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Abstract: Coronary artery disease (CAD) represents a modern pandemic associated with significant
morbidity and mortality. The multi-faceted pathogenesis of this entity has long been investigated,
highlighting the contribution of systemic factors such as hyperlipidemia and hypertension. Never-
theless, recent research has drawn attention to the importance of geometrical features of coronary
vasculature on the complexity and vulnerability of coronary atherosclerosis. Various parameters
have been investigated so far, including vessel-length, coronary artery volume index, cross-sectional
area, curvature, and tortuosity, using primarily invasive coronary angiography (ICA) and recently
non-invasive cardiac computed tomography angiography (CCTA). It is clear that there is corre-
lation between geometrical parameters and both the haemodynamic alterations augmenting the
atherosclerosis-prone environment and the extent of plaque burden. The purpose of this review is to
discuss the currently available literature regarding this issue and propose a potential non-invasive
imaging biomarker, the geometric risk score, which could be of importance to allow the early detection
of individuals at increased risk of developing CAD.
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1. Introduction

Cardiovascular disease, including CAD, constitutes the first cause of mortality in
developed countries and particularly societies with a western lifestyle. Reports show
that approximately one third of all deaths in patients older than 35 years are attributed
to chronic heart disease. It is also estimated that 4 million patients die in Europe every
year, while in Greece CAD is characterized by a mortality of 110 deaths per 100,000 people
and 16,000 new cases of stable angina present every year [1,2]. These facts show that
coronary atherosclerotic disease is a very important modern pandemic with multi-faceted
consequences for both the patient and the healthcare system.

CAD is primarily associated with the formation of atherosclerotic plaques along
the course of coronary arteries, a phenomenon not yet fully understood but with many
contributing pathophysiologic factors. The currently accepted mechanism for coronary
atherosclerosis includes the following stages: an endothelial malfunction and the suben-
dothelial deposition of low-density lipoprotein (LDL); the oxidization of LDL; the migration
of monocytes towards the subendothelial level and their transformation to macrophages;
foam-cell formation; the multiplication of smooth muscle cells; and finally the apoptosis of
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foam cells, leading to the creation of necrotic cores. There are many systematic factors con-
tributing to this multi-faceted process of plaque development, including hyperlipidemia,
hypertension, genetic factors, and vessel characteristics defining the wall shear stress and
other blood flow hemodynamic factors [3,4].

The notion that vascular geometric characteristics influence atherosclerosis develop-
ment and progression is not new but has still not been fully studied so far due to the
complexity of the issue and the abundance of different vascular visualization techniques.
The predisposing factors of atherosclerosis mentioned previously apply everywhere within
the vascular network of a patient and would thus be expected to lead to a diffuse and
uniform thickening of the vascular wall. Nevertheless, it has been long known that different
vessels or segments of the same vessel are affected to a different degree by atherosclerotic
plaque formation. Namely, atherosclerotic plaques tend to occur near the origins of arterial
branches or in vascular bends, due to specific flow patterns observed in such vascular
segments. Such geometric parameters create an atherosclerotic-prone environment fa-
voring either high or low shear stress [5]. Interestingly, it was found that atherosclerotic
plaques typically affect the outer walls of left coronary bifurcation, while the flow divider
and the inner walls downstream were relatively free of disease [6]. Hence, it is possible
that vascular inherent characteristics would either favor or prevent the development of
atherosclerosis. For instance, studies have shown that atherosclerosis is common in the me-
dial aspect of curved vessels or lateral walls of bifurcations [7,8]. An example is represented
by the localization of atherosclerotic plaques on the inner curvature of the aortic arch and
close to arterial branches orifices, albeit the uniform influence of systemic factors such as
hypertension, hypercholesterolemia, and diabetes [4]. It is plausible that the influence of
vascular geometry on atherosclerosis is expressed through parameters describing the effect
of blood on the vascular wall, such as the tensile stress (TS) and the shear stress (SS) [9].

Modalities traditionally used for the evaluation of CAD, including invasive coronary
angiography (ICA) and ultrasound, are both limited by their two-dimensional nature,
while atherosclerotic vessels represent a three-dimensional structure. The introduction of
modern scanners and technologies rendered coronary computed tomography angiography
(CCTA) a superb and widely available modality for the evaluation of coronary anatomy
and disease [10]. This technique provides us with the possibility to readily assess and
quantify coronary arterial geometry and location and extent, and the grade of atheroscle-
rosis. Nonetheless, questions still remain regarding the optimal parameter with which to
quantify coronary arterial geometry, and its reproducibility, availability, and applicability
in everyday clinical settings, rather than regarding the scientific research setting or the
clinical significance of each parameter. The purpose of this review is to discuss the litera-
ture regarding the influence of coronary arterial geometry on atherosclerosis development
(Table 1) and suggest a potential tool for the quantification of geometric complexity.

