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The number of Methicillin-resistant Staphylococcus aureus (MRSA) cases in communities and hospitals
is on the rise worldwide. In this work, a nonlinear deterministic model for the dynamics of MRSA
infection in society was developed to visualize the significance of awareness in interventions that
could be applied in the prevention of transmission with and without optimal control. Positivity and
uniqueness were verified for the proposed corruption model to identify the level of resolution of
infection factors in society. Furthermore, how various parameters affect the reproductive number Ry
and sensitivity analysis of the proposed model was explored through mathematical techniques and
figures. The global stability of model equilibria analysis was established by using Lyapunov functions
with the first derivative test. A total of seven years of data gathered from a private hospital consisting
of inpatients and outpatients of MRSA were used in this model for numerical simulations and for
observing the dynamics of infection by using a non-standard finite difference (NSFD) scheme. When
optimal control was applied as a second model, it was determined that increasing awareness of hand
hygiene and wearing a mask were the key controlling measures to prevent the spread of community-
acquired MRSA (CA-MRSA) and hospital-acquired MRSA (HA-MRSA). Lastly, it was concluded that
both CA-MRSA and HA-MRSA cases are on the rise in the community, and increasing awareness
concerning transmission is extremely significant in preventing further spread.
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Staphylococcus genus is a common inhabitant of the skin and mucous membranes, and under certain circum-
stances can cause different types of diseases on a variety of species. Staphylococcus aureus (S. aureus) is the most
important species in this genus which can cause serious infections in various tissues and organs with its many
pathogenic factors’. S. aureus is one of the leading causes of both hospital-acquired and community-acquired
infections, such as septic arthritis, osteomyelitis, bacteremia, and especially wound and soft tissue infections
which are among the first nosocomial infections**. In 1960, methicillin—a semi-synthetic derivative of penicil-
lin—was developed as a beta-lactam group of antibiotics named penicillinase-resistant penicillin, which achieved
great success in the treatment of staphylococcal infections. However, soon later in the late 1970s and early 1980s
methicillin-resistant Staphylococcus aureus (MRSA) strains began to emerge hindering the treatment by the use
of methicillin caused by these infections. The mecA gene located in a 21-67 kb DNA region called Staphylococcal
cassette chromosome mec (SCCmec) is responsible for methicillin resistance in staphylococci®®. These strains
are increasingly becoming a serious health problem as a result of multidrug resistance development and the
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availability of limited treatment options”®. Hence, awareness of MRSA as a public health burden should arise
since it can no longer be tackled only with hospital infection prevention and control measures’. On the other
hand, innovative approaches such as the use of mathematical models in forecasting infectious diseases play sig-
nificant roles in public health. The use of the models is enhanced by constructing compartments that divide the
studied population according to the designed model allowing researchers to identify the structure of the disease,
predict the future of the disease, and introduce necessary control strategies whether applicable. These models
can be generated for almost every field of health sciences including infectious diseases, cancer, tumors, etc.!%-12.
As an example, in the study’®, extended-spectrum beta-lactamases (ESBL) resistance in Escherichia coli (E. coli)
isolates was evaluated via mathematical modeling”. In other studies, it was shown that with optimal control
theory that can be applied to control bacterial growth', antibiotic resistance can be evaluated via sensitivity
analysis of a deterministic mathematical model as in Ref.'>. Mathematical modeling is an extremely effective
and popular method not only in bacterial infections but also in viral and parasitic infections. In literature, there
exist many studies in the area that made contributions to public health!¢-22.

To study transmission dynamics, assess various infection control interventions, assess the burden of infec-
tion, and promote further understanding of LTCF epidemiology, models that explicitly represent the relationship
between the risk of infection and the current population of infectious individuals are helpful®. Several math-
ematical models have been utilized to illustrate MRSA transmission in hospital environments****. However, the
findings and public health consequences derived from these investigations might not be relevant in non-hospital
contexts?®. With this presented study, a cross-infection model with diffusive bacteria in the environment is
provided to examine the part that ambient bacteria play in the dynamics of hospital infections?’. MRSA poses a
serious threat to both public and clinical health. Limited information exists on local lineage profiles. This study
provides data on the incidence of cases that are acquired in hospitals and the community®®. Although it is yet
unclear how much of an impact each intervention has, infection control programs and antimicrobial stewardship
are beneficial in lowering the burden of diseases caused by multidrug-resistant organisms. The presented model
describes the impact of interventions at the ward level to achieve this goal.

In the study®, the authors modified the Ross-Macdonald model for explaining the cross-transmission dynam-
ics of carbapenem-resistant Klebsiella pneumoniae (CRKP) in hospitals. This model takes into account health-
care staff as the vectors that transmit both susceptible and resistant bacteria among hospitalized patients®. The
effectiveness of therapies for infections linked to healthcare is evaluated using mathematical models. These
models, like any analytical technique, involve a lot of assumptions. These assumptions lack a biological founda-
tion and may inadvertently affect the projected effects of interventions. Consequently, to specifically assess the
implications of these hypotheses, we created a model of MRSA transmission®. A mathematical model of a few
common bacterial illnesses in our culture, including strep throat, TB, fever, and S. aureus, was examined in**-%,
demonstrating the critical role that mathematics plays in helping to understand behavior, control methods, and
presentation techniques.

This study is proposed to determine the presence of CA-MRSA and HA-MRSA patients in the north side
of Cyprus. In this article, Sect. "Introduction” is an introduction; developed model, biological feasibility such
as positively invariant, equilibrium points, reproductive potential, sensitivity, and stability analysis are in Sects.
"Formulation of mathematical model" and "Qualitative analysis of the model". The algorithm developed by using
the NSFD method for simulation with analysis is discussed in Sect. “Numerical results with non-standard finite
difference method”. In Sect. "Mathematical model with optimal control", we construct the optimal control of
the system, and numerical results and discussion are considered in Sect. "Numerical simulations and discussion
for the constructed mathematical model". The conclusion and the impact of the study are discussed in Sect.
"Conclusion".

Formulation of mathematical model

In the presented paper, the model consists of eight compartments as follows: susceptible individuals (S), individu-
als who are infected with community-acquired S. aureus (Cc), individuals who are infected with CA-MRSA (Cy),
individuals who are infected with hospital-acquired S. aureus (H¢), individuals who are infected with HA-MRSA
(Hi), antibiotic group oxazolidinones (O), antibiotic group glycopeptides (G), antibiotic group trimethoprim-
derivatives (T). In this model the compartment S consists of individuals who are susceptible to the S. aureus
bacteria and who are capable of being infected with it. As authors, it is confirmed that all methods were per-
formed in accordance with the relevant guidelines and regulations. The model is constructed by using ordinary
differential equations at the time  and it is given below.

ds
iU ki —ky — ks — kg) — P1CcS — B2CrS — B3HeS — BaHIS + 10 + v2G + 3T + ad1Ce + bdsHe — S,
dCc
e Aky + B1C.S — [ad1 + (1 — a)82]Cc — uCc,s
dCy
i Aky + B2CrS + (1 — a)8,Cc — (01 + g1 + 1) Cr — uCr,
dHc
7 = Aks + B3HcS — [bd3 + (1 — b)d4)Hc — nHc, (1)
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dH,
dTI = Aky + BuHiS + (1 — b)84He — (02 + & + 12) Hy — (1 + d)Hp,

O
i 01Cr + 02H; — 110,

aG
a £1Cr + @Hr — y2G,

T
— =nC H; — T,
a nCr+nH —ys

with initial conditions.

