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Abstract: A new mathematical model for the transmission dynamics and control of the Middle Eastern
respiratory syndrome (MERS), a respiratory virus caused by MERS-CoV coronavirus (and primarily
spread to humans by dromedary camels) that first emerged out of the Kingdom of Saudi Arabia (KSA)
in 2012, was designed and used to study the transmission dynamics of the disease in a human-camel
population within the KSA. Rigorous analysis of the model, which was fitted and cross-validated us-
ing the observed MERS-CoV data for the KSA, showed that its disease-free equilibrium was locally
asymptotically stable whenever its reproduction number (denoted by R0M) was less than unity. Us-
ing the fixed and estimated parameters of the model, the value of R0M for the KSA was estimated to
be 0.84, suggesting that the prospects for MERS-CoV elimination are highly promising. The model
was extended to allow for the assessment of public health intervention strategies, notably the potential
use of vaccines for both humans and camels and the use of face masks by humans in public or when in
close proximity with camels. Simulations of the extended model showed that the use of the face mask
by humans who come in close proximity with camels, as a sole public health intervention strategy, sig-
nificantly reduced human-to-camel and camel-to-human transmission of the disease, and this reduction
depends on the efficacy and coverage of the mask type used in the community. For instance, if surgi-
cal masks are prioritized, the disease can be eliminated in both the human and camel population if at
least 45% of individuals who have close contact with camels wear them consistently. The simulations
further showed that while vaccinating humans as a sole intervention strategy only had marginal impact
in reducing the disease burden in the human population, an intervention strategy based on vaccinating
camels only resulted in a significant reduction in the disease burden in camels (and, consequently, in
humans as well). Thus, this study suggests that attention should be focused on effectively combating
the disease in the camel population, rather than in the human population. Furthermore, the extended
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model was used to simulate a hybrid strategy, which combined vaccination of both humans and camels
as well as the use of face masks by humans. This simulation showed a marked reduction of the dis-
ease burden in both humans and camels, with an increasing effectiveness level of this intervention, in
comparison to the baseline scenario or any of the aforementioned sole vaccination scenarios. In sum-
mary, this study showed that the prospect of the elimination of MERS-CoV-2 in the Kingdom of Saudi
Arabia is promising using pharmaceutical (vaccination) and nonpharmaceutical (mask) intervention
strategies, implemented in isolation or (preferably) in combination, that are focused on reducing the
disease burden in the camel population.

Keywords: MERS-CoV-2; dromedary camels; vaccination; face mask; reproduction number

1. Introduction

Middle Eastern respiratory syndrome (MERS), a respiratory virus caused by MERS-CoV coron-
avirus, first emerged in Jeddah, Saudi Arabia, on June 13, 2012 [1–4]. The disease, which is of the
same genealogy as SARS-CoV-1 (which emerged in 2002–2003) and SARS-CoV-2 (which emerged
in 2019) (see Table 1 for a comparison of the three human coronaviruses), rapidly spread to numerous
countries (including Algeria, Austria, Bahrain, China, Egypt, France, Germany, Greece, Iran, Italy,
Jordan, Kuwait, Lebanon, Malaysia, Netherlands, Oman, Philippines, Qatar, Republic of Korea, Thai-
land, Tunisia, Turkey, United Kingdom, United Arab Emirates, United States, and Yemen) [2,5]. Data
from the World Health Organization report for May 2023 showed that MERS caused 2604 confirmed
cases and 936 deaths (representing a 36% case-fatality ratio) globally (as of June 5, 2023). Further-
more, the Kingdom of Saudi Arabia (KSA) and the Republic of Korea recorded the majority of the
global MERS-CoV cases (in particular, the KSA reported 2196 cases and 855 deaths) [6, 7] (Fig-
ure 1 depicts the number of weekly new cases of MERS-CoV for the KSA). The KSA is vulnerable
to MERS-CoV-2 outbreaks due to the numerous large gathering events it hosts, notably the annual
Hajj pilgrimage (once a year) and Umrah year [8], and the camel festival in Riyadh (which runs for a
two-month period) [9, 10].

Several empirical studies have shown that bats and dromedary camels are the main reservoir hosts
of MERS-CoV [11–15] (see Figure 2). Transmission from camel to camel or camel to human could
occur by contact with the animal’s nasal secretions, saliva, or respiratory droplets [16, 17]. MERS-
CoV spreads among dromedary camels via respiratory routes [18], and dromedary camels infected
with MERS-CoV exhibit symptoms (typically manifesting within two days and continue for up to two
weeks [19]) which include mucopurulent nasal and lachrymal discharge, appetite loss, fever, rhinor-
rhea (runny nose), coughing, and sneezing [19]. The disease is primarily transmitted to humans by
infected dromedary camels [2, 11, 17, 20–22] through inhalation of respiratory droplets and airborne
particles. The virus could also be transmitted to humans after drinking the raw milk or eating the meat
of infected camels [17, 19, 23]. Other potential sources of MERS-CoV transmission from camels to
humans include crowding (i.e., camel-to-camel or camel-to-human), mixing camels from different re-
gions, transportation of camels, and markets for trade of live animals [17, 21, 24]. Furthermore, camel
racing and camel show festivals (where camels are kept in a large space for 2 months [18]) increases
the likelihood of MERS-CoV transmission between camels and humans [18, 19, 25] (MERS-CoV can
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be detected in viral RNA in camels for up to 35 days post-inoculation [26, 27]). Furthermore, al-
though the mechanisms for camel-to-human transmission of MERS-CoV are well-understood, there is
a general lack of knowledge of the mechanism resulting in human-to-camel transmission of MERS-
CoV [17, 18, 28, 29]. MERS-CoV transmission from human to human is well-documented in family
clusters, community settings, and more frequently in healthcare settings [19, 30–33]. Finally, MERS-
CoV can also be transmitted through direct contact with contaminated objects and surfaces [34–37].

Table 1. Comparison of epidemiological and clinical characteristics of novel coronaviruses
[34, 38, 39].

Characteristics SARS-CoV-1 MERS-CoV SARS-CoV-2
Origin location Guandong, China Jeddah, Saudi Arabia Wuhan, China
Duration 2002–2003 2012–to date Dec. 2019–to date
Reservoir Bats & civet cats Bats & camels Bats (Pangolins)
Countries 29 27 220
Incubation period 2–7 days 5 days 2–14 days
Confirmed cases 8098 2604 676,609,955
Global deaths 774 936 6,881,955
Cases-fatality ratio 9.5% 36% 1%
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Figure 1. Weekly new cases of MERS-CoV in the Kingdom of Saudi Arabia for the period
from the second week of June 2012 to the fourth week of June 2019 [6].

The main non-pharmaceutical interventions (NPIs) implemented against MERS-CoV in the KSA
were focused on preventing human-to-human transmission (notably reducing the likelihood of inhaling
infected respiratory droplets and minimizing contacts with infected humans [40]) and minimizing or
avoiding contacts with infected camels [29, 41]. Consequently, the main NPIs implemented against
MERS-CoV in the KSA include the use of face masks by humans who are within close proximity
(typically a meter) of MERS-infected individuals and avoiding contact with MERS-infected patients
during visitations in a healthcare setting [40]. Furthermore, individuals who have close contact with
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camels are encouraged to wear proper personal protective equipment (PPE), especially N95 masks,
surgical gowns, and goggles [18, 42].

12/11/22, 9:21 PM https://www.cellphysiolbiochem.com/Articles/000254/full/Fig 1.htm

https://www.cellphysiolbiochem.com/Articles/000254/full/Fig 1.htm 2/2

Fig. 1. Transmission path of coronaviruses (CoV). The family of coronaviruses has caused two major outbreaks in the last two decades, the SARS-
CoV epidemic in 2002-2003 and the MERS-CoV in 2012. SARS-CoV, caused by the zoonotic transmission from palm civet was infected by
interspecies transmission from wild bats, which spread to humans by droplet spread or direct contact. MERS-CoV infection resulted from zoonotic
transmission from dromedary camels, which was later transmitted to humans. Similarly, the novel SARS-CoV-2 coronavirus is believed to have
jumped from bats to humans via pangolins at the end of 2019 at a local seafood market in Wuhan, China. The virus is transmitted between individuals
by direct contact with respiratory droplets of an infected individual.

Human-to-Human

Figure 2. Zoonotic origins and transmission pathways of novel human coronaviruses [43].

To reduce the likelihood of MERS-CoV transmission through the consumption of infected milk, the
Saudi Ministry of Health strongly recommended that camel milk should be thoroughly boiled or pas-
teurized before use. Similarly, it is strongly advised that camel meat must be thoroughly cooked before
consumption [18, 42]. Healthcare workers are at a high risk of acquiring a MERS-CoV infection (they
account for 31% of transmission [44, 45]). Thus, healthcare workers are strongly encouraged to wear
N95 respirators (data showed a marked reduction, by at least 56%, in sero-positivity, in comparison to
healthcare workers who do not, or rarely, wear N95 masks [42]). The importation and transportation of
dromedary camels between nations is another major risk factor for MERS-CoV transmission [19, 42].
Camels destined for exportation are tested in the originating country for the presence of MERS-CoV
antibodies and antigens [19,42]. Upon arrival at the destination country, the camels are typically placed
in quarantine while being sampled and tested for MERS-CoV. Before being allowed to be imported into
the country, camels that have tested positive for MERS-CoV or are sero-positive are isolated at bor-
der crossings. Camels brought for other objectives, such as breeding and racing competitions, also
represent a high risk of MERS-CoV transmission to the indigenous camel breeds (because they will
eventually be mixed with the indigenous herds). Camels suspected of being infected with MERS-
CoV are transported internally in properly equipped, closed, and ventilated vehicles. Furthermore, in
general, camels are not crammed too closely together in a single vehicle [42].

Although there is currently no authorized antiviral medication or vaccine to protect humans from
MERS-CoV [2, 27, 46–51], there, however, are two candidate anti-MERS human vaccines (produced
by Novavax and Greffex Inc.) currently undergoing advanced stages of clinical trials [2, 48, 52]. Ad-
ditionally, some potentially promising vaccines are being developed for use in camels [53]. For ex-
ample, the biotechnology company INOVIO, in collaboration with the Coalition for Epidemic Pre-
paredness Innovations (CEPI), developed a DNA-based human MERS-CoV vaccine that is currently
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at the second stage of clinical trials [54]. Furthermore, INOVIO, in collaboration with GeneOne Life
Science Inc., developed a DNA-based vaccine [53] that is also undergoing the second stage of clin-
ical trials in humans [51, 55]. Finally, Johnson & Johnson, in collaboration with CEPI and the Jen-
ner Institute at the University of Oxford, is currently designing an adenovirus-based vaccine against
MERS-CoV in humans [56]. Similarly, although there are currently no vaccines against MERS-CoV in
camels [2,27,46–51], some promising candidate vaccines are undergoing clinical trials. These include:
recombinant DNA and protein-based vaccines, subunit vaccines, viral vector-based vaccines (including
vaccines designed based on using the measles viral vector, Poxviral vector, human adenoviral vectors,
and Chimpanzee adenoviral vectors) [53]. INOVIO, in collaboration with GeneOne Life Science Inc.,
developed a DNA-based vaccine [53] that was tested in dromedary camels, showing encouraging pro-
tective outcomes against the disease [51, 53]. An adenovirus-based vaccine developed by researchers
from the University of Oxford is being tested in dromedary camels and humans [47, 51, 53, 57].

