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Abstract. Background/Aim: The pathogenesis, treatment and
prevention of atherosclerosis continue to be the subject of
intensive research and study by the scientific community.
Based on Fourier-transform infrared spectra and 3D-Doppler
echogram, we attempted to develop a computational
simulation model for predicting the association of
atherosclerotic risk factors with pathogenic molecular
structural changes. Materials and Methods: Atheromatic
carotid arteries from 56 patients (60-85 years old) were used
as samples. Color 3D-Doppler echogram screening was
performed on all patients preoperatively. Each infrared
spectrum consisted of 120 co-added spectra at a spectral
resolution of 4 em™!. Results: The infrared spectral analysis
reveals ‘marker bands’, such as the 1,744 cm™! band assigned
to aldehyde formation and to the ‘fingerprint’ digital spectral
region of 1,050-1,169 em™!, characteristic of the presence of
advanced glycation end products (C-O-C). The accumulation
of calcium phosphate salts increases the formation rate of
stenosis. The critical point of stenosis risk starts at about 45%,
while when stenosis is over 60-70%, the risk of ischemic
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stroke or other major adverse cardiovascular events increases
dramatically. Conclusion:  Fourier-transform infrared
spectroscopy and mathematical simulation models showed that
carotid artery stenosis over 45% reduces the blood flow rate,
while stenosis over 65% dramatically increases the
hemodynamic disturbance, with a parallel increase the rate of
ischemic stroke or other major adverse cardiovascular events.

Atherosclerosis is a multifactorial disease with very serious
consequences for various organ systems, with high morbidity
and mortality (1-3), while it tends to affect more than one
arterial complex in many patients. The pathogenesis and
treatment of atherosclerosis, as well as its prevention, have
been and continue to be the subject of intensive research and
study by the scientific community. Atherosclerosis is the most
common cause of death in men over the age of 45 years and
women over the age of 65 years in the Western world and this
is more problematic since the pathogenic causes have not yet
been completely clarified, moreover, the disease remains
asymptomatic for decades (4). The appearance of clinical
symptoms often highlights an irreversible stage of the disease.
Atherosclerosis is characterized by the presence of specific
lesions, which appear as asymmetrically localized thickenings
of the inner layer of the arterial walls of medium and large
arteries (1-5). The lesions consist of various cell types,
connective tissue components, lipids and residual cell
degradation products (debris). At the early stages of the
disease, fatty lines develop in the areas of accumulation of fat
droplets and inflammatory cells. The predominant components
of fat lines are ‘foam cells’, which are macrophages that have
accumulated large amounts of fat inside them. Other
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components of fatty lines are T-lymphocytes, dendritic cells
and basophils (5). Fatty lines appear at a young age and either
disappear over time or develop into more advanced lesions
(atherosclerotic plaques or atheromas). However, non-invasive
imaging methods, such as computed tomography and Doppler
ultrasound, which are used widely in clinical practice to detect
the progression of stenosis, are not able to visualize the
composition of the atheromatic plaques at the molecular scale.

Infrared spectroscopy, especially attenuated total
reflectance  Fourier-transform infrared (ATR-FT-IR)
spectroscopy offers a new potential in clinical practice to
identify atheromatic plaques, with emphasis on aggregates,
amyloid protein formations and calcium carbonate or
phosphate deposits. ATR-FT-IR spectroscopy is a simple, fast
and a non-destructive technique which requires small
amounts of sample (micrograms or microliters), without any
preparation of the sample and can be applied in medicine (6-
11). IR spectroscopy has been shown to be a very sensitive
method for evaluating the secondary protein structure of
human tissues and other components, including DNA, lipids
and phospholipids, all in a single spectrum (12-15). IR
spectroscopic analysis provides characteristic ‘fingerprint
region bands’ or ‘marker bands’ of the tissue of each patient
and can differentiate normal from malignant tissues, as well
as progression of disease, and can also characterize deposits
at the very early stages of the disease (7-11).

In the present work, we combined 3D-Doppler echogram,
scanning electron microscopy (SEM) and FT-IR spectral data
in order to develop a multilevel computational simulation
model for predicting the association of atherosclerotic risk
factors with pathogenic molecular structural changes of
vessel walls and coexisting hemodynamic disturbances.

