = X17, It = X13.

Using the notation
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X = (X1,X2,X3,...,X17,X18) T,
the model (1) can be expressed as

= -k,
where F = (f1,f2,13,...117,f15)T and
W=
@ &= g
@ %2= g
@ =g
e =f
© === f,
M= g
®==f
@ 2= g
(10) S22 = g,
& = g,
a2 2= g,
13) 2= g,
a9 Zx= g,
(15) == g
(16) 2 = g,
an = f,
(18) 2= g,
where;

1
By ZE[m1x13 T maxyy + MaXyg T

= D—(u+r+E X% +1x5:
= g —(w+ A+ K%

= KXz, —(u+ o+ KX x

= Axy = + By g

= K Zxy — (u + Ba)xs

= 0¥ — ':1“ + .3!:]’{5
= KV — (u + 8%,

= Bixy + 5% + Bax + Bax; - {.“ +oy + Ef:j!':s!

= ayxp — (u+ 8%,
= apxp — (u +8; +plxyy

= Cixg + Coxyp — (dy + 12020

= Caxp + Caxyp — (dy + ooy

= Csxg + Caxyp — daXy

= JiXea + Ja¥yy + p¥yp — Ty,

= da¥yn +da¥y, +diXyy — §s

= A— pyeXyg
= Wiyg — MprXyy

= Py — dydyg

m4x15]

1
B;= —[nyxy5 + myxyy + ngxgg + nyxy;]

N
1

Bs :E[Elxlﬂ + eyxyy +eg x5+ e,x]

1
By=5[taxys + tyx9y + 13 X35 + £474]

(7
®)
)
(10)

The Jacobian matrix associated with (6) at EVD - Endemic equilibrium is given as;
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where; Ag=—(u+r + X)), Al=—(u+ A+ K0), A=—(u+ o+ V), As=—(u+ 8, As=—(u+ f) As=
—(u+ i), Ag=—(u+ B), Av=—(u+ oy +o;y), As= (ut01), Ao = —(u +8; +p), Aw=—d; + Jz), An=

—(dy + Ji), An=-l3, A3 =-1, Als=- q, A1s = - ly, A6 = —lhy, A= -dyg M=K, Y =Koz, n=Ks¥,
MMz Xyg My g Mg Xg MaXe MzXs NyXg Ng¥s Mg . S2¥g
ﬂ-=__.b'=__. =—,d=_,ﬁ=_,f=_=, =# s h:— s _J-:_ [}
N w w w w o n w w

_ E4Eg . _ E4¥g _ E3¥g _ baxs L bhixs _ Eaxr . 3%y L
k=-—S=-Som=E S usom  v= o m L A= O m L YE ,w—Nim:x4+ﬂ:x5+g=x5+t:xF],

Ly 1 1
t = ;{mix_.t + ﬂixs ‘[‘ Fixﬁ + fix?] N R = ; Imix_d ‘f‘ ?14):5 + 94):5 + f4x7] N P = ;Im!xi ‘f‘ ‘J‘L!x_; + ngﬁ + fg):?] .

Considering n; = 7y as our bifurcation parameter whenfz = 1 then;
e = _L |wlacehlown + a;(beflmt + behinu + edglmt + behldv + edhjnu + edhkemv) —knwa, (bef+edg)]
L o hlow (bel+cdm)

- Imljm + glsur + tlsun]

Supposing that the Jacobian matrix = has V and W as its left and right eigenvectors respectively associated with its
zero eigenvalues and are chosen in such a way that W. j,=0 and V. [: =0 with V.W =1, where
W = (w1, W2, W3, ..., wiz,wis)" and 'V = (vi,vo,v3,. . . ,Vi7,Vis)'.