Mathematical models of varying types (such as compartmental [2, 28, 58, 59], statistical [60, 61],
and stochastic [15,62–64]) have been developed and used to study the transmission dynamics and con-
trol of MERS-CoV in camel, human, or human and camel populations. For example, compartmental
models were formulated and used to study the transmission dynamics of MERS-CoV among humans,
camels, and between humans and camels [2,28,31,59,65,66]. One of the earliest MERS-CoV models
was a two-group compartmental model developed by Malik [2] to study the dynamics of the disease
in a mass gathering of humans (specifically, during the Hajj and Umrah gatherings in the Kingdom
of Saudi Arabia [2]). The study proposed optimal strategies, based on the quarantine of suspected
cases, the isolation of symptomatic individuals, and the use of a potential future vaccine, for effec-
tively combating or mitigating the disease during those mass gathering events. Ghosh and Nadim [28]
used a compartmental model of two co-circulating zoonotic MERS-CoV strains to study the spread of
the disease in both humans and camels. This study emphasized preventive measures for susceptible
humans and the isolation of infected camels. Chowell et al. [15] evaluated the multiple MERS-CoV
transmission routes in humans using a stochastic model. The study, which used epidemiological data
for the MERS-CoV outbreak that occurred in the KSA during April to October of 2013 [15], discussed
the uncertainty in epidemic risk while taking observation bias in their consideration. They match the
evaluation of MERS-CoV cases during that period with a dynamic transmission model that included
community and hospital compartments.

Since the KSA attracts such mass gatherings from around the world every year (and year-around),
the main motivation of the current study is that effectively controlling outbreaks of MERS-CoV in the
KSA could prevent the likelihood of a major global pandemic starting from the KSA. The objective of
this study is to use mathematical modeling approaches, together with data analytics and computation,
to study the transmission dynamics of the MERS-CoV endemic in the KSA. Specifically, the objective
will be achieved by, first, using a basic deterministic model that captures the essential epidemiological
and biological features of the disease. The basic model, which will be parameterized using observed
cumulative MERS-CoV case data for the KSA, will be rigorously analyzed to gain insight into its
qualitative features (with respect to the existence and asymptotic stability of its associated equilibria).
Numerical simulations will be carried out to assess the population-level impacts of various control
and mitigation strategies. The basic model will then be extended to allow for the assessment of the
population-level impact of public health intervention (pharmaceutical and non-pharmaceutical), no-
tably face mask usage and the vaccination of both humans and camels. The extended model will also
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be rigorously analyzed and simulated.
The paper is organized as follows. The basic model (2.1) is formulated, and its basic qualitative

properties analyzed, in Section 2.1. The basic model is also fitted with the cumulative cases data for
the Kingdom of Saudi Arabia in Section 3.2. The basic model is rigorously analyzed, with respect to
the existence and asymptotic stability of its associated equilibria, in Section 3. Furthermore, the basic
model is extended in Section 4.1 to incorporate the aforementioned intervention and control strategies.
The extended model is rigorously analyzed and simulated in Sections 4.2 and 5, respectively.

2. Materials and methods

2.1. Formulation of the basic model

To develop the basic mathematical model for the transmission dynamics of MERS-CoV within
and across human and dromedary camel populations in the KSA, the total human population in the
KSA at time t, denoted by NH(t), is split into the mutually exclusive compartments of susceptible
(S H(t)), exposed (EH(t)), asymptomatically infectious (IHA(t)), symptomatically infectious (IHS (t)),
hospitalized (IHH(t)), and recovered (RH(t)) humans, so that:

NH(t) = S H(t) + EH(t) + IHA(t) + IHS (t) + IHH(t) + RH(t).

Similarly, the total population of dromedary camels in the KSA at time t, denoted by NC(t), is subdi-
vided into the sub-populations of susceptible (S C(t)), exposed (EC(t)), infectious (IC(t)), and recovered
(RC(t)) camels. Hence,

NC(t) = S C(t) + EC(t) + IC(t) + RC(t).

The equations for the dynamics of MERS-CoV in a humans-camels community is given by the follow-
ing deterministic system of nonlinear differential equations [4]:

Ṡ H = ΠH − λHS H − λCHS H − µHS H,

ĖH = λHS H + λCHS H − (σH + µH)EH,

İHA = rσHEH − (γHA + µH + δHA)IHA,

İHS = (1 − r)σHEH − (ϕHS + γHS + µH + δHS )IHS ,

İHH = ϕHS IHS − (γHH + µH + δHH)IHH,

ṘH = γHAIHA + γHS IHS + γHHIHH − µHRH,

Ṡ C = ΠC + ψCRC − λCS C −
(
λHCA + λHCS

)
S C − µCS C,

ĖC = λCS C +
(
λHCA + λHCS

)
S C − (σC + µC)EC,

İC = σCEC − (γC + µC + δC)IC,

ṘC = γCIC − (ψC + µC)RC,

(2.1)
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where the infection rates for MERS CoV-2 transmission from human to human (λH), camel to camel
(λC), camel to human (λCH), asymptomatically infectious human to camel (λHCA), and symptomatically
infectious humans to camel (λHCS ) are given, respectively, by:

λH =
βHH

[
ηHAIHA + IHS + ηHHIHH

]
NH

, λC =
βCCIC

NC
, λCH =

βCHIC

NC
,

λHCA =
βHC ηHAIHA

NH
, λHCS =

βHCIHS

NH
.

(2.2)
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Figure 3. Flow diagram of the model (2.1), where the infection rates λH, λC, λCH, λHCA , and

λHCS are as given in (2.2) [4].

In the model (2.1), ΠH (ΠC) is the recruitment of humans (camels) into the population (all newly
recruited humans and camels are assumed to be susceptible to MERS-CoV), and βHH (βCC) represents
the rate at which MERS-CoV is transmitted to susceptible humans (camels). βHC (βCH) represents the
rate at which MERS-CoV is transmitted from humans to camels (camels to humans). The parameter µH

(µC) represents the natural death rate of humans (camels). We differentiate the transmission probability
of symptomatic and hospitalized individual with the respective weights, 0 < ηHA, ηHH < 1. Exposed
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humans (camels) become infectious at a rate of σH (σC) (i.e., 1/σH (1/σC) is the average duration from
the initial infection to infectiousness for humans (camels)). The proportion r of these humans who
become infectious after surviving the exposed class show no clinical symptoms of MERS-CoV, and
move to the asymptomatically infectious class IHA (at a rate r σH), and the remaining proportion, 1− r,
show clinical symptoms of MERS-CoV and move to the symptomatic class IHS (at a rate (1−r)σH). The
parameter γHA(γHS )(γHH)(γC) represents the rate at which asymptomatic (symptomatic)(hospitalized)
humans (camels) recover from MERS-CoV infection. The parameter δHA(δHS )(δHH)(δC) is the disease
induced mortality rate for asymptomatic (symptomatic) (hospitalized) humans (camels). Let DH(t) and
DC(t) represent the total number of humans and camels, respectively, who died of MERS-CoV at time
t. Hence, the rates of change of the deceased human and camel populations are given, respectively, by:

ḊH = δHAIHA + δHS IHS + δHHIHH, (2.3)

and

ḊC = δCIC. (2.4)

A flow diagram of the model (2.1) is depicted in Figure 3, and the state variables and parameters of
the model are described in Tables 5 and 6, respectively [4].

The main assumptions made in the formulation of the model (2.1) are:

1) Exponentially distributed waiting times in each epidemiological compartment for humans and
camels [15, 67].

2) Well-mixed homogeneous human and camel populations: it is assumed that the populations for
humans and camels are well-mixed, and that every member of the community (human or camel)
has equal likelihood of mixing with every other member of the community. Furthermore, every
member has equal probability of acquiring and/or transmitting infection to hosts of the same or
different types (i.e., human to camel and camel to human) [2, 15].

3) It is assumed that between-species transmission occurs at a reduced rate, in comparison to within-
species transmission (i.e., humans (camels) are assumed to transmit to camels (humans) at a lower
rate, in comparison to human-to-human (camel-to-camel) transmission [28, 66].

4) Hospitalized humans do not transmit infection to camels.

5) Humans who have recovered from MERS-CoV acquire lasting (and permanent) natural immunity
against re-infection [2, 28]. However, recovered camels can lose their infection-acquired immunity
and become susceptible again [63].

6) Since MERS-CoV has been in circulation for more than ten years in the Kingdom of Saudi Arabia,
it is assumed to be endemic (so that the demographic (birth and natural death parameters) processes
are accounted for in the model).

The basic qualitative properties of the model (2.1) will now be assessed.
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2.2. Basic qualitative properties of the model (2.1)

Since the model (2.1) monitors the temporal dynamics of the populations of humans and camels,
all its associated parameters and state variables are non-negative for all t ≥ 0. We claim the following
non-negativity result for the model:

Theorem 2.1. Consider the closed sets

DH =

{
(S H, EH, IHA, IHS , IHH,RH) ∈ R6

+

}
and DC =

{
(S C, EC, IC,RC) ∈ R4

+

}
.

The region

D = DH ∪ DC

is positively invariant and attracting with respect to the model (2.1).

Proof. Adding the first six and the last four equations of the model (2.1) gives, respectively,

ṄH = ΠH − µHNH − (δHAIHA + δHS IHS + δHHIHH),

ṄC = ΠC − µCNC − δCIC.

(2.5)

Since all of the parameters of the model (2.1) are non-negative, it follows from (2.5) that

ṄH(t) ≤ ΠH − µHNH(t), (2.6)

and

ṄC(t) ≤ ΠC − µCNC(t). (2.7)

NC(t) ≥ ΠC/µC , respectively. Consequently, it follows from (2.6), using the comparison theorem
[68], that:

NH(t) ≤ NH(0)e−µH(t) + ΠH/µH[1 − e−µH(t)].

Similarly, it follows from (2.7) that:

NC(t) ≤ NC(0)e−µC(t) + ΠC/µC[1 − e−µC(t)].

In particular, NH(t) ≤ ΠH/µH if NH(0) ≤ ΠH/µH and NC(t) ≤ ΠC/µC if NC(0) ≤ ΠC/µC, respectively.
Thus, if NH(0) > ΠH/µH, then either the solution of the human component of the model enters DH

in finite time, or NH(t) approaches ΠH/µH and the infected variables EH(t), IHA(t), IHS (t), and IHH(t)
approach zero as t → ∞ [69]. Hence, the feasible region DH is invariant and attracting (i.e., all
solutions of the human component of the model lie in, or eventually enter, R6

+). Similarly, it can be
seen that if NC(0) > ΠC/µC, then either the solution of the camel component of the model enters DC

in finite time, or NC(t) approaches ΠC/µC (and the infected variables EC(t) and IC(t) approach zero as
t → ∞ [69]). Hence, DC is also positively invariant and attracting. Since the union and intersection
of invariant sets is also invariant [70, 71], it follows that D is positively invariant and attracting with
respect to the model.
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The epidemiological consequence of Theorem 2.1 is that the model (2.1) is well-posed and mathe-
matically and epidemiologically in the region D (hence, it is sufficient to consider the dynamics of the
flow generated by the model (2.1) in D [72]).