Materials and Methods

Study material. Atheromas of carotid arteries from 56 patients (60-
85 years old) who underwent carotid endarterectomy were used for
ex vivo analysis. Color 3D-Doppler echogram screening (15 MHz
Matrix head; General Electric) was performed on all patients
preoperatively. For the mathematical calculations, we included the
3D-Doppler echograms of patients with 18% to 95% stenosis. The
samples were collected according to the Greek ethical rules for ex
vivo research. The samples were immediately fixed postoperatively
in buffered formaldehyde solution. This method did not show any
effects on the IR spectra. The samples were not fixed in paraffin,
since we have noticed that in subsequent removal of the paraffin,
the organic solvent removes important soluble components of
atheromatic plaques.

FT-IR spectroscopy. FT-IR spectra were recorded with a Nicolet
6700 Thermoscientific spectrometer, equipped with an ATR
accessory, USA. The spectra were taken from three different sections
per patient at different positions in each sample (mapping), in order
to visualize the changes which were induced by the disease. Each
spectrum consisted of 120 co-added spectra at a spectral resolution
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of 4 cm~!. The included in the apparatus OMNIC 7.2a software was
used for data analysis. Each IR spectrum was compared to the
corresponding IR spectra of all the other patients, taking into account
the clinical history, as well as the risk factors (1-4).

SEM. The Quanta 200 SEM instrument was from FEI Europe B.V.,
Eindhoven, the Netherlands and was used for determining the
architecture of the carotid artery. The SEM was combined with
energy dispersive X-ray (EDX) apparatus for the analysis of
chemical elemental composition in different sites of the aortic
valves and tissues. There was no coating of the samples with carbon
or gold.

Mathematical computational model. Mathematical simulation was
based on ultrasound data and boundary conditions from 3D-Doppler
echogram blood flow rate and pressure at the minimum and
maximum point measurements at the common carotid artery.
According to this model, it is possible to take into account the non-
homogenous geometry of the artery and the role of the midpoint on
the blood flow rate. The blood flow is considered one-dimensional,
unsteady and laminar, and the governing equation was solved
numerically using MATLAB, Version 2021a (Math Works, Inc.,
Natick, MA, USA).

Results and Discussion

FT-IR spectral analysis and data. Figure 1 shows
representative FT-IR spectra from characteristic regions of a
non-homogeneous carotid atheromatic plaque in the spectral
region 4,000-500 cm™.

In the infrared spectral region between 4,000-3,000 cm™! s
the characteristic stretching vibrational modes of the
stretching vibration of vNH groups derive mostly from
proteins and the stretching vibrations of OH groups of
organic molecules and from water molecules of the cells (11-
14). It is observed that in the spectra originating from the
inorganic phase, this band is almost absent, as expected,
since the sample was not rich in organic components which
contain these groups. In the spectra of the organometallic
phase, the band of vNH modes becomes broad and shifts to
higher wave numbers due to the fact that the plaque
contained a higher number of terminal -NH groups, as a
result of protein fragmentation (7-11).

In the spectra of organometallic and foam cells, a broad
band was visible at about 3,527 cm™! and is assigned to
stretching vibration of vOH groups of water, together with
other overlapping hydrogen bonded bands of vOH groups
(12-14). These hydroxyl groups are assigned to hydroxyls of
the hydroperoxidation of lipids and to proteins and
glycosides (9).

The weak band at about 3,080 cm~! indicates that the
proteins had changed their conformation to amide B
configuration (16, 17). This means that the effect of the NH
group of the peptide bond -NHCO- is stronger than that of
C=0, unlike amide A, where the effect of C=0 is stronger,
suggesting different hydrogen bonds in length and strength
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Figure 1. Representative Fourier-transform infrared spectra of a carotid atheromatic plaque. Spectrum a represents parts from a region rich in
inorganic phase (calcified region). Spectrum b originates from the interfacial organometallic phase (calcium ions binding to organic molecules).
Spectrum ¢ shows the organic phase/inner membrane. Spectrum d corresponds to foam cells. Comparison between the spectra shows considerable
differences in band absorption intensities, widths and shifts in all infrared spectral regions. AGEs: Advanced glycation end products; ACC:

amorphous calcium carbonate.

that hold the protein strands together. We have noticed that
this band is sensitive and very important for the
characterization of the progression of this disease (18). The
band at 3,060 cm™! was assigned to stretching vibrations of
the terminal olefinic v=CH mode, confirming the implication
of oxidative stress during disease development. This band’s
intensity was previously found to be proportional to levels
of low-density lipoprotein cholesterol in the blood of patients
(11).

