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Abstract

One of the deadliest viral diseases in the world is Ebola virus disease. There are different types of Ebola virus with the Zaire
Ebola Virus in DR Congo being very virulent resulting with a high disease induced rate. The resurgence of this disease makes it
a necessity for a more robust modelling approach to understand its dynamics for proper policy implementation. In this work, a
novel nonlinear mathematical model is developed using compartmental approach which is common in epidemiological
modelling. The developed model strategically incorporated quarantine through contact tracing and mandatory vaccination of all
quarantined individuals who are tested to be negative after the incubation period. In addition to this intervention strategy, a
number of susceptible and recovered individuals with a waned immunity are also vaccinated. The developed model was assessed
to be biologically feasible. The next generation matrix was used to determine the basic reproduction number while the Jacobian
approach was used to linearise the system leading it into its stability analysis. Additionally, the 4" Order Runge Kutta iterative
scheme was extended on the model for simulations purposes. The results show that the model has two fixed points. These are the
disease-free equilibrium point where the disease will fail to exist within the population, and the endemic point at which the
disease will continue to persist within the population. The model was examined to be stable with all eigenvalues being negative.
The numerical results showed that the appearance of the disease in the population will cause a rise in the number of exposed,
quarantined, and infected compartments. This will lead to a decline in the number of susceptible persons. The basic reproduction
number was attained to be 0.09779 indicating that the Zaire Ebola Virus disease will fail to exist over time. It is therefore realised
that the developed model with the incorporated interventions is an effective approach to control Zaire Ebola Virus if the strategies
are efficiently implemented.
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1. Introduction

Ebola Virus Disease (EVD) is a severe and often fatal ill-  are five species of Ebola virus namely, Zaire Ebola Virus,
ness that has caused significant outbreaks in West and Central Sudan Ebola Virus, Bundibugyo Ebola Virus, Reston Ebola
Africa. Ebola virus which causes the deadly disease called  Virus, and Tai Forest Ebola Virus. [2-4] underscored that a
Ebola Virus Disease was discovered in the late 70s in Sudan ~ number of zoonotic viruses especially those belonging to the
and Zaire, and has since spread throughout Africa [1]. There  Pteropodidae family inhibits fruit bats that spread the Ebola
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virus to people as they carry it asymptotically for an incuba-
tion period of 2 to 21 days. The illness spread once an indi-
vidual is infected. The virus causes symptoms like fever, sore
throat, etc. and spread through direct contact with contami-
nated surfaces, bodily fluids, infected blood, infected dead
bodies of animals and humans, etc [1, 5-8].

There have been many strategic interventions to curb Zaire
Ebola virus and its associated disease. In the area of vaccine
development, the Recombinant Vesicular Stomatitis Vi-
rus-Zaire Ebola Virus (rVSV-ZEBOV) vaccine, which was
authorized in 2019 has been a recent development in the
management of Ebola virus disease [9]. Additionally, other
monoclonal antibody therapies have been successful in re-
ducing Ebola virus disease induced death.

The latest Zaire Ebola Virus outbreak occurred in DR
Congo in 2022, following two outbreaks in 2021. These in-
cidents underscore ongoing public health challenges in Cen-
tral and West Africa [10]. Despite advancements in epidemi-
ological and mathematical researches, Zaire Ebola virus out-
breaks continue to cause considerable illness and death, par-
ticularly in settings with limited resources.

Among the Ebola viruses, the Zaire Ebola Virus is one of
the most virulent Ebola strains with over 50% fatality rate. It
poses a significant public health challenge due to its high
fatality rate. An outbreak of the Zaire Ebola Virus disease in
the years 2007-2008, 2012, and 2014 was fatal with over
28,000 cases and 11,000 deaths [11]. Also, an outbreak of the
Zaire Ebola virus disease on 1% August, 2018 spread across
almost twenty-four health zones of Ituri and North Kivu
provinces in DR Congo [12, 13]. This outbreak recorded
approximately 2,763 cases with a death rate of 66.63% by the
4™ of August, 2019. Also, 3,458 and 145 cases were further
reported in the same provinces, with 3,313 confirmed cases
and a death rate of 64.35% by 16th April, 2022 [14-16].

