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Abstract

Background/Aim: The characterization of infrared spec-
troscopic “biomarker bands” induced by diseases can be
used to develop mathematical simulation models to ap-
proach the mechanism of risk factors in relation to Covid-19
disease in cardiovascular patients, reducing mortality and
optimizing hospitalization

Materials and methods: For the study, Seventy-two
specimens from patients (54-76 years) who underwent
coronary endarterectomy during coronary artery bypass
grafting were collected. The FT-IR spectra were recorded us-
ing a Thermo Scientific Nicolet 6700 instrument. The A-SIR
fractional derivative for susceptible, infected, and recovered
patients and the Caputo fractional derivative have been
considered for simulation.

Results: FT-IR spectroscopic absorption bands revealed
important “biomarker bands” at about 1744 cm™? and 1157
cm?, assigned to aldehyde and advanced glycation end
oxidation products, suggesting the oxidative stress involve-
ment on the pathways of inflammatory and stenosis de-
velopment. The formation of amyloid protein formation in
cardiac-diabetic patients and patients suffering from amy-
loidosis enhances the Covid-19 binding and increase the risk
of intubation and mortality. The mathematical simulation
A- SIR fractional improved thecardiac patients with diabetes
type Il who are at the highest risk of all patients to COVID-19
attack. This simulation model was found to be in accordance
with FT-IR spectroscopic data and clinical aspects.
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MedDocs Publishers

Summary: FT-IR spectroscopy and A-SIR fractional
simulation models are important tools to characterize the
“biomarker bands” and to discriminate the risk factors of
the diseases. Patients suffering from diseases inducedby
oxidative stress are at higher risk of hospitalization. At the
same risk are people with heart amyloidosis. The mathe-
matical provided that type Il diabetic patients with coronary
heart disease are at the highest risk susceptible to Covid-19.
Next in order are diabetics without coronary heart disease,
smokers, and hypertensive people. Comorbidities and per-
sonal genetic factors increase risk.

Introduction

The pandemic Covid-19 respiratory syndrome has infected
many people, while epidemiological, clinical and laboratory in-
vestigations showed that patients with cardiac comorbid have
an increased risk of mortality [1]. Covid-19 belongs to the family
of beta-coronavirus phylogeny with a single-stranded positive-
sense RNA [1,2]. Electron microscopy revealed that the spike is
a clove-shaped trimeric, with three subunits with amino N- and
carboxyl C-terminal domains and fusion peptides [2-6]. An en-
velope-anchored spike protein mediates coronavirus entry into
host cells firstly by binding to a host receptor and then by fusing
viral and host membranes [4]. The first Covid case in Greece was
confirmed on 26th February 2020 [7]. Due to the rapid trans-
mission of COVID-19, the Greek Government in order to control
the virus’s spread in the population imposed several measures
of social distancing. Among the Covid-19 affected patients, a
significant proportion of those suffering from cardiovascular
diseases recovered slowly or died.

From the time of the discovery of infrared radiation (heat
rays)by William Herschel in 1800 astrophysicists applied to
study the planetary atmosphere as a chemical system. How-
ever, in “live systems” the application of infrared spectroscopy
started in late 1940 [8-10]. With the use of the Michelson inter-
ferometer (1951) as the infrared spectrometer, the recording of
the spectra became more sensitive [11]. For the next decade,
instrumentation and computer development demonstrated the
feasibility of Fourier Transform Infrared (FT-IR) spectroscopy
equipped with crystals that minimize the ratio signal-to-noise.
In the last decade, a number of papers have proven that FT-IR
spectroscopy benefit when used in pre-diagnosis and diagno-
sis of diseases [12-19]. FT-IR spectroscopy is a powerful non-
invasive physicochemical method and provides the ability to
work with small quantities of liquids, tissues, and single cells
without any special preparation, as in histopathology. The im-
portance of the method is the rapid spectral scans obtained
by co-adding spectra and recording all the components of the
sample simultaneously in a very short measurable time [11-17].
The obtained complex spectra, by resolution, provide the ability
to identify a few characteristic frequencies of functional groups,
such as OH, NH, PO, COO, CH,, and CH,. Intensity and shape
changes, as well as shifts in frequency absorptions, are taken
into consideration in order to study the fluctuations induced by
the diseases at a molecular level.

