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Abstract: The Middle East respiratory syndrome is a viral respiratory illness. It is caused by a common type of virus
called coronavirus. The main objective of the present work, we develop a mathematical model for the transmission
dynamics of the Middle East respiratory syndrome coronavirus (MERS-CoV) disease. To assess the transmissibility of
the MERS-CoV, we calculate the basic reproduction number Ry. Furthermore, the existence of the backward bifurcation
for different parameters is presented. The sensitivity analysis is presented to analyze the importance of various epidemic
parameters. Stability analysis for the model is examined to provide stability conditions. Finally, we present the numerical
simulations of the proposed model to support our analytical findings.
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1. Introduction

Middle Eastern respiratory syndrome coronavirus is a new type of coronavirus, it was first reported in the Kingdom
of Saudi Arabia (KSA) in 2012 [1, 2]. MERS is mostly connected with animal sources. MERS-CoV has also been found
in camels in different countries. Humans may become infected after coming into touch with camels. Coughing transfers
illness from one to another. MERS-CoV is transmitted from infected individuals to others through intimate contact, such
as looking after or living with the infected individuals. There has been a total number of 536 cases which includes 145
deaths since April 2012, a rate of death 27%, with the bulk of cases recorded in the Middle East (KSA, Qatar and Jordan)
[3]. MERS-CoV-infected persons experienced a severe abrupt respiratory infection with symptoms including cough, fever,
and breathlessness.

The virus is mostly spread by dromedary camels, according to scientific evidence. Most human infections (75%) are
caused by human-human transmissions, with the remaining instances caused by camel-human transmissions.

Mathematical modeling is vital for studying and forecasting the evolution of infectious illnesses [4]. Assire et al. [5]
documented one of the biggest MERS-CoV epidemics, with the characterization that the viral disease is transmittable from
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person to person. In a review paper, Zumla et al. [6] highlighted that even the cause for camel-human transmission might
be exposed indirectly, e.g., the patient’s exposure to MERS-CoV could have been through intake of raw or unprocessed
camel milk, which is a widespread practice in KSA.

The derivative and integration of non-integer and real-order functions can be defined and developed with the aid
of fractional calculus. Fractional derivatives are a convenient and precise way to describe many scientific phenomena
that cannot be understood using integer order derivatives. Fractional order differential equations illustrate the idea of
system memory. Numerous fractional derivatives, including Caputo, Hadamard, Griinwald-Letnikov, Riesz, and Riemann-
Liouville fractional derivatives, are available in the literature [7-9]. There are numerous analytical techniques that cannot
handle a wide variety of equations and are severely restricted in their application found in the literature. Numerical
techniques and approaches are created to determine the solution of fractional differential equations due to the difficulty of
applying analytical methods. Several works have been published in the literature on mathematical modelling by applying
the approach of fractional, fractal-fractional differential equations and fuzzy differential equations [10—17], HCV model
[18], finance model [19, 20] and several other analytical and numerical scheme have been investigated such as [21-25].

Mathematical modeling is very important for the transmission dynamics of different diseases for mathematicians
and researchers. Numerous works have been documented for the different types of research related to disease, economics,
engineering and other many applicable areas [26—29]. Researchers investigated various aspects and defined the application
of modeling in real life by applying the approach of fractional calculus and mentioned their behavior and the impact on
society [30-33].

In this study, we construct a five-compartmental MERS-CoV model for the transmission dynamics of disease
including susceptible population S(z), exposed population E(¢), symptomatic (infected) population I(¢), recovered
population R(¢), and reservoir population C(¢) for MERS-CoV. The proposed model stability is investigated respectively.
The basic reproductive number Ry is calculated for the model to determine the stability condition. By using the next-
generation matrix approach, we develop a formula for Ry of the camels-human population to determine transmissibility
potential. A sensitivity study is done for the parameters in the model in order to obtain their impact on the transmission
of the suggested disease. Backward bifurcation is very important in a disease model. Therefore the backward bifurcation
and also the endemic equilibria are analyzed for the proposed model accordingly.