Ebola virus disease leads to both liver and kidney failure
coupled with internal and external bleeding. These dangers
associated to the disease and experienced by the infected
persons results into a faster progression of demise at an av-
erage of three days.

Due to the contagious nature of the disease, several inter-
ventions have been applied concurrently to control Ebola
disease with vaccination of the human population as one of
the most effective ways of containing the spread of the disease
[16]. To this effect, many scholarly works like [17-21] have
assessed the impact of vaccination intervention in controlling
Ebola virus disease. Notwithstanding, epidemiological mod-
els with quarantine as an added intervention restrict the
movement of the infected persons from interacting with the
susceptible individuals thereby reducing the rate of spread of
the disease [22]. Additionally, contact tracing the exposed
individuals further yields an additional controlling strategy of
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the disease.

Mathematical modelling has proven to be a valuable tool
for understanding the spread of infectious diseases. This helps
to evaluate the effectiveness of interventions strategies. Non-
linear mathematical models are widely used to analyze dis-
ease dynamics. In the case of Ebola, interventions such as
quarantine and vaccination are critical in reducing transmis-
sion and preventing the widespread of the disease [23].

Some studies examined the transmission dynamics of the
Ebola virus using the basic Suscepti-
ble-Exposed-Infected-Recovered (SEIR) model [16]. Given
the complexity of solving the model’s equations analytically,
the authors employed Euler and 4™ Order Runge-Kutta (RK4)
methods to numerically approximate the solution. Their work
underscored that both Euler and RK4 methods provide useful
approximations for modeling Ebola transmission. However,
the RK4 method in particular was found to be more accurate
than Euler’s method. This was due to the RK4’s ability to
reduce numerical errors and also handle higher order ordinary
differential equations.

This work focuses on developing a susceptible, exposed,
infected, quarantined, recovered and vaccinated model of the
Zaire Ebola Virus disease to understand its dynamics.

2. Model Formulation

This section develops a six-state human-to-human Zaire
Ebola Virus disease dynamics model. The dynamics of the
disease in this study is modelled based on the traditional SEIR
epidemiological model, while incorporating quarantine and
vaccination interventions.

The model is developed based on the following assump-
tions. The model has six (6) compartments. The compart-
ments are, Susceptible (S), Exposed (E), Quarantined (Q),
Infected (1), Removed (R), and Vaccinated (V). All individu-
als including newborns are susceptible to the disease, and all
susceptible individuals can be vaccinated. All exposed indi-
viduals who have been identified and contact traced are
quarantined. Also, quarantined individuals who are confirmed
as not infected after the latent period are all vaccinated. Re-
covered individuals gain temporary immunity as their im-
munity wanes over time. Recovered individuals with temporal
immunity can be vaccinated once their immunity begins to
wane. All compartments experience the same natural death
rate except the infected compartment which has both the
natural death rate and the disease induced death rate. Both
vaccination and recovered individuals have no permanent
immunity, however, immunity due to vaccination has longer
duration than autoimmunity.
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Figure 1. Compartmental Scheme of Zaire Ebola Virus Disease.

Figure 1 shows the flow chart of the novel Zaire Ebola Virus disease model, with the total population given as

T=S+E+Q+I1+R+V (1)

Table 1 is the definition of the model’s parameters.

Table 1. Description of Model' s Parameters.

Parameters Description

B Fraction of the susceptible individuals who are exposed

o Natural birth rate

y Progression rate of exposed individuals who are identified, contact traced and quarantined
n Proportion of quarantined individuals who are tested to be infected

V] Recovery rate of infected individuals

A Rate of recovered individuals who lose immunity into the susceptible compartment

6 Rate at which exposed non-contact traced persons revert into susceptible compartment
K Natural death rate.

0 Rate at which non-contact traced exposed individuals move into infected compartment.
v Both disease induced and natural death rate

¢ Rate at which susceptible individuals receive vaccination.

p Rate at which vaccinated individuals lose immunity to become susceptible.