$(0) = So = 0,Cc(0) = Cco = 0,Cr(0) = Cpo = 0,Hc(0) = Heo = 0,

H;(0) = Ho > 0,0(0) = Op > 0,G(0) = Go > 0,T(0) = T. @

The details of the compartments and parameters are given in Tables 1 and 2.

In this study, the target is to determine the effects of antibiotic groups oxazolidinones, glycopeptides, and
trimethoprim-derivatives since they were the three leading antibiotic groups that the infected patients’ samples
were obtained to be the most sensitive. The sensitivity percentages of samples to these antibiotic groups are
illustrated in Fig. 1.

S Individuals that are susceptible to Staphylococcus aureus

Cc Community-acquired Staphylococcus aureus-infected individuals

Cr Community-acquired Methicillin Resistant Staphylococcus aureus-infected individuals

Hc | Hospital-acquired Staphylococcus aureus-infected individuals

Hj Hospital-acquired Methicillin Resistant Staphylococcus aureus-infected individuals

Oxazolidinones antibiotic groups

G Glycopeptides antibiotic groups

T Trimethoprim-derivatives antibiotic groups

Table 1. Compartments of the model.

Parameters | Detail of the parameters Values of the parameters
A Admissions to the hospital laboratory 612

ki The rate of patients admitted as C¢ 0.3898
k> The rate of patients admitted as Cy 0.7034
ks The rate of patients admitted as Hc 0.3477
ky The rate of patients admitted as Hy 0.3188
B Transmission rate from S to C¢ 0.445
B Transmission rate from S to Cy 0.804
Bs Transmission rate from S to He 0.397
Ba Transmission rate from S to Hy 0.264
i Recovery rate when treated with oxazolidinones 0.76
V2 Recovery rate when treated with glycopeptides 0.6

V3 Recovery rate when treated with trimethoprim-derivatives | 0.6

81 Transmission rate from C¢ to S 0.6

8 Transmission rate from C¢ to Cy 0.3

83 Transmission rate from H¢ to S 0.5

84 Transmission rate from Hc to Hy 0.3

a Cure rate of C¢ 0.4

b Cure rate of He 0.2

d Hospital discharge 0.37

w Natural death rate 0.0002

Table 2. Parameters used in the model.
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Figure 1. The sensitivity of Methicillin-resistant Staphylococcus aureus bacteria in patients.

Positively invariant region
An in-depth explanation of the circumstances in which the solutions of the suggested model hold positivity is
the goal of the analysis. We have,

0]
— =0,C Hr — 0,
at 01Cr +02Hr — 1

dO> O,vt >0
g = nevi=o

Since O(t) > 0Vt > 0.Hence,
O(t) > Oge~ "t vt > 0.
Likewise,

G(t) > Goe~ ")t vt > 0.

T(t) > Toe~ "%Vt > 0.
Now, we establish the norm:
lelloo = Suptepww,

where D, is the domain of ¢.

We have,
ds
E = A —k; —k; — k3 —kg) — B1C:S — B2CiS — B3H:S — B4H[S + 10 + y»G + y3T + a8, Cc + bdsHe — uS
ds
= —(B1Cc + B2Cr + B3H, + B4Hr + p)S, ¥t > 0
ds
y > —(B11Cc| + B2|Cr| + Bs|Hc| + BalHi| + 1)S,Vt = 0
ds
7 > _(,BlsupteDCC ICcl + IBZSuptqu ICrl + IBSS”PteDHC [He| 4 Basupiep, |Hr| + 1)S, ¥t = 0
ds
= —(BillCelloo + B2lCrlloe + B3l Helloo + BallHilloo + 1)S, ¥Vt =0
This implies that,

S(t) > Soe*(ﬂlHCcllochﬁzHclllochﬁsI\HcHoo+54IIH1Hoo+M)i’Vt > 0.
Similarly, we find,

Ce(t) > Ccoe—(a51+(1—ﬂ)52—ﬂ1”S”oo"‘ll«)t)vt > 0.

Ci(t) > Cme—(01+g1+71—ﬂszHoo‘H!-)f’Vt > 0.
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He(t) > Hcoe*(b83+(1*b)54*ﬂ3HSHooﬂt)t’Vt > 0.

Ci(t) > Cloe_(°2+g2+r2_ﬁ4HSH°°+”+d)t,Vt > 0,

Theorem 2.1: The specified model (1) and initial conditions (2) have a unique and bounded solution in Ri.
Proof: From model (1), we have,

ds
E|s=0=A(1—k1 —ky —ks —kg) =0,

dCc
EC o= Ak >0,
I lc.=0 1>

dcC;
?'C[:O = Aky + (1 —a)8,Cc > 0,

dH,

TtC|HC:0 = Ak3 >0, (3)
dH
7;|H,=0 = Aky+ (1 —b)é4Hc > 0,

do
E'O:O =01Cr + 02Hr > 0,

dG
E|G:O =g1Cr +gHr >0,

aT
E'T:O =nCy+nrH; > 0.

This suggests that the proposed system has a unique solution on (0, 00).

If(5(0), Cc(0), C1(0), Hc(0), Hr (0), 0(0), G(0), T(0)) € R® ,then according to the Eq. (3), the solution cannot
omit hyperplanes. Additionally, bounding the non-negative orthant on each hyperplane, the vector field points
into R}, i.e. the domain RY is a positively invariant set.

Theorem 2.2 Assume that (S, Cc, Cr, Hc, Hy, O, G, T) is one of the solutions of the proposed system with the fol-
lowing initial conditions:
§>0,Cc >0, >20,Hc >0,H >0,0>0,G>0,T >0.

Then, the set W below is biologically feasible and all of the solutions with non-negative initial conditions in RS, stay
in A concerning the proposed system'2.

W = {(S,Cc,C1,He, Hp, 0,G, T) € RS, : S,C¢, Cr, He, Hp, O,G, T < A}

Proof: Let N denote the whole population. That is, N = S + C¢ + C; + Hc + H; + O + G + T. The addition
of all of the terms that are on the right side of the system gives,
dN
s = A — u(S+ Cc + C; + He + Hy) — dHj,

dN
— <A —u(S+Cc+Cyr+Hc+ Hjp).

dt
Since, all the state variables are positive, therefore, above equality makes it clear that,
dN A
da —

Applying integration to both sides with respect to ¢ yields,

N(@®e' < Ae' +p, (4)
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For some arbitrary constant p. With the use of Theorem 2.1, and Rota and Birkhoff for the above differential
inequality, it can be obtained that as t tends to infinity, 00,0 < N < A. Consequently, the solutions of the given
system enter the region A. Thus, it is certain that the model is feasible by means of biology and it is enough to
consider the dynamics of the model in A.

