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Materials and Methods: An extended SIR-based compartmental model was
developed, incorporating asymptomatic/symptomatic classes,
hospitalization, intensive care unit (ICU) admission, mortality, reinfection,
and environmental transmission. The basic reproduction number R,) was
derived, and stability analysis was performed using Routh-Hurwitz and
Castillo-Chavez criteria. Numerical simulations were conducted using
MATLAB with data from Mashhad University of Medical Sciences.

Results: The disease-free equilibrium is stable when Ry<1. Clinical findings
show: diabetic patients are twice as likely to develop severe symptoms;
hypertensive patients have a 3.5-fold higher risk (20% mortality vs. 0.7%);
men have seven-fold higher mortality than women; older adults (>40 years)
show increased severity; and obese patients (BMI =30) have worse
outcomes.

Conclusion: R is a critical parameter for disease-free equilibrium stability.
Comorbidities (diabetes, hypertension, obesity) and demographic factors
(older age, male gender) significantly increase the risk of severe COVID-19
outcomes.
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Introduction

The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the causative

agent of coronavirus disease 2019 (COVID-
19), was first identified in Wuhan, China, in
late December 2019. The virus's high
transmissibility led to its rapid global spread,
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prompting the World Health Organization
(WHO) to declare a pandemic on March 11,
2020 (1,2). This unprecedented global health
crisis has challenged healthcare systems
worldwide and necessitated a deep
understanding of the disease's transmission
dynamics to formulate effective control
strategies.

The primary modes of SARS-CoV-2
transmission are respiratory droplets and
contact with contaminated surfaces. A critical
challenge for healthcare systems has been
managing the surge in patients requiring
intensive care unit (ICU) admission. In
response, governments implemented a range
of non-pharmaceutical interventions (NPIs),
including lockdowns, social distancing, mask
mandates, and case isolation (3,4). The
effectiveness of these interventions,
however, is highly dependent on public
awareness and compliance (5). While crucial
for controlling the pandemic, these measures
have also imposed substantial economic and
social costs (6).

In this context, mathematical modeling has
emerged as an indispensable tool for
understanding and predicting the trajectory
of the pandemic. Early in the pandemic,
classic compartmental models, such as the
Susceptible-Infected-Recovered (SIR) and
Susceptible-Exposed-Infected-Recovered
(SEIR) frameworks, were widely used to
estimate key epidemiological parameters,
including the basic reproduction number
(Rp), and to forecast short-term trends (7,8).
These models were quickly extended to
incorporate more complex and realistic
features of COVID-19 transmission. For
instance, several studies have highlighted the
crucial role of asymptomatic and pre-
symptomatic  transmission (9). Other
research has focused on quantifying the
impact of environmental contamination,
demonstrating that the virus can persist on
surfaces and contribute to transmission,
particularly in enclosed settings such as
public transport (9,10). Furthermore, a
significant body of literature has been
dedicated to identifying high-risk
populations, consistently showing that age
and pre-existing conditions such as diabetes,
hypertension, and obesity are major
determinants of disease severity and
mortality (11).
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Numerous mathematical models have been
developed to study the transmission
dynamics of COVID-19. For instance,
Ghasemabadi (12) proposed a model that
divides the susceptible population into two
groups (those who change their behavior due
to fear and those who do not) and the infected
population into detected and undetected
cases, demonstrating that the disease can be
eliminated if the basic reproduction number
is reduced below one.

Despite these advancements, many existing
models do not simultaneously account for the
full spectrum of clinical pathways or the
combined effect of demographic and clinical
risk factors on patient outcomes. Models
often simplify the patient journey by
overlooking transitions between stages of
care, such as from symptomatic infection to
hospitalization and then to ICU admission.
Furthermore, while demographic risk factors
are well documented empirically, their
integration into dynamical models that also
account for environmental transmission and
waning immunity remains an area requiring
further development. To address this gap, we
propose a novel compartmental model that
extends the classic SIR framework. Our model
explicitly incorporates: (i) asymptomatic and
symptomatic infectious classes; (ii) a
hospitalization class with transfer to an ICU;
(iii) disease-induced and natural mortality;
(iv) reinfection of recovered individuals; and
(v) an environmental pathogen pool that
contributes to transmission. This
comprehensive structure allows us to
simulate the patient journey more
realistically and to quantify the impact of key
demographic and clinical factors on disease
severity and mortality.