9 Fraction of recovered whose immunity wanes over time get vaccinated

€ Proportion of the quarantined individuals who are tested to be negative and vaccinated.

From Figure 1, the nonlinear differential system yields
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with the initial conditions for the Zaire Ebola Virus disease
dynamics model variables given by:

S =5(0),Eg = E(0), Qo =Q(0), I = 1(0), R =R(0).Vp =V (0) ,
The model has a biological feasible region M, as:

} ©)

(o2

M, ={(S,E,Q,I,RV)eR®:0<T <
! {( Q )E o+x

3. Model Fixed Points

The model as indicated by Equation (2) has two fixed
points. These are Zaire Ebola Virus disease-free equilibrium
(FO) and its endemic equilibrium (F*). At the (FO), we

set E=Q=1=R=0 andsolvefor S and V . Thisyields:

] (4)

At g*, the Zaire Ebola Virus disease persist in the popu-

lation over time. The endemic equilibriums deduced from
Equation (2) yields:
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4. The Basic Reproduction Number

Basic reproduction number (SRO) is the average number
of secondary infections caused by a single infected individual
in a fully susceptible population. In this Zaire Ebola Virus
disease model in Equation (2), R, is derived from the ex-
posed and infected compartments as:

€ SSE_0E—yE—SE_xE

dt

dl (6)
& 9B+ Q -yl -0l

ot n-yl-v

The Next Generation Matrix (NGM) is further applied on
Equation (6).

The approach of the next generation matrix is employed to
find the R, of the model. Here, we let m=(S,E,Q,1,R,V).
The NGM is such that Equation (6) is decomposed into two
matrices. This gives

dm

—=F-V
dx

Y]

where, F is the transmission matrix and V is the transition
matrix.

The R, is given by the spectral radius (@) of the next

generation matrix. This yields Equation (8) as:

R, :(p(FV_l) ®)

Applying Equation (7) on Equation (6) and solving for
Fv 1 vyields:

B
FV =l 0+y+5+k 9)
0 0

Applying Equation (8) on Equation (9) gives the basic re-
production number as:

_ Bo(x+p)
o K(K‘+¢+p)(9+)/+5+l()

(10)

From Equation (20), if
po(k+p)<x(k+¢+p)(0+y+5+k), then Ry<l
else My >1.

If Ry <1, the Zaire Ebola Virus disease will die out, else

the disease will continue to persist since the number of infec-
tious cases will continue to rise. This will cause the system to
be unstable.
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5. Stability Analysis of the Model

The stability of the Zaire Ebola Virus disease in Equation (1)

is examined by computing its Jacobian matrix J atthe EO.

We further compute the eigenvalues of JF° to enable us use

the sign of the eigenvalues to evaluate the stability of the
disease.

Theorem 1 A disease-free equilibrium of this Zaire Ebola
Virus disease model is locally asymptotically stable (LAS) if

the basic reproduction number (ERO) of this model is less

than one, else unstable.
The JFO isgiven by:

[-b, 6-b, 0 0 4 p
0 b-b, 0 0 0 0
0 - 0 0 0
IFO- 7 (12)
0 6 75 -b 0 0
0 0 0 w -b O
¢ O & 0 8§ -]
where,
ﬂo'(p+1<)
=¢+x,bj=—"=,0,=0+0+y+k,
By =g+ b = S yx

by=¢+n+x,by=y+v,b=1+9%+x, and by =p+x

From Equation (11), there are six eigenvalues. These are:

t=—by <0, py =—b3 <0, py=—D, <0, g =-b5 <0,
s =—bg <0. It is seen than by,bs,b,,b5,05 >0. Also, the
sixth eigenvalue is 15 =(0+¢+5+x)(Ry -1).

Thus,

po(p+x)

K(¢+p+K)—(5+0+y+/<)<1

M<(5+Q+}/+K)
K(¢+p+K)
Dividing through by 0 +8+y +x yields

ﬁa(p—i-/c)
K(¢+p+1<)(5+9+;/+1c)

<1 (12)

Comparing Equation (10) and Equation (12), Ry <1. This
indicates that 14 <0 if and only if Ry <1.

