Amoah-Mensah et al. Advances in Continuous and Discrete Models
https://doi.org/10.1186/513662-024-03833-4

(2024) 2024:48 Advances in Continuous

and Discrete Models

RESEARCH Open Access

Mathematical modelling of the transmission

Check for
updates

dynamics of Marburg virus disease with
optimal control and cost-effectiveness
analysis based on lessons from Ebola virus

disease

John Amoah-Mensah'", Nicholas Kwasi-Do Ohene Opoku”*’, Reindorf Nartey Borkor?,
Francis Ohene Boateng?®, Kwame Bonsu', Vida Afosaa' and Rhoda Afutu’

"Correspondence:
amoahmensahjohn@gmail.com;
nicholas@aims.edu.gh
'Department of Computer Science,
Sunyani Technical University,
Sunyani, Ghana

2Kwame Nkrumah University of
Science and Technology, Kumasi,
Ghana

Full list of author information is
available at the end of the article

@ Springer

Abstract

Marburg virus, like Ebola, causes haemorrhagic disease with high fatality rates. We
developed a deterministic SEIRDVT model incorporating vaccination and treatment
to study the disease dynamics. Qualitative analysis revealed a backward bifurcation
when Ry =1, meaning Ry < 1 is insufficient to eradicate the virus. Sensitivity analysis
using Latin Hypercube Sampling showed that applying four control
measures—screening, prevention, continuous vaccination, and
treatment—significantly reduced transmission. The most cost-effective strategy
combines prevention, vaccination, and treatment. These findings provide a
framework for designing efficient interventions to combat Marburg virus.

Keywords: Filovirdae; Epidemiology; Marburg virus disease; Optimal control
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1 Introduction

The Marburg virus disease (MVD) was discovered in 1967. Like Ebola, MVD belongs to
the deadly Filovirus family of viruses and is transmitted among people and non-human
primates [1]. MVD is characterized by an acute haemorrhagic fever with a fatality ratio of
up to 88% [1]. It affects humans when an individual comes into contact with contaminated
blood or the bodily fluids of an infected person. The worst MVD outbreak recorded oc-
curred between 2004 and 2005 in Uige, Angola, with 252 people infected and about 90%
of them died. Afterwards, several cases of MVD have been reported across the globe. For
example, MVD was recorded in Kween district of eastern Uganda (2017), Guinea (2021),
and Ashanti region of Ghana (2022) [2].
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Similar to Ebola, the manifestation of Marburg symptoms often occurs within a range
of 2 to 21 days. It is worth noting that for Ebola, the average incubation period is reported
to be approximately 8 to 10 days. The symptoms associated with Marburg infection may
encompass the abrupt onset of fever, chills, headache, bodily discomfort, as well as the
development of a rash over the chest, back, and abdomen [3]. In instances of heightened
severity, those who have contracted the infection may experience symptoms such as nau-
sea, vomiting, chest discomfort, sore throat, abdominal pain, or diarrhea, and in extreme
cases, mortality may occur [3]. However, unlike Ebola, there are presently no medically ap-
proved vaccines or medicines to treat MVD, but the 2013 — 2016 Ebola virus resurgence
and current pandemic in West Africa brought to light the tremendous threat filovirus epi-
demics represent to global public health. Therefore, despite the successful containment of
previous outbreaks of MVD without the use of essential interventions such as vaccination
or comprehensive treatment, there is the need to develop new and effective strategies to
address potential future large-scale outbreaks in situations where the implementation of
public health measures is not feasible or fails. Due to the significant severity and fatality
associated with MVD, along with other filoviruses such as Ebola virus, the reemergence of
MVD would pose a substantial risk to human health. This risk is particularly pronounced
in situations where vaccination, treatment, and other preventive measures are unavailable.

The utilization of mathematical models enables researchers and policymakers to ascer-
tain the optimal approaches for combating infectious diseases. These models can be used
to examine hypothetical scenarios, both at the national and regional levels, with the aim of
enhancing public health outcomes and minimizing financial burdens. Although there ex-
ist various strategies for preventing infectious diseases and conducting scientific research
on diseases, mathematical modeling offers a rational and evidence-driven framework for
addressing these concerns and resolving the issue in an optimal and systematic manner.
For example, [4] evaluated the transmissibility and severity of the Marburg virus by look-
ing at the largest known Marburg hemorrhagic fever outbreak, which struck Angola in
2005 and resulted in more than 200 deaths. The study by [4] also provided information
about the evolution of the viral load of Marburg disease in non-human primates. The
authors did not only offered insights into the avoidance of future Marburg hemorrhagic
fever epidemics, but also gave valuable guidance for implementing appropriate medical
interventions. For example, they determined the fundamental reproduction number to be
1.59 (95% CI: 1.53 — 1.66), while the distribution of the generation time was found to have
a mean of 9 days (95% CI: 8.2 — 10 days) and a standard deviation of 5.4 days (95% CI:
3.9 — 8.6 days). Based on the model proposed by [4], they suggested that a prompt isola-
tion of individuals with the onset of symptoms, ideally within a time frame of 2 — 3 days,
is sufficient to effectively halt the progression of an MVD outbreak.

In another development [5], two different models were formulated: a small-world
network model and a compartmental Susceptible-Exposed-Infectious-Recovered (SEIR)
model, to simulate the transmission of MVD. The model by [5] indicated that community
participation is vital to successfully reduce MVD epidemics. As stated by the World Health
Organization (WHO), an effective outbreak control requires a combination of measures,
such as those devoted to infection prevention and control, surveillance, contact tracing,
and social mobilization. Recently, a branching process model of Marburg virus transmis-
sion was developed by [6]. The study focused on analyzing the potential outcomes of dif-
ferent preventive and reactive vaccination regimens in situations primarily influenced by
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multiple spillover events and human-to-human transmission. In contrast to previously
reported high case fatality ratio mentioned in [4], the data utilized in [6] indicates a low
basic reproduction number of 0.81 (95% CI: 008 — 183). In [6], it was further observed that
in the event of an outbreak caused by zoonotic spillovers, initiating the vaccination cam-
paign after the first case has occurred can be effective. By implementing a combination of
ring and targeted vaccination strategies, specifically focusing on high-risk groups, there is
a95% confidence interval (CI) indicating the potential to control outbreaks with a success
rate of 0.88 (0.60 — 0.91). This is in comparison to a success rate of 0.65 (0.60 — 0.69) if no
vaccination is administered.

Another study [7] assessed the dynamics of Marburg virus transmission that incor-
porates the impact of public health education. Their model incorporated the Caputo
fractional-order derivative to extend the traditional integer model to a fractional-based
model. Numerical simulations from the model showcase a variety of realistic parameter
values that support the argument that human awareness, as a form of education, consid-
erably lowers susceptibility and the risk of infection. However, although the authors added
a hospitalization compartment to their model, they failed to assess the effect of treatment
on these class of individuals. This observation was in line with the recommendation made
by the study [8]. The model in [8] ascertain the effect of contact tracing and quarantine
strategies in curtailing the spread of Marburg virus and observed that enhanced contact
tracking and efficient quarantine strategies can reduce or stop the spread of the virus.
However, the secondary findings from the study revealed that to reduce the number of
fatalities caused by infectious cases, treatment therapy must be used. Hence, “if no treat-
ment therapy is used, no infected person will survive the MVD”.