The primary contributions of this work are
twofold. First, we provide a rigorous
mathematical analysis of the proposed
model, including the calculation of the basic
reproduction number (R) and a proof of the
local and global asymptotic stability of the
disease-free equilibrium. Second, and more
importantly from an applied perspective, we
calibrate our model using a rich dataset from
hospitals affiliated with Mashhad University
of Medical Sciences. This allows us, through
numerical simulations, to quantify the
elevated risks associated with specific patient
characteristics. Our findings provide

J Cardiothorac Med. 2026; 14(2): 1709-1723
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quantitative evidence that can inform
targeted public health strategies and clinical
management protocols for  high-risk
populations, while also contributing to the
theoretical foundations of infectious disease
modeling.

The remainder of this paper is organized as
follows. Section 2 presents the detailed
formulation of the mathematical model. We
derive the basic reproduction number and
analyze the stability of the equilibrium
points. A sensitivity analysis of the Kkey
parameters is also calculated in this section.
The numerical simulations and their
biological interpretations are discussed in
Section 3. Finally, Sections 4 and 5 conclude
the paper with a summary of the findings and
their implications for public health.

Materials and Methods

This study developed a mathematical model
based on the SIR (Susceptible-Infected-
Recovered) framework to simulate the
transmission dynamics of SARS-CoV-2 among
patients treated in hospitals affiliated with
Mashhad University of Medical Sciences. The
key hypotheses of the model were as follows:
infected individuals were divided into
symptomatic and asymptomatic cases;
symptomatic patients were admitted to
internal medicine wards; severely ill patients
were transferred to the ICU; mortality was
categorized into natural death and COVID-19-
related death (primarily occurring among
symptomatic ICU patients); and recovered

individuals remained susceptible to
reinfection.
The model considered two main

transmission pathways: direct transmission
from infected individuals (both symptomatic

and asymptomatic) and environmental
transmission to susceptible individuals.
Regarding environmental pathogen

dynamics, denoted by (P(t)), the pathogen
entered the environment at rates (W, ) (from
asymptomatic individuals) and (w;) (from
symptomatic individuals), and left the
environment at a rate (wp ). The total
population (N(t)) in the generalized model
was then expressed based on these pathogen
dynamics.

N() =St +A®) +1(t) + H(t) + K(t) + R(t)
+ Dy (8) + D, ()
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The

transmission dynamics of COVID-19

disease, in general, are shown in Figure 1.
The dynamic model is formulated in the form
of Differential Equations :

dt
di

dt ~

dt

dt

dt

dt

— =mK(t),

ds
rrinkae BS)(qA®) +1(8)) —m'S(t) — B,S(®)P(t) + R (1),

M- BaS(A(D) — y'A(t) —m'A(t) + (1 — W)B,S(OP(D),

2t = BSOI®) — ¢l (1) + aB,S(OP ),

@I(0) —mH(t) - UH(D), 1

K un - ok @) - mk @),
‘f;: =0K(t) + nH(t) + Y A(t) — §R(D),
—=m'(S(t) + A(D)),

d—P = w A(t) + wiI(t) — wpP(t).

The evolution of an individual’s life through
different stages can be depicted in Figure 1.
The study was conducted by gathering the

initial

values of state variables and

parameters from various valid sources in

Table

1. The parameters are constant and

non-negative, and are detailed in Table 1.

Basic Reproduction Number

In mathematical epidemiology, the basic

reproduction number,

denoted by R,

represents the average number of secondary
infections produced by a single primary

infected

individual during their entire

infectious period, when introduced into a
completely susceptible host population in the
absence of any interventions. Based on the
article by (4), Rycan be calculated as follows.
For detailed calculations, please refer to

RO_

Appendix A.