Nowadays, scientists use mathematical epidemiology mod-
els to describe rapid outbreaks that occur in a short time, while
endemic models are used for studying diseases over longer pe-
riods, during which there is a renewal of susceptibles because
of new births or recoveries from temporary immunity. Famous
mathematicians, such as Laplace, Lagrange, Euler, Poincare, and
Riemann developed fractional calculus as a better mathemati-

cal model for the description of the real-world [20]. The main
difference from the conventional analysis is the inherent non-
locality of fractional derivatives, important for the description
of viscoelasticity. The SIR (Susceptible, Infected, Recovered)
epidemic models are used to explain the dynamics of people in
a community who need medical attention during an epidemic
[21]. The classic SIR model was introduced by Kermack and
McKendrick in 1927 to describe the chance of a person spread-
ing the disease and the number of infected or non-infected
[21]. The SIR model is commonly used for disease modeling,
in particular, for the Covid-19 analysis. In most studies, the au-
thors assume that the recovery rate is constant. The main differ-
ence from the conventional analysis is the inherent non-locality
of fractional derivatives that is important for the description of
viscoelasticity [23], which is an important parameter for car-
diovascular diseases [22], a parameter important for cardio-
vascular diseases. In order to overlap the problem, Lazopoulos
induced in the SIR model the A-fractional derivative [21,22].The
N-fractional derivative satisfies the prerequisites of differential
topology, necessary for variation problems in fields such as the
non-linear problem of the pandemic of Covid-19 [22,23]. Using
the new computational method Laplace Adomian Decomposi-
tion Method(LADM) is possible to find the solution to the /A
-SIR fractional model. LADM is an effective and straightforward
technique for nonlinear Fractional Partial Differential Equations
(FPDEs). Furthermore, LADM requires fewer parameters and is
without any discretization and linearization [23,24]. Other ad-
vantages include the wide applicability to several types of prob-
lems and scientific fields, and the development of a reliable,
numerical solution[23,24].

In the present paper, FT-IR spectroscopy was used to analyze
the most important products produced during the development
of cardiovascular diseases. Furthermore, the mathematical
simulation models and correlation of the A-fractional derivative
were used to approach the mechanism of Covid-19 action in
patients with cardiovascular diseases in our country [7].

Materials and methods

For FT-IR spectroscopic study seventy-two specimens from
patients (54-76 years) who underwent coronary endarterecto-
my during coronary artery bypass grafting were collected.

Statement of ethics

The samples were obtained according to the principles of
the Helsinki declaration and the Greek law of ethics for ex vivo
clinical research.

Mathematical simulation model

To perform the mathematical simulation model 1848 pa-
tients were taken, among which 771 were during the first Co-
vid-19 lockdown, dated from 10th March 2020 to 10th May
2020, and 1077 were in the normal routine period a year be-
fore the pandemic, which is considered a normal period. The
patients were recorded according to their cardiovascular risk
factors [7,25]. For the simulations, the A-fractional derivative
andthe Caputo fractional derivative have been considered. The
ode45 MATLAB routine for the system ODE in the A space and
the FDE2 MATLAB routine for the FDE system in the Caputo case
was applied.

FT-IR spectroscopy

FT-IR spectra were recorded by using a Thermo Scientific Ni-
colet 6700 spectrometer. Each spectrum has consisted of 120
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co-added spectra with a resolution of 4 cm™. The samples after
surgery were fixed in formalin and after 5 days were washed
with distilled water and dehydrated under vacuum at room
temperature.

Results & discussion
FT-IR spectral interpretation

The selection of representative FT-IR spectra of coronary
arteries among the patients was based on assignment factors
[7]. Figure 1illustrates the spectra of coronary arteries received
from healthy (a), diabetic type Il patients (b), and patients suf-
fering from amyloidosis (c).
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Figure 1: Representative FT-IR spectra of coronary arteries. (a)
Healthy, (b) from a patient with amyloidosis, and (c) diabetic type
Il patient, in the spectral regions: 4000-2500 cm™ and 1800-700
cm™. On the spectra are noticed the characterizations of the most
important bands.

