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Abstract

Atherosclerosis remains the main cause of death worldwide. Most important issues concerning atherosclerosis are hemodynamics and how it affects
plaque prevalence and distribution, as well as the symmetry and asymmetry of vasculature and plaques. To present the symmetry in the vascular
system an analysis of PubMed and MEDLINE databases was performed. As of February 21, 2023, the results were as follows: for “symmetry”
AND “atherosclerosis” there were 47 results; for “symmetry” AND “atherosclerotic lesions” — 20 results; for “symmetry” AND “artery stenosis” —
82 results; for “asymmetry” AND “atherosclerosis” — 87 results. Not without meaning are preventive measures. In the light of the Fourth Industrial
Revolution artificial intelligence (AI) solutions help to develop new tools outperforming already existing cardiovascular risk scales. The aim of
this paper is to present a current view on symmetry within vasculature and atherosclerosis as well as present a new approach to assess individuals’
cardiovascular risk in accordance with precision medicine assumptions. Symmetry and asymmetry within the human vascular system play a cru-
cial role in understanding of arterial diseases, including atherosclerosis. Moreover, it is unavoidable to use Al in cardiovascular risk stratification.
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INTRODUCTION

Dependencies between numerous biological structures
and their inside, either physiological or pathological,
have been described using i.a. Fibonacci number and
numerous fractal models [1,2]. Attention to symmetry
and asymmetry has been drawn, referring in particular
to parity, odd parity, and asymmetry of organs, nerves,
and primarily, blood vessels. Interestingly, especially cen-
tral large vessels present asymmetry. Symmetry owes its
current definition to the seventeenth century scientists
and until now it has been defined as similarity or exact
correspondence of objects. It is gaining in popularity in
modern physics and mathematics, presenting mathemat-
ical proportions and harmony as a whole.

Received: February 24, 2023. Accepted: August 11, 2023.

Geometry is one of the oldest branches of mathematics
with origins dating back to antiquity. Friedman et al. [3]
were probably the first to suggest an existence of “geo-
metric risk factors” for atherosclerotic lesions. Later,
other studies suggested geometry to affect the blood
flow pattern, modulate the wall shear stress and there-
fore create local factors predisposing to the prevalence
of atherosclerotic lesions, aneurysms and other patholo-
gies [4]. This phenomenon had been proposed to affect
both - symmetry and asymmetry in atherosclerosis dis-
tribution [5,6]. It proves that fluid biomechanics and ath-
erosclerotic plaque formation are strictly connected and
computational fluid dynamics simulations are a power-

ful tool to present and study vascular hemodynamics.
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Figure 1. PRISMA flow diagram presenting search strategy of particular
commands: 1) “symmetry” AND “atherosclerosis”; 2) “symmetry”

AND “atherosclerotic lesions”; 3) “symmetry” AND “artery stenosis”;

4) “asymmetry” AND “atherosclerosis”

Hemodynamics and biomechanics have also been con-
nected to create computations defining features of a vul-
nerable plaque that can strictly lead to plaque rupture
and ischemia [7].

As the major cause of death worldwide despite the low-
ering in mortality rates in the majority of countries [8],
atherosclerosis is a chronic and progressive disease
manifested as a coronary heart disease (CHD), isch-
emic stroke and peripheral artery disease (PAD). One
of the most important issues concerning atherosclerosis
is hemodynamics and how it affects plaque prevalence
and distribution. Because of the topicality of the issue,
preventive measures are not less important. Well-
known cardiovascular risk scales are currently being
evaluated and refined with artificial intelligence (AI)
tools. The aim of this paper is to present a current view
on symmetry within vasculature and atherosclerosis as
well as present a new approach to assess individuals’

cardiovascular risk.
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METHODS

The study was performed based on the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) protocol.

The main inclusion criteria was the consistency with
the topic.

To present the symmetry in the vascular system an analy-
sis of PubMed and MEDLINE databases with the Boolean
operators “AND” and “OR” was performed. As of Febru-
ary 21, 2023, the results were as follows: for “symmetry”
AND “atherosclerosis” there were 47 results (1); for “sym-
metry” AND “atherosclerotic lesions” — 20 results (2); for
“symmetry” AND “artery stenosis” — 82 results (3);
for “asymmetry” AND “atherosclerosis” — 87 results (4).
As of February 21, 2023, there were 236 articles identi-
fied. Two researchers conducted searches independently
of each other.