Then it follows that;

_ —TWig _ Tl Lo EaETW g o =Armwg o TERITIW. L TR XTW
u’lj__ 7“"2 - s u’!_ And ,W4— s ¥R T 71"'"5_
Ag Apdy ndz Agdy Ag ApAydg ApAzdg
—Ha VR KT, Wiy Iﬁ‘i.lr'r BoEErT + B3eRy XT ﬁﬁgﬂqxr]
Wy = ———— Wy =
) AgAzds PR Azdg LA Az Agdg Azds Azdg ’
We = —n*ﬂ-;uISi.lr:r B2 Zrr  BaoH X7 .9423?}:1}::] o gl {ﬁ'ijr'r BaEzEvT n FarE Xt ,9‘43-?3?}21}{1'1
57 Agd-dg Lagas T A4, Ax4s dxds 170 T gpanaglagas T4, AzAs PR &
. _ —::5111';|+C:'|-1'1|]:' . _ —::Cg1'|-';|+c_q'|-1'1|]:' . _ —::5511';|+|::E'|-1'1|]:' . _ —':d1'|1'11+d:11'11+ dgh'igj
Wy = P , Wiz = P , Wiz = P , Wig = P
10 11 12 14
Wi = hwy; =0 wyg =0 and wyy = 0.
Similarly, g = 0, Wy = 0, g = 0, e = 0. Vyg = 0
.o Zhtie o Zlawmg 0 —Aastie 0 Wi (G2, Cafy _ PagfCifn Gk _ =leyvg +aaryg)
1"1: - s Vi1 — s 1"'1. - - s - - ,Vl; - ,179 -
Ay A1 z 3 ~A1n Ay Ag VA An Az
—Bela —f3ts — [ty —fyrg _ —lopg +Hz¥r,) _ —llpg+#,2rs)
v, = —— 1, = , Py = L1y = Wy = ————— p, = ———= and vy, =0
Ag Ag Ay Az Az Ay

Computations of @ and b

With n =18 and ¥4y = O vy; = 0, vy = 0,1y = 0,175 = 0, it follows that a;s = a;7 = a6 = a;s = a;3 = 0 and all the
partial derivatives of

b B fe o fioe fors fize fize fis, fise fie o7, fie are all zeros so we are left with the following;

R _-m f _-my _f _-m¢ _ @ _-my s _-my 8% _-ny 3% _-mg

Bxgdxyy N 7 3mgBxyz N 0 3xgBrys | N 0 xedxis | N O xsdxyy N 0 Zxgdryz | N O Bxgdxys N
3%fs — -z 2% — —f2 . —f1 . — "% 3k — 5 *f —zt

dxg dxya N 7 Sxgdxg, N 77 Bxgdxmys N 7 3mgdxys N ’ dxgdnyg N 7 Bxrdxy, N
e Bf -ty R -t

Ax;3xy; N Ar;dxys 0N CAxdmyy N
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dxdxj
a= TVyWy {Wu_ % + Wy EIiI;.::'iz T Wi Eri:‘li'rﬁ +Wie IEI-'t'li:;'f;'is]
2= s 25 g
trswe 1“.11 dxg ;;11 13 5:‘5 ;-:13 +wis 15'-':‘5'5'}--':15 e ‘3:‘5 ';':15:[
1z i
+1:E‘WE' 11-1-’1_1 31'35 ;-:'11 i3 dxg I;:'1.3 L= dxg ;;15 # axﬂﬁ ;;1 5:[
1z 2g - i
oWy 1“"1.1. EJi ;;'11 + Wiz dx; EJ.:'13 + Wis 51'731:'15 + Wie E::- ;‘;515:[.
Note; 3wy = 1 vews = 1, vgwg = 1, v;w; = 1 (since vaw = 1)

Thus,

-V

a<0 (sincewss = 0wy = 0wz =0).

Therefore,
_%n " .
_Ek_£_=i1"k Wi

s
= VW

b=v5 5 fxgdn;

_ =%z
—1"5“’5{ P ],

8% f
dxpdny

Thus, b<0 (Since wzwz = 1).
Since a<0and b <0

we then conclude that the EVD - Endemic equilibrium of the model (1) is locally asymptotically stable for Rg > 1 and
close to 1 and exhibits a forward bifurcation at Rg = 1.