In the important region 3,000-2,850 cm™! are located the
absorption bands of antisymmetric and symmetric stretching
vibrations of methyl (vCH3) and methylene (vCH,) groups
of membrane lipids and phospholipids. In the spectra of
foam cells (Figure 1D) the intensity of absorption bands of
the v, CH, (2,921 cm™!) and v,CH, (2,853 cm™!) increases,
indicating changes of the flexibility and permeability of
membranes. It seems that upon foam cell accumulation and
disease development, the membrane environment becomes
more lipophilic and rigid, and the carbon-carbon chains have
a higher crystalline order (7-11).

The marker band at about 1,744 cm_l, which is attributed
to malondialdehyde vCHO vibrational mode, is associated
with peroxidation and degradation of lipids and
phospholipids of membranes and proteins (7-11). This band
reflects the progression of the disease and indicates

inflammation upon development of the disease (18). The
intensity of this band was increased considerably in the
spectra of the organic phase and more distinctly in the region
of the foam cells (Figure 1, spectra ¢ and d). A further
increase of the intensity of the band at 1,744 cm™! was
observed in patients with elevated serum glucose levels. The
production of aldehydes in carotid and coronary atheromatic
plaques was also found irrespective of plaque thickness,
calculated by computed tomography or ultrasound. The
alteration of the intensity was related to low-density
lipoprotein cholesterol, most likely, aldehyde promoted
membrane damage and inflammation. Our findings are in
agreement with literature data from animal models where the
formation of malondialdehyde-like material was observed
during ischemia/reoxygenation (19). Recent studies showed
increasing serum malondialdehyde levels during the first
week of ischemic stroke (20).

The intense band at 1,650 cm™! was assigned to amide I of
the peptide bond (-NHCO-), being typical of a-helix (15-17).
As the disease progresses, this band decreases in intensity,
broadens and shifts to lower wave numbers at 1,633 cm_l,
which is in agreement with the patients’ clinical history.
Deconvolution analysis of this band showed three distinct
bands at 1,691 cm™!, 1,652 cm™ and 1,625 cm™!
corresponding to antiparallel -sheet, a-helix and parallel 8-
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sheet (8-10). These bands were used in order to study protein
structural disorders and amyloid protein formation. The
detected 3-sheets in combination with the higher lipophilicity
of the environment resulted from the increase in the intensity
of stretching vibration bands of vCH, frequencies, confirming
the oxidation of membranes and protein formation, which
lead to disease progression. These changes are more distinct
in foam cells. Comparison between the clinical data and
spectra of the patients showed that the amide II band
broadens upon the progression of the disease and its
-1

l

deconvolution analysis showed three bands at 1,550 cm
1,540 cm™! and 1,514 ecm™!, indicating amyloid protein
formation. These bands are very characteristic and are
observed in many diseases related to oxidative stress (21). It
was also observed that these bands were related to the degree
of stenosis and other clinical characteristics of the patients.

Another prominent band is between 1,500 cm~! and 1,400
cm™~!. In this spectral region, characteristic symmetric and
antisymmetric vibration bands of carbonate anions vCO5>~
are located, arising from calcium carbonate salts of
atheromatic plaques (22). Comparison between all the
spectra showed considerable differences in shape and shifts
of the bands in the spectra of foam cells, as shown in Figure
1 (spectrum d). The observed characteristic shape and split
of the asymmetric stretching vibration band of carbonate
anions v;CO5>~ at about 1,470 and 1,416 cm™! is related to
the formation of amorphous calcium carbonate (ACC) (23,
24). These bands, in combination with the two bending
bands at about 874 cm™! and 840 cm™!, are indicated by an
arrow in the spectral region of foam cells and the region rich
in organic phase (Figure 1, spectra ¢ and d), which confirms
the production of ACC. On the contrary, in the rich inorganic
mineral deposit regions of atheromatic plaques, different
forms of calcium carbonates, calcite and aragonite are
predominant, as is apparent from the absence of an
absorption bending band of CaCOj; at 840 cm™! (25).
Although ACC is extremely thermodynamically unstable
conditions, biological systems,
macromolecules, such as membranes and glycosylation
products, stabilize the amorphous form by incorporating
magnesium ions (Mg2+) or silica (26-28).