There were 2 articles in which the authors could not verify
the methods and decide whether they meet the inclusion
criteria. These articles were excluded.

Finally, 26 articles met inclusion criteria. The results were
divided into subsections presented in the review. The pro-

cess is presented in Figure 1.

Central vasculature

Children

Arteries begin to form at the end of third embryonic
week. Primary blood vessels create a primary vascular
net and after connecting with the heart, a closed system
arises. Further development of the vasculature progresses
by budding. In the primary vascular system, the heart
pumps the blood into the truncus arteriosus which bifur-
cation creates a geminate ascending aorta. Both penetrate
pharyngeal arches as pharyngeal arch arteries (PAAs) and
create 2 descending aortas that run along chorda dorsalis
to create umbilical arteries traveling within the umbilical
cord to the chorion. Finally, they connect in their middle

part and create an odd descending aorta.
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Pharyngeal arch arteries are bilateral structures located
below the head of the embryo. The first and second PAAs
regress quickly and their remnants build parts of the maxil-
lary and stapedial arteries. The third PAAs form common
carotid arteries. The fourth right PAA persists as a part of
the right subclavian artery and the left PAA forms the cen-
tral region of the aortic arch. Both sixth PAAs contribute to
the proximal part of pulmonary arteries and the second part
of the sixth left PAA creates ductus arteriosus, the ductus
Botalli, that closes directly after birth [9]. It is interest-
ing how during embryogenesis the symmetrical system
becomes asymmetrical. There is only a little data available
concerning pediatric patients. In children, the right aortic
arch is a common pathology. Asymmetry in the blood
volume flow between ascending and descending aorta was
described in a study on 14 patients that may have an impact
on the potential treatment plan [10]. Another study com-
pared fetal renal arteries and found a 60% symmetry [11].

Adults

Despite aorta being an asymmetrical vessel, its main
branches remain an adequate source to define symmetry
and asymmetry on the right and left side. Arterial regions
mostly affected by atherosclerotic lesions are bifurcations,
branch points and major curvatures [12]. It was shown that
the asymmetry of an aortoiliac bifurcation has no influ-
ence on building of an atherosclerotic plaque [13]. Within
the carotid tree atherosclerotic plaques mostly form in the
common carotid and internal carotid artery. Also, not
without meaning remains anatomy of an individual and
sex [14,15]. First studies suggested that if an individual
presents carotid atherosclerosis on one side, it is more likely
to present similar lesions on the other side [16,17] which
brought up thoughts that atherosclerosis is a symmetrical
phenomenon. Adams et al. [16] presented correlations in
total wall volumes and calcification scores between sides.
The study of carotid plaque symmetry on 177 participants

with MRI explored strong correspondence between left

and right carotid artery - total vessel volumes, wall vol-
umes, mean wall thickness and normalized wall index
as well as a moderate correspondence (correlation) for
the presence of calcification or lipid-rich necrotic core on
both sides. As a result, a plaque morphology, presence of
calcifications and necrotic core may develop symmetri-
cally but the lipid content within plaques varied between
sides [18]. In another study, the carotid atherosclerosis
score for plaque risk stratification showed right-left dis-
crepancies (only 16 of 47 patients with CAS - 4 presented
the same value on the second side, the differences between
plaque components have also been stated) which may sug-
gest stronger influence of local rather than systemic factors
on high-risk lesions [18]. A symmetry in the distribution
of intima-media thickness (IMT) was observed in pre-
vious [19]. Another study reported that only 129 of 400
(32.25%) participants presented the same scores on both
sides [5]. Benetos et al. [20] found a correlation in inflam-
matory processes affecting right and left carotid arteries as
well as assessed that its severity depends on the presence
and intensity of coronary artery disease (CAD), diabetes
mellitus and hypertension. Interestingly, asymmetry of
the intracranial carotid artery may have an influence on

the presence of high-grade cervical stenosis [21].

Peripheral vasculature

Brain and intracranial arteries

The Willis circle is built with intracranial arteries (basilar
artery, posterior cerebral arteries, posterior communicat-
ing artery, anterior cerebral arteries, and anterior com-
municating artery) and in the majority of cases is a sym-
metrical structure with a complete contour (50% of healthy
brains). However, it can be observed in other anatomical
variants (50% of healthy and 80% of dysfunctional brains)
and geometrical variations. In these cases hemodynam-
ics and, as a result, also perfusion of the brain may affect
the tissue leading to various pathologies [22,23]. Brain base

arteries have been analyzed in another study and the most
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symmetrical one was the proximal segment of the middle
cerebral artery [11]. It was proven that an asymmetry of
the internal carotid artery can be connected with various
anatomical changes in the circle of Willis [24]. Geometrical
changes of the arteries may lead to varied shear stress values,
increased risk of an aneurysm rupture, and the prevalence
of atherosclerosis [25]. Moreover, the completeness of
the Willis circle could affect atherosclerotic plaque distri-
bution within the middle cerebral artery [26,27]. A plaque
distribution and progression within intracranial arteries
may have a mirror pattern [28].

