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the pathogenesis of atherosclerosis. The importance of biomechanical forces in maintaining vascu-
lar homeostasis is considered. We provide descriptions of mechanosensing and mechanotransduc-
tion. The roles of wall shear stress and circumferential wall stress in the initiation, progression and
destabilization of atherosclerotic plaque are described. The data on the possibilities of assessing
biomechanical factors in clinical practice and the clinical significance of this approach are pre-
sented. The article concludes with a discussion on current therapeutic approaches based on the
modulation of biomechanical forces.
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1. INTRODUCTION

Atherosclerosis is a systemic chronic inflammatory dis-
ease predominantly affecting muscular and elastic arteries,
characterized by autoimmune response to arterial wall injury
with development of subintimal accumulation of lipids, im-
mune cells, and Smooth Muscle Cells (SMCs) [1].

Despite the systemic nature of the process, the onset of
atherosclerosis in the form of atherosclerotic plaque forma-
tion is focal in nature and is determined by hemodynamic
factors acting locally [2]. The most important among them
are circumferential wall tension and stress, acting perpen-
dicular to the vessel wall, initiated by blood pressure, as well
as wall shear stress, directed tangentially and arising under
the action of viscous forces on the Endothelial Cells (ECs)
generated by the moving stream of blood inside the vessel

[3].

2. DEFINITIONS OF CIRCUMFERENTIAL WALL
STRESS AND WALL SHEAR STRESS

Circumferential Wall Stress (CWS), arising from the effect
of blood pressure on the vascular wall, has as its point of ap-
plication at all the layers of the artery wall (intima, media
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and adventitia). According to the Laplace law (T = Pr), the
tension of the vascular wall (T) is proportional to the pres-
sure (P) and the radius of the vessel (r). CWS (CWS = Pr/h),
in turn, is directly proportional to pressure (P) and vessel
radius (r), and inversely proportional to vascular wall thick-
ness (h). Currently, synonymous terms are often used to refer
to CWS: “circumferential wall stress”, “tensile stress”,
“structural stress” or “plaque structural stress” [2]. Under
physiological conditions, CWS values are 1-2 x 106
dyne/cm” or 100-200 kPa [3].

Wall Shear Stress (WSS), generated by a moving blood
stream, acts primarily on the endothelial lining of the artery.
Before proceeding to the description of the WSS, it is neces-
sary to take into account such a concept as the Wall Shear
Rate (WSR). WSR can be defined as the speed at which
nearby fluid layers move relative to each other (measured in
inverse seconds, c-1) [4]. In other words, WSR is a gradient
of blood flow velocity along the radial direction, increasing
in the direction from the vessel wall to its center [5]. Know-
ing WSR (WSR =V / d), we can get WSS according to the
Hagen-Poiseuille law: WSS is directly proportional to WSR
and blood viscosity (WSS = p x WSR) (Fig. 1).

The literature describes various options for calculating
the WSS in accordance with the Hagen-Poiseuille law [6].
When using the Hagen-Poiseuille formula for assessing WSS
in vivo, a number of assumptions of this model should be
kept in mind: blood is treated as Newtonian fluid; blood flow

© 2020 Bentham Science Publishers
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Fig. (1). Circumferential wall stress and wall shear stress.

is considered as laminar and constant; the vessel is consid-
ered as a cylindrical tube with rigid walls.

Under physiological conditions, WSR and WSS vary
widely depending on the localization of the vessel in the cir-
culation system. For example, WSS is 0.3-0.5 Pa in the
femoral arteries, 0.4-0.5 Pa in the brachial arteries and 1.1-
1.3 in the carotid arteries [7]. WSR (max) in these vessels is
on average 735 ¢, 914 ¢ and 947 ¢ respectively [8].

3. MECHANOSENSING AND
DUCTION

MECHANOTRANS-

Despite the systemic nature of the process, the onset of
atherosclerosis in the form of atherosclerotic plaque forma-
tion is focal in nature and is determined by hemodynamic
factors acting locally [2]. The most important among them
are circumferential wall tension and stress, acting perpen-
dicular to the vessel wall, initiated by blood pressure, as well
as wall shear stress, directed tangentially and arising under
the action of viscous forces on the Endothelial Cells (ECs)
generated by the moving stream of blood inside the vessel

(3]

Biomechanical forces are involved in maintaining vascu-
lar homeostasis and are the most important participants in
the processes of vascular remodeling under various patho-
logical conditions: hypertension, atherosclerosis, etc. This is
made possible by two phenomena - mechanosensing and
mechanotransduction.