The results of these previous studies align with the prevailing notion that infectious dis-
eases with limited ability to spread and severe symptoms are the most manageable in terms
of introducing various control measures. However, the lack of compartmental mathemati-
cal models on MVD transmission dynamics are worrying, because although the MVD dis-
ease is rare, it has the potential to cause dramatic outbreaks with high fatality. Moreover,
the constant reoccurrence of the Ebola virus disease, which share the same genus family
with MVD, makes the idea of developing enough models similar to those of EBOLA for
MVD transmission a necessity. Furthermore, it is worrying to know that there is currently
no specific treatment or vaccine for MVD and no model has been developed incorporating
these two classes to see the potential cost benefits these models can enlighten or provide
the scientific world. Motivated by this situation, the current article, develop a novel MVD
mathematical model to ascertain how incorporating both vaccination and treatment as a
compartment as well as screening and prevention as control measures can help prevent
current and possible future MVD outbreaks. The current model moves a step further to

determine the associated cost involved in implementing these controls.

2 Model formulation

We develop a novel MVD model where the host population, N(t), is divided into seven
compartments, S(¢), V(£), E(t), 1(¢), T(t), D(t), and R(f). The compartment S(¢) denotes
the number of susceptible individuals at time ¢, while V'(¢), E(¢), I(¢), T(£), D(¢), and R(¢),
respectively, denote the number of vaccinated, exposed, infected, treated, deceased and
recovered individuals at time £. The transition from one compartment to another is shown
in Fig. 1 and described in Equation (2).
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Equation (2) shows that the population is replenished by a constant recruitment rate A.
But a proportion p of these recruited individuals are assumed to receive onset vaccina-
tion, while the remaining fraction, 1 — p, representing all uninfected individuals who are
not protected by vaccination, remain in the susceptible compartment. The model further
assumed that future circumstances either by community education or engagement and
government policies will cause individuals to be vaccinated at the rate £ causing them
to move from susceptible to the vaccinated compartment. According to the model, it is
important to note that only individuals who are currently in compartments I and D are
considered to be infectious. In the realm of public health, it is crucial to understand the
dynamics of disease transmission. Hence, with MVD, individuals become vulnerable to
infection through contact with both susceptible and infectious individuals. This interac-
tion leads to the emergence of new infections, which occur at a rate known as WS. Addi-
tionally, there is another mode of transmission involving vaccinated individuals who wane
their vaccine by coming into contact with infectious individuals, resulting in an incidence
rate denoted as W V. These factors play a significant role in the spread and impact of MVD
within a population. The force of infection, a crucial measure in epidemiology, can be de-
fined as follows:

B +8D)
—

V= 1)

The other parameters in Equation (2) are as follows: the parameter o represent ex-
posed individuals transition into the infected compartment. Based on data provided by
the World Health Organization (WHO), it has been observed that the average case fa-
tality rate for MVD stands at approximately 50%. Furthermore, historical outbreaks have
demonstrated a range of mortality rates spanning from 24% to 88%, with variations at-
tributed to factors such as the specific strain of the virus and the manner in which cases
were managed. Thus, the parameter 1 denotes individuals that die as a result of MVD. The
Center for Disease Control and Prevention (CDC), in agreement with WHO, explain that
early supportive care with re-hydration, and symptomatic treatment improves survival,
hence the parameter « is used to represent individuals that receives treatment, while 6
and w denote infected and treated individual’s recovery rates, respectively. The per capita
natural death rates for susceptible, vaccinated, exposed, infected, treated and recovered
individuals are represented as uS, uV, wE, ul, uT and uR, respectively.

The biological descriptions given in Fig. 1 resulted in the following system of nonlinear
differential equations:

§=(1—,0)?»—(M+‘IJ+§)S,
dt
d—V:Ap+$S—(u+\IJ)V,
dt
d—Ez\IIS+\IJV—(pL+a)E,
dt

dl
E:aE—(a+0+n+u)1, (2)
daT

E=O€[—(u)+/¢6)T,

dR

— =01 +wT - uR,

dt
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Figure 1 Depicts the sequential stages individuals go through during an epidemic of Marburg virus disease
(MVD), and it also illustrates the rates at which people transition from one stage to another
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3 System analysis

3.1 Basic properties

In order to establish the epidemiological significance of system (2), we demonstrate the
nonnegativity and boundedness of all state variables at all points in time, as supported by
the following theorem:

Theorem 1 The solutions of system (2) are always positive if and only if the initial condi-
tions (5(0), V(0), E(0),1(0), T(0), and R(0)) are nonnegative.

Nonnegative solution: Suppose S(0) > 0, then from the first equation of system (2), we

have:

§=(1—p)?x—(u+‘1’+5)5- ®3)

Since (1 — p) depicts the recruitment of individuals into the susceptible compartment, it
is nonnegative for all ¢ > 0. Thus, Equation (3) becomes

> Y] ,
dtz (n+W+8)S

% > i+ W+ ),

t ds t
Sz [ v
o S 0
S@) ) ¢
In({ — 2—(u+§)t—f Wdt,
(5(0) 0
S(t) > S(0)e oo et 5, g,
Using the same justifications, we obtain the following results:

V() = V(0)e el van > o,
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E(t) > E(0)e“*9) 5 0,
I(t) > I(0)e~@0+m+wt 5 o,
T(t) > T(0)e" @t 50,
R(t) > R(0)e™ > 0.

Therefore, S(t), V(¢) > 0 and E(¢),1(t), T(¢),R(t) > 0, for all ¢ > 0, given the initial condi-
tions. O

Theorem 2 (Boundedness) The biologically feasible region, T, is given by the following set:

A
= {(S,V,E,I,T,R,D)G]RZ:S+ V+E+I+T+R+D;N < —},
uw

such that for any t > 0, it is positively invariant, attracts system (2), and has a finite upper
bound.

Proof We calculate the sum of system (2), which contributes to the rate of change of N

over time as —.

dt

aN _ N (4)
ar TR

Solving Equation (4) produces;
A — L
N(t)=—+Ce™. (5)
7
The traits of Equation (5) is such that
—L A t
0<N(@) <N} +—(1-¢").
n

Therefore, the feasible region I' is positively invariant and attracting with respect to sys-
tem (2). O

3.2 Marburg-free equilibrium (MFE)

MEE is the steady-state solution, where MVD is absent in the population. It is easy to
check that system (2) has a MFE, £* = (5%, V#,0,0,0,0,0), by setting the right-hand side of
system (2) to zero. This yields:

o _ (A(l —-p) M +pup)
(n+8) u(u+é)

,0,0,0,0, 0). (6)

3.2.1 Basic reproduction number

The basic reproduction number is a key quantity in classical epidemiological models. It is
denoted by Ry. It is useful for both predicting disease outbreaks and assessing disease pre-
vention measures. The basic reproduction number can be defined in this context as the ex-
pected number of secondary cases, produced by one MVD infectious individual in a totally
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susceptible or Marburg-free population. To compute the R of system (2), we use the next-
generation method applied in [9]. Hence, from system (2), we derived F = (¥S+WV,0,0)”
and V= ((u + 0)E,—~0E + (u + 1+ 6 + a)l,—al + (0 + n)T)7 to respectively represent the
vector of newly generated infections and transfer of infections between compartments,
respectively. Thus, the basic reproduction number, which is the spectral radius of FV~!
obtained as:

Buo(l-p)
Ro = . 7
T E A o)a+n+pu+0) @)

3.2.2 Stability analysis of MFE
The stability analysis of the MFE point, £, is investigated in this section using the follow-
ing theorem.