The implication is that, at Ry <1 all the eigenvalues of
JFO are negatives. Therefore, FO is LAS. At this LAS
point, there will be no EBOV disease threat in the population.
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Additionally, if Ry >1 thus

ﬂd(p+r<)

K(¢+p+K)(0+;/+5+K) >1

ﬂo'(p+/c)

o o _—
=0+y+5+K< (Gt pin)

- Po(p+x)

K(¢+p+’()—(0+y+5+7c)>0

That is 1 >0 . Hence, E° becomes unstable anytime
Ry >1.

6. Numerical Scheme

In this section the 4™-order Runge-Kutta numerical meth-
od as applied in the work of [4, 16-17, 24-27] is extended to
develop the scheme for the proposed Zaire Ebola Virus dis-
ease Model.

The following assumptions are made:

S(t)~S",E(t)~E",Q(t)=Q",I1(t)~1",R(t) ~R", and
V(t)=V'.

The substitution of the assumptions into Equation (2) give
rise to the 4™-order Runge Kutta scheme of the Ebola model
below.

k, :h[o-+/1Rr + oV +SE" — BSTE" — ¢S —st]
a =h[ ASTE" —0E" — yE" ~5E" —«E" |
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g = h[tQEr +7Q" —wl’ —UIrJ
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Hence, the RK4 scheme for the proposed Ebola model is

given by:
s™t=g" +%[k1 + 2Ky + 2Ky +Ky | (13)
Q™ =qQ" +%[d1 +2d, +2d; +d, | (15)

r+l r
1™ =1

1
+g[91 +20, +203+0, | (16)
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R =R' +%[|1+2|2 +2l5+14 ] 17)

Vr+1=Vr+%[ml+2m2+2m3+m4] (18)

7. Numerical Results and Discussions

At this point, the model’s numerical simulations were run
with various initial and parameter values where accessible,
some of these parameters were taken from the body of exist-
ing research, and where not, they were calculated or assumed
to match the model analysis. The compartments values cover
the Zaire Ebola Virus in three provinces in DR Congo; Kivu,
North Kivu, and South Kivu where the outbreak of Ebola
was deemed very fatal. Table 2 is the initial values of the
compartments and the parameters.

Table 2. Parameter Values of the Model.

Compartment Value/millions Source
S(0) 18.8 [28, 4]
E(0) 0.25 [28, 4]
Q(0) 0.0001 [28, 29]
1(0) 0.003481 [28, 29]
R(0) 0.001162 [28, 29]
V(0) 0.303 [28, 29]
Parameter

B 0.28770 [17, 24, 4]
a 0.02020 Assumed
Y 0.09410 Assumed
n 0.09000 Assumed
Y 0.33380 Computed
A 0.02000 Assumed
) 0.09500 Assumed
K 0.00500 Assumed
G 0.76130 [17, 24, 4]
v 0.53000 [30, 31]

¢ 0.08000 Assumed
p 0.00200 Assumed
9 0.07000 Assumed
€ 0.02000 Assumed
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7.1. Dynamics of All Compartments

Figure 2 shows the dynamics of all the six compartments
of Ebola disease dynamics in DR Congo provinces. Thus,
Susceptible (S), Exposed (E), Quarantined (Q), Infected (1),
Recovered (R), and Vaccinated (V) of the Ebola disease out-
break.

Susceptible (S)
Exposed (E)
Quarantined (Q)
Infected (1)
Recovered (R)
Vaccinated (V)

17.5

15.0 4

12.5

10.0 4

7.5 1

Population (Million)

5.0

2.5 1

0.0

T T T T T
150 200 250 300 350

Time (days)

T
50 100

Figure 2. Dynamics of All Compartments.

Figure 2 illustrates how the susceptible population declines
precipitously at first, perhaps as a result of vaccination, and
then stabilizes over time, whereas the number of exposed,
quarantined, and infected individuals peak and then abruptly
declines before the end of the first 2 months of the outbreak of
the Ebola disease in DR Congo provinces. It is also evident
that when the number of infected people decreases over time,
the number of recovered people peaks and then falls. However,
the number of people who have had vaccinations also rises
quickly in the early stages of the EBOV illness and stays high
throughout time, suggesting that many people are vaccinated.
This means that, As the number of people exposed, infected,
and quarantined declines, the outbreak appears to be under
control, and most of the population is either vaccinated or
recovering. Also, the susceptible population levels off as a
result of immunity from vaccination or recuperation.