Mechanosensing is the ability of biological cells, includ-
ing ECs, to detect and respond to the effects of external me-
chanical forces that make up their microenvironment [§].
Mechanotransduction is a set of molecular and cellular
mechanisms for converting biomechanical forces into bio-
chemical stimuli [9]. Mechanotransduction is carried out by
means of mechanosensors - cellular structures, often of a
protein nature, which convert the mechanical “input” into the
biochemical “output” [10].

Thus, CWS and WSS are the most important regulators
of vascular homeostasis through their mechanosensing and
mechanotransinduction. ECs, being the interface of interac-
tion between the blood flow and the vascular wall, play a key
role in it.

In recent years, the conducted research aimed at describ-
ing the mechanisms by which ECs convert mechanical ef-
fects into biological reactions. According to a review by Y.
Fang et al. today, we can distinguish the following types of
mechanosensors [11]:

* Mechanically activated potassium and calcium ion chan-
nels;

» Integrins;
e Cell junction molecules;

* Elements of the cytoskeleton and its associated mole-
cules;

* Glycocalyx and cilia; efc.

Intracellular signaling pathways involved in mecha-
notransduction are also described in detail in the literature
[12, 13].

4. BIOMECHANICAL FORCES IN THE REGULA-
TION OF VASCULAR HOMEOSTASIS

The participation of biomechanical forces in the regula-
tion of normal physiology of ECs and vascular homeostasis
is called mechanoregulation [14].

One of the key signaling pathways that implement
mechano-regulatory mechanisms is the eNOS (endothelial
NO Synthase)/ NO Pathway. ENOS is an enzyme that gener-
ates NO from L-arginine.

Exposure of ECs with a laminar blood flow with high
WSR and WSS values, activates eNOS and leads to an in-
crease in NO synthesis in several ways [15]:

« Akt activation with subsequent Ser1177 phosphorylation;

« Stimulation of AMP-activated Protein Kinase (AMPK)
followed by Ser633 phosphorylation;

» KLF?2 transcription factor stimulation;

* PI3K/Akt and Protein Kinase C (PKC) stimulation with
subsequent nuclear factor (erythroid-derived 2)-like 2
(NRF2) activation.

In turn, NO performs a large number of functions that
ensure the survival of ECs, vascular tone maintenance, anti-
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inflammatory and antithrombotic properties of the endothe-
lial monolayer, and also takes part in angiogenesis [15].

WSS is an extremely important stimulus for angiogene-
sis. So, it is established that high WSS values at the micro-
circulatory level (more than 10 dynes/cm2 or more than 1
Pa) are a sprouting trigger for ECs [16]. At the same time,
angiogenesis stimulated by the WSS depends on the NO
bioavailability and is provided by mechanisms associated
with VEGF [17].

One of the key mechanisms by which WSS affects the
physiology of ECs is the regulation of gene expression.
Thus, more than 350 genes regulated by the WSS have been
identified [18]. At the same time, about 190 genes are
upregulated under the conditions of laminar flow with high
WSS (atheroprotective blood flow profile), and about 166
genes - under the conditions of the proatherogenic blood
flow profile. Accordingly, WSS directly determines the tran-
scriptome and the proteome of ECs [19]. This in turn deter-
mines the phenotype of ECs and their role in a number of
pathological processes (inflammation, thrombosis, oxidative
stress, etc.) [11, 20].

The influence of biomechanical factors on the immune
system, both systemic and local, also plays a crucial role in
the maintenance of vascular homeostasis. Above the exam-
ples the influence of WSS on ECs have been described,
however, at present, the mechanisms by which WSS affects
various immunocompetent cells are also established. In turn,
the interaction of ECs and immune cells determines the ves-
sel physiology.