Theorem 3 The Marburg-free equilibrium, E*, is locally asymptotically stable when R <

1 and unstable otherwise.

Proof Before evaluating the stability analysis of the MFE, we observed that the last

differential equation of system (2) is uncoupled from the other equations and when

D
limy_, oo I(¢) = 0. Hence, we can solve T using the integration method to obtain it an-
alytic solution. This gives

t
D(t)=D(0) + / Idt.
0

Therefore, the local stability of system (2) can be derived from the first six coupled equa-

tions of system (2). This implies obtaining the Jacobian matrix, which is

[u+e) 0 0 frd—p) o 0]
gl oo
- 0 == 0
£ W+ )
Je# = 0 0 —(o+p) 0 0 0 (8)
0 0 o —(¢+0+n+p) 0 0
0 0 0 o —(w+pn) O
| 0 0 0 0 w —H |

To achieve local stability, it is necessary (but not sufficient) for the trace of Equation (8) to
be negative, but also for the determinant to be positive. Hence, it can be observed that the

trace of Equation (8) is negative. By applying row reduction technique, J;#, can be reduced

to
Bu(l-p)
- TuE ©)
0 —(x+0+n+p)

The det(]sf) > 0, which completes the proof. Thus, the MFE state is locally stable for Ry < 1.
Next, we ascertain the global stability. O
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3.2.3 Global stability of MFE
The global stability of MFE is established by applying the method in [10]. Therefore, we
rewrite the equations in system (2) as

dx
=" AX,Y), (10)
dy
== BX,Y), B(X,0) =0, (11)

where X € R3 = (S, V, R) represents the number of uninfected individuals, while Y € R*
represent the infected category. Based on the study in [10], the necessary condition to
achieve the global stability is given by:

dx
Condition 1: i A(X,0), X" is globally asymptotically stable,

Condition 2: B(X,Y)=2ZY -BX,Y)>0 for (X,Y)eT, (12)

where Z = T'yB(X,0) is an M-matrix, that is the of-diagonal entries of Z are positive and
I" is the region, where system (2) makes epidemiological meaningful. If conditions 1 and
2 are met using system (2), then the following theorem holds.

Theorem 4 The MFE is globally stable if Ry < 1 and condition 2 of Equation (12) is satis-
fied.

Proof Implementing Equations (11) and (12), we obtain

A ax
BX,Y)=B-T)X - —

pre where (B-T)=~Z. (13)

Equation (13) implies that

[(1—p)r—(u+6)S
ax
7 SAKO = ES+ap—pV ],
i 0
[ WS+ WV - (u+0)E
dy ocE—(x+pn+6+n)l
dt ol —(w+ )T
Thus,
Bul-p) BE+pu)
—(n+0) + 0
n+é (n+8)
Z = o -(L+0+n+a) 0 ) (14

0 o —(w+ )
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ﬂl(u(l—p)_£>

w+é N
BX,Y)= ﬁl((éwp)_z) X (15)
(n+&) N
0

We observe that Equation (14) is stable since the trace is less than zero and determinant
greater than zero, which satisfies condition 1, while ¥ > S and V* > V, as observed in
Equation (15), shows that B(X,Y) > 0 satisfying condition 2. Thus, it suffice to say that
Equation (14) is stable for Ry < 1. Hence, the MFE is globally asymptotically stable for
Ro< 1. O

3.3 Marburg-persistent steady states

The Marburg-persistent steady states, £* = §*, V*, E*, I*, T* and R*, are derived by equat-
ing the right-hand terms of the system (2) to zero. Expressing all the variables in terms of
the force of infection, ¥, we get:

S - AM1-p) ’

n+&+ W
. ME+p(u+ V)
() E )
o Ar(-p)
C(nro)u+E+ U
B AoW*(1 - p)
S0+ W+ o)+ E+ W)
B lao¥*(1 - p)
@t n+0+ Wt o)t E+ V(U + )
R = AoW*(1 - p)aw + 0(u + w))
a0+ (o) +E + U+ o)

*

*

(16)

*

3.3.1 Local stability of Marburg-persistent steady states
Theorem 5 The Marburg-persistent steady state (MPSS), which is defined by £*, is locally
asymptotically stable if Ry > 1 and it becomes unstable if Ry < 1.

Proof We prove the MPSS using the approach in [11, 12]. Based on the solution of Equa-

tion (16), we substitute I* for D = 0 into Equation (1) and by performing some algebraic

manipulation and simplification, we obtain Equation (17):
TI‘IJ + TO =0, (17)
where

Ti=(x+n+0+u)un+o0),
Yo=(@+n+pu+)(u+o)u+é)-Boul-p)

=(a+n+u+0)u+o)(u+&)[1-Rol (18)
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Equation (18) shows that for Ry > 1, the endemic states is unstable while for Ry < 1, the
system is stable endemically, which calls for further analysis. Hence, in the next section,

we performed the bifurcation analysis (see [13]). O

3.4 Existence of bifurcation

Bifurcation refers to a qualitative variation in a system’s solution. The bifurcations of the
solutions in the neighborhood of the equilibrium points is covered in this section. Accord-
ing to [13], for Ry < 1, disease can be eradicated from the population. But system (2) may
exhibit the phenomenon of a backward bifurcation. Because there exists a bi-stability of
equilibrium points (one stable disease-free equilibrium and stable endemic equilibrium)
for Ry < 1. Epidemiologically, the backward bifurcation is most important, because in this
case the system generates another stable endemic equilibrium point for Ry < 1 [14]. This
is clearly shown in Equation (18). If a system undergoes a backward bifurcation, we can-
not conclude about eradication of disease for Ry < 1. Therefore, for R, < 1, eradication of
disease depends on initial infected population.