Numerical Simulations

:rnIm: 1y +91+fz]'%{m1+“1+91+t1]'%1m4+”4 +e; +t] (since wyg = 0)

Using the computer software known as MATLab we perform numerical simulations on our model (1) in order
to see the effect of all the control measures incorporated into the model (1).The model(1) was implemented in MATLab
and was parameterized for the Liberian situation during the 2014 Ebola outbreak. The population of Liberia was
estimated to be 4396554 in the year 2014. We then estimate our initial values and parameters as follows;
S (0) =4396521, 1 (0) =33, Du(0) = 24, Eq (0)=74 (Madubueze et al., 2018), E (0) =0, Er (0) = 0,1; (0) =33 —24 =9, It
(0)=0,In(0)=0, R (0)=0,S,(0) = 1758608, Su (0) =2637913, Svc= 527582, Sva (0) = 1231026, Suc (0) = 1582748, Sun
(0) =1055165,S:(0) = 6000, E; (0) =0, I;(0) = 0.

Table 1: Model Parameters’ Description and Values

Parameters Description Values Source
n Susceptible human population recruitment rate 422 Madubueze ef al.,
(2018)
1) Human natural death rate 0.000024657 Madubueze et al.,
5 (2018)
r Susceptible population's rate of vaccination 0.05 Estimated
Susceptible vaccinated Population's rate of using condom 0.002 Estimated
c Susceptible unvaccinated Population's rate of using condom 0.07 Estimated
o1 Exposed population's rate of quarantine 0.07143 Gomes et al., (2014)
o2 Exposed population's rate of treatment 0.02741 Estimated
01 Exposed quarantined population's rate of becoming infectious 0.08333 Legrand et al., (2007)
0> Exposed treated population's rate of becoming infectious 0.014 Estimated
S1 Rate of treatment for the infectious 0.2257 Gomes et al., (2014)
S2 Rate of isolation for the infectious 0.25 WHO (2014)
3 Rate of no treatment for the infectious 0.148 Estimated
Ki Probability constant that Su remains unvaccinated 0.895 Estimated
K> Probability constant that Svn remain not using condom 0.01 Estimated
Ks Probability constant that Sun remains not using condom 0.002 Estimated
& Disease induced death rate for the infectious treated population 0.11386 Gomes et al., (2014)
& Disease induced death rate for the infectious isolated population 0.0901 Rivers et al., (2014)
& Disease induced death rate for the infectious not treated 0.2443 Estimated
population
o Disease induced death rate for the infectious animal population 0.3110 Estimated
[ Rate of infection for Sve 0.1 Estimated
B2 Rate of infection for Svn 0.2 Estimated
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B3 Rate of infection for Suc 0.3 Estimated

B4 Rate of infection for Sun 0.4 Estimated

A Susceptible animal population recruitment rate 100 Estimated

[0 Susceptible animal population rate of exposure 0.5 Estimated

Ji Rate of recovery for the infectious treated individuals 0.105186 Gomes et al. , (2014)

J2 Rate of recovery for the infectious isolated individuals 0.17 Rivers et al. , (2014)
Rate at which the recovered become susceptible 0.06 Rivers et al. , (2014)

p Rate of recovery for the exposed treated individuals 0.0314862 Rivers et al. , (2014)

L] Rate at which exposed animals become infectious 0.6 Estimated

nr Animal population natural death rate 0.08 Estimated

q Rate of burial for the dead and unburied population 0.5 Estimated

Results

With the initial values and parameter values in Table 1 the following results were obtained from MATLab;
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Figure 2: The Graph of the Susceptible Human Populations

Figure 2: The simulation graph showed the graphs of the human susceptible populations (S, Sy, Su, Sve, Svn, Suc and Sun)
over a period of 60 days. It showed that the susceptible population decreased with time but never got to zero because
more people are being recruited into the population. The vaccinated and unvaccinated populations both increased
initially, and the unvaccinated population reduced drastically with time because of no vaccine implementation in the
population. The susceptible vaccinated and unvaccinated condom users and non-condom users populations all
decreased with time but the susceptible unvaccinated non condom users population decreased the most and faster also
while the susceptible vaccinated condom users population decreased the least and slower because of vaccine and
condom use implementation in the population.