7.2. Dynamics of the Implementation of the
Interventions

In this section, we explore the impact of the interventions
implemented in this model to control the EBOV disease. The
interventions considered in this work are, quarantine and
vaccination. For the quarantine, we assume to contact trace
more exposed individuals represented as a variation in 7.
Also, the vaccination strategy was applied in three compart-
ments as seen in Figure 1. We considered a variation in
#,&,9 respectively as all other values remain unchanged
over time.

Figure 3(a) to Figure 3(f) show the dynamics of Zaire
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Ebola Virus disease outbreak in the various compartments
when more exposed individuals are contact traced and quar-

antined.
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Figure 3. Zaire Ebola Virus disease dynamics with variation in y .

Figure 3 shows that as 7 increases, the number of
quarantiened individuals increase in Figure 3(c). The impact
of this is that, the number of susceptibility declines in Figure
3(a). Also, the immediate peak of the exposed compartments
in Figure 3(b) declines, while the infected compartment in
Figure 3(d) which experienced an earlier rise in the number of
cases also declined to zero in less than two months.
Additionally, the recovered persons shot up in the early stages
of the disease, but declined as the numbers in the infected
conpartment declined. Finally, the number of people
vaccinated peaked but gradually decreased over time. It is
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seen from Figure 3 that a variation in 7 actually causes a
change in each state or compartments. Implicitely, a proper
implementation of the quarantine intervention through contact
tracing has a positive effect in controlling the spread of the
Ebola disease in DR congo.

Again, Figure 4(a) to Figure 4(f) is the strategy to vaccinate
all quarantined individuals who were proven not to be
infected with the disease after the mutation stage. These
persons are medically tested and found to be negative after the
mutation stage.
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Figure 4. Zaire Ebola Virus disease dynamics with variation in & .

It is seen from Figure 4(a) and Figure 4(b) that a change in
€ causes a rapid decline in the number of susceptible per-
sons, and a sharp peak in the exposed persons. However, the
number of exposed persons reduces to near zero within the
first month and finally extinguishes in less than two months
(60 days). Figure 4(c) to Figure 4(e) show that an increase in
€ causes a change in decline in the number of persons who
are quarantined, infected and recovered. This means that a
change in & has its proportional change in the quarantined,

289

infected and the recovered compartments. Additionally, Fig-
ure 4(f) shows that an increase in € increases the number
of persons who are vaccinated over time. Generally, the in-
tervention strategy to increase the rate of & has a positive
ripple effect in extinguishing the disease within the shortest
possible time whiles increasing the number of vaccinated
persons, and further reducing the number of individuals in
the susceptible chamber.

Figure 5(a) to Figure 5(f) also show the impact of varying
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¢ during the outbreak of Zaire Ebola disease in DR Congo.
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Figure 5. Zaire Ebola Virus disease dynamics with variation in ¢ .

From Figure 5, it is seen from Figure 5(a) that a change in
¢ causes a sharp decline in the susceptible compartment to
near zero in less than a month, but finally goes to zero as ¢
increases. Again, Figure 5(b) to Figure 5(e) show that, a var-
iation in @ causes a sharp rise in the number of individuals

who are exposed, quarantined, infected and recovered in the
first 50 days, but decline to zero by the 100" day. Addition-

ally, an increase in ¢ causes a proportional change in the
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number of exposed, quarantined, infected and recovered
persons. Also, a variation in ¢ causes a proportional varia-
tion in the number of vaccinated persons. It is further seen in
Figure 5(f) that an increase in ¢ increase the number of
vaccinated individuals. Finally, the strategy to increase ¢

has a positive impact by leaving no person to be susceptible
within the population as a result of the vaccination of the
total populace as seen in Figure 5(a) and Figure 5(f).
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Finally, Figure 6(a) to Figure 6(d) also shows the impact

Susceptible (S)

of varying ¢ in the developed model.