BSoq (1= a)BpSowg N BSowy, + afySewy

_y/+m/

0 +m)o, w0y

Model Analysis

This

section analyzes the local and global

asymptotic stability of the disease-free

equilibrium

point. In  mathematical
epidemiology, the basic reproduction
determines whether an

number (R,)

infection will spread or die out. Using
standard methods from dynamical systems

theory, we analyzed the stability of the
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disease-free equilibrium (DFE)—a
theoretical state in which no infection exists
in the population. To ensure readability for
the clinical audience, the mathematical proof
of stability (Routh-Hurwitz criterion) and the
detailed linearization steps are provided in
Appendixes B and C.

Theorem 1 (Local stability): If Ry < 11,
the disease-free equilibrium is locally
asymptotically stable, meaning that if a small
number of infected individuals enters a fully
susceptible population, the infection will die
out over time. Conversely, if Ry > 1, the DFE
is unstable, and an outbreak will occur.

Theorem 2 (Global stability): Using the
criterion introduced by Castillo-Chavez and
Song (13), we further proved that when R, <

aBpSP

1, the disease-free equilibrium is globally
asymptotically stable. This means that
regardless of the initial number of infected
individuals (whether small or large), the
infection will eventually be eliminated from
the population, provided Ryremains below 1.

These mathematical results confirm R is
not merely a theoretical number but a
practical threshold for disease control. Public
health interventions that reduce R, to below
1 (e.g, social distancing, mask-wearing,
isolation of infected individuals,
environmental disinfection) can guarantee
the eventual elimination of COVID-19 from
the community, irrespective of how

widespread the infection is at the start of the
intervention.

WA

5

(1-psPe N___/

_[FAsymptomatic ' -~ Infective

Figure 1. Diagram the model for COVID-19.

Table 1. Interpretation of parameters.

Parameter Interpretation

Birth rate of the human population

Infectious contact rate

Rate of transmission from S to A or Idue to contact with P

COVID-19-induced death rate

Natural death rate (non-COVID)

Recovery rate of ICU patients

Recovery rate of asymptomatic individuals

Recovery rate of hospitalized (non-ICU) individuals

Transfer rate from hospitalization to ICU

Transfer rate from symptomatic infection to hospitalization

Infectiousness factor of asymptomatic individuals (relative to symptomatic)

Rate at which infected individuals become symptomatic

g tletelal =B B R

Reinfection rate of recovered individuals

S

Rate of pathogen contribution to the environment by symptomatic individuals

S
R

Rate of pathogen contribution to the environment by asymptomatic individuals
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Sensitivity Analysis of the Model

Sensitivity parameters are those that
significantly influence the dynamics of a
disease. In our system, we have investigated
the sensitivity indices of the various
parameters.

The normalized forward sensitivity index
can be calculated to examine the sensitivity of
the basic reproduction number, R, to each of
its parameters.

IR,
4= Ro _ (Bge + By +m"))w,
B~ éZEi - L ’

Ao = Bp,(1—) wa+Bp,awy (y'+m')

By _B L ’

_ Bawpe

Aq ==
A = —aBp wap+aBywy (v +m')

a= L .
4 = CBwpmay ) (' m)

@ L ’

(1 B 0() Bp Wa P
Awa =,
aBywi(y'+m’

A, = Lol
A _ _‘92(1-0() Bp Wq—a Bp wi (Y,+m,)2

Wp Lo (y'+m") ’
A, = - @qu,wp -(1- O()Bpway’(p

v Ly +m) '
A, = —@Bgm'wp—(1-a)Bpwam’ @

m LGy +m") ’
where

L =Bgow, + (1 — )Bpwae + (Bu)p + aBpu),)(y’ +m').