Qualitative analysis of the model

Equilibrium points

For the constructed model, there exists a disease-free equilibrium point, denoted by Ey. At this point, the disease
is expected to die out in the population. In this case, Ej is the point where MRSA patients do not exist in the
population and hence no one is diagnosed with MRSA. To reach Ey, Ry value(s) of the disease should be less than

1. Ej of this model is unique and it is obtained as E0 = (SO, Cg, C?, Hg, HIO, G, 0°, TO) = (%, 0,0,0,0,0,0, 0>

and the endemic equilibrium point is given as E* = (S*, C§, Cf, HE, Hf, G*, 0%, T*), It is clear that the endemic
equilibrium point attracts the region so that, S, is the solution of,

AS*® 1+ BS** + CS*3 4+ DS*? L ES* + F = 0, 5)

where

A = B1B2B3Balt,
B = AB1B2BsBalks + ks — 1) — B1BaPa(AksBr + x20) — x1B2B3Bs — P1Bsin(y1Ba + y282)

C = ABi[y1kiB3fa + Bakr + k2) (x2B4 + y283) | + BsBa{xiyi1 + ABalkox + ki62(1 — @)]}
+ AksBa (B2Bax1 + B1Bay1 + Bi1Bay2) + (%284 + y283) (x1uB2 + yiuB1 + AHPB1B2)
+ x292B1B21 + AB3Ba[adiki By + Hy1B1 + Hx1 B2 + kaPi (01 + g1 +11)
+ Aksps (02 + g2 + 12) + AbSskspa,

D = —(x2B4 + y2B3){Ak1 1 + A1 B282(1 — @) + xiy11a + Aladiki By + HBiyr + Hxi Ba + ki (01 + g1 +11) |}
— AyaprBakixy + kaxa + ksyy + Hxy + bk383) — Akafa(x1x2B4 + x17283) — Aksx1 (v1 8284 + y285)
— xau(x1y2B2 + y1y281) — Ay183Pa(akidy + Hxi) + A (o1 + g + 1) [kaxi + (1 — @)k182183P4
— A0z + g2 + 12) [kaxy + (1 — D)k3d41B1 82 — A(x1 B2 + y1 1) [bk3 Bads + ka3 (02 + g2 +12)],

E = A(x1B2 +y181) [x202H + (02 + g2 + 12) [kaxa + (1 — b)k3ds] + bdsksy, ]
+ Axoyz [kiy1B1 + kax1 o + ki Bada (1 — a) + aki81 82 + ko (01 + g1 +11)]
+ A(x2B4 + y283) [y1(aki 81 + Hxy) + (o1 + g1 + r1) [kax1 + (1 — a)k18]]
+ x1y1{x2y2t + A [ksy2B3 + bk3Bads + kaBs (02 + g2 +12)]| },

F = Axyy, [_}’1 (ak18, + Hx;) — (01 +& + rl)(xlkz + (1 - a)klﬁz)} — Axin (02 +o+ rz)[x2k4 + (1 — b)k3d4].

Here

H=1-k —ky—ks —kg,x1 = ady + (1 —a)ds + ., x = b3 + (1 — b)é4 + u,

n=o+g+n+tuwyn=0+p+nrnt+d+u
The other points are as follows:

Ch= Ay ,
ady + (1 —a)d + p — B1§*

HE = Aks
€7 b3+ (1— b)da + p — B3S*

A8 (1 —a) (k1 + k2) + Aka(ady + o — B1S¥)
(a8 + (1 — a)d2 + i — B1S*] (01 + g1 + 11 + 11 — B2S*)’

*

HY — AS4(1 — b) (k3 + kg) + Akq[bS3 + o — B3S*]
L (b8 4+ (1= b)Ss+ 1 — B35 (02 + g + 12 +d + 1 — faS*)’
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o1 A8 (1 — a)(ky + ko) + Aka(ady + o — B1S™)
v ladi + (1 —a)sy + p — Bi1S*] (o1 + &1 + 11 + 1 — B2S*)
0y AS4(1 — b) (ks + ka) + Aka[bS3 + 1 — B3S*]
Y1 (083 + (1 —b)os + i — B35 (02 + g2+ 12 +d + o — uS*)’

o* =

=& A& (1 — a)(ky + k) + Aka(ady + p — BiS¥)
y2 [adi + (1 — @)y + o — B15*) (01 + g1 + 11 + 1 — B2S*)
& AS4(1 — b)(ks + ka) + Aka[bS3 + pn — B35*]
v2 (083 + (1 — )84 + i — B3S*) (02 + g2 + 12+ d + ju — B4S*)’

—1 Ady(1 — a)(ky + ko) + Aka(ady + o — B1S*)
3 ladi + (1 —a)8y + p — B15*] (01 + &1 + 11 + 1 — B2S*)
2 AS4(1 — b) (ks + kg) + Aka[bS3 + 1 — B3S*]
Y3 (683 + (1 = b)8s + o — B3S*) (02 + &2 + 12+ d + . — BaS*)

Reproduction number of the system

In this model, since there are 4 different categories of disease, 4 different basic reproduction numbers, denoted
by Ry, are obtained for each disease compartment. For the calculation of R formulas, Next generation matrix
(NGM) Method is used as follows'%: The matrix that consists of new infections with MRSA is,

B1So 0 0 0
F (I—=a)d BaSo 0 0
0 0 B3So o |
0 0 (1—-D0b)ds PsSo
and the rest of the system is included in the below matrix:
adi+(1—a)dy +pn 0 0 0
V= 0 ont+gt+nt+u 0 0
- 0 0 bézs+ (1 —b)ds+ 0
0 0 0 on+p+nt+d+u

According to the NGM method, Ry formulas are computed by finding the dominant eigenvalues of the matrix
F.V~1 Hence, R formulas for the compartments Cc, C;, Hc and Hj are obtained as below, respectively.

