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ARTICLE INFO ABSTRACT

Edited by: Sk. Sarif Hassan A new model is proposed to explore interactions between diabetes and novel coronavirus. The model accounted
for both the omicron variant and variants varying from omicron. The model investigated compartments such as
hospitalization, diabetes, co-infection, omicron variant, and quarantine. Additionally, the impact of different
vaccination doses is assessed. Sensitivity analysis is carried out to determine disease prevalence and control
options, emphasizing the significance of knowing epidemics and their characteristics. The model is validated
using actual data from Japan. The parameters are fitted with the help of “Least Square Curve Fitting” method to
describe the dynamic behavior of the proposed model. Simulation results and theoretical findings demonstrate
the dynamic behavior of novel coronavirus and diabetes mellitus (DM). Biological illustrations that illustrate
impact of model parameters are evaluated. Furthermore, effect of vaccine efficacy and vaccination rates for the
vaccine’s first, second, and booster doses is conducted. The impact of various preventive measures, such as
hospitalization rate, quarantine or self-isolation rate, vaccine dose-1, dose-2, and booster dose, is considered for
diabetic individuals in contact with symptomatic or asymptomatic COVID-19 infectious people in the proposed
model. The findings demonstrate the significance of vaccine doses on people with diabetes and individuals in-
fectious with omicron variant. The proposed work helps with subsequent prevention efforts and the design of a
vaccination policy to mitigate the effect of the novel coronavirus.

1. Introduction with type 2 DM had 1.4 times more tendency to hospital and intensive

care unit (ICU) admittance. Additionally, they had a 1.5-fold increased

The number of confirmed cases reported by the World Health Or-
ganization (WHO) until July 25, 2024, has moved to 775.7 million,
whereas the number of deaths has shot to around 7.054 million (World
Health Organization (2024)). The novel coronavirus pandemic and the
increase in diabetes mellitus (DM) individuals are of utmost concern
worldwide (Liu et al. (2022)). Around 11.3% of the United States pop-
ulation is coping with DM (CDC NDSS (2020)). For individuals under-
going treatment for novel coronavirus, DM is the most common
comorbidity (Muniyappa and Gubbi (2020)). Increasing indications
have entrenched the connection between DM and raised risk of severity
of COVID-19 infection and death (Muniyappa and Gubbi (2020); Barron
et al., 2020; McGurnaghan et al., 2021; Rawshani et al., 2021). People

risk of mortality (Rawshani et al. (2021)). Due to the epidemic, in-
terruptions in medical care, being at home, and lagging in the clinical
process have led to a decline in the testing process and an increase in the
online consultation and medication by persons with diabetes (Patel et al.
(2021)). Thus, an increase in uncontrolled glycemic and incidents of
diabetic ketoacidosis have been reported (Czeisler et al. (2021)).

Like other viruses, coronavirus also evolves with time. Most modi-
fications have little to no impact on the virus’s properties. Nonetheless, a
few of these modifications might impact the virus’s properties, including
how quickly it propagates and the intensity and severity of the illness it
causes (Ozkose et al. (2022)). The novel coronavirus’s omicron variant
(B.1.1.529) was initially found in South Africa at the end of November

Abbreviations: COVID-19, Coronavirus Disease 2019; ICU, Intensive Care Unit; DM, Diabetes Mellitus; OV, Omicron Variant; DFE, Disease Free Equilibrium; EE,

Endemic Equilibrium; CFR, Case fatality rate.
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2021 (World Health Organization (2021)). After that, it spread globally
by the end of January 2022. The omicron variant (OV) was among the
more prevalent COVID-19 variants, representing around 85% of total
cases (GISAID (2022)). The OV soon replaced the present delta variant in
Japan and reached around 94% of total cases reported on January
10-16, 2022 (N.I. of Infectious Diseases (2022)). Contrary to the wide-
spread of OV (Ogata et al. (2022); Jgrgensen et al., 2022), numerous
studies reported that the severity attached to the delta variant is more
than OV (Nyberg et al. (1033); Auvigne et al., 2022; Abdullah et al.,
2022; Wang et al., 2023; Esper et al., 2023; Sheikh et al., 2022; Xue
et al., 2022). On the other hand, the severity of the novel coronavirus
was not just the consequence of the variants. Still, it was influenced by
many factors like vaccination (Holman et al. (2020); Gram et al., 2022;
Agrawal et al.,, 2022; McConeghy et al., 2022; Smith et al., 2022),
medical facilities, accessibility of coronavirus drugs, and the life ex-
pectancy of people before the coronavirus pandemic. The occurrence of
OV (BA.1) sublineage was passed by the OV (BA.2) in April, which was
overtaken by OV (BA.5) at the end of July and became accountable for
around 97% of total reported cases between 15 and 21 August 2022 (N.L.
of Infectious Diseases (2022)). The pattern of severity of cases with the
omicron variant may have been altered by these differences in viral
sublineage penetration, which affected the case fatality rate (CFR). CFR
influences novel coronavirus policy-making. The comparison between
the severity of OV (BA.4/BA.5) and OV (BA.1) was conducted, and it
concluded that a similar risk of hospitalization and death was noticed for
both the OV (Davies et al. (2022)). Despite this, there is little informa-
tion about the CFR’s actual temporal changes with distinct OV in Japan
(Takahashi et al. (2023)).