3. Theoretical analysis

3.1. Existence and asymptotic stability of disease-free equilibrium

The model (2.1) has a unique disease-free equilibrium (DFE) given by:

E0 =
(
S ∗H, E

∗
H, I

∗
HA, I

∗
HS , I

∗
HH,R

∗
H, S

∗
C, E

∗
C, I

∗
C,R

∗
C
)
= (ΠH/µH, 0, 0, 0, 0, 0,ΠC/µC, 0, 0, 0) . (3.1)

It follows, using the next-generation operator method [73, 74], that the DFE of the model is locally
asymptotically stable if the spectral radius of the matrix FV−1 is less than one, where matrices F (of
the new infection terms) and V (of the linear transition terms in the infected compartments) are given,
respectively, by:

F =



0 βHHηHA

(
S ∗H
N∗H

)
βHH

(
S ∗H
N∗H

)
βHHηHH

(
S ∗H
N∗H

)
0 βCH

(
S ∗H
N∗C

)
0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 βHCηHA

(
S ∗C
N∗H

)
βHC

(
S ∗C
N∗H

)
0 0 βCC

(
S ∗C
N∗C

)
0 0 0 0 0 0


and

V =



K1 0 0 0 0 0

−rσH K2 0 0 0 0

−(1 − r)σH 0 K3 0 0 0

0 0 −ϕHS K4 0 0
0 0 0 0 K5 0
0 0 0 0 −σC K6


,

where K1 = σH + µH, K2 = γHA + µH + δHA, K3 = ϕHS + γHS + µH + δHS , K4 = γHH + µH + δHH,
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K5 = σC + µC, K6 = γC + µC + δC, and N∗H = ΠH/µH. It is convenient to define R0M, the reproduction
number of the model (2.1).

R0M = ρ(FV−1)

=
1
2

{
RC + RH +

√(
RC − RH

)2
+ 4 (RHAC + RHS C)

}
,

(3.2)

where

RH = βHH

(
K3K4rσHηHA + K2(1 − r)σH(K4 + ηHHϕHS )

K1K2K3K4

)
, RC = βCC

(
σC

K5K6

)
,

RHAC =
βHCβCHrσHηHAσC

K1K2K5K6
, RHS C =

βHCβCH(1 − r)σHσC

K1K3K5K6
.

(3.3)

The basic reproduction number R0M, of model (2.1), represents the average number of new cases (in
humans or camels) generated by a typical infectious human or camel if introduced in a completely
susceptible population of both humans and camels. The result below follows from Theorem 2 of [73].

Theorem 3.1. The disease-free equilibrium of the model (2.1) is locally asymptotically stable if R0M

< 1, and unstable if R0M > 1.

The epidemiological implication of Theorem 3.1 is that a small influx of infected humans or camels in
the well-mixed human-camel population (when R0M < 1) will not generate a significant MERS-CoV
outbreak in the human-camel community if the initial number of infected humans or camels is small
enough (i.e., in the basin of attraction of the aforementioned disease-free equilibrium). The terms in
the expression for the basic reproduction number (R0M) of the model are epidemiologically interpreted
below.

3.1.1. Epidemiological interpretation of R0M for the model (2.1)

The terms in the expression for the basic reproduction number (R0M) for the model (2.1), given by
(3.2), will be epidemiologically interpreted below. The expression for R0 contains four terms, namely
RH, RC, RHAC, and RHS C. These terms will now be epidemiologically interpreted (it should be noted
that S ∗H = N∗H = ΠH/µH and S ∗C = N∗C = ΠC/µC).

Interpretation of RH

The quantity RH is associated with the transmission dynamics of MERS-CoV between humans
(only) in the community. It is convenient to re-write RH in the following form:

RH = RHA + RHS + RHH,

where
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RHA =
βHHηHArσH

K1K2
, RHS =

βHH(1 − r)σH

K1K3
, RHH =

βHHηHH(1 − r)σHϕHS

K1K3K4
. (3.4)

That is, the quantity RH is now expressed as the sum of the three constituent reproduction numbers
for the average number of new cases generated by infectious humans in the asymptomatic (RHA),
symptomatic (RHS ), and hospitalized (RHH) compartments.

The terms in the constituent reproduction number RHA can be expressed as follows. They are given
by the product of the infection rate of susceptible humans with asymptomatically infectious humans

near the DFE, given by
(
βHHηHA

S ∗H
N∗H

)
, the proportion that survived the exposed class and moved to

the asymptomatically infectious class (rσH/K1), and the average duration in the asymptomatically
infectious class (1/K2). Similarly, RHS is the product of the infection rate of symptomatic humans

near the DFE
(
βHH

S ∗H
N∗H

)
, the proportion that survived the exposed class and moved to the symptomat-

ically infectious class
(
(1 − r) σH

K1

)
, and the average duration in the symptomatically infectious class

(1/K3). Finally, RHH is the product of the infection rate of hospitalized infectious humans near the DFE(
βHHηHH

S ∗H
N∗H

)
, the proportion that survived the exposed class and moved to the symptomatically infec-

tious class
(
(1 − r)σH

K1

)
, the proportion that survived the symptomatically infectious class and moved

to the hospitalized class (ϕHS /K3), and the average duration in the hospitalized class (1/K4). The sum
of the constituent reproduction numbers, RHA, RHS , and RHH, gives RH.

Interpretation of RC

The quantity RC is associated with the transmission dynamics of MERS-CoV among camels (only)
in the community. The terms in RC represent the product of the infection rate of susceptible camels

with infected camels near the DFE given by
(
βCC

S ∗C
N∗C

)
, the proportion that survived the exposed class

and moved to the infected camel class (σC/K5), and the average duration in the infectious class (1/K6).

Interpretation of RHAC

This quantity is associated with the asymptomatically infectious humans camels asymptomatically
infectious humans MERS-CoV transmission cycle. It is convenient to re-write it as:

RHAC = Rhac
RCH,

where

Rhac
=

(
βHCηHArσHS ∗C

K1K2N∗H

)
and RCH =

(
βCHS ∗H

K5K6N∗C

)
with Rhac

representing a measure of MERS-CoV transmission from asymptomatically infectious hu-
mans to susceptible camels and RCH accounting for MERS-CoV transmission from infectious camels
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to susceptible humans. The quantity Rhac
represents the product of the infection rate of susceptible

camels by asymptomatically infected humans
(
βHCηHAS ∗C

N∗H

)
, the proportion of infected humans that

survived the exposed class and moved to the asymptomatically infectious IHA class,
(
rσH

K1

)
, and the

average duration in the IHA class
(

1
K2

)
. Similarly, the quantity RCH is the product of the infection rate

of susceptible humans by infectious camels,
(
βCHS ∗H

N∗C

)
, the proportion of infected camels that survived

the exposed class and moved to the symptomatic class IC,
(
σC

K5

)
, and the average duration in the IC

class
(

1
K6

)
.

Interpretation of RHS C

This threshold quantity is associated with the symptomatic humans-camels-symptomatic humans
MERS-CoV transmission cycle. It can be re-written as:

RHS C = Rhsc
RCH,

where Rhsc
is a measure of MERS-CoV transmission from symptomatically infectious humans to sus-

ceptible camels and RCH accounts for the MERS-CoV transmission from infectious camels to suscep-
tible humans. Specifically, the quantity Rhsc

is the product of the infection rate of susceptible camels by

MERS-CoV symptomatic-infected humans
(
βHC

S ∗C
N∗H

)
, the proportion of infected humans who survived

the exposed class and moved to the symptomatically infectious IHS class,
(
(1 − r)σH

K1

)
, and the average

duration in the symptomatically infectious IHS class,
(

1
K3

)
. Similarly, the quantity RCH is the product

of the infection rate of susceptible humans by infectious camels,
(
βCHS ∗H

N∗C

)
, the proportion of infected

camels that survived the exposed class and moved to the IC class,
(
σC

K5

)
, and the average duration in

the IC class
(

1
K6

)
. The combinations of RH, RC, RHAC, and RHS C, in the way described in (3.2), gives

R0M.
It should be mentioned that the square root in the expression for R0M, given by (3.2), is a conse-

quence of the two generations (humans-camels-humans) needed to complete the cycles for generating
RHAC and RHS C. Furthermore, the numbers 1/2 and 4 in the expression (3.3) appeared because of the
weighted averaging of the two modes (human-to-camel and camel-to-human) of MERS-CoV transmis-
sion [75]. It is also worth mentioning that, using the baseline values of the fixed and fitted parameters
of the model (2.1) tabulated in Table 7, the value of the reproduction number (R0M) for MERS-CoV
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transmission in the Kingdom of Saudi Arabia (using observed cumulative data from Week 13, 2013 to
Week 9, 2014) is R0M ≈ 0.860. Thus, since R0M is less than one, it follows from the result of Theo-
rem 3.1 that MERS-CoV can be effectively controlled in the Kingdom, and that such effective control
is dependent on whether or not the initial sizes of the populations of infected humans or camels are
small enough (i.e., if the initial numbers of infected hosts are in the basin of attraction of the disease-
free equilibrium). Since R0M is less than one for the Kingdom, our study shows that the prospect for
MERS-CoV elimination in the Kingdom is promising provided the initial numbers of infected humans
and camels are small enough.

The values of the fitted parameters of the model (2.1) can be used to determine the main drivers
of the MERS-CoV pandemic in the Kingdom of Saudi Arabia, by computing the relative proportion
of each of the fitted parameters in comparison to the total sum of these parameters). For instance,
since the fitted value of the transmission rate for human to human is βHH = 0.114 per week, and
the sum of the values of all four fitted transmission rates is 0.842, it follows that, during the fitting
period (i.e., from Week 13, 2013 to Week 42, 2013), human-to-human transmission accounts for about
14% (i.e., 0.114/0.842 expressed as a percentage) of all new MERS-CoV cases in the human-camel
population of the Kingdom of Saudi Arabia. Table 2 depicts the proportion of new MERS-CoV cases
generated by the various transmission pathways. It follows from this table that, during the fitting period,
human-to-camel transmission accounts for 67% of all new MERS-CoV infections in the human-camel
community within the Kingdom. Camel-to-camel transmission accounts for 16% of the new cases,
while the camel-to-human transmission pathway accounts for only 3% of new cases.

Table 2. Contributions of various transmission pathways on the number of new MERS-CoV
cases in the human-camel community of the Kingdom of Saudi Arabia, as measured by the
relative proportion of the fitted values of the transmission rate parameters (βHH, βCC, βCH,

and βHC) tabulated in Table 7.