BLA Roc, = BaA
w@a@r—8) +8&+w)’ 1 pulop+g i+

B3A Rosr, = BsA
pb@3—80) +8s+w) " T poy+ptrtd+p)

RO,CC =

Ronxe =

Sensitivity analysis

In order to facilitate analysis, 279 MRSA-positive samples were divided into groups based on age, year (before
to/after the pandemic), and type (CA-MRSA/HA-MRSA). For this investigation, the information gleaned from
the hospital system data regarding positive MRSA outpatients was referred to as CA-MRSA and that of inpatients
as HA-MRSA. Appropriate statistical models and tests were run on the data groups to see whether there was any
significance between these groups. It is verified by the authors that all procedures were followed in compliance
with all applicable rules and regulations. Here we determined the sensitivity analysis of the model to check the
impact of different parameters on reproductive number. The impact of parameters is shown in Fig. 2.

dRo,cc A dRocc A

A plie+aldy — 81+ 81 81 wlp+ald — 81+ 81
dRocc AP +aldr — 821+ 821 dRoc.
I plp +aldy — 81+ 8,1~ da

=0,

dRoce _ AP1a'[81 — S +aldy — 8]+ 8] dRoce AP —a[61 — D[ + aldy — 2] + 8]

L i+ aldy — 821+ 6,12 D [[i + aldy — 821 + 8212 ’
dRoc B2 dRoc A
AN pput+gitor+r) 9B wlptgtor+r)
aRO,C[ _ AﬁZ _ Aﬁz
Ip p+g+or+r)?  wru+g+or+r)
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Figure 2. Impact of parameter through sensitivity index in reproductive number.

dRoc _ Ay dRoc Ay dRoc Ay
g nw(w+g +o1+r)* doi (i +g1+o1+r)* on (e + g1 + o1+ 1)
0Ro,Hc _ B3 0Ro,Hc _ A dRoH __ ABs/ [ + b3 — 841 + 841
aA w(b(ds —8s) +8s+ 1) 9B w3 —8) +8s+ 1)’ Iu i+ b33 — 841 + 8417
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o o o o o o o

dRo,HC 0 dRo,H¢ AB3b'[83 — 841/ [ + b[83 — 84] + 84] BaA
=y = - » RO,H = >
b 383 wli + b[83 — 84] + 84]° T o+ g+ t+d4 )
IRoHe _ ABs(1 —b'[83 — 84/ [i + b[63 — 841 + 84] ORoH; _ B4
384 (il + blds — 841 + 8417 A gt e tntdtw’
ORoH; A ORoH; _ ABypld+ptgtor+r] ORom,  AByp/ld+putgrtor+n]
s T ploptgtntdip)’ oo T pldtptgtortrlt T 082 T uldtptgtort+nl
ORoH; _ ABypld+ptgtor+r] ORoH  AByp/ld+ptgotor+ra] Rom  AByp/[d+ptga+or+n]
I T pldtptgtotnl® 0 0d T uldbptgtotnl T T uldtptgtortnl

Stability analysis of the model
Local stability

Theorem 3.1 The disease-free equilibrium (DFE) point of the system, Eo, is locally asymptotically stable if
RO,CC < I»RO,CI < 13R0,HC < land R(),H, <1l
Proof The Jacobian matrix'® evaluated at the DFE point Eq is calculated as,

ad1 — P1So —B2% bd3 — B350 —B4So Y1 V2 V3

P1So —ady — (1 —a)dy — 0 0 0 0 0 0
(1—a)sy BrSo—o1—g1—r—p 0 0 0 0 0

0 0 B3Sy — b3 — (1 —b)dg — 0 0 0 0

0 0 (1—0b)84 BaSo—02—gp—1r—d—p 0 0 0

0 01 0 0y - 0 0

0 &1 0 £ 0 -2 0

0 r 0 2] 0 0 —-¥3

Here, S():% and the eigenvalues of the matrix are

—¥1, = V2, = V3 — > B1So — ady — (1 — a)8 — u, P2So — 01 — g1 — 11 — 4, B3S0 — bd3 — (1 — b)84 — 1

and B4So—0ox—gp—rn—d—p. It is obvious that the eigenvalues —y,—y2,—¥3
and —p are always negative since the parameters are always positive. The eigenval-
ues B1So —ady — (1 —a)d — i, faSo — 01 — g1 — 11 — 1, B3S0 — bd3 — (1 — b)ds — and
BaSo — 02 — g — ry — d — p are negative under the conditions Ro,c. < 1,Ro¢c; < 1,Roa. < land Ropy; < 1.
Thus, the DFE point is locally asymptotically stable if Ry,c. < 1,Ro,c; < 1,Ro,H. < land Ry, < 1and unstable
if Ro,c. > 1,Ro,c; > 1,RoH. > land Ry, > L

Global stability with Lyapunov function

Theorem 3.2 The disease-free equilibrium points E are globally asymptotically stable if Ry < L
Proof Consider the Lyapunov function:

SO
v(s’,cg.Cl He HY, G°, 0%, T°) = (S 50— 3010g§> +Cc+Cr+Hc+H +0+G+T.

Taking derivative with respect to t on both sides, we get the following:

dv . S—S5*\. . . . . . . .
E=V= T S+CC+CI+HC+HZ+O+G+T-

Now we'll substitute the derivatives in the equation above.

. S—§*

V= < S )(A(l — k1 —ka — k3 —kq) — p1CcS — B2C1S — B3HS — BaHIS + 10 + 12G + v3T
+ad1Cc + bd3He — pS) + Aky + B1CcS — [ad) + (1 — a)82]Cc — uCc + Aka + B2CrSv + (1 — a)8,Cc
— (o1 + g1+ r1)Cr — nCr + Aks + B3HcS — [b83 + (1 — b)S4|He — wHe + Akg + B4HiS + (1 — b)s4He
— (02 + g + r2)Hr — (u + d)Hy 4 01Cy + 03Hy — 10 + g1Cr + g2Hr — v2G + r1Cr + rpHp — y3T.

Replacing S =8—8°%Cc=Cc—Cc0 Cr=C; —C°%He =He — HY, Hy = H — H° ,
0=0-0°G=G—-G%T =T—TY we can have the following:
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(5= 80
V= < S >[A(1 —k1 _k2 _k3 —k4) _ﬂl(CC — CCO)(S—SO) _,BZ(CI _ C]O)(S—SO)

— B3(He — He®)(S = §*) — Ba(H) — H")(S — 8% + y1(0 — O°) + 12(G — G°) + y5(T — T°)

+a81(Cc — C%) + b83(He — He®) — (S — $°)1 + Aky + B1(Ce — Cc°)(S = 8%

— [a81 4+ (1 — @)8,](Cc — Cc°) — u(Ce — Cc°) + Ay + B2(Cr — C1°) (S — )

+ (1= a)8(Cc — Cc — (o1 + &1 +11)(Cr — C°) — u(Cr — C1°) + Aks + Bs(He — HS)(S — §°)

— [b83 + (1 — b)84] (He — He®) — u(He — He®) + Akg + Ba(Hy — H®)(S — $%) + (1 — b)84(He — HeP)

— (024 g+ ) H; — H®) = (u+ d)(H; — H°) + 01(C; — Ci°) + 02(H; — H®) — y1(0 — 0% + g1(C; — C;°)

+ & H; = H") = y:(G = G°) + n(C; — CI°) + r2(H, — H°) — y3(T — T).

From the above equation, ‘fi—‘;<0 for R0<1,and‘fi—‘f:0 when
§=8%Cc=Cc%C=C %He=HH =H’0=0°G=G° and T = T°. Hence, we can conclude
that the disease-free equilibrium points E° are globally asymptotically stable if Ry < 1.