The common comorbidity found in patients hospitalized due to novel
coronavirus was DM (Zhou et al. (2020)). Most of the available infor-
mation suggested that the people suffering from DM were at serious risk
of hospitalization and death disproportionately affected by severe novel
coronavirus (Barron et al. (2020); Singh et al., 2020). People from any
age group with conditions such as chronic kidney disease, chronic
obstructive pulmonary disease, heart disease, coronary artery disease,
type 2 diabetes, and hypertension were at significant risk of severe
coronavirus disease (Centers for Disease Control and Prevention
(2019)). DM pervasiveness was higher in people with severity compared
to people with mild symptoms of coronavirus (Okoye (2020)). Patients
with DM are more prone to several viral infections (Badawi and Ryoo
(2016); Carey et al., 2018). A meta-analysis of novel coronavirus showed
a 9.7%prevalence for diabetes, approximately equivalent to the overall
DM episodes in China (Li et al. (2020)). A study on coronavirus was
conducted in the United Kingdom and found that around one-third of
23,804 patients had type 2 diabetes, while only 2% had type 1 diabetes.
DM patients have a higher risk of death from COVID-19 by around
2.03-3.5 times compared to non-sufferers (Barron et al. (2020)). Heart-
related disease is more likely to occur in individuals who have diabetes
and coronavirus disease (Shi et al. (2020)). As per the population-based
cohort study from England, persons with diabetes who had HbAlc less
than 6.5% were less susceptible to coronavirus compared to those who
had glycated hemoglobin of more than 10% (Holman et al. (2020)). Yao
et al. (Yao et al. (2023)) highlighted the raised diabetes death cases,
spatiotemporal arrangement, and related demographic discrepancies
during the epidemic. The study also emphasizes keeping track of the
evolution of DM. Lima-Martinez et al. (2021) conducted a review of the
bidirectional relationship between novel coronavirus and DM. In-
dividuals suffering from DM have a greater risk of suffering when they
contract coronavirus; on the other hand, COVID-19 may constitute a
diabetogenic agent binding to the ACE2 in g cells, creating intense
dysfunction and disturbing glucose levels. In novel coronavirus-infected
population under 60 years of age, a single genetic risk factor (3p21.31
locus) may forecast mortality, heart failure, and several known comor-
bidities like type 2 DM (Niemi et al. (2022)). Till today, there is no
precise data on impact of novel coronavirus epidemic on persistent
complications related to DM. Nevertheless, optimizing DM management
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to slow down the increasing burden on the healthcare system is still
essential. Landstra et al. (2021) also explained the bidirectional rela-
tionship between DM and COVID-19. According to this work, DM is one
of the most paramount risk factors for a severe novel coronavirus case.
Besides, a serious coronavirus infection and steroid treatment may in-
crease insulin resistance and f-cells dysfunction. The challenges still
exist in understanding the relationship between DM and coronavirus
disease.

Therefore, numerous mathematical studies have been conducted to
study infectious diseases. These studies explored various aspects of the
COVID-19 pandemic and its relationship with comorbidities. Omame
et al. (2022) developed a model to study the coronavirus co-dynamics
with diabetes and concluded that to control diabetes and novel coro-
navirus comorbidities, policies must be planned for mass vaccination
and strict face-mask usage in public places. Due to the mutation of the
virus involved in COVID-19, different variants continue to grow and
transmit across the globe. It becomes essential to study the impact of
COVID-19 on other comorbidities, particularly people with high-risk
diseases such as diabetes. Das et al. (2021) developed a mathematical
model to understand the interrelationship between coronavirus and
comorbidities. It concluded that novel coronavirus prevailed with the
rise in exposed cases with comorbidities. Ssebuliba et al. (2022) devel-
oped a deterministic mathematical model to characterize the trans-
mission of novel coronavirus with comorbidities. The size-dependent
area was considered in this work to incorporate the effect of social
distancing. It is wrapped up with the observation that community
transmission increases if the detection rate decreases for the population
with and without comorbidities. Omame et al. (2021) formulated a
model for transmitting coronavirus dynamics and determined the
impact of comorbidities on novel coronavirus complications. Anusha
and Athithan (2021) developed a mathematical model for diabetes and a
novel coronavirus. This study concluded that the severity of coronavirus
cases rises with comorbidities. The spread of COVID-19 disease is much
higher in individuals with DM in comparison to the normal population.
Liu et al. (2023) studied the persuasiveness of the coronavirus vaccine
against death due to any cause in individuals with type 2 DM. The study
concluded that the COVID-19 vaccine may prevent death in patients
with DM during the omicron variant outbreak. The effect of a new
coronavirus on individuals with diabetes and healthy individuals was
investigated by Anand et al. (2023). Kouidere et al. (2021) emphasized
the negative effect of quarantine on individuals with diabetes. Ozkose
et al. (2022) studied the interplay between diabetes and COVID-19
through actual data. Kumari et al. (2022) investigated environmental
variables affect the prevalence of novel coronavirus. Khan et al. (2021)
developed a discrete-time model for individuals with diabetes and
exposed to the novel coronavirus. The role of vaccination in preventing
the spread of new coronaviruses is recognized. Different computational
frameworks have been constructed to examine the effect of vaccination
(Kavya et al. (2024); Theparod et al., 2023).

Mathematical modeling is a robust technique for creating a theo-
retical framework that helps in analyzing real-world situations (Bekiros
et al. (2020); Rao and Kumar, 2015; Tyagi et al., 2021; Kumari et al.,
2023). A mathematical model can present complex situations on paper
in cases where experimenting is complex and costly. Moreover, mathe-
matical models offer advancement and alteration. One can revisit the
model to make it close to a real-world scenario. Motivated by the above
development, this work concentrates on developing a generalized
mathematical model to understand the impact of COVID-19 on the
diabetic population. This model considered compartments such as in-
fectious with COVID-19 and diabetes, hospitalization, death, and omi-
cron variant COVID-19. In addition, we considered the effect of
vaccination doses, including booster dose. This paper is arranged as
follows. Section 2, represents the formulation of mathematical model
considering the paramount compartments such as quarantine, hospi-
talization, COVID-19 with omicron variants, COVID-19 and diabetes
infectious, vaccination, and deaths. The boundedness of the solutions for
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Fig. 1. Compartmental diagram for comorbidities disease dynamics.

the proposed model, computation of reproduction number (Ro), and
existence and stability of equilibria are conferred in Section 3. Section 4
deals with numerical simulation and results. In the end, the discussion
and conclusion are presented in Section 5.