The fingerprint spectral region between 1,300 cm™ and
800 cm™! gives important information about the stretching
vibration of glycosylic bond v-O-C-O- resulting from sugar
rings and sugar-phosphates, as well as the stretching
vibrations of phosphates resulting from phospholipids
(vPO,™) and phosphate salts (vPO,>7), which arise from
atheromatic plaques. In the spectral region of foam cells and
inorganic-rich phase (Figure 1), the bands of stretching
vibrations of v-O-C-O- are predominant. In particular, the
band at about 1,170 cm™! is related to advanced glycation
end products (AGEs) (9) and is more noticeable in diabetic
and hyperuricaemic patients (29). This band can be used as

under normal in

1
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a marker band for the progression of carotid artery disease.
It is also suggested that the increasing of AGEs produces a
high number of -OH groups of sugars and N-linked
saccharides, which can interact with metal ions, such as
calcium and magnesium, and hydrogen bonds, leading to
sclerosis and formation of atheromatic plaques. We also
observed shape and shift changes of the absorption band at
1,170 cm™! concerning the formation of glycation products
upon cancer progression (7-9), indicating that oxidative
stress is a common pathway for both cancer and
atherosclerosis development. This hypothesis is supported by
a recent study where the authors showed that there was a
higher cancer risk in diabetic patients with increased
atherosclerosis burden (30, 31).

The sharp bands in regions 1,100-900 cm™! and 650-500
cm™! arise from calcium phosphate salts, while the shape and
the shift of the bands show the interaction between them.
From the FT-IR spectra in association with X-ray diffraction
analysis (not shown), it is proposed that inorganic
hydroxyapatites, CaHPO,, hydrated Ca3(PO,), xH,0O and
amorphous calcium phosphate Caz(POy), are formed. In
addition, calcium phosphate salts increase the pH of the
carotid environment, leading to destabilization of the
amorphous phase and thus increasing the crystallinity of the
plaque (25-28).

The appearance of the characteristic stretching vibration
of vS-S mode at 522 cm™! is the result of oxidization of
endogenous thiols (mostly glutathione) by hydroxyl free
radicals produced by Haber-Weiss or Fenton-catalyzed
reactions. This band further confirms the involvement of
in atherosclerosis development (32).
Furthermore, it was observed that nicotinamide adenine-
dinucleotide phosphate, NADPH, which is required to reduce
the level of oxidized glutathione, is also reduced in
metabolic diseases, aging and oxidative stress (33). The
reduction of endogenous defense molecules, such as thiols
and superoxide dismutase, promotes fibrosis (33).

oxidative stress

SEM-EDX analysis. In order to determine if an increase of
lipophilic environment and amyloid proteins alter the formation
of atheromatic plaque, we used SEM-EDX microscopy to
study the morphology and the heterogeneous architecture of
atheromatic carotid plaques. Figure 2A shows the morphology
of a carotid atheromatic plaque, which is rich in fibrils, in the
dark and white regions. EDX elementary analysis (Figure 2B
and 2C) showed that the inorganic region of atheromatic
plaque contained phosphorous and calcium at higher
concentrations, while the foam cells were found to be rich in
magnesium and silica, confirming the formation of calcium
phosphate and magnesium carbonate salts. The detection of
magnesium confirms the production and stabilization of ACC
production in the region of foam cells (25-28). Analysis of the
linear mineralized region D showed a well-defined preferential
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Figure 2. A: Morphology of a representative carotid atheromatic plaque by scanning electron microscopy (100x, scale=500 um). B: Elementary
analysis of region B shown in A, rich in inorganic deposits. C: Elementary analysis of region C shown in A, rich in foam cells. D: ImageJ analysis

of the linear calcified region D shown in A.