For the endemic Lyapunov function, we set all independent variables in the model, in our case,
{S,Cc,Ci,He, H;, O, G, T}, L < 0is the harmful equilibrium E*.

Theorem 3.3 The endemic equilibrium point E* is globally asymptotically stable if the reproductive number Ry > 1.
Proof The following is how the Lyapunov function is used to prove the theorem:

*

S Cc*
L(S*,C& CF HE HY, G*, 0%, T") = (s — 5 - S*logg) + (cc —Cc* - cc*logci)
C

+(CG -G —CFlog— | + | Hc — Hc" — Hc™log + | Hr — Hr* — Hr"log—
G Hc Hp
o* G* T*
+ (O -0 — O*logH) + (G -G - G*logE) + (T —-T* = T*log?).

As a result, when we apply the derivative with respect to t on both sides, we get the following:

§— 5" $l0g ) + (Cc — Cc* — Ce'log )

% =1L= +(C1 - C* — Cl*log%l*) + (HC — He* — Hc*log};{—(‘:) + <H1 — H* — H[*log%ll*>
+(0-0"=0%10g% ) + (G — G* = G*log% ) + (T — T* — T*log ).
And,

=i= (505 (g e (L o+ (P e+ (P )
dt S Cc C Hc H;
+ (O‘O*)m (G‘G*)m (T‘T*)T‘.
O G T

Now we'll substitute the derivatives in the equation above.

. S—S*
L=< S )[A(l—kl—kz—k3—k4)—51CcS—ﬁ2CIS—ﬂchS—/34HIS+V10+V2G+)/3T

Cc —Cc*

+abd,Cc + b83Hc — uS] + (
c

)[Ak] + B1C.S — [ad; + (1 — a)d2]Cc — nCc]

Hc — Hc*
Hc

G —-CF
+ 3 [Aky + B2CrS + (1 — a)8:Cc — (01 + g1 + 1) Cr — nCrl +

H; — H;*
[Aks + B3HcS — [b83 + (1 — b)ds]He — nHcl + - [Aky + B4HS + (1 — b)8,Hc
1

* *

— (02 +g +r2)Hr — (u+ d)Hr] + ( )[01CI+02H1—)/10]+ ( )[g C1 + £Hr — 72G]
1

T-—T*
+ [r C; 4+ rnH — ysT].
T 1
Replacing S =8§-8,Cc=Cc—Cc*C=C —C*,Hc =Hc — Hc",H = H — H" ,
O0=0-0*%G=G—-G*T=T— T* we can have the following:
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L:

S —S§*
( S )[A(l —ki —ky — k3 —kg) — B1(Cc — Cc™) (S = §*) — B2(Cr — Cr)(S — %)

— B3(He — Hc™)(S = %) — a(H; — H)(S = §%) + y1(0 — O%) + 12(G — G*) + y3(T — T")

Cc — Cc*
+ad1(Cc — Cc*) + bd3(He — Hc™) — (S — SH1 + (Ccicc) [Aky + B1(Cc — Cc™)(S = §%)

*

Cc-C
— [a81 + (1 — @8,)(Cc — Cc*) — u(Ce — CeH) + < l G ’ >[Ak2 + B2(Cy — Cr*)(S — %)

* * * HC_HC* * s
+ (1 —a)82(Cc — Cc*) — (01 4+ & + 1) (Cr — Cr*) — w(Cr — CrH] + (T)[Aks + B3(Hc — Hc™)(S — §7)

H; — Hi*
— [b83 + (1 — b)8a](He — H®) — w(He — He™)1 + (ZTI’) [Aks + Ba(H) — H)(S — §*) + (1 — b)84(H¢ — Hc™)

— (02 4+ + 1) H; — H*) — (u+d)(H; — H")] + (

G-G*
+ ( )[g (Cr = Cr") +gH; —H") — (G- G+ (
1

G

*

-0
)[OI(CI = Cr") + 02(H; — Hi*) — y1(0 — 0")]

*

)[f (Cr = C") +nH — H) — y3(T = TH).
1
7

We may simplify the above equality by rewriting it as follows:

where

Y =

and

d_s g (8)
dr ’

A+ B1CcS* + Bi1Cc*S + B2Ci1S™ + B2Cr*S + B3HeS™ + B3HC™S + BaHIS* + v10 + v2G + y3 T

+ad1C + b83Hc + uS 4+ Aky + 1CcS + B1Cc*S* + ad,Cc* + Cc* + ad,Cc + nCc™ + Ak,

+ B2Ci + B2Cr*S* + ad,Cc* + 8,Cc + uCr* + (a1 + g1 + 1) G + Aky + B2CiS + BoCc*S*

+ Cc + adrCc™* + (a1 + g1 + 1) G + nCr* + Aky + BsH;S + BsH*S* + bdsHc™ + 84Hc

+ (4 dDH* + (a2 + g + r2) H* + A+ 01C 4+ 0oH* + y10* + g1C1 + ©H 4+ 1:G* + G

S*
+ v H+ys T + 5 (kl +ky + k3 + kg + B1CcS + B1Cc*S* + BrCiS + B Cr*S* + B3HcS

Cc

+BHC™S™ + BaHIS + 1S) + = (B1Cc™S + B1CcS” + adi Ce + a2Cc + 8:Cc + adrCc™ + nCe)

*

C
C *

+ C71 (,BZCI*S + B2 CiS* + Cc*™ + ad,Cc + (u1 +g1+ rl)Cl + uC* + 8,Cc* + MCI)
1

* *

(BsH*S + BsH;S*

Hc * * * Hl
tq (B2C1*S + B2C1S* + a8, Cc + (a1 + g1 + 1) C + 82Cc* + uCr) + T
c ]

O* G*
+84He™ + bSsHe + (a2 + g2 + ) Hi + (1 + d)Hj) + o (01C1 + 02H/* + 110) + Y (mC*

*

T
+gH* + £G*) + 7(V1C1* + v Hi* + y3T%),
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Numerical Simualtions
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Figure 3. Simulation of data by using NSFD scheme for all compartments.
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Figure 4. Simulation of data by using NSFD scheme for all compartments at different populations.
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Q= Ak +ky+ ks + ks + B1CcS + BL1Cc™S* + B2CiS + B2Cr*S* + BsHeS + B3HE*S* + y1C* + 11 G*
s*
+y3T* 4+ a81Cc* + bS3Hc* + uS) + < (A + B2CiS* + BCr*S + BiCcS + B1Cc™S™ + BsHeS™ + BsHC™S
+B4H;S* + 110 + 123G + y3T + ad1Cc + bdsHe + uS*) + B1Cc*S + B1CcS™ + a1 Cc

C *
CC (Aky + B1CcS + Bi1Cc*S*
C

+a8,Cc* + 8,Cc + ad,Cc* 4+ nC+ (a1 + g +n)Cr +

* * C71* * o * * *

+ad,Cc™ + 8,Cc + nCc™) + C (Akz + B2CiS + B2Cr*S* + ad,Ce™ + 8,Cc + nCr* + (a1 + g1 + 1) Cr)
1