To study the stability of the proposed model (1), we utilize the Routh-Hurwitz (R-H) criteria. In case iy < 1 the
disease-free equilibrium (DFE) of the proposed problem, then the model is locally asymptotically stable (LAS) therefore
there is no disease after the passage of time. While 9Ry > 1, the disease remains in the population. Also, we analyze the
model for global stability with the aid of the theory of Lyapunov function. Graphical simulations of the system (1) are
displayed.

The structure of this paper is as follows: we represent the formulation of the considered problem in Section 2. Section
3 shows the well-posedness of the model and basic reproductive number. Section 4 deals with backward bifurcations,
sensitivity analysis and EE. In Section 5, we discuss local and global stability analysis of the equilibria. In Section 6,
numerical simulations and graphical illustrations are presented. Finally, in Section 7, we give the concluding remarks for
the work.

2. Model formulation

The section shows the mathematical construction of the deterministic model for MERS-CoV transmission. This
model is composed of differential equations (DEs). We develop the model by taking into account the characteristics of
the disease.

a. All parameters and the variables are non-negative.

b. Two transmission routes are considered for the disease transmission, which are from symptomatic individuals and
then reservoir, which are camels for MERS-CoV.

c. The rate of death because of MERS-CoV is considered in the compartment that contains the infection.

The dynamics in the host population are,
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9 g BS(E(r) — wBS()I(r) — (6BC(1) + 1o)S(r),

dt

‘;_’f = BS()E(t) +wBS(t)I(t) +SBC(1)S(t) — (o + po)E(2),
dI

27 = CE@) = (m2n)I() = (Mo + p)I (),

R o+ m)I(0) — R (),

dt
Z—f = ®E(t) + @l (1) — dC(r), M
depends on conditions
S(0) >0, E(0) >0,1(0) >0,R(0) >0, C(0) >0. 2)

In model (1) the description of the parameters is given below and we mentioned the flowchart in Figure 1:

e T represents susceptible recruitment rate;

e [l is natural death rate and p; is the death rate by disease;

e f3 is the rate of transmission;

e Y denotes rate of approximate transmission of infectious people. The rate at which the population from the exposed
class goes to the infected class by «;

e [ is the rate at which the exposed individuals are in contact with the reservoir;

e d is the life time of reservoir;

e 7)1, M2 is the rate at which the infected individual become recover;

e M, is the rate at which the infected individual are in contact with reservoir;

Ho Ho

(E@ + yl(@) +6CQ@))

Figure 1. Diagram of MERS-Cov disease transmission
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3. Well-posedness of the problem

Suppose 3(¢) stands for total population of humans i,e PB(r) = S(¢) +1(t) + R(t) + E(¢), so the population has bounds,
lower & upper bounds to be 0 and ulo’ respectively, such that, 0 < (r) <

Using this fact as a basis we provide the theorem below.

Theorem 1 If 3(¢) is total human population, also 0 < (z) < ulo’ and P(r) <
region given below.

.
o

%, so the problem (1) lies in the

Q :{(S, E,I,R,C) € R, P(r) <
Proof. Let us consider By is a Banach space, and e, which is positive, so

By =¢q'(0,e1) x¢'(0, p1) x ¢'(0, p1) x ¢'(0, p1) x ¢'(0, p). 3)

Norm on Byy is [[§[| = X2_; [1§;1], here [[§]| = (&1, &2, &3, &, &5) € By
Further, By, is the cone (positive) of ¢' (0, e, ), so from Eq. (3), B, becomes

B; = ql (Oa €+) X ql (Oa er) X q1(07 p+) X ql (Oa p+) X ql (Oa p+)

Hence the state space of system (1) yields:

A{(S,E,I,R,CEBH S0<P(r) < %
0 < S(t)+R(H) +1(1) +A(H) < =, C < W}
Ho Uo

O
We consider an operator which is linear denoted by D and also consider vector ¥ = (S, E, I, R, C), implying
DY = (D1, Dy, D3, Dy, Ds)T, where

ds
D, = (-&_
1 ( dt l'lOSa Oa 07 07 0)7

dE
D2 = (0,—5—(Q+HO)E,0,0,0),

dl
Dy = (0,aE,—E—(n1+n2+uo+u1),0,0),
dR

Dy = (0,0, (m+m)l, —— -~ HR,0),
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dc