It is known that amyloidosis causes the deposition of mis-
folded fibrillar proteins in the extracellular space[26]. A com-
parison of the spectra b and ¢ shows similarities in almost all
frequencies. The intensity decrease of the stretching absorption
bands and assignments of VNH groups, resulting mostly from
the proteins, indicates protein damage. The intensity reduc-
tion of vNHis more obvious in the spectra of the patient with
amyloidosis. The appearance in the spectrum c, of the patient
diagnosed with cardiac amyloidosis, of a broad band at about
3200-3100 cm™ leads to the result that the proteins changed
the conformational structure from the native form of a-helix
to Amide B conformation, as it was expected. We have seen
that this band is a “marker band” of amyloid protein formation
[13-17]. The high-intensity increase of the asymmetric v_ CH,
and symmetric v_CH stretching vibration bands of methylene
groups at 2921 cm?and 2855 cm™, respectively. The absorption
bands of asymmetric v_ CH, and symmetric v__CH, stretching vi-
bration bands of methyl groups are reduced or almost disap-
peared. These bands are caused by lipids and phospholipids,
predominant membrane lipids. On the contrary, in spectra of
healthy persons, the stretching vibrational bands of methyl and
methylene groups appear as very weak shoulders. This indicat-
ed an increase in the lipophilic environment of both coronary
arteries of the non-healthy patients.

The very intense absorption band at 1742 cm?, assigned to
the stretching of the aldehyde vCHO band, is the “marker band”
of oxidative stress and inflammation [12,13,27]. It was noticed
that the intensity of this absorption band increases with the
progression of the disease and is related to the involvement of
oxidative stress in the pathways of the disease. This suggestion
is in agreement with the appearance of the band at about 3069

cm?, assigned to the stretching vibration band of the olefinic
bond v=CH, with olefinic character as radical termination prod-
ucts, revealing the dysregulation of lipid metabolism. The inten-
sity of this band is related to the LDL of the patients [28]. Fur-
thermore, in the spectra of diabetic type Il patients, the spectra
showed a distinguishable band at about 1729 cm™, assigned to
cardiolipin [29].

As is shown from the spectra b and c of the patients the fre-
qguencies of the amide | and amide Il bands of CONH atoms of
the peptide bond shift lower from 1650 cm™ and 1545 cm™ to
1640 cm™® and 1529 cm™, respectively. These shifts illustrate
that the native conformation of a-helix changed and motifs of
the B-sheet structure have been formed [11-16,30]. The amide
bands are very sensitive to diseases and can be used as diagnos-
tic bands. The developed lipophilic environment was confirmed
by the intensity increase of the asymmetric and symmetric vi-
brations of methylene groups allowing the proteins susceptible
to auto assemblies. This transition yields protein aggregates
and fibrils to systemic amyloidosis, which was observed in many
pathological conditions, such as Alzheimer’s, neurodegenera-
tive, cancer, and diabetes type Il [31]. The findings are in ac-
cordance with the clinical history of both patients and the FT-IR
collected spectra originating from the diabetic type Il (spec-
tra b) and amyloidosis (spectra c) patients are almost similar.
However, in patients with amyloidosis, coronary angiography
displays the absence of obstructive atherosclerotic disease and
normal to close-to-normal coronary arteries [32].

The next fingerprint spectral region between 1240-1000 cm’
tcomparison of the spectra originated from the patients (Figure
1b,c) with that originated from healthy persons shows intensity
and shape changes. The stretching vibration absorption band
at 1232 cm™, assigned to vPO,, of phospholipids and DNA is
pronounced in the spectra of patients, revealing the progress
of non-reversible phosphorylation. Proteins, because of their
high abundance in the cells are the main substrate for non-
enzymatic lipid peroxidation phosphorylation reactions (Figure
2) and have been observed in diabetic patients [33,34].These
modifications induce changes in the physicochemical and bio-
logical properties of cell membranes and are accumulated upon
diabetes and amyloidosis. Another important observation was
the band intensity increase at about 1157 cm™, assigned to the
stretching vC-O of C-O-C vibrational mode where the oxygen
atom is linked to two carbon atoms of the sugar moiety of gly-
cosaminoglycans together with the exocyclic C-O-C intermolec-
ular group [14]. In the spectra of the patient with amyloidosis
(Figure 1c) the frequency shows a small but significant shift to
higher wavenumbers at 1161 cm™. We have seen that in the
case of cancer this band appears to have even higher frequen-
cies up to 1170 cm™ [14-17]. These bands confirm the progres-
sion of glycosylation and the production of advanced glycation
end products (AGEs) [14-17].Glycoxidation of proteins causing
fibril and AGEs products in non-enzymatic metabolism (Millard
reactions) is associated with ROS (Reactive Oxygen Species) gen-
eration and hyperglycemia elevates the glycation mixtures and
influences the fibril formation. The formation of aldehyde de-
rivatives, as is noticed from the band at 1742 cm™ enhances the
formation of AGEs [35]. By using inhibitors, the researchers have
shown ascorbyl free radicals elevation of AGEs level [36,37].