+

H *
HCC (Akz 4+ BCi*S + B2CiS* + a8y Cc + (a1 4+ g1 + 1) Ce + 82Cc™ + nCp) + B2CiS + B2Cr*S* + Ce

+a8,Cc* + (a1 + g1 +11) G + uC* BCr* S + BCiS™ + adrCe + (a1 + g1 + 1) CF + 8:Cc™ + nC
*

H
+ 1; (Akg + BaHiS + B4HI*S* + bSsHe* + 84He + (4 d)HI™) + (a2 4+ &2 + r2) Hi* + BaH™S + B4H;S*
1

O*
+84Hc* + b84He + (a2 + g2 + r2)Hy + (u + d)H; + +5 @G +oH +1 0%) 4 01C1 + 02 H* + 10 + 1 G/
G* T*
+oH" + 56+ E(gl Ci+ oH + »G*) + 7()/1 C + v Hi+ysTY) + nC* + v Hi* + VaT))-

IfY < @, then % < 0. However,

dL
0=X-Q= — =0,
dt
IfS=8%Cc=Cc*C =C*Hc=Hc*H =H,0=0%G=G*, and T = T*
The proposed model, we conclude, has the largest compact invariant set:

dL
{(S*,Cc*,Cz*,Hc*,Hz*,O*,G*,T*) er:— = 0}.

Lasalle’s invariance concept suggests that endemic equilibrium is globally asymptotically stable inT"if £ < .

Numerical results with non-standard finite difference method
This section designs an NSFD scheme that resembles the dynamics of the continuous model of the system of

Egs. (1). Let Yx = (S, Ex I Qk,Rk)Tdenotesanapproximation of X (t;) wherety = kAtwithk € Nyh= At > 0
be a step size, then,

SK+1 _ Sk
5 = A — k| —ky — k3 — k) — B1CkS* 1 — g,CkskH! — gy gk
— B4HES* ! 4 1,08 4 ,GF + 15 TF + a5,CE + bs3HE — uSK1,
Sl Aky 4 B1CFSFTY — [a8) + (1 — a)8;])CT — puCKH!
5 = Ak; + B1C; —[ad1 + (1 —a)8]Cc — uCe™,
K+l _ ¢ k
b 5 L = Ay + BCESH 4+ (1 = @)8,C5F1 — (01 + g1 + 1 ) CKF! — iy K41
HXH —HF k K41 k1 k+1
f = Aks + BsHcS —[bés + (1 — b)54]HC — uH:,
M — Ak BuHESH 1 (1 — bys, HEH R D HH
5 = Aky + B4H; + (1 =b)8sH — (02 + @ +r)H ™ — (n+dH,
oK+1 _ Ok
— _ OIC}‘“ + OzH}(_H . lekH,
GK+1 _ Gk
C oGt gl - Gt
TK+1 _ Tk
719 = T'1C§(+l + TzH;(-H — )/3Tk+1,
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Number of C,, cases

which is the proposed NSFD Scheme for the given model, where,

1 — e~ loatga+ra+dtulh
v =vh) = , )
on+op+n+d+pu

Since the discrete approach is built by following the Mickens criteria, it is, in fact, an NSFD scheme.

Rule 1: Eq. (9) substitutes the complex denominator function for the conventional denominator h = At of
the discrete derivatives, satisfying the asymptotic connection.v (h) = h + O(hy).

Rule 2: The non-local approximation of the nonlinear variables on the right-hand side of the system of
Eqgs. (2). For instance, E(x)I(tx) ~= Ej1Ix we have instead of E(#x)I(tx) ~= Exlj.

Analysis of the scheme

Theorem 4.1 The continuous model system of Eq. (2) has a dynamical system called the NSFD scheme (40) on
the biological feasible domain k.
Proof: Firstly, we establish that the scheme (40) is positive. It is simple to demonstrate that the NSFD scheme

(40) adopts an explicit form.
gt _ OAC - ki — ky — k3 — ka) + 99105 + 0y,GF + 9y, TF + 9ad, CE + 9 bs;3HE + S
1+ 9 (B1CE + BCf + B3HE + B4H] + 10)

>

ki1 DAk + 9B, CESF 4 9as CE 4+ CKX

C ,
‘ L+ 0(ad1 + 62 + 1)
oKt _ DA+ 9B, CRSFHL L9 (1 — a)8,CE! + CF
: 1+ 9 (01 +g +r+ ) ’
K Ak + OB HESKH + b8y HE + HE
‘ 1+ (b83 + 84 + 1) ’
et _ DAk + OBHFSH 4+ 9(1 — b)s4HE! 4 Hf
I = >

1+17(02+g2+72+u+d)

B0,CFY 4 9o HE! 4 OF GRH 9g,CH 4 9 g, HI 4 G peb_ O CHY 4 9rHM 4 Tk

OK+1
1-9n 1+ 9y 1+ 3y,
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Figure 5. (a) The trend of community-acquired Staphylococcus aureus-infected individuals (C;) cases in

the community. The graph demonstrates that according to the constructed model, community-acquired
Staphylococcus aureus cases indicate an increasing trend for 10 years with a start date of early 2023 followed by a
plateau of up to 700 cases. (b) The trend of community-acquired Staphylococcus aureus-infected individuals (Cc)
cases in the community with control. The graph demonstrates that according to the constructed model with
optimal control, community-acquired Staphylococcus aureus cases indicate an increasing trend starting from the
earliest of 2023 followed by a plateau with up to 550 cases.
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Figure 6. (a) The trend of community-acquired methicillin-resistant Staphylococcus aureus-infected individuals
(Cy) cases in the community. The graph demonstrates that according to the constructed model, community-
acquired methicillin-resistant Staphylococcus aureus cases indicate an increasing trend starting from the earliest
of 2023 and continuing to show an increasing trend for the following years with up to 7000 cases. (b) The

trend of community-acquired methicillin-resistant Staphylococcus aureus-infected individuals (Cr) cases in the
community with control. The graph demonstrates that according to the constructed model with optimal control,
community-acquired methicillin-resistant Staphylococcus aureus cases indicate an increasing trend starting from
the earliest of 2023 and continuing to show an increasing trend for the following years with up to 2000 cases.
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Figure 7. (a) The trend of hospital-acquired Staphylococcus aureus-infected individuals (Hc) cases. The graph
demonstrates that according to the constructed model, hospital-acquired Staphylococcus aureus cases indicate
an increasing trend for 20 years with a start date of early 2023 followed by a plateau of up to 900 cases. (b)

The trend of hospital-acquired Staphylococcus aureus-infected individuals (Hc) cases with control. The graph
demonstrates that according to the constructed model with optimal control, hospital-acquired Staphylococcus
aureus cases indicate an increasing trend starting from the earliest of 2023 followed by a plateau with up to 650
cases.