Ds = (0, 0, mE, o1, 0,0, —E

_dc)7

and domain of D, D(L) is
D(L) = {(D € B;: ¥ € LC[0, e), @(0) = (So, Eo, I, Ro, Co)}. Here, LC[0, e, ) is the set having functions which

are continuous defined on interval [0, e ). Consider M is the operator which is nonlinear i.e. M: B; — Bj by,

T—BES—ByIS—S8BCS
BES+ ByIS+ B6CS
M(y) = 0 : “4)
0
0

Suppose z(t) = (S(¢), E(t), I(t), R(t), C(¢)) then the suggested system is

dz
o = L)) +M(2(1)), 2(0) € B,
where z(0) = (So, Eo, Io, Ro, Co)”. With the use of result [34, 35], we present existence of the solution of model (4), so
we immediately state results as follows:

Theorem 2 For each v(0) € By, there exist maximal interval and unique continuous solution [0, #p) and v(z, vo)
respectively, such that,

V(1) = voe + / MM (v(2)).

Theorem 3 The model (1) is invariant (positively) subjected to nonnegative orthant R>+.
Proof. As we have @ = (S, E, I, R,C). Letr; = (a+ Uo), r2 = (M + N2+ W1 + Uo), ra = (@) + @2 +d),

d—w =Lo+D
dt
—Up 0 0 0 0 T
0O -r O 0 0 0
L= 0 a -rn 0 0 |, T=]0 5
0 0O m m O 0
0 0 o w —d 0

It could be noted from Eq. (5), that T matrix is positive, while the off-diagonal of the L are non-negative, therefore
the properties of the Metzler matrix are satisfied. So the model under study is invariant in R>. O

Theorem 4 We consider the size of the population initially for the suggested system presented in (2) if solutions Eq.
(1) exist, it will remain positive for all e...
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Proof. Let us consider the susceptible population

ds

o =T~ BES—ByiIS— (BCS+ po)S. (6)

Utilizing the alternation of the constants formula, we obtain the solution to Eq.(6),

s — S<0)exp[—dt—/[[iE—ﬁy/I—ﬁSC}S]dx
HTexp [—dt—/[ﬁE—ﬁwI—[B5C] S] dx

v {dt+/[/3E+ﬁl//I+B5C]S} dx.

S > 0, likewise one can show that, the remaining equations of model (1) are also positive. O

3.1 Possible equilibria and basic reproduction number

There exist two different equilibria: the first one is DFE and the second one is endemic equilibrium (EE). The DFE
of system (1) is denoted with Fy and defined for the Fy = (Sp, 0, 0, 0, 0), and

T
Sog = —. 7
0 @)

Ry is defined as the quantity that determines whether an epidemic will occur or if the disease will die off. Which is
the estimated average number of infections due to a single infectious agent, both directly and indirectly, in a completely
susceptible population. Driessche approach is used to calculate the reproduction number [36]. Suppose

i _ - o
A _FoV.
dt v ®)

In equation (8), here £ and V are matrices having nonlinear, and linear terms respectively, that is

(BE(1)+ yBI(1) + 8BC(1))S(r)

STl
I
o
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— (o +o)E(r)
V=1 aE(t)— (i +m+uo+wm)l)

O E(t)+ o (t) —dC(t)
The Jacobian of F and V at DFE Fp, that is

BSo wBSo 6BSo

F = Jacobian of Fat DFE = 0 0 0 ,
0 0 0
(e + o) 0 0
V = Jacobian of Vat DFE = - (Mm+m+uo+u) 0
—0 —» d

Therefore Ry stands for the spectral radius of matrix H = FV ~! which is next-generation matrix, hence $Rg for model

(1) is

Bz Bayn Bor(am; +Ni®1 + M@ + @ o + B 141)
Ro = + + . )
po(a+po) — Mo(0r+ to) (N1 + 12+ to + uy) d(o+ o) (M1 + M2+ Uo + 1)

The Ry is made up of two elements that reflect two separate transmission channels from infected persons to
susceptible people: from the environmental reservoir to the susceptible population. These two mechanisms of transmission
combine to determine the epidemic’s overall illness risk.