2. Mathematical model

The statistical trends show that novel coronavirus patients with
diabetes are more likely to be admitted to a hospital in a critical care unit
(Rawshani et al. (2021)). A comprehensive mathematical model must be
considered to capture the dynamics of novel coronavirus in detail. Such
a model adds characteristics such as co-infection, vaccinations, hospi-
talization, multiple variants, and comorbidities. Thus, to visualize the
scenario, we develop a new mathematical model for the co-infection of
diabetes and novel coronavirus patients. This model consists of twelve
compartments such as susceptible (W), exposed (Z.), novel coronavirus
infectious omicron variant (Z,), COVID-19 infectious other than omi-
cron variant (Z), infected with co-infection (Z,), quarantined (L),
hospitalized (M), recovered (N), deaths (O), diabetes (P), death due to
co-infection (Q), and vaccinated population (V). The relationship be-
tween different populations is illustrated in Fig. 1. The total population

=W+V+P+Z, +Z. +Zy. +Zy +L+M+N+0O+Q is assumed to be
constant. From a biological perspective, the proposed nonlinear math-
ematical model for diabetes and novel coronavirus is represented by the
following equations.

dV;/T(T) _ by +b,+bs +b4> W(T> +"V(7) (6+X+”1)W( )
V()
dr

(
d_:ﬂ,-w(f) - (b7+b8+bg+bw> v(f) _ (u+u1 +x> (

%zaw(r) -H?N(r) +u1V(7) - (bs—i—b(,)P(r) —)(P(T)7
s s () (1)

dZ(;T(T) :bgw(r) +bgV(1) +myhZ, <r> - <w+ €2 +)(>Zc (T>,
dZ:{T(T) =b2W<T) +b5P<r> +b10V(1 +mhZz, (T> —(Git+dateaty)
Zoe(7),

dZd"y) :b4W<T) +bgV(T) +phZ, <T) - (Cz +G+)()Zo (€>7

dL(z

) = oz, (T) +8oZ, (r) +61Z0c r) - (64—‘1’(1) +<1><r) +x)L ((212)
2 (5) 1) = (9106) + 010) 4 0a(0) + M 5),
()(O+ () () (1= ()
Do ()i (v) + @ (c)m(v) + eaz(5) + ez (5) - 10(v).
— o (e)m(c) + iz (5) ~r0(7)

dr

dQ(r)
dr




P. Kumari et al.

Table 1

Symbols and their definition.
Symbol Definition
€} Requirement rate
@, ¢y Quarantine rate for variants other than omicron and omicron variant
9 Infection rate
91,93 Infection rate for exposed without comorbidities and co-infection
€€y Disease-induced death rate for omicron and variants other than

omicron
=N Disease-induced death rate for co-infection
51 Quarantine rate for co-infection
j Vaccination rate
®y(7) Mortality rate from hospitalized to population without comorbidities (
Cheynet (2020))
n; Vaccine efficacy
u Vaccine ineffectiveness rate
u Vaccine ineffectiveness rate for diabetic
h Inverse of average latent time
c Rate of diabetes individuals
o) Total Population
95 Infection rate (co-infection)
n Rate of shift from N to P compartment
m Probability for co-infection
m Probability for COVID-19 population for variant other than omicron
Vs Natural death rate
¥(7), Recovery rate for COVID-19 and co-infection (Cheynet (2020))
Wi (7)
D(1), Mortality rate for COVID-19 and co-infection (Cheynet (2020))
@1 (1)

& Hospitalized rate for co-infection

with initial conditionX = {W(0) = W, > 0, V(0)

20,Z,(0) = Z,,>0,Z.(0) = Z,,>20,Z,(0) = Z,

>0,L(0) = Ly>0,M(0) = Mp>0,N(0) = Ny>0, O(
(2.2)

(1 —n;)Z,
(%7b10:

= =

ng

The parameters for model (2.1) are defined in Table 1. Because of their
biological significance, all parameters must be non-negative. Since
generally no symptoms appear during the latent period, we consider
individuals in the exposed compartment to be in the asymptomatic
phase. When symptoms do appear after the latent period, the population
is considered in the symptomatic stage of the infection. The transmission
of novel coronavirus is possible through symptomatic and asymptomatic
infectious (Bhadauria et al. (2022)). We consider the spread of disease in
susceptible compartment through infectious and exposed compartments
at the rate 9 and 9, respectively. The vaccinated population is less prone
to the disease than people without vaccination. The non-vaccinated
susceptible individuals who come in contact with asymptomatic infec-
ted individuals also get exposed to COVID-19 with transmission coeffi-
cient §;. The susceptible individuals with dose-1, dose-2, and booster
dose contacted with asymptomatic infectious get exposed to COVID-19
with transmission coefficient (1 —n;)d1, (1 —nz)91, (1 —n3)91, respec-
tively. The non-vaccinated susceptible individuals who come in contact
with symptomatic omicron-infected individuals get exposed to COVID-
19 with transmission coefficient 9. The susceptible dose-1, dose-2, and
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booster dose population contacted with symptomatic infected in-
dividuals with omicron get exposed to COVID-19 with a reduced rate
(1-n1)9, (1 —n2)d, (1 —n3)9, respectively. The following assumptions
are considered for the proposed model.

e Natural recruitment is thought to be responsible for the increase in
population (Bichara et al. (2014)).

e All compartments account for natural death rates (Bichara et al.

(2014)).

Both individuals with and without symptoms can spread the virus

(Nogrady (2020)).

e Due to vaccine inefficiency, some previously vaccinated persons may
become vulnerable again (Negi et al. (2022); Rana et al., 2022).

e Because reinfections account for a small percentage of total infec-

tious, we assume that immunity established after recovery is long-

term (Massard et al. (2022)).

Diabetes is a medical condition resulting from an abnormal glucose

level rise. Therefore, it cannot be transmitted between individuals

(Anusha and Athithan (2021)).

The population without diabetes can remain in the recovered

compartment, but individuals with diabetes are sent back to the

diabetes compartment (Anusha and Athithan (2021)).

3. Analytical Analysis

This section is devoted to analytical investigations of the proposed
model (2.1). We ascertain the invariant region and the boundedness
requirement. In addition, stability analysis, computation of equilibrium
points, and reproduction number R, are carried out.

LetR!?={6(r) e R':6(r)>0}and

0(2) =[W(r). V(1) P(2),Ze(7). Ze(7) Zoc (7). Zo(7) L (1) M(7),N(7),0(2), Q(1)]".
3.1)

Lemma 3.1. Assume that g(x) € C[c,d] and g(x) € C[c, d]. It follows
from the Mean Value Theorem that if g'(x)>0,Vx € (c,d) then g(x) is
non-decreasing Vx € (c,d).