Thus Sk+1 > 0, Cf'H > O,Clk+1 > O,Hé‘+1 > O,Hlk+l > 0,0%! > 0,Gkt1 > 0,7k > 0. whenever in the previ-
ous iteration the discrete variables are not negative. The positive invariance of k has to be demonstrated. we get,
(14 (21 + 01 + g1 + 11ady ) 9)Myyy = My + 0 [A (kl +ky + B1CESKH 4 gyChsKHL a81>] < 9AK: + ka) + My

O AK1+ky) ¥ AK;+ky)
h < el — AN TR
erefore Mg41 = 2pu+o1+g1+riady 2pu+o1+g1+riady”
k+1

The fact that C+!and S¥* are less than or equal to M**! makes it easy to determine the priori limits for C|

whenever Mg <

and H, f“. This completes the proof.

Simulations of the proposed scheme

The data used in this paper is gathered from the Near East University Hospital Centre Laboratory with the
approval of the Near East University Ethics Review Board (project no: YDU/2022/108-1653). For presenting
the study, the Near East University Ethics Review Board waived informed consent to the authors of the paper.
This study includes retrospective data from 48,835 patients who were administered to the Near East University
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Figure 8. (a) The trend of hospital-acquired methicillin-resistant Staphylococcus aureus-infected individuals
(Hi) cases. The graph demonstrates that according to the constructed model, hospital-acquired methicillin-
resistant Staphylococcus aureus cases indicate an increasing trend for 30 years with a start date of early 2023
followed by a plateau of up to 800 cases. (b) The trend of hospital-acquired methicillin-resistant Staphylococcus
aureus-infected individuals (Hy) cases with control. The graph demonstrates that according to the constructed
model with optimal control, hospital-acquired methicillin-resistant Staphylococcus aureus cases indicate an
increasing trend starting from the earliest of 2023 followed by a plateau with up to 650 cases.

Hospital Microbiology Laboratory on the dates between January 2016 and December 2022. Microorganisms were
detected in 13,350 of the studied patient samples. S. aureus was detected in 612 of the 13,350 samples. Among the
612 S. aureus samples, 279 were determined to be MRSA-positive. In this study, MRSA infections were analyzed
in both community and hospitals in the north side of Cyprus. In this regard, a compartmental mathematical
model was constructed with and without control to visualize the efficacy of the applied control and increase the
awareness of MRSA cases given in Tables 1 and 2. According to the results of the compartmental mathemati-
cal model without control, a DFE point exists and is locally asymptotically stable in the population. Moreover,
numerical simulations of the model without the optimal control revealed that in the upcoming years, there will
be a rise in the four compartments studied, including community-acquired S. aureus, community-acquired
MRSA, hospital-acquired S. aureus, and hospital-acquired MRSA. On the other hand, these increases are more
dangerous for CA-MRSA patients that are MR positive since the trend of these patients is not stable after some
point like the other compartments. We construct the numerical results through simulation in Figs. 3 and 4 for
all compartments whose parameter values are given in Table 2 by using the NSFD scheme. Here, we can easily
observe the solution is bounded to a steady state point and lies in a feasible region. Applied method via Matlab
gives better efficiency and good agreement to understand the phenomenon and harmful effects of bacteria in
society which cause several diseases.

Mathematical model with optimal control

In this section, optimal control theory was introduced to the proposed model to evaluate its efficacy on the dis-
ease. The control u denotes the efficacy of precautions taken by people who are aware of MRSA infection, where
0 < u < 1. The control is added to the model as1 — u since it is assumed that awareness exists in some of the
population. The model is revised as follows:

ds
o = Aa- ki —ky —ks — ka) = (1 = ) [B1Cc + B2Cr + BsHe + BsHIIS + 110 + v2G + v3T + aé1Cc + bdsHe — uS,
dC¢
el Ak + (1 —w)B1CeS — [ady + (1 — a)82]Cc — nCo;s (10)
dCr
e Aky + (1 —w)B2CrS + (1 — a)8,Cc — (01 + g1 + 1) Cr — puCr,
dH¢
W = Aks + (1 — u)B3HcS — [b83 + (1 — b)84]Hc — nHc,
dH;
T Aky + (1 — w)BsHS + (1 — b)s4He — (02 4+ g + 2) Hr — (n + d)H,
do dG dT
— =01Cr+ 02Hy — 10, — = 21C1 + &Hy — 112G, — = nC + nnHp — p3T.
dt dt dt
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The objective functional to be minimized is

K
](u)=/[CC+C1+HC+H1+Eu2(t) dt. (11)
0

The number of individuals diagnosed with MRSA in all compartments and costs of control are expected to
be minimized. K is a weight factor representing benefit/cost and the level of the patient’s increase of awareness.
A quadratic control %Ku2 is used for convenience in finding an analytic representation of the controlu € Q.

The goal is to find wu* that will satisfy ](u*):rlfleisrzl](u), where

Q= {u(t) 10 < u < Upax = I, upiecewise continuous function, lis a fixed constant, ¢ € [0, T]}. For optimal
control, Pontryagin’s Maximum Principle’s conditions should be satisfied®. In this regard, the Hamiltonian H is
obtained as

8
K
H=Cc+CI+Hc+HI+5u2(t)+§ Zifi (12)
i=1

where f/s represent the right-hand side of the proposed system and Z}s represent the adjoint variables for
i=1,2,...,8. Thatis,

8
K
H=Cc+Cr+He+H + St + Y A
2 i=1

= o+ G+ Ho 4 Hy+ 520 + AIAG — ki — ks — ks — k) — (1 = 0[BICe+ BrCr + fsHe + fyHlS
4710 + 2G + 3T + ad1Cc + bésHe — uS] + 22[ Ak + (1 — u)B1C.S — [ad; + (1 — a)8,]Cc — uCc]
+ 23 [Aky + (1 = w)BC1S + (1 — @)8,Cc — (01 + g1 + 1) Cr — uCr| + Aa[Aks + (1 — w)BsHeS
—[b83 + (1 — b)84]He — pHc] + s [Aky + (1 — w)BeHS + (1 — b)8sHe — (02 + g2 + r2) Hy — (0 + d)Hj|
+ J6[01C1 + 02Hy — 1O + 47 [1C1 + 2Hr — v2G| + 2[nCr + roHr — y3T1.