Transmission rate parameter Proportion of new infected cases
βHH 14%
βCC 16%
βCH 3%
βHC 67%

3.2. Data fitting and parameter estimation

The model (2.1) contains 23 parameters. While realistic values of most of them are available in the
modeling literature (see Table 7), realistic values of the four contact rate parameters (namely βHH, βCC,

βHC, and βCH) are unknown, and need to be estimated from observed data. To do so, we specifically
fit the model (2.1) with the observed cumulative case data for MERS-CoV in the Kingdom of Saudi
Arabia for the period from Week 13 of 2013 to Week 42 of 2013, and the segment of the data for the
period from Week 43 of 2013 to Week 9 of 2014 is used to cross-validate the fitted model [6]. The least
squares regression method is used to fit the model with the data [76–78]. This method entails finding
the optimal parameter region that minimizes the root mean square difference between the predicted
cumulative confirmed cases (generated from the model (2.1)) and the observed confirmed data [76–78].
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The results obtained from the data fitting, depicted in Figure 4, show a reasonably good fit (and cross-
validation). The estimated values of the four parameters (generated from the model fitting), and the
associated 95% confidence intervals, are tabulated in Table 7.

Table 3. Baseline values of the four fitted parameters (and their confidence intervals) of the
model (2.1).

Parameter Fitted value (week−1) 95% Confidence Interval (week−1)
βHH 0.114 [0.000–0.204]
βCC 0.135 [0.126–0.143]
βCH 0.023 [0.023–0.025]
βHC 0.568 [0.000–0.999]

10 20 30 40
0

50

100

150

Figure 4. Data fitting of the model (2.1) using cumulative MERS-CoV new cases data for
the Kingdom of Saudi Arabia from Week 13 of 2013 to Week 42 of 2013 (blue curve) and
cross-validated using the segment of the data from Week 43 of 2013 to Week 9 of 2014 (green
curve) [6]. The baseline values and the values of the four fitted parameters in Table 7 and
Figure 1 were used in generating this figure.

3.3. Global parameter sensitivity analysis

The model (2.1) contains 23 parameters, and sensitivity analysis will be conducted to determine
the parameters that have the most influence on the transmission dynamics of the disease. The global
parameter sensitivity analysis entails using the Latin hypercube sampling (LHS) approach and partial
rank correlation coefficients (PRCCs) [79–83] to identify the parameters of the model that have the
most influence on the chosen response function, R0 [79,80,84,85]. In order to carry out the sensitivity
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analysis, a range (lower and upper bound) and distribution must first be established for each parameter
of the model. Since the values of the demographic parameters for humans and camels, namely ΠH,
ΠC, µH, and µC, are realistically known from census data [28,47,86–88], these four parameters are not
included in the sensitivity analysis. Parameters with high PRCC values close to -1 or +1 are said to
be highly correlated with the response function [12, 89]. Those with negative (positive) PRCC values
are said to be negatively (positively) correlated with the response function (R0M) [12,89]. The baseline
values and ranges of the parameters of the model (2.1) needed for the sensitivity analysis are tabulated
in Table 4. The control basic reproduction number, R0M, is chosen as the response function. The results
obtained for the global sensitivity analysis of the model (2.1), with respect to the response function
R0M, are depicted in Figure 5 (and also tabulated in Table 4). It follows from Figure 5 and Table 4 that
the parameters that have the most effect on the response function (R0M) are:

(a) the rate at which camels recover from infection (γC, with a PRCC value −0.980),

(b) the transmission rate from infected camels to susceptible camels (βCC, with a PRCC value
+0.921),

(c) the transmission rate from infected humans to susceptible camels (βHC, with a PRCC value
+0.569).

Figure 5. Partial rank correlation coefficients (PRCCs) of the parameters in the expression of
the basic reproduction number R0M of the model (2.1). The baseline values of the parameters
used in generating the PRCC values are as given in Table 7.
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Table 4. PRCC values of the parameters (19 of 23) of the model (2.1), with R0M chosen
as the response function. Parameters with PRCCs ≥ 0.5 in magnitude are considered to be
highly correlated with the response function, and are highlighted in bold font.

Parameter Baseline value Range PRCC
βHH 0.114 0.091–0.137 0.216
βCC 0.135 0.108–0.163 0.921
βCH 0.023 0.018–0.027 0.119
βHC 0.568 0.454–0.682 0.569
ηHA 0.500 0.400–0.600 0.238
ηHH 0.100 0.080–0.120 0.144
σH 1.400 1.120–1.680 -0.067
σC 2 1.600–2.400 -0.160
ϕHS 1.750 1.400–2.100 0.098
r 0.251 0.200–0.301 0.000
ψC 0.200 0.160–0.240 -0.299
γHA 1 0.800–1.200 0.065
γHS 0.583 0.466–0.699 -0.053
γHH 0.388 0.311–0.466 -0.162
γC 0.166 0.133–0.200 -0.980
δHA 3.50 × 10−7 2.80 × 10−7–4.20 × 10−7 0.125
δHS 3.37 × 10−6 2.69 × 10−6–4.04 × 10−6 0.024
δHH 3.37 × 10−6 2.69 × 10−6–4.04 × 10−6 -0.104
δC 3.60 × 10−7 2.88 × 10−7–4.32 × 10−7 0.065

Thus, based on the parameter values used in the sensitivity analysis and the data used to fit the
model (2.1), we identified the top-three parameters that have the highest influence on the dynamics
and burden of MERS-CoV (as measured by the changes in the basic reproduction number, R0M) in the
Kingdom of Saudi Arabia. Since the recovery rate parameter for camels (γC) has the highest negative
correlation with the response function, it follows that control and mitigation strategies (such as isolation
and treatment of infectious camels with highly effective antiviral drugs) that increase the recovery rates
strategy will reduce the response function (and, consequently, reduce the burden of the disease in the
community). Furthermore, the transmission rate parameter from infected camels to susceptible camels
(βCC) and from infected humans to susceptible camels (βHC) are highly positively correlated with the
response function. Hence, the implementation of control and mitigation strategies that reduce the
values of these transmission parameters, such as the quarantine of susceptible camels suspected of
being exposed to MERS-CoV and isolation of camels with confirmed symptoms of the disease, will
reduce the disease burden in the human and camel populations. Furthermore, these parameters can be
reduced by the use of effective face masks by humans who have frequent contacts with camels or the
quarantine and isolation of humans suspected of being exposed or those with confirmed symptoms,
respectively. In summary, the global sensitivity analysis carried out in this section identified three
parameters that have the highest influence on the MERS-CoV transmission dynamics in the KSA.
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Consequently, control strategies that target these parameters (as described above) will be most effective
in reducing the disease burden (and/or eliminating the disease) in the Kingdom.

4. Extended model (2.1) with public health interventions

As discussed in Section 1, numerous public health control and mitigation strategies are being im-
plemented or proposed in an attempt to effectively curtail the spread of the MERS-CoV pandemic in
the human and camel populations. In particular, non-pharmaceutical interventions, such as the use of
face masks (to prevent human-to-human or human-to-camel or camel-to-human transmission), quar-
antine and isolation of suspected humans (camels) and those with clinical symptoms of the disease,
are deployed or proposed in an attempt to effectively control the spread and burden of MERS-CoV
in the human and camel populations [18, 40, 42]. Similarly, pharmaceutical interventions, such as the
vaccination of humans and/or camels are being proposed as possible future additions to the armory of
interventions against the MERS-CoV pandemic [49–51, 53, 57]. In this section, the basic model (2.1)
developed in Section 2.1 will be extended to allow for the assessment of the population-level impact of
public health intervention (pharmaceutical and non-pharmaceutical), notably face mask usage and the
vaccination of both humans and camels. The extended model is formulated below.

4.1. Formulation of the extended model

The extended model to be formulated in this section is based on extending the basic model (2.1)
to include the effect of face mask usage (by humans) and vaccination (of both humans and camels).
In order to incorporate vaccination and the use of face masks, two new state variables will be added
to the basic model (2.1). Specifically, we let VH(t) represent the total number of susceptible humans
vaccinated against MERS-CoV at time t. Similarly, let VC(t) be the total number of susceptible camels
vaccinated against MERS-CoV at time t. Furthermore, in order to incorporate the use of the face mask
among humans, we re-scaled the transmission rate parameter from infectious humans to susceptible
humans, βHH, by βHH(1 − εmhcmh), where 0 ≤ εmh ≤ 1 represents the efficacy (effectiveness) of the
face mask to prevent transmission or acquisition of MERS-CoV infection (from infectious humans to
susceptible humans) and 0 ≤ cmh ≤ 1 accounts for the compliance (or coverage) of face mask usage
by the members of the public. Similarly, in order to incorporate the use of the face mask by humans
who have close contact with camels, we re-scaled the transmission rate parameter from infectious
camels to susceptible humans, βCH, by βCH(1 − εmccmc); where 0 ≤ εmc ≤ 1 represents the efficacy
of the face mask to prevent transmission or acquisition of MERS-CoV infection by infectious camels
to susceptible humans, and 0 ≤ cmc ≤ 1 measures the masking compliance by individuals who have
close contact with camels. Finally, in order to incorporate the use of the face mask by infected humans
who have close contact with susceptible camels, we re-scaled the transmission rate parameter from
infectious humans to susceptible camels, βHC, by βHC(1 − εmccmc), where 0 ≤ εmc ≤ 1 represents
the efficacy of the face mask to prevent transmission of infection and 0 ≤ cmc ≤ 1 accounts for the
compliance in its usage.

It follows, based on the above definitions and assumptions, that the equation for the rate of change
of the susceptible human population is now given by:

Ṡ H = ΠH + ωVHVH − (λH + λCH + ξVH + µH)S H, (4.1)
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where the parameter ΠH is the recruitment rate of humans, ωVH is the waning rate of the vaccine, ξVH is
the vaccination rate of humans, µH is the natural death rate of humans, and λH and λCH are the human-
to-human transmission rate and the camel-to-human transmission rate now defined, respectively (note
that the parameters βHH, ηHA, ηHH, and βCH are as defined above and in Section 2.1):

λH = (1 − εmhcmh)
[
βHH (ηHAIHA + IHS + ηHHIHH)

NH

]
,

λCH =
[
βCH(1 − εmccmc)

] ( IC

NC

)
.

(4.2)

Similarly, the rate of change of the vaccinated human population is given by:

V̇H = ξVHS H − ωVHVH − (1 − εVH)(λH + λCH)VH − µHVH, (4.3)

where ξVH is the vaccination rate, ωVH is the vaccine waning rate, and 0 < εVH < 1 is the average
protective efficacy of the vaccine to prevent vaccinated susceptible humans from acquiring MERS-
CoV infection.
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Figure 6. Flow diagram of the extended model (4.6), with the infection rates
λH, λC, λCH, λHCA , and λHCS as defined in Eqs (4.2) and (4.5) [4].
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Table 5. A Description of the state variables of the original model (2.1) and the extended
model (4.6).