Theorem 3.2. The solutions to model (2.1) under initial condition
(2.2) exhibit positive invariance.

Proof. Itneeds to be determined that region le is positively invariant.
From system (2.1), we have

dw(z)

@ |y, =0+ uV(r) >0,
av(@)| _
i | = miW(r)>0
PO _ owie) + () + w V)30,
dr |,_, (3.2)
@)y W(t) + beP(r) + by V(2)30,
dr |, _,
% = b3 W(7) + boV(7) + myhZ,(7)=0,
dr |z,
% = by W(1) + bsP(r) + bioV(r) + mhZe(1)>0,
Zoc=0
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dZ,(1)
dr

dL(r)
dr

— b,

Z,=0

W(r) + bgV(z) + phZ,(7)>0

= WZE(T) + é‘ZZo

L=0

(7) + 61Z4c ()20,

dM(z)
dr

= {1Z4¢(7) + 6L(7)>0,

M=0
dN(r)
dr

= Y¥(r)L(r) + ¥1(r)M(7)>O0,

dO(7)
dr

= ®(7)L(7) + P (7)M(7) + €2Z.(7) + €Z,(7)20
0-0

dQ(q)
dr

= @1 (7)M(7) + €1Z0:(7)>0.
Q=0

If (Wo, Vo,Po, Zey, Zey: Zocy s Zoy Lo, Mo, No, Og, Qo) € R'* then in accord
with equations in (3.2) and (Lemma 3.1), solutions of model (2.1) be
unable to escape the hyperplane W =0,V =0,P = 0,Z, = 0,Z. = 0,
Zy =0,Zoc =0,L =0,M =0,N =0,0 =0,Q = 0. Therefore, the area
R}2 is positively invariant set.

—O+ (b7 +bg +bo + b1O)W' + (6 + 7; + )W
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— (b1 + by + b3 +bs)

W(r) +uv(r) —

(0+ﬂj+x)W()

mW(t) — (b7 + b + bo + bio) V(7) — (u+u +x)V (r)
W(t) +nN(7) + w V(z) — (bs + bs)P(z) — xP(r) =
biW(t) + beP(7) + b;V(7) — (h+ x)Z(7) = 0,

W(t) + boV(7) + mihZ, (1) — (w + €2 + 1) Zc(7) = 0,

W(7) + bsP(7) + b1oV(7) + mhZ,(7) — (1 + 61 + €1 + 1) Zoc(7) = 0,
byW(z) + baVI(r) + PhZ,(1) — (& + €+ a(e) = O, 54
WZ(T) + 326 (7) 4+ 61Z0c(7) — (6 + () + @(7) + y)L(7) =0 :
$1Z0c(7) + 6L(7) — (¥1(7) + @1(7) + 2(7) + )M(7r) = 0,
¥(7)L(7) + W1 (r)M(7) + @2()M(z) — (1 + x)N(7) = 0,

D(7)L(7) + €2Z(7) + €Z,(7) — yO(7) = 0,
@1 (7)M(7) + €1Z0c(7) — 2Q(7) = 0.

The DFE point for system (2.1) is Dy = (Wy, V4,Py4,0,0,0,0,0,0,0,0,0),
where
O(utui+y)

Wa = Gouru g ima
00 (utu; +y)+u; O
(o) utur+x) +7i(ur+72))°

Now to find the endemic equilibrium (EE), let (W",V*,P", Z;, Z_, Z,

1=er™croc?

Z,,L",M",N",0",Q") be EE point, we can get it by solving system (3.4)

O

Va = wumemmey  P4=

Theorem 3.3. The region Q acts as a positively invariant set for model
(2.1), where

= {(W(2), V(1), P(r), Ze(7), Ze(7), Zoc (7), Zo(7), L(7), M(7), N(7), O(2),
Q(z ))eR12 0 <E<9).

Proof. From system (2.1), we get

E = @ —y(W(r) + V(1) +P(1) +Ze (1) +Zc(t) +Zoc (7) +Zo(7) +L(7) -
+M(7) +N(7) +0(r) +Q(7)) which implies
d=

—+xE<O

ar (3.3)

Now solving Eq. (3.3), we get
E<% + (E(Tl) — %)e‘ﬂ, vz € (0, o) for 7—o0, <E(71) — %)e—lf—)O,
which implies 0 < Es?.

Hence, the solutions to the system (2.1) reside in le establishing a
biologically plausible region in Q.

3.1. Computation of equilibrium

A situation in which COVID-19 is eradicated from the population is a
known as disease-free equilibrium (DFE) point. To determine DFE point
of system (2.1), we solve system (3.4) and assume the state variables Z,,
Z¢,Zoc, and Z, to be zero.

V- 7 7z biW" + beP" +b7V*‘
u h+y
Z* _ b3W¢ + bgV* + mth: Z+ _ sz* + wa* +b5pk + th;
¢ (w+e+y) * (G+é+e+y) '
7= bsW' +bgV" +phz, L' — (D)Z; +82Z, + 612, (3.5)
° Cot+e+y) Y+D+6+y)
M= 612, + 8L _ YL M
(P + D1+ Dy +y) n+x
_OL" + ®,M +eZ, +e,7, Q- M @,
X ’ 2

3.2. Basic reproduction number (Ry)

To find the value of Ry, we utilize the next-generation matrix (NGM)
method (Diekmann et al. (2010); El-Sayed et al., 2007). The compart-
ments Z,Z,Z,,andZ, in model (2.1) are specifically included with
disease transmission. The transmission and transition matrices are pre-
sented by

191Z;Wd 4 1932;Pd 4 (1 — T'ljZ:nge Vd
3Z Wy n 1- nj)SZch
7 = = = and V=
82, Wy n 92(Zc + Z,)P4 + 1- le)SZOCVd
19Z0Wd + (1 — nj)SZOCVd
7(h +Z)Ze
mihZ, — (w+ €2 + y)Z
mhze - (gl +e1+h +)()Zoc
phZe - (CZ +¢€ +J{)Zo
respectively.