Mujagi¢ et al. [29] evaluated symmetry, asymmetry, and
hypoplasia of intracranial carotid arteries and found that
in 94.6% of men and 93.4% of women this artery was
symmetrical. Interestingly, the functional asymmetry of
the brain may predispose to coronary atherosclerosis [30].
Also, the asymmetry of the stenotic artery region is cor-
related with characteristic sound emission and its varia-
tions [31]. Sfyroeras et al. [32] investigated 29 patients
undergoing carotid angioplasty and stenting to assess brain
perfusion. The relevance of carotid stenosis did not corre-
late with brain perfusion. On the other side, asymptomatic
patients presented reduced brain perfusion on the ipsilat-

eral side when compared to symptomatic patients.

Extremities

The distribution of atherosclerosis within lower limbs
indicates that in 40% of cases the terminal aorta, its main
branches, the distal femoral artery, and popliteal artery
are affected [6,33]. Also due to hemodynamic condi-
tions and the local wall shear stress aortic bifurcation and
superficial femoral artery are involved in this pathologi-
cal process more often than others [34]. One of the first
studies concerning symmetry in the distribution of lower
limb atherosclerosis described 53-76% inter-leg sym-
metry in arteriographic pictures [35]. Peripheral artery
disease (PAD) within lower extremities was proven to be

distributed symmetrically but not uniformly. The sym-
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metry of lesions was described as general and concern-
ing all patients with an advanced stage of atherosclerosis,
quantified in 13% for external iliac artery and 38% for
internal iliac artery if defined as the same stenosis score
in both legs, and quantified in 20% if defined as bilat-
erally diseased artery segments regardless the stenosis
score [6]. The study of Vink et al. [36] on femoral arter-
ies of 42 individuals revealed a concordance in the aver-
age plaque size, expansive remodelling, and a presence
of a lipid-rich core within plaques. Inflammation as
a process leading to plaque vulnerability is an impor-
tant factor investigated in this study. Interestingly, there
was no correlation in the distribution of inflammation
between sides. Last but not the least is the report of Wik-
strom et al. [37] who found no correlation in the distri-
bution of atherosclerosis between 2 lower extremities in
the group of 306 randomly selected individuals. Similarly,
another study reported discrepancies in IMT and preva-
lence of atherosclerotic plaques within the right and left
femoral arteries [19]. Another anatomical study among
patients with the aortoiliac occlusive disease, assessing
the bilateral symmetry and anatomical variants of arter-
ies was performed [38,39]. Barden et al. [40] investigated
gate pattern, regularity, and the relationship between
PAD severity (assessed with an ankle-brachial index)
among PAD patients.

Unfortunately, there is very limited data according
to the upper limb vasculature. Only 1 study assessing

the symmetry of obstructions itself has been found [41].

Other arteries

The left subclavian artery, common carotid artery, and
intracranial vertebral artery have presented a higher dif-
fusion of atherosclerotic plaques than contralateral arter-
ies in a study performed on 284 stroke patients [42].
Recently, a paper presented by Artysuk et al. [43] have
stated that renal size asymmetry >12 mm can be con-

nected with renal artery stenosis.



SYMMETRY AND ASYMMETRY IN ATHEROSCLEROSIS REVIEW PAPER

Artificial intelligence

A history of Al begins in 1950 when Alan Turing published
a paper “Computing machinery and intelligence” [44].
In 1956, the term “artificial intelligence” was used for the very
first time by John McCarthy and David Minsky. Nowadays,
a subset of Al, machine learning (ML), is a powerful tech-
nology applied to classify already existing data (supervised
learning), find unique patterns among these data (unsuper-
vised learning) as well as automatically find new patterns
in a specified environment in order to maximize a reward
(reinforcement learning). Among these, a special subset
of ML - deep learning (DL) - building artificial neural net-
works and consisting of interconnected nodes should be
mentioned. Moreover, various algorithms such as: linear
and logistic regression, artificial neural networks, support
vector machines, and tree-based methods are used to create
new solutions [45]. In the context of environmental health,
one of the most actual applications has been the COVID-19
pandemic [45,46]. Artificial intelligence can be also used to
improve the safety and health of workers [47]. As atheroscle-
rosis affects the whole population, and even children show
initial atherosclerotic changes within arteries, the problem
of personalized medicine in the context of every working
person is of utmost importance. A cardiovascular risk of an

individual can be also assessed by ML solutions.