State variable Description
S H Population of susceptible humans
VH Population of vaccinated humans
EH Population of exposed (newly infected) humans
IHA Population of asymptomatically infectious humans
IHS Population of symptomatically infectious humans
IHH Population of hospitalized infectious humans
RH Population of recovered humans
S C Population of susceptible camels
VC Population of vaccinated camels
EC Population of exposed (newly infected) camels
IC Population of symptomatically infectious camels
RC Population of recovered camels

Furthermore, the rate of change of the population of vaccinated camels is given by:

V̇C = ξVCS C − ωVCVC − (1 − εVC)(λC + λHCA + λHCS )VC − µCVC, (4.4)

where ξVC is the vaccination rate of camels, ωVC is the vaccine waning rate for vaccinated camels,
0 < εVC < 1 is the average protective efficacy of the vaccine to prevent susceptible camels from
acquiring MERS-CoV infection, µC is the natural death rate of camels, and the infection rates λC,
λHCA , and λHCS (for the camel-to-camel transmission, asymptomatic-human-to-camel transmission,
and symptomatic-human-to-camel transmission, respectively) are now given, respectively, by:

λC = (βCC)
(

IC

NC

)
,

λHCA =
[
βHC(1 − εmccmc)

] (ηHAIHA

NH

)
,

λHCS =
[
βHC(1 − εmccmc)

] ( IHS

NH

)
.

(4.5)

It follows, based on the above derivations and assumptions, that the extended MERS-CoV model
with public health interventions is given by the original (basic) model (2.1), but with the equation
for the rate of change of the susceptible population now replaced by Eq (4.1), together with Eqs (4.3)
and (4.4). In other words, the extended model for the transmission dynamic of MERS-CoV in a human-
camel population, that incorporates vaccination of humans and camels and the use of face masks by
humans, is given by the following deterministic system of nonlinear differential equations. The flow
diagram of the extended model is depicted in Figure 6, and the state variables and parameters of the
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extended model (4.6) are described in Tables 5 and 6, respectively [4].

Ṡ H = ΠH + ωVHVH − (λH + λCH + ξVH + µH)S H,

V̇H = ξVHS H − ωVHVH − (1 − εVH)(λH + λCH)VH − µHVH,

ĖH = (λH + λCH)S H + (1 − εVH)(λH + λCH)VH − (σH + µH)EH,

İHA = rσHEH − (γHA + µH + δHA)IHA,

İHS = (1 − r)σHEH − (ϕHS + γHS + µH + δHS )IHS ,

İHH = ϕHS IHS − (γHH + µH + δHH)IHH,

ṘH = γHAIHA + γHS IHS + γHHIHH − µHRH,

Ṡ C = ΠC + ψCRC + ωVCVC − (λC + λHCA + λHCS + ξVC + µC)S C,

V̇C = ξVCS C − ωVCVC − (1 − εVC)(λC + λHCA + λHCS )VC − µCVC,

ĖC = (λC + λHCA + λHCS )S C + (1 − εVC)(λC + λHCA + λHCS )VC − (σC + µC)EC,

İC = σCEC − (γC + µC + δC)IC,

ṘC = γCIC − (ψC + µC)RC,

(4.6)

where the rates for the human-to-human (λH), camel-to-camel (λC), camel-to-human (λCH),
asymptomatically-infectious-human-to-camel (λHCA), and symptomatically-infectious-human-to-
camel (λHCS ) transmission are given in (4.2) and (4.5).

Some of the additional assumptions made in the formulation of the extended model (4.6) are:

(i) Vaccinated susceptible humans (in the VH class) are assumed to have received the full required
vaccine doses and that enough time has elapsed for the body to develop vaccine-derived immunity.
Similarly, vaccinated susceptible camels (in the VC class) are assumed to have received the full
required vaccine doses.

(ii) The vaccines (for both humans and camels) are assumed to be imperfect. Further, the protective
efficacy of each of the two vaccines is assumed to wane with time.

The following result can also be proved using the approach used to prove Theorem (2.1).

Theorem 4.1. Consider the closed sets

DHE =

{
(S H,VH, EH, IHA, IHS , IHH,RH) ∈ R7

+

}
and DCE =

{
(S C,VC, EC, IC,RC) ∈ R5

+

}
.

The region DE = DHE ∪ DCE is positively invariant and attracting with respect to the extended
model (4.6).
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Table 6. Description of the parameters of the original model (2.1) and the extended
model (4.6).

Parameter Description
ΠH Recruitment (birth or immigration) rate of humans into the community
ΠC Recruitment (birth or importation) rate of camels into the community
µH Natural death rate for humans
µC Natural death rate for camels
βHH Transmission rate from infected humans to susceptible humans
βCC Transmission rate from infected camels to susceptible camels
βHC Transmission rate from infected humans to susceptible camels
βCH Transmission rate from infected camels to susceptible humans
ηHA Modification parameter for the infectiousness of asymptomatically infectious hu-

mans, in comparison to the infectiousness of symptomatic humans
ηHH Modification parameter for the infectiousness of hospitalized humans, in compar-

ison to the infectiousness of symptomatic humans
σH Rate at which exposed (newly infected) humans become infectious
σC Rate at which exposed (newly infected) camels become infectious
ϕHS Hospitalization rate of symptomatic infectious humans
r Proportion of newly infectious humans who do not show clinical symptoms of the

disease
1 − r Proportion of newly infectious humans who show clinical symptoms of the disease
ψC Rate of loss of natural immunity for camels
γHA Recovery rate for asymptomatically infectious humans
γHS Recovery rate for symptomatically infectious humans
γHH Recovery rate for hospitalized infectious humans
γC Recovery rate for infectious camels
δHA Disease-induced mortality rate for asymptomatically-infectious humans
δHS Disease-induced mortality rate for symptomatically infectious humans
δHH Disease-induced mortality rate for hospitalized humans
δC Disease-induced mortality rate for camels
ξVH Vaccination rate for humans
ωVH Vaccine waning rate for vaccinated humans
εVH Efficacy of the vaccine to prevent susceptible humans from acquiring infection
εmh Efficacy of face mask to prevent disease transmission from infectious humans to

susceptible humans
εmc Efficacy of face mask to prevent disease transmission from infectious camels to

susceptible humans
cmh Face mask coverage (compliance) by humans to prevent human-to-human trans-

mission
cmc Face mask coverage (compliance) for humans who have frequent close contact

with camels
ξVC Vaccination rate for camels
ωVC Vaccine waning rate for vaccinated camels
εVC Efficacy of the vaccine to prevent susceptible camels from acquiring infection
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Table 7. Baseline values of the fixed and estimated parameters of the original model (2.1)
and the extended model (4.6).

Parameter Baseline value (week−1) Reference
ΠH 191 [86, 87]
ΠC 14 [47, 88]
µH 5.21 × 10−6 [86, 87]
µC 9.78 × 10−6 [28, 88]
βHH 0.114 Fitted
βCC 0.135 Fitted
βCH 0.023 Fitted
βHC 0.568 Fitted
ηHA 0.5 (dimensionless) Assumed
ηHH 0.1 (dimensionless) Assumed
σH 1.400 [59, 90, 91]
σC 2 [63]
ϕHS 1.750 [15, 90]
r 0.251 (dimensionless) [45]
1 − r 0.749 (dimensionless) [45]
ψC 0.2 [26]
γHA 1 [15]
γHS 0.583 [90]
γHH 0.388 [28]
γC 0.166 [92]
δHA 3.5 × 10−7 Assumed
δHS 3.37 × 10−6 Adapted from [7, 87]
δHH 3.37 × 10−6 Adapted from [7, 87]
δC 3.6 × 10−7 Assumed
ξVH 2.8 × 10−6 [93]
ωVH 0.027 [94]
ξVC 1 × 10−3 Assumed
ωVC 0.027 [94]

4.2. Theoretical analysis of the extended model: stability of DFE

The unique DFE of the extended model (4.6) is given by:

E0v =
(
S ∗H,V

∗
H, E

∗
H, I

∗
HA, I

∗
HS , I

∗
HH,R

∗
H, S

∗
C,V

∗
C, E

∗
C, I

∗
C,R

∗
C
)

=

(
ΠH (ωVH + µH)

µH (ωVH + ξVH + µH)
,

ΠH ξVH

µH (ωVH + ξVH + µH)
, 0, 0, 0, 0, 0,

ΠC (ωVC + µC)
µC (ωVC + ξVC + µC)

,
ΠC ξVC

µC (ωVC + ξVC + µC)
, 0, 0, 0

)
.

(4.7)
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Here, too, the linear asymptotic stability of the DFE will be explored using the next generation operator
method (used in Section 3). Specifically, the associated non-negative matrix (Fv) of the new infection
terms is given by:

Fv =



0 f1 f2 f3 0 f4

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 g1 g2 0 0 g3

0 0 0 0 0 0


where

f1 = (1 − εmhcmh)βHHηHA

[
S ∗H + (1 − εVH)V∗H

N∗H

]
, f2 = (1 − εmhcmh)βHH

[
S ∗H + (1 − εVH)V∗H

N∗H

]
,

f3 = (1 − εmhcmh)βHHηHH

[
S ∗H + (1 − εVH)V∗H

N∗H

]
, f4 = (1 − εmccmc)βCH

[
S ∗H + (1 − εVH)V∗H

N∗C

]
,

g1 = (1 − εmccmc)βHCηHA

[
S ∗C + (1 − εVC)V∗C

N∗H

]
, g2 = (1 − εmccmc)βHC

[
S ∗C + (1 − εVC)V∗C

N∗H

]

and g3 = βCC

[
S ∗C + (1 − εVC)V∗C

N∗C

]
. It should be noted that the proportion of humans vaccinated at the

disease-free steady-state is given by
V∗H
N∗H
=

ξVH

ωVH + ξVH + µH
= fVH. Similarly, the proportion of camels

vaccinated at the disease-free steady-state is
V∗C
N∗C
=

ξVC

ωVC + ξVC + µC
= fVC.

Similarly, the matrix (V) of the linear transition terms (as defined in Section 3) is given by:

V =



K1 0 0 0 0 0
−rσH K2 0 0 0 0

−(1 − r)σH 0 K3 0 0 0
0 0 −ϕHS K4 0 0
0 0 0 0 K5 0
0 0 0 0 −σC K6


where Ki (i = 1, · · · , 6) are as defined in Section 3. It follows that the control reproduction number of
the extended model (4.6), denoted by RCM, is given by:

RCM = ρ(FV−1)

=
1
2

RCC + RHH +

√(
RCC − RHH

)2
+ 4 RCHRHC

 (4.8)
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where (following the approach in [95]), RCC,RHH,RCH, andRHC are given by:

RCC =
K1K2K3K4σCg3

6∏
i=1

Ki

, RHH =
K5K6σH[r f1K3K4 + (1 − r)K2( f2K4 + f3ϕHS )]

6∏
i=1

Ki

,

RCH =
σCK1K2K3K4 f4

6∏
i=1

Ki

, RHC =
σHK4K5K6[rg1K3 + (1 − r)g2K2]

6∏
i=1

Ki

.