The Jacobian matrices for .7 and vat the DFE point are provided as
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_1913Vd 4 19::Pd 4 (1 — nj)191 Vd

— 0 0
IW, 1 —n;)dV,
0 :d+( ;l;) d 0
F= = -
0 192Pd 19Wd + (1 — nj)&Vd
0 0 0
—(h+y) 0 0 0
9 mph —(w+er+y) 0 0
' mh 0 —(§ +e+61+y) 0
(1-m-m)h 0 0 —(ly+e+y)

Computing the spectral radius of the matrix F 7!, the expression for

-~ V(1) +IW, V(1) +IW,
Ro = max{R1,Rz,Rs3,R4}, where R; = Lot R, = oo >
Ry — Walln):oWy

_ v, n,)+9Wd+93Pd
T E(+aiter+4)?

-(){+

3.3. Stability analysis
This subsection deals with local and global stability analysis of DFE
point.

Theorem 3.4. If Ry < 1, then the DFE point of system (2.1) is locally
asymptotically stable.

Proof. To verify local stability of DFE, the Jacobian matrix for system
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0
0
and
9Py
W, (1—ny)dVy
,respectively.
kios= —x, =, —tka= —y—nks = —c,k¢ = —d,ky

= —(utot+y+m)ks= —(w+y).ko= —(1=Ra)(h+x),kio
= -+ +61+€)(1—Rs),kin = —(1—Ra)(x +¢, +€),andk;,
= 7(17R1)(){+1U+62)

Since all the eigenvalues of Kp, have negative real part if Ry < 1. Thus,
model (2.1) is locally asymptotically stable at Dy.  Furthermore, the
following theorem proves that the DFE point is globally asymptotically
stable (GAS).

Theorem 3.5. The DFE point Dy of the system (2.1) is GAS if Ry < 1
and conditions in a) and b) are true:

(2.1) at Dy presented as follows a) 4 = 7/(H, 0), Hy is globally asymptotically stable.
[ 9 9 9 9 ]
—(y+o+m) u 0 —ITWd —% —% —4 00 0 0 0
H(1-n)Vy  S1-m)V, (1 —m)V, (1 —n)V,
. C(utwty) O ( :nj) 4 ( :nj) 4 ( :nj) 4 ( :nj) 2 90 o 0 0
o U - _193:Pd _82pl)d 0 _8:d 00 " 00
0 0 0 a—(h+y) 0 0 0 0 0
0 0 0 hmy b—(y+w+e,) 0 0 0 0
Ko, = 0 0 0 hm ‘92:”’ b—(y+& +6+€1) '92:‘1 00 o0 0 0
0 0 0 h(1-m-m) 0 0 b—(x+¢l+¢€) O 0 0 0
0 0 0 0 ¢ 5 o —d 0 0 0
0 0 0 0 0 & 0 5§ < 0 0 0
0 0 0 0 0 0 v y; —(x+n 0 O
0 0 0 0 & 0 € ® d, 0 —y 0
0 0 0 0 0 € 0 0® 0 0 —
b) Q (H,A)>0 for (H, A) e 3. where
b &gpd ,92((17 )Vd+wd) b (1 — ) Va + Wa) .
where, a =—o = = » € Q (H,A) = BA —Q(H, A), & = D,Q(Hp, 0) is M - matrix and

= ()(+<I>1+<I>2+y/1>, andd = <5+;{+¢'+y/).

The Jacobian matrix Kp, has eigenvalues.

N =

{(W(2), Ze(7), Zc(7), Zoc (1), Zo (), L(2), M(2), N(2), O(2), P(7), Q(), V(7))

), Zo
ER?:0<E %} is biologically plausible region.
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Proof. Employing Feng et al.’s theorem (Castillo-Chavez et al. (2002)),
we establish that Dy is GAS for system (2.1). We first rewrite system (2.1)
as follows

oW(7) +nN(z) + u1 V(r) — (bs + be)P(r) — yP(t

[© — (b1 + by + bs +bs)W(z) + uV(r) — (6 + 7 + )W (1)
a;W(t) — (b7 + bg 4+ bg + b1o) V(1) — (u+uy + 1) V(7)

Gene 934 (2025) 148970

XP(7)
dH _ FHA) = WZe(7) + $oZo(7) + 8120c(7) — (8 + ¥(7) + (1) + ¥)L(7)
de $1Z0c(1) + 8L(1) = (1(2) + @1(7) + @2(7) + 1)M(7)
F(7)L(7) + ¥1()M(7) — (n + ¥)N(7)
D(7)L(7) + Do(7)M(7) + €22, + €Z, — yO(7)
L @1 (1)M(z) + €1Zoc — ¥Q(7) J
% =Q(H,A)
biW(z) 4+ beP(7) + b;V(7) — (h + y)Z.(7)
QH, A) = bsW(r) + bo V(1) + myhZ, (1) — (w + €2 + y)Zc(7) and
baW(z) + bsP(7) + bioV(7) + mhZ,(7) — (&1 + 61 + €1 + 1) Zoc(7)
byW(z) + bs V(1) + phZ,(7) — ({2 + € + 4)Z(5)

Q(H,0) =0,
;?szzoti ar(lzni:fi’tﬁ;)ﬁ I\Qo?l;p?ezrt;r;its? res(jee:;tzicx;j;’ ZE/)” (P;Ii,rZ) n;r?d W(r) = Aleﬂf*g)*v 0‘2 —g)° +4ur)r N 267((f+g)+\/ (;’Z—g)2+4unj)f W,
Q(H,A), denote (RHS) of system (2.1) corresponding to H and A. DFE is
reformulated as Dy = (Hy,0,0,0,0), with Hy = (Wg, V4,P4,0,0,0,0,0). V() = ASejWg)*\/W)f +A4e’((f+g>+ (fz—g)2+4un,-)z -~

To show condition a), from system (2.1) we have

0 +uV(zr) — (6 + 1+ x)W(r)
LW(r) — (u+w + x)V(7)
oW(z) +yN(z) + 11 V(r) — yP(7)
—(8+¥(r) + ®(z) + y)L(z)

wheref = (6 + 7 + ), = (u +u1 +y),andA;,i =1,2,3.--are arbitrary
constants. Similarly, we solve the other equations in system (3.6).