Cardiovascular risk prediction and Al

Techniques based on machine learning can significantly
improve the performance of risk predictions, identify
potential new ones or find new patterns connecting com-
plex features. Integration of data gathered by large institu-
tions, such as the UK Biobank or the National Institutes of
Health (NIH) All of Us Research Program, needs a special
approach and algorithms to integrate and interpret them
properly. Similarly, more prediction models assessing
potential cardiovascular risk have been applied and vali-
dated. One of them is the study based on the UK Biobank
population including 423 604 individuals without earli-

er CVD and analyzing 473 available variables [48]. Authors
created the machine learning-based model using an algo-
rithmic tool AutoPrognosis. Results outperformed already
existing risk scores as well as uncovered new predictors
for CVD such as the self-reported health rating and usual
walking pace. However, instead of a large population, there
were some limitations such as the lack of blood lipid profile,
markers of inflammation, and natriuretic peptides which
are important in the pathogenesis and treatment of CVD.
New predictors have not been further evaluated. Inter-
estingly, Weng et al. [49] presented a comparison of ML
methods (random forest, regression model, neural net-
works, and gradient boosting machines) with an already
established American College of Cardiology (ACC)/Ameri-
can Heart Association (AHA) risk prediction algorithm.
All AT models performed better in identifying patients at
risk for CVD in the future pointing to artificial neural net-
works to have the biggest improvement in risk stratification.
In another study, the ML-based calculator using the sup-
port vector machine method (SVM) was evaluated with
a 13-year follow-up data set from the Multi-Ethnic Study
of Atherosclerosis (MESA) and demonstrated a significant
improvement when compared to the ACC/AHA Risk Cal-
culator [50]. A similar study of Unnikrishnan et al. [51]
showed better performance of ML methods.

Probably the most commonly used example of supervised
learning in medicine is the Framingham risk score (FRS),
dedicated to determining chances of the individual’s to
develop cardiovascular disease and identify those who are
most likely to benefit from preventive measures. A non-
linear approach proposed by Orfanoudaki et al. [52]
achieved even higher sensitivity and specificity rates than
the established score model. Another Al-based model
created on >86 thousand patients and then evaluated on
>4 thousand individuals who have undergone coronary
artery calcium score, as compared with the FRS [53].
Since the carotid ultrasound is concerned an economic,

ergonomic, and non-invasive method of indirect cardio-
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vascular risk assessment (especially carotid intima-media
thickness [cIMT] and carotid plaque burden), combining
it with Al methods constantly gains in popularity in stroke
and cardiovascular risk prediction [54]. It is known that
this factor is predictive for cardiovascular endpoints as
well as there is a clear relationship between intima-media
thickness and the severity of coronary artery disease and
its risk. Yet it is not useful in individuals’ risk stratifica-
tion and the intima-media thickness is a less predictive
factor than carotid plaque burden alone [55].

In 2019 guidelines ESC does not recommend cIMT mea-
surement in standard risk estimation among asymp-
tomatic patients, however acknowledged the presence
of carotid atherosclerotic plaque as a factor potentially
modifying the risk [56]. Interestingly, papers concern-
ing the correlation between IMT and SYNTAX scores
have been designed as well, assessing the usefulness of
automated measurements and comparing it with manual
measurements in the Japanese population [57]. Another
study created assumptions and training sets based on
conventional risk factors (AtheroRisk-conventional) and
carotid ultrasound image-based phenotypes (Athero-
Risk-integrated) and then compared them. This is
another method proposed to evaluate cardiovascular and
stroke risk with the use of AI as a low-cost and effective
solution that can be applied into clinics [58]. Studies of
Araki etal. [59] and Banchhor et al. [60] combined images
of coronary arteries made with intravascular ultrasound
and the measurement of cIMT to classify patients into
high and low risk.