2. Technical Considerations on the Description of Coronary Arteries Geometry

As it was previously suggested, the relationship between vascular geometry and
atherosclerosis could be mediated by analyzing the influence of geometry on hemodynam-
ics and flow profile. Nevertheless, in the era of modern imaging, the geometry can be
directly correlated with the extent of atherosclerosis using CCTA, and this is the current
target of ongoing research [11]. The coronary geometry can be described using a multitude
of parameters, which will be described in this section. Importantly, whichever geometric
assessment is to be used, it needs to be relatively easy and not time-consuming, in order
to be able to be readily incorporated into the everyday clinical practice and to be widely
accepted by CCTA reporting physicians and clinicians.

In an angiographic study of autopsy hearts, Brinkman et al. attempted to define the
variability of the coronary tree by using specific geometric parameters [12]. This study used
pairs of projection angiograms and focused on the left anterior descending artery (LAD)
and its first two major branches. The parameters studied included (i) the angle between
LAD and the left circumflex (LCx), (ii) the angles between LAD and the early diagonal



Diagnostics 2022, 12, 2178 3 of 12

and septal perforator branches, (iii) the distance between branch points, and (iv) tortuosity.
A considerable variation of these geometric features was noted, with most parameters
showing no correlation. Only the angle between LAD and the second diagonal branch was
significantly correlated with the distance between the ostia of the two first diagonal arteries.
Interestingly, no correlation was found between the geometric variables and demographics,
including age and gender. Nonetheless, species from black patients exhibited a larger
LMA angle than whites [12]. This study showed that the left main artery (LM) angle had
a mean value of 76.4◦ with an SD of 16.7◦. The means and SD for the first and second
diagonal branch angle measured 47.3 ± 14.6◦ and 48 ± 16.8◦, respectively. These data
suggested that the existing broad variability of the coronary tree is a factor potentially
causing haemodynamic alterations. Brinkman et al. suggested that the first two major
branches of the LAD are defined as those whose diameter is at least 2 mm or 1 mm. This
can be used as a suggestion as to which vessels should be included in a study of geometric
complexity or the generation of a geometric risk score [12]. In this study, the following
geometric features were defined and used: assuming two defined points along the course
of a vessel (for instance the ostia of two branching vessels), the straight line connecting
those points can be defined as straight distance (Ds), while the contour distance reflected
the actual length of a vessel following a rounded course (termed as Dc). The tortuosity was
defined as (Dc/Ds) − 1, so that a straight vessel would yield a value of 0 tortuosity. In this
study, the curvature was determined from vector representation of the vessel axis [12].

The variation of the anatomy of the coronary tree was further studied and catalogued
in living healthy subjects during clinical biplane cine-angiography by Zhu et al. in 2009 [13].
This group measured and reported in detail the geometric variables of both the left and
right coronary circulation and all proximal, middle, and distal segments of the vessels,
including curvature, torsion, and tortuosity. Analysis showed that the LAD exhibits the
highest curvature, torsion, and tortuosity in its distal portion, while in the right coronary
artery (RCA), the same variables are lowest in its middle segment. Moreover, the LAD
yielded significantly higher torsion value than the RCA [13]. The value of this study was
that it catalogued the normal geometric features of both coronary arteries in end-diastole so
that future studies could use this detailed registry as a reference to identify risk factors for
atherosclerosis [13]. Gauss et al. also provided a descriptive analysis of coronary geometric
features using CCTA [14]. In this study, the LM bifurcated in 87% of patients, trifurcated in
12%, and quadrifurcated in 1%. Features described in this study include the length of the
LM and the average bifurcation angles in both systole and diastole. Interestingly, all angles
measured were significantly larger in the systole. It was also noted that coronary systems
with trifurcation configuration were characterized by significantly wider angles and longer
LM segments, compared to systems with bifurcation [14].

One essential confounding factor for the study of coronary arterial tree anatomy and
geometry is the fact that coronary arteries exhibit a significant movement throughout the
cardiac cycle. This can be studied using clinical biplane cine-angiograms, and data so far
show that both the LAD and RCA show significant variation throughout the cycle for the
measures of curvature and torsion. This continuous motion is thought to influence both
vessel wall mechanics and fluid dynamics, thus having implications on atherosclerosis
development. Significant coefficients of variation were noted using in vivo tracking of the
coronary arteries motion, with individual vessels coefficients reaching 2.28. It was found
that the LAD shows greater variability of its torsion, compared with the RCA but less
displacement [15]. The feature of torsion was described in this study as a parameter that
reflects the degree to which a curved line (or vessel) remains within one plane or moves
towards a certain direction, thus being part of a helix and showing a constant torsion along
its length [15].