Now, if 7— o0, then W(z)—>Wy,V(7)—Vy,P(7)—>Py, and L(7),M(7),N(7),
O(r), and Q(7)—0.

Z(H,0) = 3.6
(H,0) L(7) — (¥1(7) + ®1(7) + x)M(7) 3.6 Therefore, H-H, as t—co. Hence, Hy is globally asymptotically
P(7)L(7) + ¥1(1)M(z) — (7 + ¥)N(7) stable and condition a) is satisfied. To show condition b), we consider
@(7)L(7) + D2(7)M(7) — yO(7) the RHS of system (2.1) corresponding to A and get,
@1 (1)M(z) — xQ(7) _
a—(h+y) 0 0
myh b—(w+y+e) 0 0
= 9P, 9P,
mh =1 b— (& +8 +€+7) =
(1 -m; —m)h 0 0 b—({+e+y)

solving first and second differential equations from system (3.6), we
obtain

putting the value of (¢ and Q(H, A) in condition b), we obtain



P. Kumari et al.

193(Pd —P)Ze 4 192((1 — nj)(Vd — V) + (Wd — W))Ze

= =

ZA((1 —n)(Va — V) + (Wg — W))

=

Z.92(Pg — P)
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m
[

Zo9((1 — ) (Vg — V) + (Wy — W)

=

, which clearly implies that Q (H, A)>0 for (H,A) € JI.

3.4. Sensitivity Analysis of Ry

This section addresses sensitivity analysis of parameters that impact
Ro. Sensitivity computation involves assessing how changes in param-
eters result in changes to Ry. The sensitivity analysis is determined using
the method provided by Chitnis et al. (2008). To ascertain sensitivity, we
compute the partial derivative of the variable Ry concerning various
parameters influencing the reproduction number.

de Vd(l — le) + Wd

— == >0,
09 (w+ey+y)E
&:Vd(lfnj)+Wd>0
9  (Ltety)E T
%: Vd(].*nj)JrWd >0
0 (Li+bht+e+y)ET 7
&7Vd(l—nj)+wd>o
09 (h+y)E ’
F) _
L 7R
onj (w+e+y)=E
dR, -~V
7:7,_,<0,
onj  ({+e+y)E
O0R3 —Vy
— =<0,
o ({146 +e+y)E
OR,4 —Vy
—=—<0,
o, (h+x)E
1—n
aﬁ:in( nJ)JFZVd<O7
ow (w+e+y)E
0 Va(l —ny) + W,
By Vall=n) W,
%2 (L+e+y)’E
0R3 _ Vd(l —le)+Wd <0

9%y (1 +6+e& +)()25

ORy _ d(Va(l —m) + ‘Z/Vd) +85Pa _ 0. 3.7
oh (h+1)°E

6R4 Py
Ma_ T4 .o
3 (hipE

From aforementioned analysis, we can infer that R, escalates for pa-
rameters 9, 93 while diminishes for @,{;,{,,h. Consequently, to mitigate
the pandemic, the parameters with negative partial derivatives should
be maximized.

4. Numerical Simulation

In this section, numerical results are conferred to provide more in-
sights into the proposed model. MATLAB software is utilized for

+Z0192(P;d — P) +Z0519((1 — le)(Vd — V) =+ (Wd — W))

simulations. To find the best-fitted parameters, we use the least square
curve fitting technique (MathWorks LSQCURVEFIT (2023)). The
parameter values are listed in Table 2. For simulation, the following
initial conditions are utilized:

2(0) = 123951696, W(0) = 25856655, V(0) = 74371017, P(0) =
2156232, Z,(0) = 86249, Z.(0) = 862, Z,:(0) = 6899, Z,(0) = 86249,
L(0) =86249,M(0) = 86250,N(0) = 20393893,0(0) = 40404,Q(0) =
4489. The simulations are conducted for the period (October 01, 2022,
to March 03, 2023) (Worldometers.info (2023)). To simplify the model,
the hospitalization and infection rates are considered the same for the
omicron variant, variants other than omicron, and co-infection. The
obtained results from the proposed model and its comparison with real
data are shown in Figs. 2A, 2B, 2C. The simulation results follow the
real-life trend for COVID-19 cases. Fig. 3 represents the dynamics of
proposed model for sub-populations such as susceptible, exposed,
infected with variants other than omicron, infected with omicron
variant, infected with comorbidities, deaths with comorbidities, hospi-
talized, quarantined, deaths without comorbidities, diabetes, and
vaccinated population.

4.1. Impact of comorbidities

Figs. 4A, 4B, & 4C represent hospitalized cases, people with co-
infection infection, and the number of death cases (with comorbid-
ities), respectively. The results demonstrate that the number of hospi-
talized patients, infectious and comorbidities, and deaths with co-
infections increase with an increase in the proportion of infectious dis-
eases with comorbidities. The results are consistent with the study of
Muniyappa and Gubbi (2020) and Rawshani et al. (2021), which divulge
that people with diabetes have more tendency to hospitalization and
death as compared to non-diabetic individuals. Fig. 5 demonstrates the
impact of the co-infection rate on various sub-populations. The simu-
lated results show that the number of infections with or without
comorbidities increases with the increase in co-infection rate. The

Table 2
Best-fitted parameters for model (2.1).
Parameter  Value Parameter  Value
- 0.001 @,09,01 0.6711
39 0.4383 o 0.0031
9 0.3506 93 0.0035
n; 0.006265 P 0.58
h 0.1123 92 0.0044
€ 0.000409 m 0.02
= 0.0001 5 0.0015
u 0.0166 up 0.015
n 6.4746¢° X 3.237¢°
my 0.003 ®y(7) [0.0000, 0.0000,
0.0185]
S 0.003 D, (7) [0.0000, 0.0013,
4.63071
W(r),¥1(r)  [0.0015, 0.0173, @(7) [0.0001, 0.0026,
61.0777] 9.2614]
[C] 4012.6868




P. Kumari et al.

Active(fitted)
Active(real-data)