The paper of A.A. Kadam et al., has been demonstrated
that the supra-physiological increase in WSS, observed, for
example, at the sites of vessel stenosis, leads to increase in
expression of TNFa, ICAM-1, MCP-1 and VCAM-1 genes
monocytes [21]. Thus, there is the increase in adhesion of
monocytes and their pro-inflammatory transformation. Ear-
lier in the study of M.J. Mitchell et al., the ability of WSS to
activate circulating neutrophils via the PAF-dependent path-
way was established [22]. Later studies have investigated
and described the mechanisms of WSS-induced transendo-
thelial migration of neutrophils [23, 24]. W.D. Qin ef al.,
described the enhancement of translocation and release into
the extracellular compartment by the endotheliocytes of the
High Mobility Group Box 1 (HMGB1), which is the arche-
typical Damage-Associated Molecular Pattern (DAMP), un-
der the influence of low WSS [25]. HMGBI, which is a
ligand for TLR2, TLR4 and RAGE, in turn, activates the
cells of innate immunity and triggers a cascade of inflamma-
tory reactions in the vascular wall. The influence of biome-
chanical forces on the circulating lymphocytes is currently
being studied and the available data are limited [26]. It is
known that the nature and size of WSS and WSR can modu-
late the migration of T-lymphocytes and the direction of
their movement [27].

While the physiological effects of the WSS are being
studied quite actively, the role of CWS in maintaining vascu-
lar homeostasis is not well described [3]. However, it is
known that CWS has a significant impact not only on the
functioning of ECs, but also on SMCs and the extracellular
matrix. The current state of the problem is described in suffi-
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cient detail in the reviews of Y. Fang ef al. and N.F. Jufri et
al 11, 28].

5. BIOMECHANICAL FORCES IN ATHEROSCLE-
ROSIS

5.1. Plaque Initiation

Atherosclerosis is a systemic disease characterized by
focal manifestation. In this case, biomechanical factors act-
ing locally determine the localization of atheroma. For a long
time, it is known that atheromas are localized mainly in
places of vascular bifurcations, lateral branch discharge or in
the bends of vessels [29]. These areas of the arterial tree are
characterized by the following features of the distribution of
biomechanical forces:

* Low WSS (<5 dyne/cm2);

* Oscillatory WSS with significant variations in the direc-
tion and amplitudes of WSS.

In this case, the least favorable profile of the blood flow
(proatherogenic) is observed along the inner curvature of the
vessel bend and along the outer wall of the Y-shaped bifur-
cations [30, 31]. In addition, the increase in the angle of
separation of vessels in the bifurcation is also associated
with the increase in the area subject to blood flow with low
oscillatory WSS [32, 33].

Cause-effect relationship of the pro-atherogenic blood
flow pattern with characteristic changes in the WSS has been
proven in a number of experimental studies. Thus, it was
shown that in regions with low oscillatory WSS, atheromas
develop significantly more often [2, 34-36]. Moreover,
atheromas in these regions are characterized by their large
size, large volume of the lipid-necrotic core and a lower con-
tent of collagen and SMCs. In prospective human clinical
studies, similar results were obtained. So, according to a 12-
year prospective study by C. Carallo et al. decrease in ca-
rotid WSS during the observation period was an independent
predictor of atherosclerotic plaque formation in the carotid
arteries [37].

The pro-atherogenic role of low WSS is usually consid-
ered from several different perspectives [3]. First, the de-
crease in WSS and WSR means, among other things, that
time during which atherogenic blood components are re-
tained over area of the vascular wall increases. The increase
in stagnation time in turn may indicate the increase in near-
wall transport, for example, of apo-B-containing lipoproteins
in the subintimal space [38]. Second, the reduction of WSS
per se through mechanosensing and mechanotransduction
initiates a complex of reactions, the result of which is the
phenotypic transformation of ECs and the development of
atherosclerosis. Among these reactions the following can be
noted:

e Up-regulation of gene networks determining the pheno-
typic transformation of ECs into an "inflammatory" pheno-
type [39];

* Change of the phenotype of ECs and endothelial-to-
mesenchymal transition [40];
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* Up-regulation of NF-kB and an increase in the expres-
sion of adhesion molecules by endotheliocytes (MCP-1,
VCAM-1, ICAM-1, E-selectin) [41];

» Decreased synthesis of Nicotinamide Adenine Dinucleo-
tide (NADH) in ECs, increased production of free oxygen
forms and activation of oxidative stress [41];

* Reduction of NO synthesis [42];

« Up-regulation of SREBP2 with subsequent activation of
NRLP3-inflamasome and increased synthesis of pro-
inflammatory cytokines [43].