The observation that dynamic changes in coronary geometry throughout the cardiac
cycle influence the atherosclerosis onset and progress was also confirmed by Zhu et al.
in 2003. This study used biplane cine-angiograms to assess the right coronary artery,
measuring vessel length, cyclic displacement, axial strain, curvature, and torsion. Intravas-
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cular ultrasound (IVUS) was performed to measure the vascular wall thickness. Although
independent geometry parameters failed to correlate with wall thickness, the linear combi-
nations of parameters did predict thickness with high confidence (R2 between 0.17 and 0.44).
Both of the time-average values of curvature and torsion and their excursion throughout the
cardiac cycle were positively correlated with maximum wall thickness and cross-sectional
asymmetry [16]. The cardiac cycle effects on coronary geometry were further studied by
Katranas et al. using in vivo CCTA to produce models for computational fluid dynamics
(CFD) analysis [17]. This study confirmed the changes occurring during the cardiac cycle,
showing that molecular viscosity was higher in systole, whereas endothelial shear stress
was lower. The latter applied both in normal and atheromatic vessels. The feature of
curvature was higher in systole and in atherosclerotic segments [17]. In a different setting,
the dynamic changes throughout the cardiac cycle were also demonstrated using cardiac
MRI in a healthy volunteer. MRI proved able to record the expected variation of vessel
radius and curvature during the various phases of the cardiac cycle, while the dynamic
motion of RCA had a significant impact on endothelial shear stress (ESS) calculated by CFD
analysis [18].

In contrast to previous studies, van Zandwijk et al. concluded that there was no signif-
icant association between the degree of stenosis and plaque types and the dynamic changes
observed in geometrical parameters during the cardiac cycle [19]. Similar to previous study
designs, this research group used CCTA with retrospective electrocardiographic gating to
acquire end-systolic and end-diastolic phase reconstructions of the coronary vessels and
measured curvature and tortuosity for both phases. It was found that curvature was signifi-
cantly higher in end-systole for both artery and segment level. Tortuosity, on the other hand,
was significantly different only at a segment level [19]. Considering the dynamic changes
of geometry throughout the cardiac cycle is expected to add to the study of atherosclerosis
development but at the same time introduces more complexity and workload.

3. Association of Coronary Geometry with Haemodynamic Alterations

Although the natural history of atherosclerosis is a complex and dynamic process
determined by a variety of local and systemic biological and biomechanical factors, blood-
flow-induced shear stress has emerged as an essential feature of atherogenesis. ESS is
the tangential force exerted on the endothelial surface that results from the friction of the
flowing blood. The pattern of blood flow through a vessel depends on the flow velocity
and the presence of geometric irregularities or obstructions. Flow may be either laminar
or turbulent [Figure 1]. In relatively straight segments, ESS is pulsatile and unidirectional,
with a magnitude varying between 15 and 70 dynes/cm2 over the cardiac cycle, and
is known to be crucial for normal vascular functioning and atheroprotection [20,21]. In
contrast, in geometrically irregular regions, as coronary bifurcations, turbulent flow occurs,
and pulsatile flow generates low and/or oscillatory ESS. Low ESS refers to ESS, which is
unidirectional but has a periodically fluctuating magnitude that results in a significantly low
time-average (approximately less than 15 dyne/cm2). Low ESS typically occurs at the inner
areas of curvatures and upstream of stenoses (Figure 1). Oscillatory ESS is characterized by
significant changes in both direction (bidirectional) and magnitude over the cardiac cycle,
resulting in a very low time-average, usually close to zero. Oscillatory ESS occurs primarily
downstream of stenoses, at the lateral walls of bifurcations and in the vicinity of branch
points. Low and oscillatory ESS promote a mechanical pro-atherogenic environment that
leads to vascular dysfunction and atherosclerosis progression [3,7,21]. On the other hand,
high ESS (more than 70 dynes/cm2) may occur concurrently at the “neck” of a stenosis,
increasing in magnitude with progressive luminal encroachment. This enhances local
thrombogenicity and triggers molecular pathways implicated in fibrous cap disruption,
increasing the probability of clinical manifestation as acute coronary syndrome [21]. It has
been proposed that in analogy to the Virchow’s triad, the development of atherosclerosis
on the arterial wall is governed by (i) haemodynamic factors, including flow and vascular
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wall geometric features; (ii) the biological response of the arterial wall on a cellular level;
and (iii) systemic risk factors).