Studies have shown that Covid-19 leads to cellular damage
activating the local immune system and releasing pro-inflam-
matory [38]. Our FT-IR spectroscopic analysis showed as a result
of the diseases, an increase in the lipophilic cell environment,
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inflammation, protein folding dysregulation, phosphorylation,
and elevated glycation products (AGEs) depending on the dis-
ease’s progression. Covid-19 causes similar products and is sug-
gested that these products are rearrangement in the lipophilic
environment of the host cells and their transformation for viral
replication. By glycosylation, the NH terminal and OH groups in-
crease, and the number of targeting sites for SARS-CoV-2 spike
attack increases. Figure 2 illustrates schematically the produced
pathways caused by the oxidative stress upon the progression
of the disease.
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Figure 2: Schematic presentation of peroxidation products of
coronary artery of diabetic type Il patient and interaction pattern
between oxidation products caused by the disease and a Covid-19
spike binding. The formation of aggregates was detected using a
hypermicroscope Olympus-cyto-Vita.

The proposed mechanism is a result of FT-IR spectroscopic
data which revealed the formation of a high lipophilic environ-
ment and amyloid proteins while promoting the severe pro-
gression of the disease in patients. This structure of the host is
quasi-similar to that of the SARS-CoV-2 hydrophobic packing en-
vironment and thus a patient’s ideal for target cell attachment.

N-fractional derivative Covid-19 simulation model

The novel A-SIR computation model is a powerful tool to
evaluate the infected and recovered heterogeneous hosts of
SARS-CoV-2,involving healthy and those with comorbid condi-
tions. Despite the personal clinical history of the patients, the
recovery rate and morbidity depend on the time of recovering
process such as intensive care, including the number of hospi-
tal beds and treatment [22,23]. For the study, the investigated
population is divided into three compartments which are the
susceptible (S), the infected (I), and the recovered (R) groups
(Figure 3).
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Figure 3: Schematic illustration of compartments of Covid-19
spreading pathways of Susceptible, Infected, Recovered (SIR) pa-
tients.

This model is represented by a system of ordinary differential
equations (ODE) which describe the changes across the popula-
tion. The following equations (1)-(3) are used:

PO _ _pswu )

O pswop @
t

RO _ iy @)

dt

Where S(t), I(t)>0, R(t) = 0, and S+I+R=N, and N is the to-
tal population, B represents the infection parameter where
a patient is transferred from the susceptible group to the in-
fected group while y represents the parameter where a patient
is transferred from the infected to the recovered group. From
these parameters, the basic reproduction ratio is given:
R =’B—N (4)

0 vy

is used to find the expected number of new infections in a
single population. Generally, when fy = 1, the infection will
spread in a population, typically, meaning that an epidemic
could hardly be controlled.By using the equations (1)-(3)the
N-fractional derivative is appliedas follows:

thk — _BS@IY) (5)
Ak

ki = pswier-ory 1o
Ak ,
1ok~ a1 7)

The non-linear partS(t)/(t) may be decomposed by:

SOl =3 X (8)

Where

1 di i . i .
X, == 'S, AT,
i l' dﬂfl [Zj=0 J (t)zj':O J (t)] (9)

and i=1...n

For the numerical applications, is considered B=0.5,6=0.3,
and t=0 as starting pointsjustbefore the spread of COVID-19. At
the same time t=0 the groups are considered, as S the suscepti-
ble population (S(t),t=0), |, the infected (I(t),t=0), and R  the ini-
tialrecovering population (R(t),t=0) and N the total population
consistsof the sum, where: S,=900, R =10, | =50, and N=960.

Laplace transform equations (10)-(13) are used to calculate
the rate of the susceptible patients for each category:

s(0)
R)
L(S,(1) = fL(Xo )

L(S, (1) = 1ol

(11)
LS. =Lrexe) )

LS. =-L10en w

Figure 4 illustrates the diagrams of the rate susceptibility of
patients’ subcategories. Curve a corresponds to diabetic type
Il cardiac patients, b and c correspond to non-cardiac patients
who suffer from diabetes type Il and hypertensive patients
without any cardiac problem, respectively.
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Figure 4: Relation between susceptible subcategories of pa-
tients by the time model. Curve a corresponds to diabetic type Il
cardiac patients, b and ¢ correspond to diabetic type Il and hyper-
tensive patients without coexistent cardiovascular disease, respec-
tively.