5.2. Plaque Progression

Currently, there is convincing evidence of the important
role of WSS in the growth of atheroma and its transforma-
tion into an “vulnerable” plaque. In a number of clinical
studies, it has been established that a decrease in WSS is a
necessary condition for the growth of atherosclerotic plaque
[44]. In a study of P.H. Stone et al. using intravascular ultra-
sound, it has been demonstrated that in segments of the
coronary arteries subject to low WSS (less than 12
dynes/cm?2), the increase in the volume of atheroma over 8 +
2 months of observation was significantly more frequent
[45]. In their later study, which included 506 patients with
acute coronary syndrome, decrease in WSS was an inde-
pendent predictor of both the increase in atheroma volume
and the degree of coronary artery stenosis [46]. Similar re-
sults were obtained in the works of X. Liu ef al. and O.
Parodi et al. [47, 48]. Moreover, in addition to the increase
in the volume of atherosclerotic lesions, decrease in WSS
was also associated with the increase in the volume of the
lipid-necrotic plaque core and decrease in the volume of fi-
brous tissue, which indicates its transformation into a pheno-
typically unstable atheroma [49].

5.3. Plaque Destabilization and Rupture

Data on which hemodynamic profile is associated with
destabilization of atheroma are contradictory. It was found in
the study by D. Shishikura et al., that in the segments of the
coronary arteries with high WSS, atherosclerotic plaques
more often transformed into phenotypically vulnerable [50].
Similar results were obtained in studies of M.T. Corban et al.
and N. Murata et al. [51, 52]. It is assumed that in atheromas
exposed to high WSS, up-regulation of apoptosis of SMCs,
up-regulation of macrophages and the increase in the activity
of matrix metalloproteinases occurs [53]. This leads to thin-
ning of plaque cap, its erosion or rupture.

On the other hand, in the study of A.M. Kok e? al. predic-
tors of atheroma growth and adverse changes in its composi-
tion were low and multidirectional WSS [54]. In atheroma
areas prone to low WSS, activation of the inflammatory cas-
cade, increase in lipid accumulation and expansion of the
lipid-necrotic core, predominance of the processes of biodeg-
radation of the extracellular matrix can be observed [55].
The result of these processes is the formation of thin-cap
fibroatheroma that is at high risk of atherothrombosis.

It was essential to recall that the effects of WSS can be
modified by other factors and the role of various WSS pat-
terns in destabilizing atheroma can depend both on the local
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microenvironment and on system factors. For example, it
was demonstrated in the work of C. Costopoulos et al., that
the combination of low WSS and high CWS (or plaque
structural stress) was the most unfavorable in terms of desta-
bilization of the plaque [56]. In addition, the interpretation of
heterogeneous research results makes it difficult for WSS to
evolve over time, as atheroma grows and develops, as well
as WSS heterogeneity in space - low WSS values proximal
to atheroma, with an increase in the proximal shoulder area,
reaching supraphysiological values at the site of maximum
narrowing of the vessel lumen a subsequent decrease in the
region of the distal shoulder [55]. In conclusion, it should be
noted that with large assumptions it can be assumed that
WSS low values initiate the development and further growth
of atheroma, which leads to stenosis of the vessel lumen and,
respectively, growth of WSS and CWS, which trigger desta-
bilization of atheroma with its rupture or erosion [56].