Number of active cases

1

L 1

Oct 2022 Nov 2022 Dec 2022 Jan 2023 Feb 2023 Mar 2023
Time (days)
A)
=107
g Recovered(fitted)
@
824 Recovered(real-data)| |
=
L
e
g22r : -
b
kS)
3 2F .
=
£
=]
=
Oct 2022 Nov 2022 Dec 2022 Jan 2023 Feb 2023 Mar 2023
Time (days)
B)
4
10 x10 T T T T
Deaths(fitted)
8 Deaths(real-data)
2
8
= 6 y
k]
g LT !
1S
=1
=
2 - -
0 N x N M s
Oct 2022 Nov 2022 Dec 2022 Jan 2023 Feb 2023 Mar 2023
Time (days)
©)

Fig. 2. Comparison between real reported and simulated cases. A) Infectious, B) Recovered, and C) Deaths.
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Fig. 3. Dynamics of sub-population A) Susceptible, B) Exposed, C) Infected with variants other than omicron, D) Infected with omicron variant, E) Infected with
comorbidities, F) Deaths with comorbidities, G) Hospitalized, H) Quarantined, I) Deaths without comorbidities, J) Diabetes, and K) Vaccination.

number of hospitalized and death cases also increases with an increase
in co-infection rate, which made healthcare facilities and resources
extensive. Excess burden on healthcare has led to higher mortality for
COVID-19 cases.

4.2. Impact of hospitalization rate

The results in Fig. 6 demonstrate that the number of infectious de-
creases with an increase in hospitalization rate, which helps in declining
the total number of death cases. It also delays the risk of transmission.
When infectious with comorbidities, total infectious with symptoms,
active cases, and hospitalized cases are simulated for different values of
hospitalization rates as shown in Fig. 6. It has been noticed that com-
munity transmission has increased significantly with a decline in hos-
pitalization rates. On the other hand, improving the hospitalization rate
(by providing better healthcare guidance to people with comorbidities
and increasing the testing for COVID-19) curtails community trans-
mission. Moreover, Fig. 6 also investigates the death cases with
comorbidities and total deaths for various values of hospitalization rate.
The simulated results show a decline in death cases with an increase in
the hospitalization rate, which suggests that improving the hospitali-
zation rate helps reduce the number of death cases. The results in Fig. 6C

10

advocate that at the same hospitalization rate of ¢; = 0.1007, the
number of infectious with comorbidities would constrain the present
resources due to the high proportion of the increase in infectious with
comorbidities.

4.3. Impact of quarantine rate

Fig. 7 represents the impact of quarantine or self-isolation. It exhibits
that the total number of infections increases with a decrease in quar-
antine rate and decreases with an increase in quarantine rate. The total
number of deaths also decreases with an increase in quarantine or self-
isolation rates, which helps in declining the mortality. Figs. 7E, 7F, 7G,
& 7H show infectious with comorbidities, infectious (omicron variant),
infectious (variant other than omicron), and total number of infectious,
respectively for distinct values of quarantine rates. It is noticed that
transmission increases significantly with a decrease in quarantine rates.
On the contrary, increasing the quarantine or self-isolation rate (by
creating awareness for infectious people with and without comorbidities
about social distancing, self-isolation, quarantine, etc.) curtails com-
munity transmission. Furthermore, Fig. 7 also investigates the death
cases with comorbidities, without comorbidities, total deaths, and hos-
pitalized cases for distinct values of quarantine rates. The simulated
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Fig. 3. (continued).

results show a decline in death cases with an increase in the quarantine
rate, which suggests that revamping the quarantine or self-isolation
helps in decreasing the number of death cases. The results in Figs. 7E,
7F, 7G, & 7H advocate that by reducing the quarantine rate, the number
of infectious increases predominantly, and it constrains the present re-
sources due to the high proportion of the rise in contagious.

4.4. Impact of vaccination

Vaccination is a crucial way to control the pandemic. Thus, the ef-
ficacy of vaccination corresponding to various doses, including booster
dose, needs to be evaluated for a better understanding of disease dy-
namics. To study the various vaccination doses, we considered different
vaccination rates and efficacy for doses as listed in Table 3. Fig. 8 shows
the impact of different vaccination doses on novel coronavirus disease.
The efficacy of the first dose of vaccine is 58% with a vaccination rate of
0.006265. The vaccination rate decreases slightly for the second dose to

11

0.006227 while vaccine efficacy improves to 68%. The vaccine efficacy
increases to around 92% for booster dose with a decrease in the vacci-
nation rate to 0.0053.

Figs. 8A, 8B, 8C, & 8D represent the exposed, infectious with other
variant, infectious with omicron variant, and infectious with comor-
bidities, respectively. The simulation corresponds to the cases when
there is no vaccine, first dose of vaccine, second dose of vaccine, and the
case of booster dose is implemented.

Fig. 8D shows that the diabetic population gets immunity from the
vaccination. Fig. 8E represents the hospitalized cases for COVID-19.
Moreover, Fig. 8F depicts the quarantined or self-isolated cases with
vaccination. Figs. 8G, 8H, & 8J represent deaths with comorbidities,
without comorbidities, and cumulative deaths for case of no vaccination
and decrease with different vaccination doses. Fig. 8I shows that the
total infection is controlled by vaccination.
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5. Discussion and conclusion