We applied the method from [10] such that the bifurcation parameter

=(a+n+9+MXM+EXM+0)

g pno(l-p)

’

for which Ry(8*) = 1. Following [10], the right eigenvector, (w = (w1, wy, w3, wq, w5, we) 1),

associated with the zero eigenvalue represented is obtained as,

(@+n+0+p)u+o)

—(u+&) O 0 0 0
(o +71+0 + WIE + up)pu +0)
0 - 0 - 0
u(l - p)o

0 0 —-wu-o 0 0 0
0 0 —a—-nb—u 0 0
0 0 0 o -u-—w 0
0 0 0 0 w —u
w1

wa

w

1. (19)
Wy

Ws

We

solving for (w;, wo, ws, wa, ws, We), we obtained the following results:

nw+o & +up)(p+o0) o
Wy=——1——, wz=1l wg=—————)
u*(1-p) a+n+60+p

oo odow

W5 = , We = .
(+n+0+p)(u+ow) wla+n+0+ p)(p + w)
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The left eigenvector, v = (vy, v, v3,v4, V5, V)| , associated to the zero eigenvalue is obtained
as

O 0 0 o o0 o
O 0 O o o0 o
o 0 0 o o0 o
o 0 O o o0 o
o 0 0 o o0 o
0
(u+E) 0 0 (@+n+0+p)u+o) 0 0
(@ +0+60 + uJ(E + o)+ 0)
0 -1 0 - 0 0
u(l - p)o
0 0 -u-o 0 0 0
0 0 o —a-nb—pun 0 0
0 0 0 o -u-w 0
0 0 0 0 w -
Solving for (v1, v, Vs, va, V5, v6), we obtained the following results:
U+o
V1:1, V2=O, V3:1, Vg = ) V5=O, V6:0.
o
Thus, the coefficients a and b defined in Theorem 4.1 in [10] are
n
0%
= w;———(0,0), 20
a kaww’axiax,( ) (20)
kij=1
b= Xn:w w-ﬁ(o 0) (21)
‘ k laxiaﬂ# hV).
k,i=1
To solve for a4 and b, system (2) becomes:
s
d—=(1—p)k—(u+‘1‘+‘§)5=f1,
t
av
d—:kp+§S—(/L+\I/)V:]‘2,
t
dE
= US+ UV —(uro)E=f,
dl
E:aE—(a+9+n+,u)I=ﬁ;, (22)
ar
— =al - T =fs,
7 al —(w+w)T =f;
R o1+ 0T - R f
— = +w —_ = .
dr n 6

Since v, = v5 = v5 = 0, it implies that the second derivatives of f;, f; and f; does not have

an influence. Hence, following [15], we compute for 4 and b, the corresponding non-zero
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Figure 2 Backward and forward bifurcation diagram in the plane Ry(87)

partial derivatives of f as

3%f 0%f
+ V3WoWy ,
aSal aval

a =V3WiWy

= vawa[Bw1 + Bws],

) o Blu+o)  BE+pp)p+0)
= (1) — ’
a+n+0+pu n+é nA(1=p)
) ( o >|:,8(/L+0) , PG +up)(u+0)] 0 (23)
Na+n+0+p/) n+é u1-p) ,
and
2
b:a—fé:S‘f'V)
d10p
_Md-p) )‘(§+W))>O, where 0<p <1
(n+8)  mp+é)

We observe from the result that 2 > 0 and b > 0. Per Theorem 4.1 in [10], for 2 > 0 and
b > 0, the system exhibit a locally asymptotically stability as well as a positive unstable
equilibrium and a negative, asymptotically stable equilibrium, as affirmed in Equation (18).
Moreover, for a > 0, there exists a backward bifurcation occurring at Ry = 1, which is an
indication that reducing Ry just below unity will not be adequate to control the spread of
Marburg, as there will be multiplicity of endemic equilibrium. Finally, we observed that a
forward bifurcation is achieved if the inequality (23) is reversed. We found that when the
vaccination rate is too low (such that the proportion of immunized or vaccinated people
in the MFE is not higher than the computed value 87), the backward bifurcation behavior
of system (2) emerges. This scenario is shown in Fig. 2.

3.5 Sensitivity analysis

Sensitivity analysis is used to identify the factors that effectively reduce the transmission of
infectious diseases. Forward sensitivity analysis is an essential aspect of disease modeling,
but it may be challenging to compute for complicated biological models. Both ecologist

and epidemiologist have shown significant interest in doing sensitivity analysis. The three

1.

common ways for calculating the sensitivity indices are * using the linearizing system

2

and solving the resulting set of linear algebraic equations, ~ using a Latin hypercube sam-

pling (LHS) approach, and > using direct differentiation. Since the LHS technique uses the

Page 12 of 29
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Sensitivity Analysis
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Figure 3 Sensitivity analysis of the basic reproduction number to changes in the parameters using PRCC
index

partial Rank Correlation Coefficients (PRCCs) to calculate the sensitivity indices for each
parameter value, we utilize it. The indices provide us with crucial information about the
relative change of the parameters and Ry in addition to illustrating the impact of several
factors linked to the development of MVD, which subsequently aids in creating control
strategies. Figure 3 displays the tornado plot for the normalized sensitivity index after a
1000 simulation run.

Figure 3 shows that the parameters 8, 1 and o have a positive influence on the repro-
duction number, which describe that the growth or decay of these parameters say by 10%
will increase or decrease the reproduction number by 10%, 2.5% and 5%, respectively.
Hence, an increase in these parameters makes Ry > 1 and forces system (2) to settle at the
endemic state, leading to the persistence of MVD. On the other hand, the index for pa-
rameters 6, 1, «, & and p illustrates that increasing these parameters will cause Ry < 1 and
enhance MVD eradication.

4 The control problem analysis
In this section, we modify system (2) by adding four control functions, denoted as ¢;(2),
c(t), c3(t) and c4(t) to generate system (24);

as

i 1-pA =1 -c)¥US— (1 +36)S,
av

s =A0+c3ES—(1—c)VV —puV,

dE

T =(1-c)¥(S+V)-(u+0)E,

dl

i 0FE — (caa + 30 + (1 — )y + )i, (24)
aT I-( )T

’r =cqal —(w+ )T,

dR

00l + T - uR,
dg IOl TR
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dD_(1 il
dc o

and the corresponding control reproduction number denoted as RS derived as:

c Buo(1—c)(1-p)

- . 25
O (1 + c3E)(u + o) (ca + (1 =) + €26 + ) (25)

The parameter ¢;(¢) measures the level of success achieved through screening the popu-
lation, while c,(¢) assess the success of preventive measures such as avoiding; !* contact
with blood and body fluids (such as urine, feces, saliva, sweat, vomit, etc.), 2 jtems that
may have come in contact with an infected person’s blood or body fluids (such as clothes,
bedding, needles, and medical equipment) and 3 funeral or burial practices that involve
touching the body of someone who has died from suspected or confirmed MVD. While
some experimental vaccines have previously been tested, none have proven to be both
highly effective and to provide durable one-time protection, however, we incorporate the
parameter c3(¢) to measure the success that will be achieved if stakeholders engage in the
implementation of continuously vaccinating individuals. The parameter c4(¢) represents
continuously treating of infected individuals. In the scenario where ¢; = ¢y =c3 =cs =1, it
may be inferred that the collection of time-dependent control variables exhibits complete
efficacy in achieving the intended objective. However, if the values of ¢1, ¢3, ¢3, and ¢4 are all
equal to zero, it can be inferred that the interventions being considered lack effectiveness.
Furthermore, our objective is to identify the measures that might effectively reduce the
overall number of affected individuals while keeping the associated expenses relatively
low. Therefore, we establish an objective functional, denoted as J, comprising positive
values M;, M,, and Mj, which serves to equilibrate the coefficients of the infected state
variables. When considering the objective functional, it is important to take into account
a set of plausible interventions (c3, ¢z, c3, c4) within the time range [0, Tr]. Therefore,

J(c1,¢2,¢3,C4)

Tr 2 2 2 2
- [MlE(t)+MzI(t)+M3D(t)+ L pLE L L W‘*?‘(t)}dt,
0

(26)

where Wi, W, W3 and W, are weight constants on the controls. The necessary criteria
for the optimal controls can be derived by applying Pontryagin’s Maximum Principle as
demonstrated in [16]. The issue at hand is the minimization of the Hamiltonian (#) in
relation to the provided controls. Hence,

2 2 2
H =|:M1E(t) + Mal(8) + MaD(2) + ngl(t) + WZ;(” + W‘*;‘*(t )]+

Fs[Q = p)A = (1 —c))VUS — (1 +c38)S]+
Tyho +csES —(1—c)WV — uV1+
Te[(1—c)¥(S+ V) = (1 + 0)E]+
[0 E — c201 — (1 — c)n + ) — cqol]+

I'rlesol — (w + )T+
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Irlc0I + T — uR]+

Ipl(1 = c)nl].