Itis not less important to classify and characterize coronary
atherosclerotic plaques, also by assessing their and the ves-
sel's symmetry, in order to perform automated measure-
ments of prognostic biomarkers directly from image data.
Optical coherence tomography (OCT) created a possibility
to perform Al-based analyses concerning plaque char-
acteristics [61], differentiate coronary artery layers [62],

analyze formations within coronary arteries [63], recog-
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nize plaque erosion [64], assess the fibrous cap [65], or
even perform reconstructions of coronary artery calcifi-
cations [66]. Together with visual and manual methods,
knowledge and experience of the physician, AI methods
achieve the best results in plaque characteristics and quan-
tification [67]. In the era of precision medicine, these Al-
based parameters can be integrated with clinical data and

used for an individual risk prediction.

RESULTS

The definition of symmetry and asymmetry of ves-
sels is complicated. Most researchers do not precisely
define symmetry, asymmetry, and hypoplasia in their
articles [20,40]. In the majority of cases, the symmetry
is derived from subjective parameters such as length
and mean diameter of the vessel rather than its objec-
tive (quantitative or qualitative) evaluation. Zurada and
Gielecki [11] presented a mathematical method to assess
all these parameters that can be used in adults, children,
and even fetuses [20]. Pascalau et al. [22] additionally
point out the fact that asymmetric vessels cannot be clas-
sified as hypoplastic which have the highest resistance to
flow. This is the reason why hemodynamics is not highly
affected but still, the diameter and length of the vessel
influence the blood flow.

The most important and of clinical meaning in vascular
symmetry and asymmetry is shear stress. This phenom-
enon emerges from friction between 2 layers — 2 virtual
fluid layers or between blood and endothelium [50]. Arte-
rial bed in regions with uniform geometry presents a con-
stant blood flow in one direction which generates physi-
ological shear stress. On the other hand, regions with tor-
tuosity, arches, and bifurcations present an oscillatory and
nonhomogeneous flow that generates low shear stress.
It has been proven that regions predisposed to athero-
sclerosis are these with low shear stress and those where
asymmetry appears [21,68]. Moreover, hemodynamic and

epigenetic factors can modulate endothelial cell function
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and have an important impact on vascular pathologies,
including atherosclerosis [69]. Physical forces may also
influence changes in membrane and membrane-cytoskel-
etal proteins that lead to cell activation [68]. In this assess-
ment a subjective element can be found. Nevertheless,
these phenomena may at least partially explain the local-
ization of atherosclerotic plaques within the vasculature
and its measurement can be used to identify high-risk and
vulnerable plaques, evaluate executed pharmacological
interventions, search for rupture-prone aneurysms, pre-
dict potential restenosis after angioplasty [50].

In this paper, the authors analyze vascular symmetry by
dividing body vasculature into central and peripheral.
In normal conditions, central arteries are classified as
the aorta and its main branches. In this study the carotid
tree with the common carotid artery and the extracranial
internal carotid artery have been additionally included.
The reason was the majority of research concerns this ana-
tomic region as a whole. Also all definitions of symmetry
and asymmetry have been analyzed because of the topic
specificity and a limited number of available sources.

The arising enormous amount of data (big data)
requires special solutions. Artificial intelligence is
a field of computer science that mimics human intel-
ligence in order to perform tasks normally performed
by human beings. In medicine, these data are generated
by “omic” subfields-genomics, proteomics, metabolo-
mics, etc. A special subfield of AI mostly used to process
multi-omic data is ML. Not only to analyze them but
also to propose specific solutions for particular indi-
viduals in compliance with assumptions of precision
medicine. Artificial intelligence and internet of things
solutions have brought us quickly to a Fourth Industrial
Revolution. In the light of the current pandemic situa-
tion, the demand for these solutions has substantially
increased. According to the World Economic Forum,
<9% of companies have applied such solutions and

the number is constantly growing.

CONCLUSIONS

Large skeletal and middle muscular arteries are favored
to occur in symmetrical or mirror patterns. Physical
forces affect the arterial wall which may result in vas-
cular pathologies and yet, the whole mechanism is not
fully understood. As a result, symmetry and asymmetry
within the human vascular system play a crucial role in
understanding arterial diseases, including atherosclerosis.
Future directions should take into consideration CT-based
assessment of an atherosclerotic plaque and its poten-
tial application in the risk stratification models, as it has
been only applied in the coronary atherosclerotic disease.
Moreover, it is unavoidable to use Al in cardiovascular risk

stratification as the amount of data is constantly growing.
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