Diagnostics 2022, 12, x FOR PEER REVIEW  5  of  13 
 

 

known to be crucial for normal vascular functioning and atheroprotection [20,21]. In con‐

trast, in geometrically irregular regions, as coronary bifurcations, turbulent flow occurs, 

and pulsatile flow generates low and/or oscillatory ESS. Low ESS refers to ESS, which is 

unidirectional but has a periodically fluctuating magnitude that results in a significantly 

low time‐average (approximately less than 15 dyne/cm2). Low ESS typically occurs at the 

inner areas of curvatures and upstream of stenoses (Figure 1). Oscillatory ESS is charac‐

terized by significant changes  in both direction  (bidirectional) and magnitude over  the 

cardiac cycle, resulting in a very low time‐average, usually close to zero. Oscillatory ESS 

occurs primarily downstream of stenoses, at the lateral walls of bifurcations and  in the 

vicinity of branch points. Low and oscillatory ESS promote a mechanical pro‐atherogenic 

environment that leads to vascular dysfunction and atherosclerosis progression [3,7,21]. 

On  the other hand, high ESS  (more  than 70 dynes/cm2) may occur concurrently at  the 

“neck” of a stenosis,  increasing  in magnitude with progressive  luminal encroachment. 

This enhances  local thrombogenicity and triggers molecular pathways  implicated  in fi‐

brous cap disruption, increasing the probability of clinical manifestation as acute coronary 

syndrome [21]. It has been proposed that in analogy to the Virchow’s triad, the develop‐

ment of atherosclerosis on the arterial wall is governed by (i) haemodynamic factors, in‐

cluding flow and vascular wall geometric features; (ii) the biological response of the arte‐

rial wall on a cellular level; and (iii) systemic risk factors). 

 

Figure 1. Blood flow patterns, levels of shear stress, and their effects on atherosclerosis. ESS, endo‐
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shear stress.

An experimental study published in 1983 analyzed haemodynamic data in pulsatile
flow through human aortic bifurcation casts [5]. In this study, laser Doppler anemometry
was used to measure flow velocity at multiple sites within the vessel cast. Four geomet-
ric features have been determined, showing variability between different individuals, a
phenomenon potentially explaining variability in the location and rate of development
of atherosclerosis. The geometric features were (i) the presence of a flow divider; (ii) the
focal curvatures of the vessel; (iii) the origin of a branch vessel with an unusually large
angle, leading to inordinately low shear stress applied to the outer wall of this branch;
(iv) bifurcation, where one branch exhibits a large angle with the parent vessel and one
a small one, with the latter being exposed to relatively low ESS. The variability of these
features among different individuals was proposed as a potential source of variability of
atherosclerosis, and the term “geometric risk factors” was suggested [5].

The relationship between the geometric features of coronary bifurcations and local
haemodynamic parameters was studied in models of both healthy and stenotic vessels
using CFD simulations. The study by Chiastra et al. focused on the LAD/diagonal
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angle and showed that the bifurcation angle mildly influences the hemodynamics in both
stenosed and healthy vessels [20]. On the contrary, the curvature radius was found to
influence the generation of helical flow and helicity intensity, with an inverse correlation
in both healthy and stenotic models. This effect was further magnified in stenotic vessels.
Curvature was also found to influence the near wall haemodynamics of stenotic vessels,
with a smaller value of curvature resulting in higher exposure to low ESS and lower
exposure to oscillatory ESS. In this study, the curvature of a coronary bifurcation was
defined as the radius (R) of a sphere on which the bifurcation lies and consequently bends,
meaning that the lower the R, the more “curved” the bifurcation. A value of 56.3 mm was
considered to be a physiological curvature in this study, whereas extreme values of ∞ and
16.5 mm were also considered [20]. Another study with CFD showed that wider angles of
the left coronary system are associated with a disturbed flow pattern and low ESS gradient
in bifurcations [22].