The parameters I's, 'y, T'g, ['y, ['r, Tg, I'p are the costate variables associated with the re-
spective state variables S(¢), V(¢), E(¢), I(¢), T(¢), R(¢), D(¢). There exist an adjoint function

such that:
dl'g
o (I -c)BI(T's—Tg)+ (1 =c1)éBD('s —Tg) + c3E(Ts = T'y) + T'sp,
dal'y
e (I -c)BITy —=Tg) + (1 =c1)éBD(Ty —Tg) + Ty,
dr
—E = —M1 + (FE — F[)O’ + FE//L,
dt
dr,
I =My + 20 =Tp) +caa(yr =Tr)+ (1 = co)n(T'; = Tp) + Ty, (27)
'y (Tp—Tp)+T
ST (T — )
dr T R TH
dl'g
2R T,
dr RM
dl'p
— = -Ms.
dt 3

The following relations are used to derive Equation (27);

dls oM dry oM dry oM dr, oM dry oM
dr ds’ dt dv’ dt dE’ 4t dl’  dt 4T’
dly oM drp M

dt B

4R’ dt  dD’

The relevant transversality conditions I's(¢) = 0, I'y(¢) =0, I'g(¢) = 0, I';(¢) = 0, T'r(¢) = 0O,
oH , .

I'z(¢) =0, and I'p(¢) = 0 holds such that, for o where i = 1,2, 3,4, gives

Ci
oH
Fye =Wic1 + BIS(Ts —Tg)+ BBDS(Ts —Te) + BIV(Ty —Tg) +88DV(I'y —TE) =0,
1
oH
% = W2C2 + 91(F1 — FR) + ﬂ](F[ — FD) = 0,
2
oH
E = W3C3 + %‘S(Fs - Fv) = 0, (28)
a
—H = Waca +al(y;—T'1) =0.
364,

From Equation (28), we obtain

_ ,BIS(FE — FS) + (SﬂDS(FE - FS) + ,BIV(FE — Fv) + 5,3DV(FE — Fv)

C1

Wi
o= OITr =T +nI(T'p—-Ty)
2 W2 7
ry-r
¢ = ES(T'y s)’ (29)

W3
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_ OlI(FT - F[)

Cy
W,

From Equation (29), whenever 0 < ¢; < 1, we have

¢} (¢) = min { max {0,

BISTg—-Ts)+8BDS(T'e—Ts)+ BIV(Lg—-Ty)+ 68DV (g —-Ty) } 1}

w1
0I(Tr-T ITp-T
¢;(t) = min { max {0, (Tz=T') + nlT'p 1)},1},
W,
STy -T
¢3(¢) = min { max O,M},l}, (30)
W3
IT'r-T
¢;(t) = min { max O,M},l}.
W,

4.1 Parameter estimation

To get the numerical findings from our analysis of the prevalence and trends of MVD, we
estimated the parameter values in system (22) in this subsection. The data used were from
Equatorial Guinea. There have been reports of 17 laboratory-confirmed cases of MVD
and 23 suspected cases in Equatorial Guinea between December 19 and May 1, 2023, as
shown in Fig. 4. Reports of the latest verified case date back to April 20. From this data,
we analyzed the confirmed cases of MVD infection reported in the country.

The Nelder—Mead optimization technique was used to estimate the parameters. Mini-
mizing the mean squared error (MSE) between the predicted states and their observation
values from the data was the aim of the least-squares regression technique. Equation (31)
illustrates how to minimize the total squared error that exists between the data and model.

minM(P) = Y [5(t:, P) - y(t)T, (31)
i=1

where y and P denotes the state variable and model parameters, respectively. The goal is
to minimize the sum of difference between the observed data points y(¢;), (in this model /)

©

o

Number of cases
e

N

26 Dec 16 Jan 06 Feb 27 Feb 20 Mar 10 Apr 01 May
2022 2023 2023 2023 2023 2023 2023

Week of onset*

D Confirmed |:| Probable

Figure 4 Weekly distribution of MVD cases based on the onset of symptoms* and case categorization in
Equatorial Guinea, from 19th December to 1st May 2023
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Figure 5 Fitted model of system (2) using the © g o
Nelder—-Mead optimization approach @ 0 Mi?el

& < -

[$)

2 o o

-

2 o o

©

= ~ 4

o
T T T
5 10 15
Time (Weeks)

Table 1 Model parameters and their estimated values
Parameters Values (per/day) Reference  Parameters Values (per/day) Reference
A 0455 [4] & 0.285 Assumed
0 0.192 [71 o 0.094 Estimated
B 0.032 Estimated « 0913 Estimated
8 1e”/ Assumed 6 0.776 Estimated
" 0.088 [7] n 0.967 Estimated
w 0014 Assumed

and the solution of ¥(¢;, P), (that is, System (2)), associated with the model parameter P.
Executing Equation (31) in R-software with the help of deSolve and the FME package, we
are able to estimate the parameter values. Figure 5 shows the estimated model fit, while
Table 1 shows the parameter values.

4.2 Results

This part presents the simulation results of the Marburg model presented in this study.
The analysis includes evaluation of the effectiveness of different preventive strategies,
comparing the model with (Equation (24)) and without control (Equation (2)). Table 1,
depicts parameter values used in simulating and M; = 50; M, = 50; M3 = 2; and W = 5;
W, = 10; W3 = 15; W, = 20 describes the weights and balancing constants respectively.
The associated values for the state variables are S =400, V =90, E=40,1=0, T =50,
R=20and D=0.

Simulation of the model is done by examining four distinct scenarios in order to assess
the efficacy and consequences of each control approach on the incidence of the disease.
The scenarios presented in this study are designed using several intervention approaches,
specifically those using single, coupled, tripled, and fourfold control variables. In the sub-
sequent analysis, we delve into a comprehensive examination of the visual effects associ-

ated with each individual situation.

4.3 1stintervention: application of a single control
The initial approach is selected in a manner that exclusively employs just one control at

each given moment.