6. DIAGNOSTIC METHODS FOR ASSESSING BIO-
MECHANICAL FORCES IN VIVO AND CLINICAL
IMPLICATIONS

6.1. Diagnostic Tools for Biomechanical Forces Assess-
ment

Currently, the clinical studies use the following methods
for assessing WSS and other biomechanical factors involved
in the pathogenesis of atherosclerosis:

Methods based on the use of duplex ultrasound scanning
of blood vessels, allowing to determine the blood flow veloc-
ity, an diameter of the vessel, and, consequently, WSR [57-
59]. According to Hagen-Poiseuille law, WSS can be calcu-
lated after measuring blood viscosity;

¢ Ultrasound Doppler velocimetry and particle image
velocimetry [60];

* Phase-Contrast Magnetic Resonance Imaging (PC-
MRI) and 4D PC-MRI [61-63]. These techniques are
among the most widely used WSS measurement
methods in the recent years. They combine optimal
spatial and temporal resolution, high measurement ac-
curacy, low operator dependence and the absence of
ionizing radiation;

¢ Intravascular ultrasound, including in combination
with other imaging techniques, such as computed to-
mography or invasive angiography [64];

¢ Computational Fluid Dynamics (CFD) methods based
on the Navier-Stokes equations system [65, 66].

To date, the assessment of biomechanical forces and fac-
tors involved in atherogenesis is used mainly in the clinical
studies. Nevertheless, various practical implications can be
distinguished, the introduction of which in clinical practice
seems to be justified and highly probable.

6.2. Carotid WSR and WSS as Markers of Vascular Re-
modeling and Atherosclerotic Cardiovascular Diseases

Progressive reduction in carotid WSS and WSR was ob-
served in the experimental work of R. Xing et al., after ca-
rotid artery stenosis in vivo was established. Interestingly
that WSS and WSR were decreased during the follow-up
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Fig. (2). Changes in carotid WSR, depending on the severity of atherosclerotic lesions of peripheral arteries.

period of 9 weeks, despite the fact that the degree of stenosis
remained unchanged [67]. The decrease in WSS and the in-
crease in Carotid Intimal Medial Thickness (CIMT) of the
Common Carotid Artery (CCA) was demonstrated in a study
by B. Zhang et al., as atherosclerosis progressed against a
fat-rich diet. At the same time, decrease in WSS was ob-
served already from the first week of the experiment, while
the increase in the CIMT was recorded only at week 5 of
observation. It is evident that the diagnostic value of carotid
WSS and WSR is quite high, and may exceed the traditional
indicators, such as CIMT of the CCA [68].

It has been found in our study that as the severity of athe-
rosclerotic lesions of peripheral arteries increases, a signifi-
cant decrease in carotid WSR was observed (Fig. 2) [69].

This may indicate that the carotid WSR is capable of
representing systemic vascular remodeling associated with
atherosclerosis and hypertension.

In the study by KI Cho et al., carotid WSS was evaluated
in patients with suspected Coronary Artery Disease (CAD).
It was found that the patients with verified diagnosis of CAD
differed significantly as they have lower WSS values com-
pared with patients without CAD. Also, the decrease in ca-
rotid WSS was associated with the severity of atherosclerotic
lesions of the carotid arteries and was an independent predic-
tor of the patient’s angiographically confirmed CAD. It is
important that the predictive value of WSS was higher in
comparison with CIMT and the area of carotid plaque [70].

6.3. Diagnostic Tools for Biomechanical Forces Assess-
ment

Data reflecting the ability of the WSS to serve as a pre-
dictor of the development and progression of atherosclerosis
in the corresponding vascular pool - from carotid arteries to
the coronary arteries as presented in sections 5.1., 5.2. and
5.3.

A number of clinical studies have demonstrated an in-
verse correlation relationship between the WSS value after
stenting of the arteries and neointima thickness during the
observation period [71]. These connections are more charac-
teristic of the implantation of bare-metal stents [72]. A de-
crease in WSS in the stent area was also associated with the
increase in the volume of neoatherosclerotic lesions [73]. In
the vascular wall areas exposed to WSS less than 1 Pa,
neointimal hyperplasia and thrombosis are developed sig-
nificantly more often. Further study of changes associated
with stent implantation may contribute to the development of
new stents and grafts, as well as prognostic models that
minimize the risks associated with stent restenosis [74].

6.4. WSS as a Predictor of Adverse Events Associated
with Cardiovascular Risk Factors and Atherosclerosis

Carotid WSS can serve as a marker not only of athero-
sclerosis and atherosclerotic CVD, but also of other patho-
logical conditions associated with cardiovascular risk factors
and taking their place in the cardiovascular continuum. So,
according to Y. Guo et al., carotid WSS is directly correlated
with glomerular filtration rate in the elderly patients [75].