Theorem 5.1 Given an optimal control u* and solutions S*, C§, Cf, HE, Hff, OF, G*, T* pf the corresponding system
which minimizes ] (u) over Q2. Then there exist adjoint variables A1, A2, A3, A4, A5, A6, A7, Ag satisfying,

d
— =Au— u—1D(BC+ BoCr + B3He + ByHp)] — 4261Cc(1 — u)

dt
— 382Cr(1 — u) — A4B3Hc (1 — u) — 25 B4H1 (1 — u),

d
d—f = —1 =4[ — DBS +ad1] — Z2[(1 — whS — ady — (1 — a)sy — ] + 238:(1 — a),
dls ,
- —14 B8 —u) — 13 [BaS(L —u) — 01 — g1 — 11 — pt| — A601 — A7g1 — Zg11,
dly
= 1 AlBsS(L— w) — bS] — Za[B3S(L — w) — bSy — (1= b)ds — ] — Z584(1 — b),
dls ,
= = I ABSA—w — s [BsS(L—u) — 0y — g — 12 —d — ] — Ag02 — J7g2 — Agr2,
da da di ,
7: = (46 — ADV1> 7; = (47 — AV 7: = (g — A1) V3

with transversely conditions.
A(T) = 22(T) = A3(T) = 24(T) = A5(T) = 26(T) = A7(T) = 4A3(T) =0

and the optimal control satisfying the optimality condition,
1
ut = min{max{i[/lzﬂlcc + 23B2C1 + 2aBsHe + spaHr — (B1Cc + BCr + B3He + ﬁ4HI)/11]S}, 1}.

Proof: The adjoint system is computed by taking partial derivatives of Hamiltonian function H with respect to
the state variables, separately. That is,
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dq o0H
s s T = (u—1)(B1Cc + B2Cr + BsHe + B4HD] — 2281C.(1 — w)

— 382Cr(1 — u) — A4B3Hc(1 — u) — 25 B4H1 (1 — u),

diy oH , , ,
T yot —1 =A@ —1DpS+ad1] — 72[(1 —w)f1S —ady — (1 — a)d2 — pu] + 4382(1 — a),
t dCc
di oH
dt3 = _TC] =—14+ 416510 —u)— 13 [ﬂzS(l —u)—o01—g —1r — /1-] — 01 — A7g1 — /871
dAi oH X , ,
74 =——— = =14+ 4[B:5(1 — u) — bd2] — A4[B3S(1 —u) — bd3 — (1 — b)ds — p] — A584(1 — b),
t JdHc
di 0H
71_5 = —TI{I =—1+ ;Llﬂ48(1 - u) - 15 [,345(1 - u) — 0 —&H — 1N — d— ,bL} - )u602 - ;L7g2 - )»81’2,
dlg oH diy oH dAg oH
— == (lg— A o =———=( =AY —— = ——— = (g — A ,
T 50 (46 — 4N T Ye (47 — 272 T aT (48 —21)y3

with transversality conditions.
2(T) = 22(T) = 43(T) = 24(T) = 45(T) = 26(T) = 47(T) = 24g(T) = 0.

On the interior of the given control set, for 0 < u < 1, we get,

OH
0=~ = uK+(BIC+ BrCi + fsHe + BaHD) 1S — 221C.S — 73B2CrS — 24B3H.S — A5 4 HIS.

Thus,

1 .
u= E[/lzﬁlcc + A3B2Cr + AaB3He + Z5BaHr — (B1C + B2 Cr + B3H, + B4Hp)A1]S.

Therefore,

1
ut = min{max{g[/lzﬁlcc + 23P2Cr + AaP3H: + AsBaHr — (B1Cc + B2Cr + B3H: + l34H1)/11]5}> 1}-

Numerical simulations and discussion for the constructed mathematical model
Numerical simulations were calculated by the proposed compartmental mathematical model. In Figs. 5a, 6a, 7a
and 8a, the expected trend of C,, Cr, Hc and Hj cases are given, respectively. These trends were calculated via
MatLab according to the proposed model. Numerical simulations of the given compartmental mathematical
model with optimal control were calculated. Optimal control was applied to the community and the expected
trend of C,, Cr, Hc and Hy cases were estimated in Figs. 5b, 6b, 7b and 8b, respectively. These trends were calcu-
lated via MatLab according to the proposed model.

When the optimal control theory was applied to the constructed model, it was observed that all compartments
indicated an increasing trend. These increases in the number of cases were almost half of the results of the math-
ematical model without the control. For example, community-acquired S. aureus cases indicated an increasing
trend for 10 years with a start date of early 2023 followed by a plateau of up to 700 cases with the constructed
compartmental mathematical model. The number of cases for the same group indicated an increasing trend
starting from the earliest of 2023 followed by a plateau with up to 550 cases by the constructed compartmental
mathematical model with an optimal control. There is a significant drop in the number of community-acquired
S. aureus cases when the control is applied. The same decreasing trends of the number of cases occurred in dif-
ferent compartments when the optimal control was applied to the model. In CA-MRSA cases, a rise up to 7000
is expected with the compartmental mathematical model. When optimal control was applied, the number of
cases dropped to 550. The same pattern of decrease in trend occurred in the hospital-acquired Staphylococcus
aureus cases from 900 to 650, and HA-MRSA cases from 800 to 650. These results firmly suggested that there is
an impact of the control measures on the number of cases when applied to the mathematical model. Others have
also implemented deterministic mathematical models to study CA- and HA-MRSA dynamics. D’Agata et al’s
model strongly suggested that CA-MRSA will be replaced with the dominant traditional HA-MRSA strain in
hospitals and healthcare facilities. This was due to the well-documented expanding CA-MRSA reservoir and
increasing influx of CA-MRSA harboring individuals into the hospitals. CA-MRSA infections result in longer
hospitalizations. Hence, D’Agata et al. evoked effective strategies for hand hygiene, screening, and decolonization
for CA-MRSA carriers to prevent this transmission®.

Another group McBryde et al., also applied stochastic and deterministic mathematical models to determine
the transmission dynamics in an intensive care unit. In addition, the group aimed to predict the impact of inter-
ventions. The result of this study revealed that increasing the length of stay of all patients, especially the stay
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of colonized patients increased the transmission. The model predicted that the most effective intervention was
hand hygiene to prevent transmission of HA-MRSA%.

Conclusion

The analysis and the methods used for the constructed model allowed us to understand the phenomenon and
harmful effects of bacteria in society which cause several diseases. It is determined that the disease-free equilib-
rium point is globally asymptotically stable if Ry < 1while the endemic equilibrium point is globally asymptoti-
cally stable if Ry > 1.

Overall, MRSA cases are expected to increase over time, which is a threat to public health. Thus, this study
aimed to suggest which control measures should be improved in preventing the transmission of MRSA by apply-
ing optimal control theory. As a control, one of the parameters was to increase awareness and consciousness in
both society and the hospital. Here it was assumed that; some part of the society was conscious, meaning that
they were aware of the MRSA transmission. In the applied optimal control theory, parameters were increased
to evaluate its effectiveness on transmission (the u function in the second model is this control). As a result, the
model firmly suggested that the spread of this disease can be reduced if people use masks, disinfectants, and
gloves (patient relatives, companions) when going to the hospital for a visit or examination. In addition, caregiv-
ers and nurses should regularly change gloves, wear masks, pay attention to hygiene, and use disinfectants when
examining patients. To conclude, the model showed that increasing the awareness of control measures in the
model can significantly reduce the number of MRSA cases in both the community and hospitals.

Data availability

The data for this study are available from the corresponding author upon a reasonable request.
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