4. Endemic equilibria and bifurcation analysis

We suppose that the LHS of the differential equation (1) is 0, then endemic (S, E, I, R, C) fulfils § >0, E >0, [ >
0,R>,C>0and

¢ (o + o) (11 + M2+ Mo + 1)
B(m -+ m2+ to + 1) +dupoB +8B@1 (M1 + M2+ Mo+ 1) + Do 6B
B - dpo(a+ Ho)(B(M1 + M2+ o+ 1))

(Uo+a)(B(M +M2+ W + o) +duoi B+ 8B (M +n2+ Lo+ ) + @ +2w,68)’
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R* =

(M +m2+ o+ ) + i d@
Ho(m+m2+Ho+m)

Putting the value of expression presented above into the very first sub-equation of model (1) and after a little bit of
work, we obtain

biI? + byl + bs. (10)

p,_ BB+ @)+ (o +o)(Fo—1) | Bd(po-+a)
-

(Mo —+ 1 +n1+12) (Mo+ 1 +n1+m2
Mol 6B
by =—mp— Bl at et Y G
2 .ulﬁ B(NO+OC) (M0+Ol) ( 0)7

by = to(po +0t)(Ro — 1).

If Ry > 1, then b3 > 0, by > 0, it shows that system (1) gets unique EE E* = (S*, E*, I*, R*). If Rp < 1, we have
b1 <0, by <0, by < 0 which has no EE.

The importance of the backward bifurcations for epidemiological models is similar to that same classical need for 2Rg
to be smaller than one [37, 38], which is required for the MERS-CoV virus to be eradicated from the community. Backward
bifurcation complicates disease control strategies. Backward bifurcating diseases can continue to exist in a population
even when their rate of reproduction indicates they should go extinct. The existence of the backward bifurcations in the
suggested model shows that when Ry is less than one, the feasibility of MERS-CoV removal is dependent on the starting
size of the model’s sub-population. when 93y = 1, then the following are satisfied.

Lemma 1 If Ry = 1, then system (1) has backward bifurcation phenomena when b3 < 0 (see Figure 2).

40 :

II
35+ — 10/ |
30
25t
20
15 ¢
10 -

5N

—

0 L L L T ——
0.7 075 0.8 09 095 1

1.05 1.1 115 12

Figure 2. Backward Bifurcation in model (1)
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4.1 Sensitivity analysis

The suggested model’s parameters are subjected to sensitivity analysis. This approach will make it easy to identify
the variables that have a significant impact on PRg. We utilize the technique presented in [39] and given as, A?O = aaﬂ} 9%0
here & is a parameter.

x 107
2.2 0
x 1072 2 x 10° -1
25 1.8 0 2
2 1.6 -2 3
15 1.4 4 4
i 1.2
Y . | -6 -5
. | 1| 0.8 -8 =
i 0.6 -7
1
0.4 1 -8
: 0.5
: 0.2 ] 0.5 9
00 a ' 00 B
(a) My vs o and y,, (b) R, vs fand i,
x 10™ x 10
x 10™ 12 x 10" 12
1.5 1.5
10 10
1 1
8 8
6
4
2
1, ’ H
0 0 m 0 0 o
(©) R, vs 17, and (d) R, vs pty and g1,

Figure 3. The effects of different parameters on the 9 and variations in them

Figure 3 and Figure 4 depict the sensitivity analysis of 2Rg. They depict the significance of various parameters during
disease transmission. It also measures the variation in Rg with respect to the changes in the parameters.

It is obvious from the sensitivity that there exist direct relations between $Ry and the parameters set. S§; =
B, 6, N1, M2, ™, W, @y, @], while has the inverse relation with Sy = [, 6]. This shows that an increase in the values
of the parameters set S; obviously increases threshold quantity, on the other hand increasing the values of parameters S,
decreases threshold quantity. The model parameters and their sensitivity values according to fRq are given in Table 1.
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-0.045358620736
-0.045358620738

-0.04535862074
-0.045358620742
-0.045358620744
-0.045358620746

1

¢
. 0 0 d

@ N, vs ¢, and d (b) R, vs ¢, and

(©) M, vs yand y, (d) R, vs wand &

Figure 4. The effects of different parameters on the 9 and variations in them

Table 1. Parameter values and their sensitivity values

Parameter  Sensitivity values ~ Parameter  Sensitivity values

B 0.00000947 o] 0.00047015
m 0.00013789 T 0.00009370
1) -0.00093984 Uo -0.0084532
[0} 0.0004498 (073 0.00094896
m 0.0000515 v 0.000043
u 0.00068945 d 0.0000102

ary Math

/

atics

x 102
18

16
114
12
10

N s

-0.046
-0.048
-0.05

-0.052
-0.054
-0.056
-0.058
-0.06

-0.062
-0.064
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5. Stability analysis

Here, we present the local asymptotic stability of the DFE as well as the EE of the problem (1) in the theorems
presented below.