(4.9)

The quantity RCM is the control reproduction number of the extended model (4.6), and it measures the
average number of new MERS-CoV cases (in humans or camels) generated by a typical infectious hu-
man or camel if introduced in a human-camel population where a vaccination program (of both humans
and camels, using imperfect human and camel vaccines) is implemented, and a certain proportion of
humans wear face masks in public (to prevent human-to-human transmission) and when having direct
contact with camels (to prevent human-to-camel or camel-to-human transmission). The result below
follows from Theorem 2 of [73].

Theorem 4.2. The disease-free equilibrium (E0v) of the vaccination model (4.6) is locally asymptoti-
cally stable if RCM < 1, and unstable if RCM > 1.

The epidemiological implication of Theorem 4.2 is that a small influx of infected humans or camels in
the well-mixed human-camel population (when RCM < 1) will not generate a significant MERS-CoV
outbreak in the human-camel community if the initial number of infected humans or camels is small
enough (i.e., in the basin of attraction of the aforementioned disease-free equilibrium).

5. Numerical simulations

The extended model (4.6) will now be simulated to assess the population-level impact of pharma-
ceutical and non-pharmaceutical intervention strategies, such as the use of face masks (by humans in
public or when in close proximity with camels) and vaccination (of both humans and camels), on the
transmission dynamics and control of MERS-CoV in the Kingdom of Saudi Arabia. Unless otherwise
noted, the simulations will be carried out using the baseline values of the fixed and fitted parameters
given in Table 7. The following three intervention scenarios will be simulated:

(a) Scenario 1 (face mask as a sole intervention): Thr use of face masks worn by individuals having
close contact with camels is implemented as the sole intervention in the community.

(b) Scenario 2 (vaccinating humans or camels as a sole intervention):

(2a) The vaccination of humans as the sole intervention is implemented in the community.
(2b) The vaccination of camels as the sole intervention is implemented in the community.

(c) Scenario 3 (combined mask-vaccination (hybrid) strategy): The vaccination (of both humans
and camels) and the use of face masks by humans in public or when in close proximity with
camels is administered as the main intervention in the community.

Mathematical Biosciences and Engineering Volume 21, Issue 7, 6425–6470.



6450

Most of the simulations to be carried out are for the period between May 1, 2023 (considered as Day 1
of our simulations) and April 30, 2024. Further, for simulation purposes, the initial conditions of the
model will be chosen based on the initial cumulative number of MERS-CoV cases (2196) and mortality
(855) in humans, as well as the cumulative number of cases in camels (977), in the Kingdom of Saudi
Arabia recorded on May 1, 2023 (considered as Day 1 of the simulations) [7,96]). The aforementioned
three simulation scenarios are briefly discussed below.

5.1. Scenario 1: The effect of face masks as the sole public health intervention against
human-to-camel and camel-to-human transmission

Figure 7. Simulations of the extended model (4.6) to assess the effect of the use of face
masks by humans within close proximity to camels as the sole public health intervention
(Scenario 1), depicting contour plots of the associated control reproduction number (R̃CM)
of the extended model (4.6), as a function of mask efficacy (εmc) and compliance (cmc). The
other parameter values used to generate the contour plots are as given in Table 7, with ξVH =

εVH = ωVH = ξVC = εVC = ωVC = εmh = cmh = 0 and, now, βCH = 0.223.

To assess the impact of face mask use as a sole intervention (where the masks are worn by humans
when they come in close proximity with camels only) on the transmission dynamics and control of
MERS-CoV in the KSA, the extended model (4.6) is simulated for the special case without vaccination
(i.e., ξVH = εVH = ωVH = ξVC = εVC = ωVC = 0) and humans do not wear face masks in public (i.e.,
εmh = cmh = 0). The simulation results obtained are illustrated in the form of contour plots of the asso-
ciated control reproduction number, denoted by R̃CMmc (R̃CMmc = RCM |ξVH=εVH=ωVH=ξVC=εVC=ωVC=εmh=cmh=0),
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as a function of face mask efficacy (εmc) and coverage (cmc), depicted in Figure 7. This figure shows
that the associated control reproduction number R̃CMmc decreases with increasing values of the mask
efficacy and compliance, and that R̃CMmc lies in the range R̃CMmc ∈ [0.85, 1.1] (suggesting that the use of
face masks as a sole intervention can lead to the elimination of the disease in the population, depend-
ing on the efficacy of, and the compliance in using, face masks in the community. For example, this
figure shows that if surgical masks (with an estimated efficacy of about 70% [93, 97]) is prioritized,
the disease can be effectively controlled or eliminated (in both the human and camel populations) if
at least 45% of the human population consistently wear such masks whenever they are within close
proximity to camels. This result is illustrated, by simulating the extended model with mask efficacy
and compliance set at 70% and 45%, respectively (and other parameter values chosen such that the as-
sociated reproduction number of the model, denoted by R̃CM <, is less than one), showing convergence
of multiple initial conditions to the disease-free equilibrium (see Figure (8); which suggests disease
elimination in about 300 days).

Figure 8. Simulations of the extended model (4.6), showing a time series of the total number
of new cases as a function of time using the parameter values given in Table 7, with εmh =

εmc = 0.7 and cmh = cmc = 0.45 (so that, R̃CM = 0.836 < 1), showing convergence of all of
the initial conditions to the disease-free equilibrium.

5.2. Scenario 2: The effect of vaccination of humans or camels as a sole public health intervention

In this section, the extended model (4.6) will be simulated using the baseline values of the pa-
rameters in Table 7 (unless otherwise stated) to assess the population-level impact of the vaccination
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program (in both the human and camel population) implemented as the sole public health intervention
in the human-camel community within the Kingdom of Saudi Arabia. In other words, in this sec-
tion, the extended model (4.6) will be simulated for the scenario where masking is not implemented
in the Kingdom (i.e., we set εmh = εmc = cmh = cmc = 0), and vaccination is the only intervention
implemented in the community. We consider the following two cases of vaccinating humans only and
vaccinating camels only.

5.2.1. Scenario 2a: The effect of vaccinating humans only

Figure 9. Simulations of the extended model (4.6) to assess the effect of vaccinating hu-
mans as a sole intervention (Scenario 2a), depicting contour plots of the human vaccina-
tion reproduction number (R̃CMH ) of the extended model (4.6), as a function of the vac-
cination coverage for humans at steady-state ( fVH = V∗H/N

∗
H) and efficacy (εVH). The

other parameter values used to generate these contour plots are as given in Table 7 with
ξVC = εVC = ωVC = εmh = εmc = cmh = cmc = 0.

Here, the extended model (4.6) is simulated to assess the impact of vaccinating humans only (i.e.,
camels are not vaccinated and humans do not wear face masks). For these simulations, camels are not
vaccinated (so that, ξVC = εVC = ωVC = 0) and humans do not wear masks in public or when in close
contact with camels (i.e., εmh = εmc = cmh = cmc = 0). The results obtained are depicted by the contour
plots, of the human vaccination reproduction number R̃CMH = RCM |ξVC=εVC=ωVC=εmh=εmc=cmh=cmc=0 of the
model (4.6), as a function of vaccine efficacy (εVH) and vaccine coverage in human population ( fVH) at
the steady-state, in Figure 9. This figure shows, first of all, that, during the simulation period, the value
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of the human vaccination reproduction number of the extended model, R̃CMH , decreases with increasing
values of the vaccine efficacy and coverage in the human population. Furthermore, R̃CMH lies in the
range R̃CMH ∈ [0.816, 0.827], suggesting that (since R̃CMH < 1) the disease can be effectively controlled
(in line with Theorem 4.2) in the Kingdom. Thus, the results depicted in this figure show that even
if vaccination (of humans) is not implemented in the Kingdom, the human vaccination reproduction
number is below one (with the maximum value of 0.827) during the simulation period. Furthermore,
this figure shows that the effect of vaccinating humans only seems to generally have a marginal impact
in reducing the human vaccination reproduction number (hence, vaccinating humans seems to have
only a marginal impact in reducing the disease burden in the population). For instance, using a perfect
vaccine with 100% coverage could only reduce the control reproduction from the maximum value of
0.827 to 0.816 (i.e., reduction by about 10%).

Figure 10. Simulation of the extended model (4.6) assessing the impact of vaccinating hu-
mans as a sole intervention (i.e., no vaccination of camels and no masking). Time series
of the cumulative number of new MERS-CoV cases in humans, as a function of time, for
various levels of effectiveness and efficacy of vaccination. Simulations are carried out for a
one-year duration. (i) The red curve represents the results obtained for the case where the
parameters of the model are maintained at their baseline values given in Table 7. (ii) The
black curve represents the results obtained for the low effectiveness level of this intervention
(εVH = 0.25 and ξVH = 5 × 10−3). (iii) The magenta curve represents the results obtained
for the moderate effectiveness level of this intervention (εVH = 0.50 and ξVH = 15 × 10−3),
and (iv) The blue curve represents the results obtained for the high effectiveness level of this
intervention (εVH = 0.75 and ξVH = 5× 10−2). Parameter values used in these simulations are
as given in Table 7, with ξVC = εVC = ωVC = εmh = εmc = cmh = cmc = 0 and various values
of ξVH and εVH.
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The results for this scenario (with vaccination of humans as the only intervention implemented) is
also presented in terms of the cumulative number of new cases for the following three levels of the
human vaccination-only strategy:

(a) The low effectiveness level of the human vaccination-only strategy: for this strategy, we set the
vaccination efficacy to be 25% (i.e., εVH = 0.25) and the vaccination rate to be ξVH = 5 × 10−3.

(b) The moderate effectiveness level of the human vaccination-only strategy: for this strategy, we set
the vaccination efficacy to be 50% (i.e., εVH = 0.50) and the vaccination rate to be ξVH = 15×10−3.

(c) The high effectiveness level of human the vaccination-only strategy: for this strategy, we set the
vaccination efficacy to be 75% (i.e., εVH = 0.75) and the weekly vaccination rate to be ξVH =

5 × 10−2.

The results obtained, depicted in Figure 10, show a marginal decrease in the cumulative number
of new cases in the human population, in comparison to the baseline scenario (where all parameters
are maintained at their baseline values given in Table 7). For instance, the cumulative number of
new cases at the end of the one-year simulation period under the baseline scenario is 2410. This
number decreases to 2403 and 2378 under the low and moderate levels of the human vaccination-
only strategy, respectively (this represents less than 1% and 1.3% reduction in the cumulative new
cases, in comparison to the baseline, respectively). Similarly, the cumulative number of new cases
obtained using the high effectiveness level of this intervention is 2316 (which represents about 4%
reduction, in comparison to the cumulative new cases generated under the baseline scenario). Thus,
these simulations also confirm that, based on the parameter values used in the simulations, vaccinating
humans as a sole intervention strategy would have only a marginal impact in reducing the disease
burden in the Kingdom of Saudi Arabia.