Z. Liu et al. found that the decrease in carotid WSS is
associated with the presence and extent of white-matter hy-
perintensities [76]. In addition, the carotid WSS directly cor-
related with the MMSE score. At the same time, a decrease
in carotid WSS was an independent predictor of the decrease
in the MMSE score for 5.4 years of observation [77].

6.5. Other

Outside the scope of the work, other clinical areas were
left, in which the study of biomechanical factors is progress-
ing very actively and contributes to the translation of the
results of these studies into clinical practice. So, it should be
noted that there is great importance of research on biome-
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chanical factors in the development and progression of vas-
cular aneurysms and aortopathies [78, 79].

7. CURRENT THERAPEUTIC APPROACHES BASED
ON THE MODULATION OF BIOMECHANICAL
FORCES

7.1. Flow Modification Stents

The stent implantation leads to a number of adverse
changes in the hemodynamic profile of the blood flow,
among which are the slowing of blood flow, the appearance
of recirculation sites, areas with reduced, elevated or oscilla-
tory WSS. On the one hand, these factors may contribute to
stent restenosis, on the other, to the progression of athero-
sclerosis distal to the location of the stent [80, 81].

The question of the effect of WSS changes after the stent
installation on the risk of its thrombosis is extremely impor-
tant. It is known that reduction in WSS observed at the site
of stent implantation, contributes to the reduction in the ex-
pression of nitrogen oxide, prostacyclin and tissue-type
plasminogen activator [82]. In addition, low WSS inhibits
reendothelialization within the stent, which may also in-
crease the risk of stent thrombosis. On the other hand, the
heterogeneity of WSS arising over and between the struts,
causes platelet activation and also plays a role in thrombus
formation [82, 83].

A number of stents' manufacturers are actively pursuing
the development and clinical studies of stents that modify the
flow and change the local hemodynamic profile in a favor-
able direction [84].

Among these stents should be noted Spiral Flow™ (VFT,
Dundee, United Kingdom) and BioMimics 3p™ (Veryan
Medical Ltd, West Sussex, United Kingdom). Spiral Flow™
has an original design, according to which there is a ridge at
its distal end, which forms a spiral flow distal to the stent.
Satisfactory results were shown in the small clinical study
regarding the patency in the stent implanted for peripheral
artery disease in the proximal or distal arteries of the lower
limbs. Obviously, further research is needed in this direction
[85]. A similar graft concept - SwirlGraft™ - was developed
by C.G. Caro et al. [86]. However, clinical trial data is also
limited [87].

BioMimics 3D™ was created for endovascular interven-
tions for stenosis of the popliteal and superficial femoral
arteries (Fig. 3).

The stent has a spiral shape. According to a two-year
prospective study where 50 patients were implanted with this
stent, it was shown that the primary patency of BioMimics
3D™ was higher compared to the control group - 72%
against 55% (p=0.05) [88].

The concept of developing stents and grafts forming a
spiral flow is that the spiral flow of blood is physiological
and is characteristic of arteries under physiological condi-
tions, which is associated with the twisting and unwinding of
the left ventricle during the cardiac cycle. The beneficial
effects of spiral blood flow include reducing flow turbu-
lence, reducing stagnation and normalizing WSS - increasing
its absolute values and reducing oscillations of WSS [89]. In
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Fig. (3). BioMimics 3D™ (source: http://www.medicalexpo.com).
(A higher resolution / colour version of this figure is available in
the electronic copy of the article).

CFD studies, it was found that stents generating a spiral flow
of blood lead to the increase in WSS, which depends directly
on the size and position of the ridge [89]. For example,
it was shown according to BioMimics 3D™ CFD-studies of
the stent, that WSS was significantly higher inside a spiral
stent compared to the control group - 1.13 + 0.13 Pa vs. 1.06
+0.12 Pa (p = 0.05) [90]. In this case, according to the study
of F. Kabinejadian et al., the helical stents allowed for opti-
mal modification of the flow compared with spiral stents
[91]. Thus, there were significantly fewer portions of the
vascular wall exposed to WSS with high oscillatory index,
and average WSS values were significantly higher in
BioMimics 3DTM-type stents.