people will be exposed to the virus at a slower rate.
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This implies that with the implementation of vaccine and condom use in the susceptible population, less
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Figure 3: The Graph of the Exposed and Infectious Human Populations

Figure 3: The simulation graphs showed the graphs of the human exposed and infectious populations (E, Eq, ET, Ir, Ii
and In) over a period of 60 days. it showed that the exposed population drastically increased from initial time because
of human fast exposure to the virus initially and got to its peak before 10 days before the population reduced with time.
The exposed treated and quarantined populations both increased also before they decreased but the exposed quarantined
population increased the most because more exposed people are going for quarantine in the population. The infectious
populations also increased and later decreased with time but the infectious isolated population increased the most while
the infectious not treated population increased the least because more infectious people are going for isolation and few
infectious people are going for treatment drug.

This implies that among the exposed population more people are going for quarantine than treatment drugs.
Also, among the infectious population, more people are going for isolation and lesser people are going without any
kind of treatment.
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Figure 4: The Graph of the Recovered, Dead and Unburied and the Animal Populations

Figure 4: The simulation graphs showed the human recovered and dead and unburied populations together with the
animal populations (R, Dy, S;, E: and I;) over a period of 60 days. it showed that the recovered and dead and unburied
populations both increased initially, got to their peaks and decrease with time but the recovered population increased
the most as more people are recovering from EVD and less people are dying from EVD with the combined
implementation of our control measures. The susceptible animal population decreased with time but did not get to zero
as more animals are being recruited into the animal population. Also, the exposed and infectious animal populations
both increased and got to their peaks before they both decreased but the exposed animal population increased the most
as some exposed animals died before becoming infectious.

This implies that with all the control measures implemented more people will recover from the disease, while less
people will die from the disease.
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Discussion

In this study, the general epidemiology of the Ebola Virus Disease is considered, and we formulated a
simulation model for the dynamics of Ebola Virus Disease detailed with recent developments in the area of the disease.
This is to help in preventing outbreaks which might be fatal in the future. We used the simulation model formulated in
this study for the spread of the virus in Liberia and to project how an epidemic might go under the implementation of
all our incorporated control measures together in the area. Liberia information and data from World Health
Organization during the 2014 outbreak in West Africa was used in this study. In our model, we assumed that the
interventions incorporated are not in any way hindered by any lack of resources. The positivity of solution for the
model showed that the epidemic system possess non negative solutions under a non-negative initial conditions. This
means that the population considered with all its sub populations cannot be negative. The effective reproduction
number Rg for the model was computed and used in the stability analysis of the equilibrium points of our model.

The EVD Free equilibrium of the model was computed and found to be locally asymptotically stable as long
as  Rg <1, which means that the disease would be eliminated from the system within a short period of time when our
control measures are well implemented together. The EVD Endemic equilibrium was also computed and found to be
locally stable when Rg > 1 and exhibits a forward bifurcation when Rg = 1. This means that the control of the virus in
the population is independent on the number of the individuals initially infected. The disease will be eradicated from
the population when Rg < 1 and the disease will not be eradicated in the population when Rg > 1.

Since the bifurcation is forward, global stability for the model will also exist because it is in backward bifurcation that
global stability may not exist. Finally, the numerical simulation of our model was done and the summary of the
obtained results are as follows;

Figure 2: (a) The graph of the susceptible human population is decreasing and does not get to zero with time. This
decrease is because people are getting vaccinated and leaving the population. The population does not get to zero as
people are recruited into the population and the recovered individuals rejoin the population. (b) The graph of the
susceptible vaccinated and unvaccinated human populations shows an initial sharp increase and a drastic decrease with
time for the unvaccinated population while there is a gradual and steady kind of increase for the vaccinated population.
This is because initially people where not going for the vaccine but with time more people began to go for the vaccine
as more unvaccinated individuals where getting infected.