Theorem 5 The DFE point (Fp, 0, 0, 0) is stable locally asymptotically when 23y < 1 otherwise not.

Proof. To show the local stability of the aforementioned model, for the points (Fp, 0, 0, 0), let us consider the
Jacobian of system (1)

_ B _ypn _8pn
AP whn sb7
=] 0 W (mta) "o o (11
0 a —(Mm+m+u+m) O
0 (0] (0)) —d

In the above matrix the eigenvalues of the first two have real-part, — oy < 0, — (U + o) < 0 while for the other
eigenvalues we consider a 2 X 2 matrix,

Br _ Byz
Jo=| M (ko + @) Ho _ (12)
o —(M1+ M2+ po+ )

Now for Routh-Hurwitz criteria [40], it is enough to show that, the trace of the matrix A is negative and its determinant
is positive, if Ro < 1, hence we get

pr

Trace(A) = [m—(M0+0‘)]+[—(n1-H]z-Hlo-Hll)],
Br
Trace(A) = —[(ﬂo+0¢)+(n1+712+H0+ﬂ1)—m].
Thus, the Trace(A) < 0if Ry < 1. Now for the determinant, we have
T no
det(a) = [BZ (o o)+ oo ) - B2,
Ho Ho
Br
det(A) = [—(m)(m+712+H0+H1)+((#0+05)],
det(A) = (ot a)(m s+ ot )l —(— P4 L
Ho(po + @) Ho(Ho+ ) (M + M2+ Mo + )
BSr(dn +dny+mo+n1+n2)
+ BOn(Up® + W @y + @ + O N> + O .
dlko+ )+ Mo+ o)) ) POTIHOO IO O 4 O Ot
det(A) = (to+a)(ni+m2+ o+ 1) (1 —Ro) + BO7(Lo®) + U B + B2 + @D N1 + N2 D
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Hence, det(A) > 0if RRp < 1, which shows that det(A) is positive, when 2Ry < 1. Hence, Trac(A) < 0 and det(A) >0
& Mo < 1. So that the DFE is locally asymptotically stable at Fp. O

5.1 Global stability analysis

The theorems presented below provide the global stability at DFE point Fy. To analyze the global stability at Fy we
develop the following Lyapunov function.

Theorem 6 If 9}y < 1 the DFE of the system is globally asymptotically stable if S = S°.
Proof. Let us set up the following Lyapunov function,

() = [R1(S — 8°) + RE (1) + K31 (1) + RaC). (13)

Here R, fori =1, 2, 3, 4, are some arbitrary constants, they are considered later by the differentiation of Eq.(13) ,
and using (1), we obtain

T() = Ruln—(BE(R)+yPBI(t)+8BC(r)+ po)S(t)] +Ral(BE(r) + wBI(1)

—(Ho+ @)E(t)] +R3[aE(t) — (M1 + M2+ po + ) (1)) + Ra[@1 (1) + @21 () — dC(1)]

% = So, T = HoSo
Y1) = (R (oS — HoSo) + (R1 — Fa)(BE() + YBI(r) + SBC(t) + Ho)S(1)) + Ra(Pa — Ra) @B (1) + ok 1)

FRaw 1(1) + poR3I (1) + Rz (N + M) — Ru@ E(t) — Ra@21 (1))

By choosing the positive parameter R, Ry, Ri, Ra

7@) = —[Bl(Ho(S—So)+ t(ni+ M+ po+ 1) (1 —Ro) + (Lo — (@1 + @2 + o) M ) E
+(2p0 0 + (@1 + @2 + o) (M1 + M2 + o + 1) N2)1].