The contact rate (B)refers to the average
number of contacts per person per unit of
time, indicating how frequently individuals
interact with one another. The rate of
transmission from S to either A or I due to
contact with the pathogen is denoted by (3,,.
The transmission rates of the pathogen from
symptomatic and asymptomatic infected
individuals to susceptible individuals (w; and
w,, respectively) indicate how easily the
pathogen can be transmitted and cause
infection in a susceptible host. Each of these
four factors is directly related to the basic
reproduction number (R;), and an increase
in any of them will lead to an increase in (Ry)-

In contrast, the natural death rate of the
population (M), the rate at which the
pathogen leaves the environment (wy,) , the
recovery rate of asymptomatic patients (y'),
and the hospitalization rate of symptomatic

J Cardiothorac Med. 2026; 14(2): 1709-1723

patients () all have an inverse relationship
with R,. Increasing any of these factors will
resultin a decrease in Rj.

The natural death rate (M') represents the
rate at which individuals in the population
die from causes unrelated to the disease.
Increasing this rate would decrease the
overall population size, thereby reducing the
number of susceptible individuals and
leading to a lower R-

The rate at which the pathogen leaves the
environment (w,) is the rate at which the
virus is removed or inactivated in the
surrounding environment. A higher rate of
pathogen removal limits the availability of
the virus for potential transmission,
consequently decreasing R.

The recovery rate of asymptomatic patients
(Y') is the rate at which asymptomatic
individuals recover from the infection and
transition to a recovered or immune state. A
higher recovery rate means that
asymptomatic individuals spend less time in
the infectious state, reducing the overall
transmission potential and leading to a lower
Ry-

The hospitalization rate of patients
() represents the rate at which infected
individuals require hospitalization.
Increasing this rate can reduce the number of
individuals actively transmitting the virus in
the community, as hospitalized patients are
typically isolated and have limited contact
with susceptible individuals, resulting in a
decrease in Rj,.

It is important to note that increasing the
natural death rate (m') is neither ethical nor
practical as a public health intervention, as it
would involve unacceptable actions.

The analysis suggests that focusing efforts
on reducing transmission-related
parameters, such as the contact rate () and
the pathogen-mediated transmission rate

(Bp), may be a more effective approach than

attempting to increase recovery or
hospitalization rates. In other words,
preventing disease transmission is more
effective than relying solely on treatment
measures.

Numerical Solutions of the Model

The data related to the population covered
by Mashhad University of Medical Sciences
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between 2018 and 2019 were extracted from
the SINA system. The information related to
hospitalizations in the COVID-19 department
of the university hospitals in the province
was extracted from the Hospital Information
System (HIS). This data has the ethics code
number 4000330. We have drawn the
following diagrams using MATLAB software.
In Figure 2, patients with COVID-19 are
categorized into two groups: those with
diabetes and those without diabetes. Of these,
7.6% of diabetic individuals developed
severe symptoms of COVID-19, while 3.6 % of
non-diabetic individuals developed severe
symptoms. Diabetic individuals are infected
with COVID-19 almost twice as often as non-
diabetic individuals (green diagram).

Furthermore, 68% of diabetic individuals
experience severe symptoms and require
hospitalization, whereas 20% of non-diabetic
individuals are hospitalized. The blue graph,
which represents hospitalized individuals,
consistently increases for diabetics but
decreases after 10 months for non-diabetics.

In Figure 3, patients with COVID-19 are
categorized into two groups: those with
hypertension and those without
hypertension. The green graph, which
represents individuals with severe symptoms
of COVID-19, consistently increases for those
with hypertension but consistently decreases
for those without hypertension.

Relative frequency percentage of Individual

Individuals with positive diabetes

0 a 10 13 20

25 a0 35 40

60

40+

Relative frequency percentage of Individual

Time=Maonth
Individuals with negative diabetes
120
\ Al
R Iit)
100 - Hit)
Kit)
Rit)
a0t Pit)

0 =3 10 15 20

25 30 35 40

Time=hlonth

Figure 2. A comparison between COVID-19 patients with positive diabetes and negative diabetes.
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Relative frequency percentage of Individual

Individuals with positive Hypertension

0 g 10 18

20 25 30 35 40
Tirne=Manth

140 -

100 -

80

B0

40

Relative frequency percentage of Individual

Individuals with negative Hypertension

120\

_\_\_\_\_\_\_‘_‘—‘——

o= T
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Figure 3. Comparison of the severity of the disease of COVID-19 among men and women.