5.2.2. Scenario 2b: The effect of vaccinating camels only

Here, the extended model (4.6) is simulated to assess the impact of vaccinating camels only (i.e.,
humans are not vaccinated and humans do not wear face masks). The simulations are also carried
out for the one-year period from May 1, 2023 to April 30, 2024. Since humans are not vaccinated,
we set (for these simulations) ξVH = εVH = ωVH = 0. Furthermore, since humans do not wear face
masks under this scenario where vaccination of camels is the only intervention strategy implemented,
we set the mask-related parameters to zero (i.e., we set εmh = εmc = cmh = cmc = 0). Figure 11
depicts the results obtained for this camel vaccination-only intervention scenario, showing contour
plots of the camel vaccination reproduction number (R̃CMC = RCM |ξVH=εVH=ωVH=εmh=εmc=cmh=cmc=0), as a
function of the vaccine efficacy (εVC) and vaccine coverage in the camel population ( fVC) at the steady-
state. This figure also shows a decrease in the camel vaccination reproduction number with increasing
efficacy and coverage of the camel vaccine. Furthermore, the camel vaccination reproduction number
lies in the range R̃CMC ∈ [0.1, 0.8], suggesting that the disease can be effectively controlled even if
the vaccination of camels (as a sole intervention) is not implemented. Unlike for the case where
vaccinating humans was the sole intervention strategy implemented (which only had a marginal impact
in reducing the associated reproduction number), the simulation results depicted in Figure 11 show that
vaccinating camels as a sole intervention can significantly reduce the camel vaccination reproduction
number (hence, reduce the disease burden in the camel population). For instance, using a camel vaccine
with perfect efficacy (εVC = 1) and perfect coverage ( fVC = 1) reduces the maximum value of the
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control reproduction number (0.8) to 0.1 (representing about 88% reduction). These results are also
presented in terms of the cumulative number of new cases of MERS-CoV infection in camels, as a
function of time, using the following effectiveness levels of the camel vaccination-only intervention:

(a) The low effectiveness level of the camel vaccination-only strategy: for this strategy, we set the
vaccination efficacy to be 25% (i.e., εVC = 0.25) and the vaccination rate to be ξVC = 2 × 10−3.

(b) The moderate effectiveness level of the camel vaccination-only strategy: for this strategy, we set
the vaccination efficacy to be 50% (i.e., εVC = 0.50) and the vaccination rate to be ξVC = 6× 10−3.

(c) The high effectiveness level of the camel vaccination-only strategy: for this strategy, we set the
vaccination efficacy to be 75% (i.e., εVC = 0.75) and the weekly vaccination rate to be ξVC =

8 × 10−3.

Figure 11. Simulations of the extended model (4.6) to assess the effect of vaccinating camels
as a sole intervention (Scenario 2b), depicting contour plots of the camel vaccination repro-
duction number (R̃CMC ) of the extended model (4.6), as a function of vaccination coverage
for camels at steady-state ( fVC = V∗C/N

∗
C) and efficacy (εVC). The other parameter values used

to generate the contour plots are as given in Table 7 with ξVH = εVH = ωVH = εmh = εmc =

cmh = cmc = 0.

The results obtained are depicted in Figure 12, showing a significant reduction in the baseline cu-
mulative number of new cases with an increasing effectiveness level of the camel vaccination-only
intervention. For instance, the cumulative number of new cases under the baseline scenario at the end
of the simulation period is 7154. It reduces to 6719 and 5413, respectively, under the low and moderate
effectiveness levels of this intervention (representing, respectively, a 6% and 24% reduction, in com-
parison to the baseline value). Furthermore, the cumulative number of new cases recorded under the
high effectiveness level of this intervention is 4730 (which represents a 34% reduction in comparison
to the baseline).
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Figure 12. Simulation of the extended model (4.6) assessing the impact of vaccinating
camels as a sole intervention (i.e., no vaccination of humans and no masking). Time se-
ries of the cumulative number of new MERS-CoV cases in camels, as a function of time, for
various levels of effectiveness and efficacy of vaccination. Simulations are carried out for a
one-year duration. (i) The red curve represents the results obtained for the case where the
parameters of the model are maintained at their baseline values given in Table 7. (ii) The
black curve represents the results obtained for the low effectiveness level of this intervention
(εVC = 0.25 and ξVC = 2 × 10−3). (iii) The magenta curve represents the results obtained
for the moderate effectiveness level of this intervention (εVC = 0.50 and ξVC = 6 × 10−3),
and (iv) The blue curve represents the results obtained for the high effectiveness level of this
intervention (εVC = 0.75 and ξVC = 8× 10−2). Parameter values used in these simulations are
as given in Table 7, with ξVH = εVH = ωVH = εmh = εmc = cmh = cmc = 0 and various values
of ξVC and εVC.

5.3. Scenario 3: The effect of a hybrid mask-vaccination public health strategy

The extended model (4.6) will now be simulated, using the baseline values of the parameters in
Table 7 (unless otherwise stated), to assess the combined population-level impacts of human and camel
vaccination and mask usage interventions in the Kingdom of Saudi Arabia. This intervention is referred
to as a hybrid strategy. The simulations for the hybrid strategy will be carried out for a one-year
duration, from May 1, 2023 to April 30, 2024. Furthermore, we consider the following effectiveness
levels of the hybrid vaccination and mask usage strategy:

(a) The low effectiveness level of the hybrid strategy: here, we set the protective efficacies of the
vaccines (for humans and camels) and masks to be 30% (i.e., εVH = εmh = εmc = εVC = 0.3), mask
compliance to be 25% (i.e., cmh = cmc = 0.25), and the vaccination rates for humans and camels
set at ξVH = 5 × 10−3 and ξVC = 2 × 10−3, respectively.

(b) The moderate effectiveness level of the hybrid strategy: for this effectiveness level, we set the
efficacies of the vaccines and mask to be 60% (i.e., εVH = εmh = εmc = εVC= 0.6), mask compliance
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to be 50% (i.e., cmh = cmc = 0.50), and the vaccination rates for humans and camels set at ξVH =

15 × 10−3 and ξVC = 6 × 10−3, respectively.
(c) The high effectiveness level of the hybrid strategy: for the high effectiveness level of the hybrid

strategy, we set the protective efficacies of the vaccines and mask to be 80% (i.e., εVH = εmh = εmc

= εVC = 0.8), mask compliance to be 75% (i.e., cmh = cmc = 0.75), and the vaccination rates for
humans and camels set, respectively, at ξVH = 5 × 10−2 and ξVC = 8 × 10−3.

Figure 13. Simulation of the extended model (4.6) to assess the impact of the hybrid strategy
(which entails the vaccination of humans and camels, and the use of face masks by humans
in public and when having close contact with camels). Time series of the cumulative number
of new MERS-CoV cases in humans, as a function of time, for the period from May 1, 2023
to April 30, 2024, for various effectiveness levels of the hybrid strategy. (i) The baseline
strategy (red curve) where parameters are maintained at their baseline values; (ii) the low
effectiveness level of the hybrid strategy (black curve); (iii) the moderate effectiveness level
of the hybrid strategy (magenta curve); and (iv) the high effectiveness level of the hybrid
strategy (blue curve). Parameter values used are as given in Table 7 with various values of
ξVH, εVH, εmh, εmc, cmh, cmc, ξVC, and εVC.

The results obtained for a cumulative number of new cases in humans is depicted in Figure 13. This
figure shows a marginal decrease in the cumulative number of new cases with increasing effectiveness
levels of the hybrid strategy, in comparison to the baseline scenario. The results obtained for the cu-
mulative number of new MERS-CoV cases in camels are depicted in Figure 14. Unlike in the case of
the cumulative new cases in humans (depicted in Figure 13), this figure shows a significant decrease
in the cumulative number of new MERS-CoV cases in camels with increasing effectiveness levels of
the hybrid strategy, in comparison to the baseline scenario. For instance, the cumulative number of
new cases at the end of the simulation period under the baseline scenario is 7154. This figure reduces
to 6447 and 4902, respectively, under the low effectiveness and the moderate effectiveness level of the
hybrid strategy (representing about 9% and 32% reduction, in comparison to the baseline). Similarly,
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the cumulative number of new cases generated using the high effectiveness level of the hybrid strat-
egy is 4158 (representing about 42% reduction, in comparison to the baseline value). Thus, this study
shows that while the hybrid strategy only resulted in a marginal decrease in the MERS-CoV burden
in humans, it resulted in a very significant reduction in the cumulative number of new cases in camels
(with increasing effectiveness levels of the hybrid strategy), in comparison to the baseline scenario. In
other words, the hybrid strategy will be more effective in curtailing the disease burden in camels than
in the human population (albeit there is also an indirect benefit in reducing the burden in humans, since
reducing cases in camels also implies some reduction of cases in the human population). This study
suggests that strategies that focus on reducing the disease burden in the camel population (notably
vaccinating camels with an effective vaccine) would significantly contribute to the effort to effectively
control (or eliminate) the MERS-CoV pandemic in the human population. The extended model was
simulated to illustrate the high effectiveness level of the hybrid strategy (using parameter values such
that the associated reproduction number, R̃CM, is less than one) and the results obtained, depicted in
Figure 15, show convergence of all of the initial conditions to the disease-free equilibrium and disease
elimination is reached within about 150 days; which is faster than the 300 days to achieve elimination
predicted by simulating the model for the human vaccination-only strategy, shown in Figure 8.

Figure 14. Simulation of the extended model (4.6) to assess the impact of the hybrid strategy
(which entails the vaccination of humans and camels, and the use of face masks by humans
in public and when having close contact with camels). Time series of the cumulative number
of new MERS-CoV cases in camels, as a function of time, for the period from May 1, 2023
to April 30, 2024, for various effectiveness levels of the hybrid strategy. (i) The baseline
strategy (red curve) where parameters are maintained at their baseline values; (ii) the low
effectiveness level of the hybrid strategy (black curve); (iii) the moderate effectiveness level
of the hybrid strategy (magenta curve); and (iv) the high effectiveness level of the hybrid
strategy (blue curve). Parameter values used are as given in Table 7 with various values of
ξVH, εVH, εmh, εmc, cmh, cmc, ξVC, and εVC.
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Furthermore, it is worth stating that the cumulative number of new cases (at the end of the sim-
ulation period) for humans generated using the hybrid strategy is much lower than the correspond-
ing cumulative number of new cases generated using any of the vaccination-only strategies discussed
above. For instance, while the cumulative new cases generated using the high effectiveness level of
the humans-only vaccination was about 2315 (see the blue curve in Figure 10), the cumulative number
of new human cases generated using the corresponding high effectiveness level of the hybrid strategy
(Figure 13, blue curve) is 2227 (which represents about 4% reduction, in comparison to the cumulative
number of new cases generated using the corresponding high effectiveness level of the humans-only
vaccination strategy). Similarly, the cumulative number of new cases in camels generated using the
high effectiveness level of the camels-only vaccination strategy was 4700 (Figure 12, blue curve),
whereas that for the corresponding high effectiveness level of the hybrid strategy is 4000 (Figure 14,
blue curve), which represents about 15% reduction, in comparison to the cumulative number of new
cases recorded under the camels-only vaccination strategy). The numerical simulations depicted in this
section (Figures 10, 12–14) consistently highlight the fact that the intervention strategies implemented
caused greater reduction in new cases in camels than in humans.