7/(¢) is negative if S > $° and also R < 1 and 7/(¢) = 0 if S = S°. By invariance principle [41],and E = = C = 0.
hence the DFE is globally asymptotically stable in Fj. O

6. Numerical simulations

In this section, we obtained the solution of the suggested model by using the RK4 technique [42]. This verifies our
analytical calculations. For simulation, we consider various values of parameters present in the suggested model which
are presented in Table 2. The values of the parameter are used in such a way that is far more biologically realistic. The
initial value for the population S(z), I(z), E(¢), R(t), and C(¢) is 10 weeks. The biological interpretation of these figures
shows that for R < 1, the susceptible population decreases and then becomes stable and shows that there will be always
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a susceptible population. The interpretation of E(t), I(r), R(t) and C(r) show that these populations first decreases and
reaches zero as shown in Figure 5 to Figure 6, while the dynamics of the camel population that is a reservoir for camel
reveals that the camel population decreases up to 70 days while then reaches its equilibrium position, this ensures that
there will be always camel population. These ensure the stability of the proposed model for the reproduction number less
than 1. From the figures, we observe that the decline in the cures goes to the stable point. By emphasizing important
intervention points like minimizing human-animal contact and enhancing treatment and isolation measures, this model
assists in comprehending the dynamics of the disease and provides guidance for public health policies.

200 : 300 ‘
—5(0) =200 —E0) =150
= —— 5(0) = 190 250 —— E(0) = 140 ||
= 150 — S =180 |, S — E(0) =130
£ —— 5(0)=170 - —— E0)=120 | |
E —— 5(0) = 160 £ —— E(0) =110
E &
£ 100 g 150
N -
el =
= 2 100
8 a
z 07 &
e \ 50
0 ’ n 1 0 . .
0 10 20 30 40 50 0 10 20 30 40 50
Time t (Days) Time t (Days)
(a) (b)
100 : :
—1(0)=100
— 1(0)=90
< 80 ——1(0) =80
g —— 1(0)=70
g 60 —_— I(O) =60
=
o,
g
§ 40 +
5]
=
= 20/
0 ‘ : ;
0 10 20 30 40 50
Time t (Days)
©

Figure 5. Dynamical behaviors for the classes (a) = S(¢), (b) = E(¢) and (c¢) = I(t) of the considered model of different compartments
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50 \ 25 —
——R(0)=750 —C(0)=10

- —— R(0)=40 = —C(0)=9

= 40 —R(0)=30 = 20 —C(0)=38

£ R(0) =20 = C)y=7
Q ~

E 30 — R(0)=10 E 15 — C(0)=6

& <

2 & :

3 20§ 5 10}

S 10 © 5

0 v , 0 ; : :
0 10 20 30 40 50 0 10 20 30 40 50
Time t (Days) Time t (Days)
(a) (b)

Figure 6. Dynamical behaviors for the classes (a) = R() and (b) = C(t) of the considered model of different compartments

Table 2. Parameters and their values

Parameters  Values Sources  Parameters  Values Sources

T 0.09 [39] Uo 0.022  assumed
v 0.26 assumed [ 0.02 assumed
o 0.05 assumed i 0.065 assumed
m 0.02 assumed 2 0.04 assumed
o 0.04 assumed [0)3 0.014 assumed
d 0.01 assumed B 0.08 [42]

7. Concluding remark

In this work, we have formulated a mathematical model to analyze the transmission dynamics of MERS-CoV. This
work provides a platform to investigate some challenges in the area of research and realization of the qualitative behavior
of MERS-CoV. The basic reproductive number Ry is calculated for the suggested problem to study the transmission rate
of MERS-CoV. We have discussed the existence of backward bifurcations for a range of parameters. For the significance
of the epidemic parameters, the sensitivity analysis is studied. From the sensitivity analysis, we observe that an increase
in the values of the parameters set S; obviously increases threshold quantity, on the other hand increasing the values of
parameters S, decreases threshold quantity. We have discussed the local and global stability of the suggested model for
Ro < 1.

In the future, we can further extend the work by taking optimal control of the proposed model to minimize the MERS
CoV-infected population. We can also extend this model to a fractional order differential equation to point out the memory
trace and hereditary features.
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