4.3.1 Implementation of screening only

This intervention is achieved by setting ¢; # 0, which deals with the isolation of suspected
infected individuals to optimize the objective function while the controls ¢; = ¢3 = ¢4 = 0.
Figures 6a and 6b depict this situation. Screening helps protect the public by preventing
exposure to people who may have the MVD. Figure 6b shows that effective screening of
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(a) Control profile (b) Infected population.
Figure 6 Effect of using isolation as the sole strategy. It is observed from (a) that it is imperative to conduct
regular screenings for the entire population believed to be potentially infected with the virus in order to
effectively eliminate the disease. The effect and efficacy of this method of control can be observed through
the reduction in the number of (b) infected individuals

individuals who may have or come into contact with an MVD person will help reduce the
rate of MVD infection. It can further be seen from Fig. 6b that, in the natural settings it
is difficult to straightaway identify individuals with MVD or those that had contact with
an MVD person, hence, there is an initial increase in the infected population, but after 10
days where clear symptoms begin to show and this control measure takes place, it leads to
a reduction in the infected population. Figure 6a also shows that to sustain and reduce in-
fection, this control measure, c;, should be maintained intensively throughout the period
of disease persistence.

4.3.2 Implementation of prevention only

In this methodology, the optimization of the objective function is achieved by exclusively
implementing the control c,, which pertains to prevention. The controls ¢;, ¢3, and ¢,
are all assigned a value of zero, as depicted in Fig. 7. In order to enhance infection control
measures, it is recommended, as depicted in Fig. 7a, that ¢, be consistently maintained at a
high level over the initial thirty-two day period. That is, individuals should implement this
strategy slightly beyond the 21 day incubation period. This will help prevent transmission
of the disease, as shown in Fig. 7b.

4.3.3 Implementation of continuous vaccination only

A safe and effective vaccine is an important tool to protect and prevent the introduction
and spread of MVD in the population. We set ¢3 # 0 and ¢; = ¢; = ¢4 = 0 to optimize the
objective function. As can be observed from Fig. 8, implementing this control measure
at the optimum level help to mitigate the spread of MVD, as shown by the significant
decrease in the infected compartment (see Fig. 8b). Moreover, Fig. 8a indicates that, the
whole population is required to be continually vaccinated throughout the entire period of
disease persistence to achieve the result in Fig. 8b, which shows that immediately after the
incubation period the entire population settles at the Marburg-free equilibrium state.

4.3.4 Implementation of continuous treatment only
Although there is no specific treatment for MVD, historical fatality rates have been high
and, based on recent experience with Ebola, various studies such as [17] asserted that
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(a) Control profile (b) Infected population.
Figure 7 The impact of employing prevention as the exclusive approach. It can be noted from the data that
¢, should be consistently maintained over a duration of 32 days. The control technique has demonstrated its
impact and effectiveness by the observed reduction in the number of individuals who are infected
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Figure 8 Effect of using continuous vaccination as the sole strategy. It is observed from (a) that ¢3 should be
sustained intensively for the entire period of disease persistence. The reduction in the number of infected
persons in (b) demonstrates the significance and efficiency of this management technique
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(a) Control profile (b) Infected population.
Figure 9 Effect of using continuous treatment as the sole strategy. It is observed from (a) that individuals
should be continually treated for the first 35 days before reducing it to about 25% of the individuals. The
decrease in (b) demonstrates the influence and efficacy of this method of management
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MVD may be improved with aggressive supportive care and fluid resuscitation. According
to the WHO and CDC, this measure has been successfully employed on MVD. Therefore,
Fig. 9 provides evidence for the effectiveness of this control technique, as demonstrated
by the notable drop observed in Fig. 9b. Furthermore, Fig. 9a depicts that to sustain this
strategy, 100% of infected individuals are to be treated right from the onset to about 35
days, which then can be reduced to about 25%.

4.4 2nd intervention: application of two controls
Using coupled controls, we look into what happens when we use both of these controls
simultaneously. Six different strategies are implemented under this subsection. They are

described in details as follows:

4.4.1 Implementation of screening and prevention only

The strategy applied in this section requires c¢; = ¢, # 0, while c3 = ¢4 = 0. Figure 10a shows
the optimal solutions for this strategy. It can be observed from Fig. 10a that if both screen-
ing and prevention is implemented for 45 days, the level of infection in the population
reduces as shown in Fig. 10b. It can further be deduced that the population settles at the
disease-free state after 20 days when these strategies are applied.

4.4.2 Implementation of screening and continuous vaccination only

Based on the findings in [18], it has been established that vaccination has the ability to
enhance the immune system of individuals. Hence, the implementation of ongoing vacci-
nation and screening measures can effectively mitigate the prevalence of illness and limit
its transmission among persons. Figure 11a depicts that screening should begin from the
very moment MVD is announced and maintained throughout the entire period of disease
persistence, while 100% of the population are to be vaccinated for about 46 days through-
out the 50 days target period. People who receive vaccination are much less likely to ex-
perience severe symptoms than people who are not, however, it is possible for people to
be infected after being vaccinated and can spread MVD. Hence, as indicated by Fig. 11b,

the system does not achieve a disease-free state.

100
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2 \ 3
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Time (days) Time (Days)
(a) Control profile (b) Infected population.

Figure 10 Effect of using both screening and prevention as the sole strategy. (a) Control profile indicating
that both screening and prevention should be sustained for 45 days right from the onset of the disease. The
control technique has demonstrated its impact and effectiveness by the observed reduction in the number of
individuals who are infected
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Figure 11 Effect of using both screening and continuous vaccination as the sole strategy. It is observed from
(a) that screening should be sustained intensively throughout the entire period of disease persistence, and (b)
described the influence of this control strategy in decreasing the infected number of individuals
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Figure 12 Effect of using both screening and continuous vaccination as the sole strategy. It is observed from
(a) that screening should be sustained intensively throughout the entire period of disease persistence and (b)
described the effect of this control strategy in decreasing the infected number of individuals

4.4.3 Implementation of screening and continuous treatment only

When both screening and continuous treatment only are applied, the optimal solution ob-
tained are shown in Fig. 12. In a screen-and-treat approach, treatment is provided based
on a positive outcome of a primary screening test. Figure 12a shows that screening should
be implemented from onset of disease to about 42 days, slightly above the incubation pe-
riod of MVD, while treatment should be implemented for about 40 days. As shown in
Fig. 12b, this explains the fact that within the incubation period of the MVD, infected in-
dividuals will be detected and provided with the needed treatment as a result the system

settles to the MFE state immediately after the duration of the incubation period of MVD.

4.4.4 Implementation of prevention and continuous vaccination only

The outcomes generated by system (24) with control demonstrate a noteworthy reduction
in infection incidence when compared to the outcomes of system (2) without control, as
illustrated in Fig. 13b. Figure 13a provide the time duration required for implementing

these strategies, such that prevention is required to be strictly employed for 37 days and
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Figure 13 Effect of using both prevention and continuous vaccination as the sole strategy. It is observed
from (a) that prevention should be sustained intensively for 37 days and 29 days for vaccination. (b) Describes
the influence of this control strategy in decreasing the infected number of individuals
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Figure 14 Effect of using both prevention and continuous treatment as the sole strategy. It is observed from
(a) that prevention should be sustained intensively for 32 days and 28 days for treatment. (b) described the
influence of this control strategy in decreasing the infected number of individuals

continuous vaccination is to be sustained for 29 days. When this is done, it is observed

from Fig. 13b that the system will achieve a Marburg-free equilibrium state after 20 days.