The development and introduction into clinical practice
of stents and flow-modifying grafts is a perspective and
promising direction, however, requiring further clinical stud-
ies.

7.2. Individual Shear Rate Therapy

Given the above data on the role of WSS in angiogenesis,
the idea of stimulating angiogenesis seems logical and prom-
ising by artificial increase of WSS [92]. In addition, physical
training-induced angiogenesis, mediated predominantly by
WSS, is a natural model demonstrating the effectiveness of
this approach [93].

The pioneers in this field are the team of authors who
developed the Individual Shear Rate Therapy (ISRT) tech-
nique, adapting an external counterpulsation system [94].

Previously, the study results obtained indicate that the
use of Enhanced External Counterpulsation (EECP) may
contribute to the development of new collateral blood flow
networks [95, 96]. It was found in the study on the dogs that
the use of EECP is associated with the increase in the density
of microcirculation vessels per square millimeter of myocar-
dial tissue in the infarction areas [97, 98]. Clinical prospec-
tive studies have also demonstrated a reduction in myocar-



Biomechanical Forces and Atherosclerosis

dial ischemia according to perfusion scan after 1 month of
EECP [99].

Initially, ISRT was conceived as a therapeutic angio-
genesis system for the patients with Peripheral Arterial Dis-
ease (PAD) and intermittent claudication. The efferent part
of the ISRT-system consists of two pairs of cuffs located
on the hip and thighs. Compression of the cuffs is
coordinated by synchronous ECG recording - it starts in the
late systole phase and ends in the early diastole phase. Se-
lection of the required therapy regimen occurs individually
by measuring and analyzing the parameters of the Doppler
study.

According to the studies conducted both on healthy vol-
unteers and on the patients with intermittent claudication, it
was found that long-term ISRT led to a significant increase
in blood nitrites in the patients with PAD, indicating an in-
crease in NO synthesis and improvement in endothelial func-
tion [100]. In the ISRT study, which included 14 patients
with PAD IIb stage according to Fontein, the effect of ISRT
on endothelial function and walking distance was studied. It
was found that long-term ISRT led to a significant increase
in the flow-mediated dilation of brachial artery - from 0.13 +
0.09 mm to 0.38+0.05 mm (p<0.05) [101].

An increase in painless walking distance (from 92.6 + 8.2
meters to 280 + 101.3 meters, p <0.05) and absolute walking
distance (from 167.8 = 18.1 meters to 446.7 + 133.3 meters;
p < 0.05) was also recorded. In addition, the authors found
that long-term ISRT led to a significant increase in the activ-
ity of telomerases of peripheral blood mononuclear cells in
the patients with PAD, which, according to the authors,
could indicate improved monocyte and macrophage regen-
eration, which is a condition for successful angiogenesis
[102].

The study of F. Picard et al. studied the effect of ISRT on
the course of stable CAD. It has been shown that ISRT for 6
weeks increased the walking distance in the 6-minute walk-
ing test for 78 meters (p = 0.007). In addition, decrease in
pulse wave velocity by 1.2 m/s (p = 0.004) and the central
arterial pressure by 12 mmHg (p = 0.008) was noted. De-
crease in systolic blood pressure by 15 mm Hg (p < 0.001)
and diastolic blood pressure by 8 mm Hg (p = 0.033) was
also observed according to daily blood pressure monitoring
[103].

Thus, it can be assumed that ISRT, due to a variety of
systemic effects, may in the future be the effective method
for treating various atherosclerotic CVD, and not just PAD.

7.3. Therapeutic Ability to Influence on WSS

In accordance with Hagen-Poiseuille law, WSS is di-
rectly proportional to blood viscosity and WSR. Accord-
ingly, the effect on WSS is possible both by changing the
WSR (for example, during the physical exercise or ISRT),
and by influencing the blood viscosity.