Specifically, 11% of individuals with
hypertension developed severe symptoms of
COVID-19, while 3% of individuals without
hypertension developed severe symptoms.
Thus, individuals with hypertension are
almost three and a half times more likely to
be infected with COVID-19 and develop
severe symptoms (green graph).

Furthermore, 20% of individuals with
hypertension die due to COVID-19, whereas
0.7% of individuals without hypertension die
due to COVID-19 (coefficient m' in the table).

In Figure 4, patients with COVID-19 are
categorized into two groups: male and
female. Among those infected with COVID-19
who develop severe symptoms, 29% of men
and 18% of women are admitted to the
hospital (¢ coefficient in the table).

J J Cardiothorac Med. 2026; 14(2): 1709-1723

Mortality due to COVID-19 is seven times
higher in men than in women (coefficient m'
in the table).

The red graph, which represents
individuals with mild symptoms of COVID-19,
is ascending for women and descending for
men. That is, over time, women develop mild
symptoms of COVID-19 at an increasing rate,
while men show the opposite trend.

Furthermore, 8% of men and 12% of
women who are hospitalized with severe
symptoms of COVID-19 recover.

In Figure 5, patients with COVID-19 are
categorized into four age groups:

e The age group of 31-34 years.
e The age group of 34-37 years.
e The age group of 37-40 years.
e The age group above 40 years.
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Figure 4. Comparison of severity of COVID-19 disease among men and women.

As shown in Figure 5, the number of
hospitalized individuals (blue curves) in all
four groups decreases with a slight slope.
Consequently, the overall number of
hospitalized individuals declines over time
until it reaches zero. Additionally, the number
of recovered individuals (black curve) shows
an upward trend over time in all four age
groups, which is a very promising result. The
number of individuals admitted to the ICU in
all four age groups is close to zero at the
beginning of the simulation and tends to zero
after a certain period. Finally, the only
notable difference among these four graphs is
the mortality rate, which in the age group
above 40 years shows an upward trend with
a steeper slope compared to the other age
groups. Such a difference, of course, is not
unexpected given the parameters related to
these groups.

COVID-19 patients in the age group of 31-
34 years are hospitalized less frequently than

1716

those in other groups. The red graph, which
represents individuals with mild symptoms
of COVID-19, shows a significant increase in
the age groups of 34 -37 years and above 40
years. COVID-19 patients with severe
symptoms in the age group older than 40
years are admitted to the hospital more often
than other age groups.
The age group of 31-34 years is admitted to
the ICU less frequently than the other groups.
In Figure 6, COVID-19 patients are
categorized into three BMI groups:
BMI < 24.9 (normal weight)
BMI < 24.9 (normal weight)
> 25BMI < 29.9 (overweight)
BMI = 30 (obese)
The results show that individuals with BMI
< 24.9 develop milder symptoms of COVID-19
compared to the other two groups (red

graph).

J Cardiothorac Med. 2026; 14(2): 1709-1723
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Figure 5. Comparison of the severity of the disease of COVID-19 in different age groups.

The recovery rate of individuals with BMI 2
30 is lower than that of the other two groups
(black graph). Conversely, the recovery rate
of individuals with severe symptoms and BMI
< 24.9 is higher than that of the other two
groups (black graph).

Furthermore, individuals with BMI 230 are
hospitalized and admitted to the ICU more
frequently than those in the other two groups
(coefficients varphi and U in the table).

Results

This study examines the relationship
between various patient characteristics and
the severity of COVID-19 illness. The data is
presented in a series of six figures that
categorize COVID-19 patients into different
groups based on factors such as diabetes,
hypertension, gender, age, and body mass
index (BMI).