4.4.5 Implementation of prevention and continuous treatment only

Prevention techniques help stops an infection or sickness before it starts, while treatment
normally begins either before signs and symptoms of the disease occur, or shortly there-
after. Applying prevention and continuous treatment as the control strategy in this section

show that it is effective in reducing the infected population, as shown in Fig. 14b.

4.4.6 Implementation of continuous vaccination and continuous treatment

Figure 15 shows the optimal solution when continuous vaccination and treatment are ap-
plied. The result from Fig. 15a shows that the entire population are to be vaccinated and
sustained for 35 days, while infected individuals are to receive treatment and sustained for

38 days to achieve a MFE state, as shown in Fig. 15b.
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Figure 15 The outcome of employing a combined strategy of continual immunization and therapy. From (a),
we learn that the entire population must undergo vaccination and treatment for 35 and 38 days, respectively.
(b) outlined how this technique helps to reduce the number of infected people in the population

4.4.7 3rd intervention: application of three controls

The third case illustrates the effect that tripartite controls have on the dynamical relation-
ships between model state variables. An optimal solution when screening, prevention and
continuous vaccination are employed is shown in Figs. 16a and 16b. In addition, Figs. 16¢
and 16d show the solution when screening, continuous vaccination and continuous treat-
ment are implemented, while the optimal solution for the combined implementation of
prevention, continuous vaccination and treatment are shown in Figs. 16e and 16f. Each
of the combined threefold strategy was seen to be effective as in all situation there was a
decrease in the infected number of individuals.

4.4.8 4th intervention: implementation of all controls

Finally, with this approach, all the controls c;, ¢z, c3 and ¢, are activated to optimize the
objective function, observed in Fig. 17b. Figure 17b illustrates that the activation of all con-
trols leads to a reduction in effort and time required to mitigate MVD infection. The sys-
tem reaches the MFE more rapidly compared to other measures. However, it is necessary
to implement a 17-day intensive vaccination regimen for those who have been exposed to
MVD. Furthermore, in the case that all controls are to be enacted, it is necessary to ad-
minister intensive treatment for a duration of 21 days. Additionally, preventive measures
and screening protocols should be performed for 23 and 30 days, respectively, ensuring
that the incubation period for MVD has ended by that time. Thus, it is anticipated that in
order to develop an economically efficient approach for a successful intervention, equal
consideration should be given to all four controls simultaneously.

Relying on Equation (25) and values from Table 1, we observed from Table 2 that when
the various intervention measures are applied, the long term behaviour of the controlled
system implies a drastic and complete eradication of MVD from the system, which pre-
vents a possible reoccurrence of the disease after it finite time (7F).

4.5 Cost-effectiveness analysis

Finding the most cost-effective optimal control measure among the single and combined
strategies of the four established control measures is crucial for minimizing the spread of
MVD at the lowest possible cost. In order to investigate cost-effectiveness analyses, the
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Figure 16 Effect of using three combined strategy at a go. (a) Control profile for implementing screening,
prevention and continuous vaccination with its associated influence shown in (b). The control profile for the
combined effect of screening, continuous vaccination and continuous treatment is given in (c), and (d)
depicts the corresponding effectiveness of this intervention. (e) is the control profile for collectively
implementing prevention, continuous vaccination and continuous treatment with the associated effect given

incremental cost effectiveness ratio (ICER) is used. To make sure that limited resources

are used wisely, ICER is used to compare two competing strategies for halting the spread

of disease or other related problems. As stated, the ICER formula is established as

ICER =

Differences in total costs between control measures

Differences in total number of Marburg infection averted by control measures

(32)
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Figure 17 Effect of using all controls

Table 2 Results of the control reproduction number after each intervention

Intervention Control measure(s) Rg
st interventions Sonly (¢c; #0) 0
Ponly (c; #0) 0.0008099
Vonly (c3 #0) 0.183687¢™%
Tonly (c4 #0) 0.00044279
2nd interventions SandPonly (¢ =c; #0) 0
SandVonly (c; =c3 #0) 0
SandTonly (c; =c4 #0) 0
Pand Vonly (c; =c3 #0) 0.000191083
Pand Tonly (c; =c4 #0) 0.00121379
Vand Tonly (c3 =c4 #0) 0.000104464
3rd interventions S,PandVonly (¢ =, =c3#0) 0
SSVandTonly (¢ =c3=c4 #0) 0
PVandTonly (c; =c3 =ca #0) 0.000286364
4th intervention SPVTGi=c=ca=c#0) 0

The cost of implementing control measures can be determined by using objective func-
tional in Equation (26), while the number of infections averted can be calculated by com-
paring the number of infectious individuals with and without control measures. Table 3
present the ICER result in ascending order of the total infection averted for each control
measure implemented. However, as asserted by [REF] that a single intervention cannot
be relied upon to entirely eliminate the transmission of a disease from the population,
we aligned with this assertion and did not evaluate methods that apply just one interven-
tion. Hence, following is an order for pairwise comparisons of the multi-intervention tech-
niques as described in Table 3. Let S, P, V and T denote the associated control measure
for screening, prevention, continuous vaccination and continuous treatment, respectively.

Following Table 3, the ICER values were obtained as follows:

7.9948 x 10° )
—————— =1.09 x 10,
7.3281 x 10*

7.9754 x 10° —7.9948 x 10° N
=-9.979 x 1071,

7.5225 x 10* - 7.3281 x 10*

7.9553 x 10° —7.9754 x 10°

ICER _ =-1.000,
(B VandT) = = o 10% — 7.5225 % 10%

ICERppandv) =

ICER(, pand V) =
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Table 3 ICER values incorporating the infections averted and its associated cost for each control

measure

Control measures Total infection averted Total costs ICER
PandVonly 7.3281e+ 04 7.9948¢e + 05 1.09 x 10!
S,PandVonly 7.5225e+ 04 7.9754e + 05 -0.998
Sand P only 7.5225e + 04 7.9754e + 05 -

P VandTonly 7.7234e+04 7.9553e + 05 -1.000
S,PVandT 7.9158e + 04 7.9360e + 05 -1.003
S,Pand T 7.9158e + 04 7.9360e + 05 -
SandVonly 7.9877e+ 04 7.9288e + 05 -1.001
Vand T only 8.189%4¢e + 04 7.9087¢e + 05 -0997
Sand Tonly 8.3829% + 04 7.8893e+ 05 -1.003
S,Vand Tonly 8.3829¢ + 04 7.8893e + 05 -

ICER _ 70360 x10° ~7.9553 x 10° _ .
PVandT) = 59158 % 104 —7.7234 x 10%

CER ~7.9288 x 10° —7.9360 x 10° 1001
(Sand V) = 7.9877 x 104 —7.9158 x 104 - ' ’

ICER 7.9087 x 10° —7.9288 x 10° 0.9965
VandD = 81894 x 104 —7.9877 x 10

ICER _ 78893 x10°~7.9087 x10° _ o oa
GandD ™ 83829 x 104~ 8.1894 x 104

The control measures in Table 3 are ranked based on their effectiveness in controlling
Marburg infections, from least to most effective. As a result implementing only prevention
and vaccination averts the least, in terms of the, number of infections, while implementing
screening, continuous vaccination and continuous treatment averted the highest number
of infections in the population. It is important to state that in computing the ICER, due to
the same number of infection averted for S, P, Vand S, P; S, P, V, Tand S, B, T;as well as S, T
and S, V, T, the ICER is not compared between these control measures. However, Table 3
shows that the control measure incorporating prevention and continuous vaccination (P
and V only) dominates the rest of the control measures, implying that P and V only is
costly, hence, we eliminate JCER(p and vy and recalculate the ICER values for the closest
value, which is Vand T only, and S, P, V.