At the same time, a decrease in blood viscosity should
lead to a decrease in WSS, and increase - to increase in
WSS. Thus, the increase in WSS, which is hypothetically an
atheroprotective factor, is possible with an increase in blood
viscosity. On the other hand, according to large epidemiol-
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ogical studies, an increase in the viscosity of whole blood
and plasma in the general population is associated with in-
crease of relative risk of adverse cardiovascular events [104].
At the same time, according to B.Y. Salazar Vazquez et al.,
moderate increase in blood viscosity may be associated with
improved endothelial function and may have positive effects
on cardiovascular health. It is especially noted that currently
there is not enough data to determine the optimal level of
hematocrit and blood viscosity to maintain vascular and
metabolic homeostasis [105].

In this context, the results of the study of SGLT2-
inhibitor empagliflozin, which demonstrated a decrease in
the relative risk of cardiovascular complications in the pa-
tients with type 2 diabetes, are extremely interesting. Ac-
cording to the study of C. Irace ef al., administration of em-
pagliflozin for 3 months led to significant changes in hemor-
heology and carotid artery structure [106]. Thus, there was a
statistically significant increase in blood viscosity, and a
decrease in the diameter of the CCA, which led to a signifi-
cant increase in carotid WSS. These changes were not ob-
served in the liraglutide treatment group. Thus, according to
the outcome of a short-term study, empagliflozin increased
blood viscosity and carotid WSS, and according to the out-
come of a long-term study (EMPA-REG Outcome) signifi-
cantly reduced the risk of adverse cardiovascular events and
the risk of all-cause death. How these phenomena are related
to each other and what the nature of these relationships
should answer future research.

However, problematisation of this issue is extremely im-
portant and interesting from the point of view of possible
ways of pharmacological influence on WSS and the associ-
ated risks of benefits.

7.4. Therapeutic Targeting of Mechanosensitive Tran-
scription Factors

The mechanisms by which the biomechanical forces real-
ize their pro-atherogenic and atheroprotective effects were
described in Section 3. The development and study of the
agents that affect the mechanosensing and subsequent ex-
pression of genes that regulate vascular homeostasis are very
promising.

One of the most promising targets is KLF2 and KLF4,
whose activation has a number of anti-atherogenic effects
[107]. The ability to regulate these factors has been identi-
fied in several pharmacological agents: statins, resveratrol,
vorinostat (suberanilohydroxamic acid), tannic acid, etc.
Thus, for example, it was found that statins up-regulate
KLF2 via the mevalonate pathway and MEF2 (myocyte en-
hancer factor 2)-dependent pathway [108]. For the other
agents listed above, the mechanisms of KLF2 up-regulation
are also described [107].

Another possible direction is the up-regulation of nuclear
factor (erythroid-derived 2)-like 2 NRF2. One of the activa-
tors of NRF2 is sulforaphane substance isolated from broc-
coli [109]. The up-regulation of NRF2 by sulforaphane leads
to the inhibition of the activation of ECs in places of the ves-
sel that are subject to disorganized blood flow through the
suppression of p38/VCAMI signaling pathway [109]. Other
promising areas are inhibition of NF-kB (for example, Vin-
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pocetine), HIF-la (evodiamine, digoxin) and YAP/TAZ/
TEAD-signaling pathway.

CONCLUSION

Biomechanical forces are the most important factors in
maintaining vascular homeostasis and are directly involved
in its violation within the framework of pathological vascular
remodeling, for example, in atherosclerosis. Studying the
role of these factors in the pathogenesis of atherosclerosis
can enhance the understanding of the mechanisms of athero-
sclerosis, as well as contribute to the discovery of fundamen-
tally new methods of prevention and treatment of atheroscle-
rotic CVD. Currently, the translation of the results of funda-
mental and clinical researches in this field into clinical prac-
tice has led to the development of new diagnostic and thera-
peutic approaches.

LIST OF ABBREVIATIONS

CAD = Coronary Artery Disease

CCA = Common Carotid Artery

CIMT = Carotid Intimal Medial Thickness
CWS = Circumferential Wall Stress

ECs = Endothelial Cells

ISRT = Individual Shear Rate Therapy
PAD = Peripheral Arterial Disease

SMCs = Smooth Muscle Cells

WSR = Wall Shear Rate

WSS = Wall Shear Stress
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