As it is shown from the curves diabetic Il with CD patients is more
susceptible compared to the other categories. This observation is in ac-
cordance with literature data, that was noticed around the world from
the beginning of the pandemic. For calculation of the infected people,
of each category, the equation (14) and the general form (15), where
i=1,2,3...n, were used:

1©)

L, (1) = (14)
S
Y] o

L(1,,,(1) =—L(X, (1)) —— L(I,(1)) (15)
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Figure 5: Model of the relation between infected patients of
the subcategories of by the time. Curve correspond: a; to diabetic
type Il cardiac patients, b; non-cardiac patients who suffer from
diabetes type Il and c; hypertensive patients without any cardiac
problem with risk factors k=0.8, 0,7, 0,6, respectively.

The received curves are presented in Figure 5. It is also
shown that diabetic type Il patients are at the highest risk for
infection. A comparison of the curves received from diabetic
type Il patients made clear that cardiac patients are at an in-
creased risk of morbidity and mortality. A comparison between
the three categories shows that hypertensive patients show a
better prognosis against Covid-19. This model predicts again
that cardiac comorbidities increase the risk of infection.

To estimate the performed simulation model for Covid-19
risks of recovered patients we included patients with intuba-
tion. To investigate the dynamic of the model the exertion was
based on the next 20 days’ forecast of the ultimate situation.
For calculations of the recovered subgroups the equations (16)
and (17), with i=1,2,3...n, were used:

LR, ()=~ (16)
LR, () =2 L(1,,,i(1) (17)
)

The results are displayed in Figure 6. From these results is
concluded that diabetic type Il cardiac patients are at higher risk
of recovering, while incubated patients show the best progno-
sis for recovering. The model predicted very well the expected
results [7,27]. Moreover, is suggested that a well-organized
healthcare system minimizes the risk of mortality [26].

10 , , :
k=0.5

9 k=0.6
8 k=0.7

Number of Recovered Patients

0 5 10 15 20
time (Days)

Figure 6: A-SIR simulation model of the relation between recov-
ered patients with time. Curves correspond: a; diabetic type Il with
cardiovascular disease, b; non-cardiac patients who suffer from
diabetes type Il, c; hypertensive patients without coexistent car-
diovascular disease, and d; patients with intubation, where k=0.8,
0,7, 0,6 and 05, respectively.

The simulation models highlight that cardiovascular patients
with diabetes type Il comorbidities are at the highest probabili-
ty of risk for infection with Covid-19 or death. The next category
of non-cardiac diabetic type patients compared with those with
CD is at less risk of accessibility to the virus. Hypertension, one
common risk associated with age, showed a lower probability
of Covid-19 infection among the three categories. In general,
the model could discriminate the risk factors induced by dis-
ease. Moreover, the model could be applied to more complex
patients with comorbidities.The simulation models are in ac-
cordance with the results of FT-IR spectroscopic data, where
was observed that coronary arteries damage depends on many
factors, such as diabetes, hyperuricemia, environment, and pa-
rametersthat induce oxidative stress [18,30,40].

Conclusions

FT-IR spectroscopic “marker bands” at 1744 cm™ and 1165
cm? provide important information regarding the effect of oxi-
dative stress on aldehyde and AGEs production, respectively.
These products are correlated with inflammation, amyloid
protein deposits, and glycosylation. The intensity increase of
stretching vibrations of methylene bands at v2921 and 2855
cm?indicates the increase of membrane lipophilicity and aggre-
gates formation. Accumulation of AGEs and amyloids increases
the targeting sites of Covid-19 spike glycoproteins binding the
cell membranes. Both FT-IR spectra and A-SIR fractional deriva-
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tive epidemic mathematical modeling are important tools to
discriminate and predict the risk probability of the disease pro-
gression and patients’” morbidity and mortality. In general, the
SIR-A-fractional derivative model showed that diabetic type Il
patients are at the highest risk of Covid-19, while patients with
heart amyloidosis show similar behavior. Smokers are more sus-
ceptible than hypertensive patients. In addition, the risk prob-
ability increases in patients with co-existent comorbidities and
personal genetic problems, obesity, and diet.
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