sequential sites of calcification. Image] analysis (Figure 2D)
illustrated this high conductivity area, represented as hills (with
yellow color) which correspond to calcium deposits.
Furthermore, imageJ showed that the mineralized fiber formed
had a helical shape, which corresponds to a protein structure.
These findings lead to the suggestion that amino acids
containing carboxylic (COO™) groups seem to play a role in
the initiation of calcification, since the positively charged metal
jons (Ca*) require a negative polar environment to form metal
ionic salts. Our results are in agreement with literature data,
where the protein content in the ACC phase was found to be
more increased than the calcite content (27). On the other hand,
the grooved blue region confirmed the presence of lesions of
connective tissues.

From all the above it seems that magnesium, a calcium
antagonist, may substitute for calcium ions on
hydroxyapatite, producing more soluble magnesium
phosphate salts that inhibit bone formation and perhaps
carotid artery stenosis. However, Iseri and French
described that Mg?* inhibited the release of Ca* ions
from the sarcoplasmic reticulum and blocked the influx of
Ca®* into cells by inactivating Ca-channels in the cell

membrane (34). Similar results were found in aortic valve
calcification (35).

Computational simulations. A mathematical computation model,
based on fluid dynamics, is a powerful tool for confirming or
challenging experimental data and for simulating the effect of
stenosis in extremely complex systems, such as the carotid
artery. Hemodynamical factors affect blood flow and
atherosclerotic plaques cause the carotid artery to be narrow.

In Figure 3, the carotid artery is simulated as a cylindrical
tube, where the blood flows through local wall stenosis. The
flow through the cylinder is assumed to be unsteady,
axisymmetric, laminar, one-dimensional and fully developed.
Figure 3 illustrates the cylindrical artery together with the
time-dependent overlapping stenosis. Cylindrical coordinates
are used for the description, with z representing the
coordinate taken along the axis of the cylinder, and r that for
the radial axis (36). The radius of the stenosed region R(z,t)
of the artery is given by Equation 1:

L = (1- @) G - D’ -2z - )2 + (2 - 4Pl - (2 - d)']
(Eq 1)
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Figure 3. The geometry of the stenosed part of a carotid artery
visualized as a cylindrical tube across the axis z with radial coordinates
r. The disordered curve presents an arbitrary stenosed region 31,/2, with
a being the constant radius of the normal artery, d the non-stenosed
part of the artery and R(z,t) is the radius of the stenosed region at real
time t.

! . . .
ford<z <d+ ? , outside these limits the ratio R(z,t)/a=1,
where o is the constant radius in the normal artery (non-

stenosed) , is the length of the stenosis, d is the location

of the stenosis and a,(t) = (1 eT) is a function of time

4a 14
(1) in a given period of time 7.

The governing equation which describes our model is
Equation 2:

at

aw 92w | 19w 9P

=u(G+e) 5 ®a?
where P is the pressure which the blood exerts on the walls
of the artery, o is the density,  is the kinematic viscosity,
while w(r,z,t) is the component of the blood flow velocity in
the axial direction.

Under the assumption at the beginning of the axis, where
there is no shear rate of the fluid along the axis, the velocity
gradient is obtained as follows:

Jw
or
In addition, on the arterial wall, the velocity is given as:
w=0, r=R(z,1)
Since there is nonzero velocity of the blood, then the
system at rest has the following values:
w=w, =0
In order to simplify the system, we introduce a new radial
coordinate using Equation 3:

=0, r=0

R(“) (Eq 3)

By using the new radial coordinate and Laplace transforms
our governing equation takes the form of Equation 4:
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Figure 4. Computational simulation of blood flow (cm3/s) reduction over
time between maximum systolic and maximum diastolic velocity is a
function of atherosclerotic carotid artery stenosis. The inset shows an
exemplary 3D-Doppler echogram from a patient with stenosis of 95%
and peak systolic rate=441.5 cm/s, end-diastolic rate=69.8 cm/s. The
curves show that after stenosis of between 73% to 95% there is no
linear association with blood flow, increasing the risk of ischemic stroke
event or death.