This work developed a new model with omicron variants and vari-
ants other than omicron as different compartments. Furthermore, the
impact of vaccination doses is evaluated in detail. The ground analysis of
the model (2.1) is done, which is utilized to gain insight into the effect of
hospitalization, quarantine, or self-isolation on novel coronavirus dis-
ease in a group of people, some of them with co-infection. To formulate
the model, we divided the whole population into susceptible, exposed,
infectious omicron variants, infectious variants other than omicron,
infectious with comorbidities, quarantined, hospitalized, diabetes,
recovered, vaccinated, and deaths with and without comorbidities
compartments. The force of infection combines infectious with comor-
bidities, with the omicron variant and variants other than omicron. The
spread of novel COVID-19 is assessed for individuals with and without
symptoms. The obtained solutions of the model at DFE points are locally
and globally asymptotically stable whenever Ry < 1. This entails that
the disease may be eradicated regardless of its initial infection in the
community, with some individuals having comorbidities. The basic
reproduction number depends on the infection rate for symptomatic and
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asymptomatic individuals, vaccine efficacy, vaccination rate, latent
period, hospitalization rate, and those following standard operating
procedures (SOPs). The findings indicate that if individuals without
comorbidities fail to adhere to the SOPs, the healthcare system has been
overburdened due to the increase in novel coronavirus cases, particu-
larly among individuals with chronic conditions. The findings depict the
dynamics of the proposed model. It is observed that the recovered,
infected (active cases), and deaths fit well when compared with actual
data. Figs. 8A, 8B, 8C, & 8D demonstrate the exposed, infectious with
other variant, infectious with omicron variant, and infectious with
comorbidities, correspondingly. In cases when there is no vaccine, the
first dose of vaccine, a second dose of vaccine, and the booster dose are
deliberated. It is illustrated from the results that the infectious popula-
tion rose quickly in case of no vaccination, decreased for the first and
second doses of vaccination, and the curve gets even flattened in the case
of booster dose. Fig. 8D represents that the diabetic people also receive
immunity from the vaccination. It is observed from Fig. 8D that the
diabetic population infected with COVID-19 declines with the first dose,
a second dose, and even curtailed with booster dose. Fig. 8E shows the
hospitalized cases for COVID-19. The result exhibits that the
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Fig. 6. (continued).

hospitalized patients are excessive in case of no vaccination. Hospital-
ized patients less after the first vaccination dose and better with com-
plete vaccination. It is abated by taking the booster dose, which helps
boost the individual’s immunity. A decrease in hospitalized cases lowers
the burden on the healthcare system. The number of patients with the
omicron variant declines rapidly with the execution of different vaccine
doses see Fig. 8C. Asymptomatic patients are also diminished by vacci-
nation (Fig. 8A). Furthermore, the quarantined or self-isolated in-
dividuals are also reduced through vaccination Fig. 8F, reducing
wellness concerns. The deaths with comorbidities, without comorbid-
ities, and total deaths increased in case of no vaccination and declined
with implementation of vaccination (Figs. 8G, 8H, & 8J). Fig. 8I repre-
sents that the cumulative infection is regulated through vaccination.
Therefore, it is accomplished that vaccination has lowered contaminant
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transmission and helped lower the severity and fatality. Furthermore,
the simulation results also reveal that the number of hospitalized,
infected individuals with comorbidities and deaths with comorbidities
increases with an increase in the probability of co-infection (m). In
several countries, comorbidities have resulted in a significant increase in
the prevalence and number of deaths (Kyrychko et al. (2020)). Simu-
lation results demonstrate the significance of early detection, reporting,
and effective treatment in preventing novel coronaviruses. It is also
noticed that for the hospitalization rate ({; = 0.1007), the number of
infected with comorbidities increases in a higher proportion. The
increased prevalence of infectious diseases with comorbidities has
limited the available resources. In the scenario where people who have
comorbidities report for treatment and hospitalization effectively, the
epidemic curve spiked lower. The findings in Fig. 5 suggest that the
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Fig. 7. Variation of quarantine or self-isolation rate ({,) A) Deaths without comorbidities, B) Deaths with comorbidities, C) Deaths, D) Hospitalized, E) Infected with
variants other than omicron, F) Infected with omicron variant, G) Infected with comorbidities, and H) Active cases.

number of infections is lowered by lowering the co-infection rate. The
results reveal the effectiveness of SOP (quarantine, self-isolation, etc.).
The importance of vaccination policy and its doses are also realized from
the findings. The study on the effectiveness of vaccinations demon-
strated the critical role that vaccination played in stopping the spread of
the virus. Significant reductions in infectious and symptomatic infec-
tious outbreaks resulted from higher vaccination efficacy rates. The
decline in hospital admissions demonstrated the importance of
increased vaccination efficacy in lessening the burden on healthcare
institutions. Additionally, the study showed how the booster dose
affected hospitalized, symptomatic, and asymptomatic infectious pa-
tients with diabetes by highlighting the sharp decline in infections.
Effective vaccination is helpful for people with diabetes as well. The
number of people with diabetes lowers with the first, second, and
booster dose. Moreover, vaccination is capable of decreasing the
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infection with the omicron variant.

In conclusion, this work presented a new model for diabetes and
coronavirus with an omicron variant and vaccination with booster dose.
We have evaluated the efficiency of the proposed model both analyti-
cally and numerically. The proposed study is validated by employing
real data from Japan. Furthermore, we recognized the impact of pa-
rameters through sensitivity analysis. Several parameters ({;,{,,m, and
92) are examined for different population classes. The findings
concluded that the diabetic population infected with COVID-19 (symp-
tomatic) increases with the increase of parameters (m and ;) and de-
creases with a higher hospitalization rate. The impact of vaccination is
demonstrated for the first, second, and booster doses. The findings
demonstrate that when dose-1 of the vaccine is received, the asymp-
tomatic infectious decreases compared to the case of no vaccination. The
infection (asymptomatic) decreases more with the second dose and
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Fig. 7. (continued).

Table 3

Vaccination rates and efficacy model (2.1).
Vaccination rates (7;) Value Vaccination efficacy (n;) Value
o 0 no 0
m 0.006265 m 0.58
2 0.006227 ny 0.68
73 0.0053 ns 0.92

booster dose. The results show that the number of people who have not
had either dose-1 or dose-2 of vaccination and are infected with the
omicron variant increases rapidly compared to when either dose-1,
dose-2, or booster dose is received. It is concluded that the diabetic in-
fectious (co-infected) decreases significantly when receiving the booster
dose. Therefore, it is concluded that vaccination is of utmost importance
to control the group’s spread. The findings also demonstrate the

19

significance of sticking to SOPs, early detection, and hospitalization of
coronavirus patients, particularly those without chronic disease, to
reduce community transmission. Vaccination of eligible individuals at
large is recommended for future waves to control the spread of disease.
Furthermore, this model can be utilized for another disease of similar
nature. The effects of delay, fractional derivatives, economic aspects,
etc., can also be studied by extending the model.
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