Figure 15. Simulations of the extended model (4.6), showing a time series of the total num-
ber of new cases as a function of time using the parameter values given in Table 7, with εVH

= εmh = εmc = εVC = 0.8, cmh = cmc = 0.75, ξVH = 5 × 10−2, and ξVC = 8 × 10−3.

6. Discussion and conclusions

The Middle Eastern respiratory syndrome (MERS-CoV), a coronavirus transmitted to humans by
dromedary camels, emerged out of the Kingdom of Saudi Arabia (KSA) in 2012 causing unprecedented
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burden in about 30 countries (with the KSA suffering the brunt of the burden). The KSA is most
vulnerable to MERS-CoV-2 outbreaks due to its hosting of several large gathering events of humans
and camels, notably the annual Hajj pilgrimage (once a year) and Umrah year [8], and the camel
festival in the capital city of Riyadh (which typically runs for a two-month period) [9, 10]. This study
presented a new mathematical model for the transmission dynamics of MERS-CoV in the KSA. The
basic model, which takes the form of a deterministic system of nonlinear differential equations, was,
first of all, fitted using observed MERS-CoV data for the KSA (for the period from Week 13 to Week
42 of 2013), and the fitted model was used to estimate the unknown parameters of the model. The
data for Week 43 of 2013 to Week 9 of 2014 was used to cross-validate the model (4.6). This cross-
validation, together with simulations involving the cumulative cases of MERS-CoV, presented a good
match to the observed data in the Kingdom of Saudi Arabia.

The basic model was rigorously analyzed to gain insight into its qualitative properties. Specifically,
results with respect to the boundedness and invariance of its solutions, as well as the asymptotic stabil-
ity properties of its associated disease-free equilibrium, were provided. Specifically, it was shown that
the disease-free equilibrium of the model was locally asymptotically stable whenever its reproduction
number (denoted by R0M) was less than unity. The epidemiological implication of this result is that the
effective control of the disease in the human-camel population within the KSA (when R0M) depends
on the initial sizes of the sub-populations of the model (in other words, disease control or elimination
depends on whether or not the initial number of infected humans and camels lie within the basin of at-
traction of the disease-free equilibrium). Using the fixed and estimated parameters of the basic model,
this study showed that the value of R0M for the Kingdom of Saudi Arabia was approximately 0.84,
suggesting that the prospects for MERS-CoV elimination in the KSA are highly promising.

Global sensitivity analysis was carried out, using Latin hypercube sampling and partial rank cor-
relation coefficients (PRCCs), to determine the parameters of the model (2.1) that have the greatest
influence on the value of the chosen response function (R0M, which is a measure of the burden of the
disease in the Kingdom). The top five PRCC-ranked parameters identified in this study were: (a) the
parameters for the rates of camels recovered from the MERS-CoV infection (γC), (b) the transmission
rate from infected to susceptible camels (βCC), and (c) the transmission rate from infected humans to
susceptible camels (βHC). The numerical size and (negative) sign of the computed PRCC values of
the parameters of the model (4.6) (tabulated in Table 4) indicate that reduction of the infection rate of
infectious camels to susceptible camels (βCC) and the infection rate from infectious humans to suscepti-
ble camels (βHC), which can be achieved, for instance, by the quarantine and isolation of suspected and
symptomatic humans and camels, will lead to a corresponding reduction of R0M (hence, a reduction in
disease burden). The use of effective face masks by humans in the public or when having contact with
camels, social-distancing between humans, and community lockdowns in both populations will also
decrease the transmission rate parameters (hence, decrease the response function, R0M; and, conse-
quently, the disease burden in both host populations). Similarly, the PRCC values obtained (tabulated
in Table 4) show that the implementation of control and mitigation measures that increase the value
of the recovery rate parameter for camels (γC), such as by the isolation and treatment of infectious
camels with highly effective antiviral drugs, will correspondingly reduce the response function (and,
consequently, reduce the burden of the disease in the Kingdom).

The basic model was extended to incorporate non-pharmaceutical and pharmaceutical public health
interventions, notably the use of face masks by humans in public and when having close contact with
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camels, and vaccination of both humans and camels. Here, too, the disease-free equilibrium of the
resulting extended model (4.6) was shown to be locally asymptotically stable whenever its associated
control reproduction number (denoted by RCM) was less than one. The implication of this result is that
the implementation of the aforementioned public health interventions could lead to the effective control
(or elimination) of MERS-CoV in the Kingdom of Saudi Arabia if the interventions could bring (and
maintain) the value of the control reproduction number (RCM) to be below one (provided the initial
number of infected individuals and camels lie within the basin of attraction of the DFE).

The extended model was then simulated to assess the population-level impact of the chosen public
health interventions. Specifically, simulations were, first, carried out (for a period of one year) to
assess the impact of face mask use as a sole intervention (where the masks are worn by humans when
they come in close proximity with camels only) on the transmission dynamics and control of MERS-
CoV in the KSA. The extended model was simulated for the special case without vaccination and
humans do not wear face masks in public. The simulation results showed that the associated control
reproduction number R̃CMmc decreased with increasing values of the mask efficacy and compliance,
and that R̃CMmc lied in the range R̃CMmc ∈ [0.85, 1.1] (suggesting that the use of face masks as a sole
intervention can lead to the elimination of the disease in the population, depending on the efficacy
of, and compliance in, mask usage in the community. For example, this figure shows that if surgical
masks (with an estimated efficacy of about 70%) is prioritized, the disease can be effectively controlled
or eliminated (in both the human and camel populations) if at least 45% of the human population
consistently wear such masks whenever they are within close proximity to camels. Then, we studied
the effects of vaccination of humans as a sole intervention strategy implemented in the Kingdom (i.e.,
humans do not wear face masks in public or when having close contact with camels, and camels are
not vaccinated) under three effectiveness levels of this human vaccination-only strategy (namely, low,
moderate, and high). The results obtained, for the case where only humans are vaccinated, showed
that although the the burden of MERS-CoV in the human population decreases with an increasing
effectiveness level of this (human vaccination-only) intervention (as measured in terms of the reduction
in the associated control reproduction number of the extended model or the cumulative number of new
cases and cumulative mortality in humans), in comparison to the baseline scenario, this reduction
was quite marginal. In other words, these simulations showed that, based on the parameter values
in the simulations, vaccinating humans (as a sole intervention) will only offer a marginal impact in
reducing the burden of the MERS-CoV pandemic in the Kingdom of Saudi Arabia. On the other hand,
the simulations for the case where vaccination of camels was the sole intervention implemented (and
humans are not vaccinated and do not wear masks) showed, over the same one-year period, a significant
reduction in both the associated reproduction number and the cumulative number of new MERS-COV
cases in camels with an increasing effectiveness level of this (camels vaccination only) intervention
strategy, in comparison to the baseline scenario. For instance, these simulations show that while the
moderate effectiveness level of this strategy could reduce the baseline cumulative new cases at the
end of the one-year simulation period by about 24%, the high effectiveness level of this intervention
reduces the cumulative number of new cases by about 34%.

Finally, the extended model was used to simulate the population-level impact of a hybrid strategy,
where both humans and camels are vaccinated and humans wear mask in public and when having
close contact with camels. Here, too, three effectiveness levels (low, moderate, and high) of the hybrid
strategy were considered. The simulation results obtained showed that while this strategy only offers
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a marginal decrease in the disease burden in humans, with an increasing effectiveness level, in com-
parison to the baseline, it resulted in a marked decrease in the cumulative number of new MERS-CoV
cases in camels (for instance, the moderate and high effectiveness levels of this intervention reduced the
baseline cumulative new cases in camels by 32% and 42%, respectively). Thus, this study shows that,
while the hybrid strategy only offers a marginal reduction in the burden of the MERS-CoV pandemic
in humans, it can result in a significant reduction in the cumulative new cases in camels. The cumu-
lative number of new cases for humans (camels) generated using the hybrid strategy was consistently
lower than the cumulative number of new cases obtained using a vaccination-only strategy for humans
(camels). For instance, the simulations in this study showed that the high effectiveness level of the
hybrid strategy reduced the cumulative number of new cases in humans (camels) by about 4% (15%),
in comparison to the corresponding cumulative new cases generated using a vaccination-only strategy
(and more of such reductions were recorded in camels than in humans). Thus, this study emphasizes
control measures that focus on the camel population (e.g., routine vaccination of camels using an ef-
fective vaccine with moderate to high coverage), instead of those that focus on humans. In summary,
the analytical and simulation results generated in this study showed that the prospects for the effective
control of MERS-CoV in the Kingdom of Saudi Arabia are promising using the public health inter-
ventions described in the study, provided their effectiveness levels are high enough. In particular, the
implementation of a hybrid strategy that entails the vaccination of both humans and camels and the use
of face masks by humans in public and when having close contact with camels can significantly reduce
the disease burden in the Kingdom of Saudi Arabia. Greater reductions (in the burden of the disease)
were recorded in the camel population than in the human population (the impacts of the interventions
in reducing the burden of the pandemic in the latter, from the baseline scenario, were consistently quite
marginal). Thus, this study showed that efforts should be focused on prioritizing interventions that
effectively control the disease in the camel population, rather than in the human population. In other
words, this study suggests that control resources should be prioritized to disease control in camels
rather than humans.
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Appendix A: Initial conditions used in numerical simulations

(1) Initial conditions for Figure 8:
(S H(0), VH(0), EH(0), IHA(0), IHS (0), IHH(0), RH(0), S C(0), VC(0), IC(0), RC(0),) = (9,900,000, 0,
10, 100, 100, 10, 1, 3,900,000, 0, 10, 977, 1).

(2) Initial conditions for Figure 10:
(S H(0), VH(0), EH(0), IHA(0), IHS (0), IHH(0), RH(0), S C(0), VC(0), IC(0), RC(0),) = (36,617,538,
0, 1, 1, 1, 1, 1, 1,400,000, 0, 1, 7, 1).

(3) Initial conditions for Figure 12:
(S H(0), VH(0), EH(0), IHA(0), IHS (0), IHH(0), RH(0), S C(0), VC(0), IC(0), RC(0),) = (36,617,538,
0, 2196, 1, 1, 1, 1, 1,400,000, 0, 60, 977, 0).

(4) Initial conditions for Figure 13:
(S H(0), VH(0), EH(0), IHA(0), IHS (0), IHH(0), RH(0), S C(0), VC(0), IC(0), RC(0),) = (36,617,538,
0, 1, 1, 1, 1, 1, 1,400,000, 0, 1, 7, 1).

(5) Initial conditions for Figure 14:
(S H(0), VH(0), EH(0), IHA(0), IHS (0), IHH(0), RH(0), S C(0), VC(0), IC(0), RC(0),) = (36,617,538,
0, 2196, 1, 1, 1, 1, 1,400,000, 0, 60, 977, 0).

(6) Initial conditions for Figure 15:
(S H(0), VH(0), EH(0), IHA(0), IHS (0), IHH(0), RH(0), S C(0), VC(0), IC(0), RC(0),) = (9,000,000,
10, 10, 100, 100, 100, 1, 50,000, 100, 10, 9700, 1).
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