(¢) The graph of the susceptible vaccinated (condom users and non condom users) and unvaccinated (condom users and
non condom users) human populations shows that the unvaccinated non condom users population decreased the most
followed by the unvaccinated condom users population, followed by the vaccinated non condom users population while
the vaccinated condom users population decreased the least because of the implementation of vaccine with condom use
in the population.

This shows that when there is no implementation of vaccine and condom use in an EVD susceptible
population many people will be exposed to the virus drastically, when only condom use is implemented in an
unvaccinated EVD susceptible population many people will still be drastically exposed to the virus. When there is
implementation of vaccine without condom use in an EVD susceptible population lesser number of people will become
exposed to the virus gradually but when condom use is implemented in an EVD susceptible vaccinated population a
very minimal number of people get exposed to the virus at a slower rate. Thus, the best strategy for an EVD susceptible
population is the combination of vaccine together with condom use.

Figure 3: (a) The graph of the exposed human population shows a sharp increase from the initial time because of no
control measure in place initially in the population, on getting to its peak it began to decrease as a result of the
implementation of quarantine and treatment drug in the exposed population.

(b) The graph of the exposed quarantined human population with the exposed treated population shows initial increase
for both population as a result of those exposed to the virus going into quarantine and others going for treatment drugs
but those going for quarantine are more than those going for treatment drugs and both population begin to reduce with
time as a result of some becoming infectious and others recovering.

(c) The graph of the infectious (treated, isolated and not treated) human population shows each of them initially
drastically increasing and later began to decrease with time. The graph shows that more infectious people go for
isolation and less infectious people are without any form of treatment. The infectious treated and isolated populations
decrease as a result of some recovering and others die from the disease. The infectious not treated population decrease
as a result of death from the disease.

This shows that if the treatment drug for EVD is made affordable to all in such a way that those exposed to
the disease can buy and take when exposed then much exposed people can recover without becoming infectious and
even those infectious can take the drug and have a better chance at recovering from the disease. Also the
implementation of isolation for the infectious will go a long way in drastically reducing the disease spread.

Figure 4: (a) The graph of the recovered and dead unburied human populations shows both populations increasing
from initial time. They both begin to reduce gradually with time as the recovered goes back to being susceptible again
and the dead unburied are buried with time.
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(b) The graph of the susceptible animal population shows the population reducing with time and not getting to zero.
This is because the susceptible animals are being exposed to the virus while more animals are being recruited into the
population with time.

(¢) The graph of the exposed and infectious animal populations shows that the exposed animal population increased as
more animals were getting infected and began reduced as they became infectious while the infectious animal
population increased as more exposed animals became infectious and reduced as some of the infectious animals began
to die off.

This shows that the number of recovered human is far more than the number of EVD dead human in the
population. This implies that with the implementation of vaccine, condom use, quarantine, isolation and treatment drug
more people will recover from the disease while lesser people will die from the disease even when some are exposed.

Thus, our graph confirmed our analysis as it showed that the disease can be controlled and eradicated with
time in the population irrespective of the initial number of infected seeing that all our infected and infectious
populations are almost zero as at 60 days. Therefore, when all our control measures are incorporated together and used
well the population will not experience a serious and prolonged EVD outbreak.

Conclusion

In this work, we formulated a classical model for the dynamics of Ebola Virus Disease and the model was
analyzed. The effective reproduction number for the model Re was obtained using the next generation matrix. The
existence of the EVD Free equilibrium was established and shown to be locally asymptotically stable when Rg < 1
using the Jacobian matrix technique. The EVD Endemic equilibrium existence was also established and found to be
locally asymptotically stable when Rg > 1 and exhibits a forward bifurcation at Rg = 1 using center manifold theorem.

Finally, the numerical simulation of the model was carried out using MATLab computer software to
examine the effect of the combination of all our incorporated control measures on the transmission dynamics of the
disecase.  The result showed that the combined implementation of vaccine, condom use, quarantine, isolation and
treatment drugs measures has great significance in effectively controlling Ebola Virus Disease in the population as it
helped bring down the disease spread in the population within 60 days.
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