Exposed (E)

T — 8=10.07
175 : — =017
— 8 =017 12 4 8=027
15.0 v 0=037
z —— 8=037]] =10 :
=3
2125 =
= Z 89
5 10.0 s
= S 64
2 75 2
2 2
e 5.0 & 4
25 2 1
0.0 04 \
0 50 100 150 200 250 300 350 v v T v T v r
Time (days) 50 100 150 200 250 300 350
Time (days)
6(a) 6(b)
Quarantined (Q) Infected (1)
al — 8=007 a5 — 8 =0.07
8=0.17 — 8=017
— 8=027 3.0 1 — 8=027
_ — 8=037 — 8 =0.37
=3 =25 8=03
g 5
£ = 201
52 8
E ERER
2 3
[=% =%
£ £ 1.0
14
0.51
N
0 0.0
o 0 100 150 200 250 200 350 50 100 150 200 250 300 350
Time (days) Time (days)
6(c) 6(d)
Recovered (R) Vaccinated (V)
a8
0 =007
— =017 7
— =027
=15 8=037| _
s 5
= =5
= z
£ 10 54
= ]
0.5 z
1
0.0 o
o 50 100 150 200 25 300 350 0 50 100 150 200 250 300 380
Timwe (days) Time (days)
6(¢) 6(f)

Figure 6. Zaire Ebola Virus disease dynamics with variation in 3.

Also, from Figure 6, Figure 6(a) show that a change in
causes an immediate reduction in the number of susceptible
persons. Again, 6(a) to 6(f) show that a change in ¢ causes
a proportional change in the exposed, quarantined, infected,
recovered and the vaccinated compartments. Additionally, a

decrease in the value of & causes a variation in the number
of individuals in the exposed, quarantined, infected, recov-
ered and vaccinated chambers. As & increases, Figure 6(b)
to Figure 6(e) rise and fall to zero in less than 100 days. It is
finally seen in Figure 6(f) that an increase in & increases
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the number of persons vaccinated over time.

8. Summary of Results

The developed Ebola model for Zaire Ebolavirus disease
in the DR Congo shows that the inception of the disease will
cause an immediate peak in the number of persons who are
exposed, quarantined, and infected. However, as the number
of recovered people increase with an additional introduction
of vaccination intervention, the number of vaccinated people
will also increase. This will cause a shrink in the number of
susceptible people leading to a reduction in the number of
people who are exposed, quarantined and infected. This will
control the disease from escalating in the short-run.

The analysis of the impact of the intervention strategies
show that as we increase or improve the contact trace strate-
gies to help quarantine more exposed persons, the number of
exposed persons who might be interacting with the suscepti-
ble individuals will also decline. This will cause few persons
to be re-exposed to the disease to help reduce the number of
infected cases in few days to enable the disease die out of the
population. Additionally, a combined intervention strategy of
quarantine and vaccination has helped to lower the number
of susceptible persons, reduce the number of persons con-
tracting the disease thereby causing the disease to extinguish
in less than three months.

9. Conclusion

The paper developed a novel compartmental model for the
Zaire Ebola virus disease dynamics in DR Congo. The for-
mulation of the model was based on existing literature and
realistic assumptions that really explains the dynamics of
Ebola virus disease in DR Congo. The model had two fixed
point being the disease-free equilibrium and the endemic
equilibrium. The model produced a basic reproduction num-
ber of 0.09779 indicating that the disease will fail to exist
over time. The numerical simulations through the extension
of the 4™ Order Runge Kutta iterative scheme unraveled that
the presence of the Ebola virus in the population will cause
an immediate increase in the number of exposed, quarantined,
infected, and vaccinated persons, but will all be under con-
trol in less than three months by efficiently executing the
interventions strategies.

Abbreviations

DR Democratic Republic

EVD Ebola Virus Disease

NGM Next Generation Matrix

RK4 Runge-Kutta Order 4

rVsV - ZEBOV recombinant Vesicular stomatitis

Virus-Zaire Ebola Virus
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