J Cardiothorac Med. 2026; 14(2): 1709-1723

The key findings include:

Diabetic patients were almost twice as
likely to be infected with severe COVID-19
symptoms compared to non-diabetic
patients. Diabetic patients also had much
higher hospitalization rates.

Patients with hypertension were 3.5 times
more likely to develop severe COVID-19
symptoms and had a 20% mortality rate
compared to 0.7 % for those without
hypertension.

Men were 7 times more likely to die from
COVID-19 than women, though women
showed increases in mild symptoms over
time.

Older age groups, especially those over 40,
experienced higher rates of severe
symptoms, hospitalization, and mortality
compared to younger age groups.
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Patients with a BMI over 30 had worse
outcomes, including higher rates of
hospitalization, ICU admission, and lower
recovery rates, compared to those with a
lower BMI.

These results highlight the elevated risks
faced by patients with certain underlying
health conditions and demographics when
infected with COVID-19. The findings can
inform public health strategies and clinical
management for high-risk populations.

Individuals with Bhl<=24.9
45 -

/ B R
_aof Itt)
E — Hi)
= Wl Kit)
=
= — Ril)
o a0F Pit)
=
=
= 25f
=
]
=
0F
=
]

El
gst
=
& 10p
=
o
g
a ! ! ! ! I
il 5 10 15 20 25 a0 35 40
Time=Manth
Individuals with 25<=BhI<=20.9
Ei=ge
Al
S [0)
30F Hit)
ki)
25 Rit)
i)

= — )
=] m [=]

Relative frequency percentage of Individual

m

15

20 25 30 35
Time=Marth

Individual with BMI==30

Relative frequency percentage of Individual

ZEZX

To X I

15
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Figure 6. Comparison of severity of COVID-19 disease with different BMI.
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Discussion

The primary objective of this study was to
analyze the transmission dynamics of COVID-
19 using an extended compartmental model

that incorporates
asymptomatic/symptomatic classes,
hospitalization, ICU admission,

environmental transmission, and reinfection.
Our secondary but clinically more important
objective was to quantify the association
between key patient characteristics
(diabetes, hypertension, sex, age, and BMI)
and disease severity using real-world data
from hospitals affiliated with Mashhad
University of Medical Sciences.

Our numerical simulations yielded several
clinically relevant findings. First, diabetic
patients were almost twice as likely to
develop severe COVID-19 compared to non-
diabetic individuals (7.6% vs. 3.6%), and
68% of diabetics required hospitalization
versus 20% of non-diabetics. Second,
hypertensive patients had a 3.5-fold higher
risk of severe infection (11% vs. 3%) and a
mortality rate of 20% compared to 0.7% in
non-hypertensive patients. Third, male sex
was associated with a seven-fold higher
mortality than females, although females
showed a progressive increase in mild
symptoms over time. Fourth, patients older
than 40 years experienced higher rates of
severe symptoms, hospitalization, and
mortality compared to younger age groups.
Fifth, obese patients (BMI =30) had worse
outcomes, including higher hospitalization
and ICU admission rates and lower recovery
rates compared to normal-weight individuals
(BMI <24.9).

From a mathematical epidemiology
perspective, we derived the basic
reproduction number R, and demonstrated
that the disease-free equilibrium is locally
and globally asymptotically stable when
Ry<1. Sensitivity analysis revealed that the
contact rate (B), pathogen-mediated
transmission rate (fp), and environmental
shedding rates (Wa, WI) are directly
proportional to R, while recovery rates (y'),
hospitalization rate (¢), and pathogen
removal rate (Wp) are inversely proportional
to 120.

Our findings are consistent with a large
body of literature. Wu et al. (2) reported that

J Cardiothorac Med. 2026; 14(2): 1709-1723

comorbidities significantly increase COVID-
19 severity, with diabetes and hypertension
being the most prevalent risk factors.
Similarly, Olfatifar et al. (11) analyzed early
epidemiological parameters in Iran and
identified older age and male sex as
independent predictors of mortality. The
seven-fold higher mortality in men observed
in our study is also in line with global reports
showing sex-based differences in immune
response and health-seeking behavior.
Regarding obesity, our results align with
studies demonstrating that BMI =30 is
associated with higher odds of ICU admission
and mechanical ventilation, likely due to
mechanical (diaphragmatic restriction),
metabolic (chronic inflammation), and
thrombotic mechanisms.