LW 19w 9P (Eq 4
E_[ﬁh2+hﬁh] p(sw w(hzO)) 9z (Fad)
Where p is the viscosity of blood.
The boundary conditions in the Laplace
described as:

Space are

w=0 h=1

In order to approach the in vivo conditions, we
considered the pressure totally independent and uniform
along the cross section.

Pressure values derived from hemodynamic data were
obtained from the 3D-Doppler echogram from all patients
(Figure 4, inset) and applied at the points of the minimum
end-diastolic and maximum peak systolic pressures of the
stenosed carotid artery, were used to numerically solve the
above equations, with the aid of the MATLAB pdepe
routine. For the purpose of the calculations, the following
data were used: /p=20 mm, d=0.2 mm, a=0.5 mm and
u=0.2 Poise.

Three integration points were used in both the axial and
the radial directions. As a result, a series of curves were
constructed (Figure 4). Thus, in this Figure, the reduction of
blood flow (cm3/s) with time, can be seen as a result of
arterial stenosis realized through reduced pressure values.
According to our model, it becomes clear that after about
65% stenosis, the risk for stroke or death increases rapidly.
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Figure 5. Relationship between blood flow ( em™3/s ) and carotid artery
stenosis. The curve is associated with ischemic stroke risk. The starting
point of stroke risk for some patients is between 45% and 60% stenosis,
while after 60%, the risk of ischemic stroke increases dramatically.

In order to understand and analyze further the mathematical
simulation model as a clinical effect, the above curves were
used to plot the blood flow rate as a function of the degree of
carotid artery stenosis (Figure 5). As can be seen from the
Figure, when stenosis increases, the hemodynamic blood flow
rate decreases. This means that the stenosed arteries do not
receive enough blood to function properly.

From our results it is clear that development of stenosis
from 45% to 60% reduces blood flow, leading to a strong
positive association with increased risk for transient ischemic
attack or stroke. The risk in this case depends on other
clinical factors of the patients, such as fat, mineral deposits,
diabetes, hyperuricaemia, obesity and smoking. These factors
affect the shape and plaque surface, symptomatic lesions and
irregularity of the edges of the artery walls (morphology of
the plaque surface), as detected on 3D-echograms. For
stenosis over 70%, the hemodynamic disturbance decreases
dramatically, reflecting a further increase in risk of
developing ischemic attack. The phenomenon is associated
with highly reduced cerebral perfusion.

The above results are in agreement with clinical data
where it was found that patients with over 70% carotid
stenosis are at a particularly high risk of ischemic stroke (3,
37). Our simulation model, in combination with FT-IR and
SEM data, also provides the starting point of calcium salt
crystallization, which plays a crucial role in stenosis, since
mineral and lipid deposits affect arterial stiffness.

Conclusion

Based on the results obtained from FT-IR spectra, the
observed intensity increase of vas’SCHz at 3,000-2,850 cm™!
in combination with the highly intense band at 1,744 ¢cm™!
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is attributed to aldehyde formation as result of lipid and
protein peroxidation, especially in foam cells. The spectral
range of 1,050-1,169 em™! is due to the absorption by AGEs.
In addition, the formation of amorphous CaCO;3 in the
presence of Mg2+ ions, particularly in highly oxidized lipid
regions inhibits stenosis of the carotid arteries. Excessive
Ca2* efflux promotes crystallization of CaCOj5 (1,450 cm™h
and Caj(POy), deposits (1,080-900 cm‘l), leading to
development of atheromatic plaque and stenosis. Increasing
amounts of AGEs, which contain many binding sites for
metal ions enabling calcium mineral deposition, increases the
hemodynamic disturbance, which leads to atheromatic
plaque formation and stenosis. From the clinical history of
the patients and SEM surface analysis of the endarterectomy
products, it was found that the atheromatic plaque
components produced affect plaque instability and wall
stiffness, which might lead to thrombosis and finally to
transient ischemia or ischemic stroke. The description of
blood flow as being one-dimensional, unsteady and laminar
in the fully developed model was shown to correctly
represent the flow through a stenosed artery as compared
with experimental results. The mathematical simulation
model showed that carotid artery stenosis over 45% reduces
the blood flow rate, while stenosis over 65% dramatically
increases hemodynamic disturbance, with parallel increase
of the rate of ischemic stroke or other major adverse
cardiovascular events.
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