7.9087 x 10°
ICER(V and T only) = m =9.657,

7.9754 x 10° — 7.9087 x 10°
=-1.000.
7.5225 x 10% — 8.1894 x 10%

ICER(S, Pand Vonly) =

Table 4 shows that after recalculation, the ICER value for the V, T dominated that of S, P,
V implying that implementing V, T only is more costly when compared to the implemen-
tation of S, P and V. Therefore, we exclude variables V and T from the pool of measures
contending for scarce resources. Importantly, Table 4 shows that the ICER value for S,
P, V when compared to remaining measures in Table 3 provide greater effectiveness at a
cheaper cost except for P, V and T only which equally has an ICER value of —1.000. Hence,
there is no requirement to recalculate the incremental cost-effectiveness ratio (ICER) for
these alternative measures. However, it is observed that the two interventions avert differ-
ent total number of infections such that the total infection averted by SPV = 7.5225 x 10*
while PVT = 7.7234 x 10%. Thus, should a decision be taken among these two measures,
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Table 4 ComparingV, Tonlyand S, BV only

Control measures Total infection averted Total costs ICER
Vand T only 8.18%¢e + 04 7.9087¢ + 05 9.657
S, Pand Vonly 7.5225e + 04 7.9754e + 05 -1.000

the best decision is to go for the combined measure of prevention, continuous vaccination
and treatment, which has the potential to reduce the Marburg virus drastically and also
offer greater effectiveness at a lower cost.

5 Discussion

Both Marburg and Ebola virus disease belong to the Filoviridae family, specifically clas-
sified as filoviruses. Despite being caused by distinct viruses, both diseases have com-
parable clinical characteristics. Both Marburg and Ebola viruses are infrequent occur-
rences and possess the potential to instigate epidemics characterized by elevated mor-
tality rates. However, much work and studies have only been conducted on Ebola, pro-
viding comprehensive and thorough analysis on the disease propagation (see [19]). Due to
their similarity, based on understanding obtained from the works done on Ebola, we in-
vestigated a mathematical model that provides a good description for the transmission of
MVD incorporating vaccination and treatment. Our model results were in line with stud-
ies such as [6], which obtained a low basic reproduction from 0.5[95% CI 0.05 — 1.8] to
1.2[95% CI 1.0 — 1.9] when vaccination is applied. However, they also observed this result
is accompanied with a high case fatality ratio; a situation our result contradicted. Based on
Fig. 8a and Table 2, we observed that when vaccination only is applied as a control strat-
egy, the control basic reproduction number obtained is 9.183687¢~°¢ and this is associated
with a decrease in the case fatality ratio after the incubation period (see Fig. 8a). The initial
model without control parameters affirmed the importance of vaccination to be included
in any stakeholder policy decision making. Because, both the qualitative analysis and re-
gion within which the model is reasonable showed that the occurrence of a bifurcation
was shown to be as a result of reinfection and loss of immunity of vaccinated individuals.
Further, we found that when the vaccination rate is too low (such that the proportion of
immunized or vaccinated people in the MFE is not higher than the computed value 87),
the backward bifurcation behavior of system (2) emerges. As a result, Ry < 1 may not be
sufficient to eradicate the transmission of MVD from the population. This was shown in
the work of [6]. Furthermore, both our study and the work of [8], agreed to the fact that,
treatment therapy is required in order to lower the amount of deaths brought on by MVD.
It was observed that among the control strategies, continuous treatment helps play a ma-
jor role in reducing the number of deaths due to MVD, but it is the least strategy when
considering reducing the transmission of the disease, as it has the highest Rj value (see
Table 2). However, in general, just as affirmed by the work of [7], an increase in dissemi-
nation of information surrounding the activities of prevention plays a key role as a control
strategy in reducing MVD transmission. The current study’s findings agrees with the re-
sults of [7] and believed that in order to prevent and restrict the spread of Marburg virus,
public policy makers need to focus on increasing the importance of information sharing
on prevention. A unique composition in our study compared to other MVD studies was
the fact that we performed a sensitivity analysis, which helped to identify the most sen-
sitive and positively correlated parameters with the rate of disease transmission. These
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parameters became the targets for adopting measures needed in controlling the spread of
MVD. Thus, unlike the work of [8] and [7], which believed that a single or only two control
measures are enough to eradicate MVD, it was deduced from the numerical results of the
current study that the application of all four controls (screening, prevention, continuous
vaccination and treatment) require less effort and time to reduce and eradicate MVD in
the population. Because, there is the believe and assertion that it is possible to get a bet-
ter understanding and even forecast the dynamics of infectious diseases by challenging,
updating, and changing the constraints of long-standing concepts, theories, and practices
in light of new scientific discoveries and unexpected physical occurrences, we employed
ICER to determine the most cost-effective optimal control measure for the various con-
trols. It was established that, the intervention that offered the greatest effectiveness at a
lower cost was the combined application of prevention, continuous vaccination and treat-
ment. But in the absence of this, the alternative measure that offer similar or same result is
the combined application of screening, prevention and vaccination. These findings were
affirmed and aligned with policy intervention measures for MVD as stated in the work
of [2].

6 Conclusion

In this paper, a mathematical model was developed and analysis was performed on the
transmission dynamics of MVD with optimal control and cost-effectiveness analysis based
on lesson from EVD. The basic reproduction number was computed, which plays the role
of a threshold value for the dynamics of the system. Both reproduction numbers with and
without control strategies were derived. The control reproduction number was used to
determine the drastic reduction or complete eradication of MVD during the time interval
when the controls are applied. The local and global stabilities of the disease-free equilib-
rium were derived, while the local stability and existence of a bifurcation phenomenon for
the Marburg persistent steady states were also proved. The model was optimized using
screening, prevention, continuous vaccination and treatment as control measures. It was
deduced from the numerical results that the application of all four controls provide less
effort and time to reduce MVD, while the intervention that offered the greatest effective-
ness at a lower cost was the combined application of prevention, continuous vaccination
and treatment. The findings obtained in this article aligned with policy intervention mea-
sures for MVD as stated in the work of [2]. Just as the work of [2], a limitation from the
current article is that it considered real data from just one country and thus cannot be
used to form a generalization for all countries experience MVD transmission due to sev-
eral geographical and cultural characteristics. Despite this limitation, the model provides
a good description of the ongoing MVD outbreak.
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