Unlike many previous models that
simplified the clinical pathway, our model
explicitly tracks transitions from
symptomatic infection — hospitalization —
ICU admission — recovery or death. This
structure allows for more accurate
simulation of hospital resource utilization.
Additionally, while most studies have focused
on direct human-to-human transmission, our
inclusion of an environmental compartment
(P(t)) acknowledges the role of fomites and
contaminated surfaces, particularly relevant
in hospital and public transport settings (6,8).

The Strengths of This Study Include :

(1) use of real-world patient data from the
SINA and HIS of Mashhad University of
Medical Sciences, (2) a comprehensive
compartmental structure incorporating
asymptomatic  shedding, environmental
transmission, reinfection, and full clinical
progression, (3) rigorous mathematical
stability analysis (Routh-Hurwitz and
Castillo-Chavez criteria), and (4) sensitivity
analysis identifying which parameters most
strongly influence R,.

Our findings have several actionable
implications.  First, risk stratification:
diabetic, hypertensive, obese, male, and older
(>40 years) patients should be prioritized for
early PCR testing, antiviral therapy, and
hospitalization. Second, resource allocation:
hospitals can use our model to predict ICU
bed demand based on the prevalence of these
risk factors in their catchment population.
Third, public health messaging: targeted
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campaigns should emphasize that even mild
symptoms in patients with diabetes or
hypertension warrant prompt medical
evaluation. Fourth, non-pharmaceutical
interventions: our sensitivity analysis
suggests that reducing contact rates () and
environmental transmission (Sp) is more
effective than focusing solely on increasing
hospitalization rates (¢). In practical terms,
mask-wearing, hand hygiene, and surface
disinfection remain critical, especially in
settings serving high-risk populations (e.g.,
dialysis centers, diabetes clinics).

Finally, from a modeling perspective, our
framework can be adapted for future
respiratory  pandemics by  adjusting
compartmental parameters to match the
specific transmission and severity profile of a
novel pathogen.

Conclusion

This study provides quantitative evidence
that diabetes, hypertension, obesity, male
sex, and age over 40 years significantly
increase the risk of severe COVID-19
outcomes. Our extended SIR-based model
offers a robust tool for predicting hospital
and ICU demand and evaluating intervention
strategies. The basic reproduction number
R, remains the key threshold parameter for
disease elimination, and our sensitivity
analysis indicates that transmission-reducing
interventions are more effective than
treatment-focused strategies alone. These
findings can inform evidence-based clinical
protocols and public health policies to protect
high-risk populations during the ongoing
pandemic and future respiratory virus
outbreaks.
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Appendix A

In this Appendix, we derive the numerical value of the basic reproduction number.
We assume that S(0)= Sy=N(0), allowing us to write three equations using linearization.
Through this linearization, the system is divided into distinct compartments. The matrix G

represents the new infection terms, while the second matrix, denoted by Z, represents the
secondary illness terms, respectively given by:

BSoq 0 (1-wBSeq

G=| 0 BS, aBp So
0 0 0
and
y' +m' 0 0
Z= 0 varphi 0
—wy —w; Wy
therefore:

BSeq O (1_0‘)Bp50
GZ7'=] 0 BS, aBpSo

0 0 0
— 0 0
Y +m
0 L0
©
wq w1 1

wp ' +m')  wpe  wy

BSoeq (1-a)BpSowa (1-a)BpSowy (1—01)Bp50'|

y'+m’ wp(y'+m’) wp@ wp
= aBpSowa BSowp+afpSew; aBpSo
l wp(y'+m’) QPwp wp J
0 0 0
Thus we have:
_ BSoq (1-a)BpSowa |, BSowp+aBySow,
0™ yivm! ' +mNw, Qwy )
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Appendix B
The Proof of Theorem1 : The linearization matrix of the model at the free equilibrium point E|,
is:
__m, _BSOq _BSO 0 0 Xl - BpSO
0 —BSeq— (' +m') 0 0 0 0 (1 —a)BpSe
0 0 BS, — phi 0 0 0 aBpSo
A=10 0 phi —eta—U 0 0 0
0 0 0 U —theta — m 0 0
0 y' 0 eta theta — xi 0
0 wq Wy 0 0 0 —wp

that the roots of the characteristic equation of this matrix are equal to:
AM=-—-m A= —-(0+m)
A= -0 =—-0O+U).
Now consider,
)\3 +a17L2 + azx‘l' a3 = 0

where:
a; =v+w, —BSy+ @,
az = Wp((P - BSO) - aBpSOWI + V(Wp - BSO + (P) + (1 - O()WaBpSO,
as = V(Wp((p - BSO) - O(BpSO"VI) - (1 - a)BpSOWa(_BSO + (P),
and

v=—BSq+Yy +m'.

Using the Routh-Hurwitz stability criterion, we can demonstrate that the disease-free
equilibrium point is locally asymptotically stable. Since the basic reproduction number Ry is less
than 1, and all model parameters lie between 0 and 1, we can conclude that:

BSoq
Y +m'

<1= BSyg<y +m = v>0

and
BSo
?:BSO<CP:G’1>O'
therefore, a, is greater than zero.

Also we have:

S aB,Sew,
h+M<1 = wy(@ — BSy) — ap,Sow; >0

® pwy,

therefore, a, > 0.

More ever:

S S, 1—a)B,Syw, wyaf3,S
,BOCI, ﬁ ( ,)81:061_'_ IBp0<1$a3>0.
Y +m [0) ' +mHw, ow,
. a 1 '
Also: A, = det [a; a, ] =a;a, —az = v(—BS, + <p)(w,, —BSy + q)) + (v + Wp)(—BSOq +v +

m’)(wp — BSy + (p) - (v + wp)(l - aBpSOWa),

SO:

BSoq (1-a)BpSowqa
y'+m' ' +m"wy,

% BSoq ’ ’ ’ ’
o T e =12 BS0qe + BS(y' +m) < oy’ +m"),

<1= (1 —a)BpSowg + BSoqwy < (' + m)wy,

therefor Az > 0. A; is obtained from the following relationship:
a; 1 0

A= [33 az all = ag(a;a; — a3).
0 0 ag

Since a; > 0 and A,> 0, it is shown that Az;> 0. Therefore, by applying the Routh-Hurwitz
stability criterion, we can conclude that the real parts of the roots are negative. Consequently, the
disease-free equilibrium point Ej is locally asymptotically stable.l

1722 J Cardiothorac Med. 2026; 14(2): 1709-1723



Mathematical Modeling of Covid 19 J TRI Ghasemabadi, A., et al

Appendix C

The Proof of Theorem2 : To examine the global stability of the system, we apply the criterion
introduced by Castillo-Chavez et al.)3). Following Theorem (3), we rewrite system (1) as follows:

X=(S;R); Z=(AJIIHJKIP)’

_[L—m'S+&R
o= [)
BSoq — (' + m’) 0 0 0 (1 —a)BpSo
[ 0 BSy — @ 0 0 aBpSo }
A= 0 © —-n—-U 0 0
| 0 0 U —-0—m 0 |
l W, W] 0 0 —Wp
and
IquA(t)(so —S(®) + (1 — )B,PO(So — S(t))1I
X7) = i BI(®)(So — S(B) +(;prP(t)(So —S() i
0
| 0 |

From the first equation of (1), we have § < L — m’S, and integration yields

S(t) < S(0) exp(—m't) + — (1 — exp(-m't)) < max(S(0), =),
forallt = 0.

The equilibrium X* = (#, 0) is globally asymptotically stable in % = F(X,0); it is clear that
G(X,Z) = 0. Hence, E, is globally asymptotically stable.H
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