Among its multiple benefits, modern CCTA can help the investigation of the influence
of coronary geometry on atherosclerosis by providing accurate data for the production of
models in order to perform CFD simulation using patient-specific models. Such a study
was performed by Peng et al. [23]. This study found that degree of stenosis is positively and
significantly associated with maximum ESS at the intra-stenotic region. On the contrary,
the recirculation zone length is moderately associated with the curvature and length of
the lesion segment. The bifurcation of coronary arteries was significantly correlated with
the occurrence of recirculation, while the distal stenosis severity exhibited an effect on the
alteration of flow in the upstream bifurcation [23]. This study was in keeping with previous
observations that there are clearly defined areas of the vascular wall that are exposed to
high and low ESS, found in vascular bifurcations [24,25], areas prone to atherosclerosis
formation. Another study using in vivo assessment of coronary arteries with CT and CFD
showed that the tortuosity index of the left main and LAD segment influenced the low
ESS observed in the proximal segment of the LAD, highlighting the emerging role of this
modality in the evaluation of coronary geometry and its implications on atherosclerosis
development [26].

The association between left coronary artery geometry and haemodynamic character-
istics was addressed by Pinho et al., who used CTA data to perform CFD analysis of the
left coronary circulation. This research group evaluated the vessel’s cross-section area; the
proximal LAD length; and the angles between branches and the septum, curvature, and tor-
tuosity. It was concluded that arteries with high caliber, high angles (LMS-LAD, LAD-LCx
and LAD-septum), and high tortuosity were significantly correlated with a haemodynamic
profile favoring plaque formation within the LAD. In contrast to these findings, increased
proximal LAD length, angle (LMS-LCx), tortuosity (LMS-LAD and LAD-LCx), and curva-
ture of LMS and LCx lead to a more atherosclerosis-resistant haemodynamic profile [27]. A
similar study design for the right coronary circulation was also published by Pinho et al.,
reaching comparable findings [28]. Namely, it was shown that the association of geometry
and haemodynamic disturbances was stronger in the middle and distal segment of the
RCA. The ostium area of the RCA was positively correlated with the ESS magnitude from
the proximal to distal segment of the vessel. The characteristics of the right ventricular
branch, including the cross-sectional area, angle, and tortuosity, were strongly positively
correlated with the ESS magnitude in the middle and distal segments of the vessel [28].

4. Association of Coronary Geometry with Atherosclerosis Lesions and Indexes

The theory that arterial geometry affects atherosclerosis onset and formation is not
new, with reports on pulsatile flow through vascular branches and the hemodynamics
of atherogenesis dating back to 1975 [29]. In a study published in 1976 by Gazetopoulos
et al., it was shown that the length of the main left coronary artery was significantly shorter
in patients with coronary atherosclerosis, as demonstrated on invasive angiography [30].
This finding was confirmed by Saltissi et al., who showed that the LM was shorter in
atherosclerotic vessels, as documented in ICA. In particular, it was suggested that a short
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left main favored proximal atherosclerosis [31]. However, the results from both studies are
limited by the small sample size and the single center nature.

In an early study published in 1993, Friedman et al. investigated the correlation of
coronary artery geometry with the distribution of early atherosclerotic lesions. The angle
formed between LCx and LAD arteries in the bifurcation of LMA was measured based
on the multi-plane angiograms of the left coronary artery in fifteen autopsy specimens.
The images were digitized and computationally processed in order to generate three-
dimensional models of the centerlines of the lumens. A normalized index of disease
severity RPI (relative proximal involvement) was used to isolate the effect of geometry on
disease development (on the first segment of a vessel, adjacent to the bifurcation) from
other risk factors that would apply to the entire vessel uniformly. This index divided the
percentage of atherosclerotic plaque burden seen in the first 1 cm post the bifurcation by
the percentage seen in the first 5 cm. Interestingly, no correlation was found between the
angle and the extent of atherosclerotic burden in either the first 1 or 5 cm of the vessels.
This is why the authors used the RPI, in an attempt to eliminate the effect of systemic
factors, applying to the entire vessel uniformly and only study the effect of geometry on the
proximal segment of the vessel. It was concluded that the RPI was negatively correlated
with the LM branch angle. As a result, a small angle would lead to proximal atherosclerotic
disease, an observation stronger for LCX. This observation was in-keeping with the notion
that atherosclerosis affects vessels with values of ESS near zero. The stronger correlation
observed with LCX was attributed to the fact that LAD is usually a continuation with LM,
while LCX is usually a side-branch, originating with a larger angle as measured by ICA [32].
Contrary to this study, Saltissi et al. found no significant difference in the left main angle
between healthy and atherosclerotic vessels on invasive angiography, although the authors
noted a tendency for a wider bifurcation angle in patients with proximal disease. These
authors combined the length of LM and LM bifurcation angle, finding that the combination
of a short left main with a wide bifurcation angle was associated with proximal localization
of atherosclerotic plaques, to a higher degree that a short LM alone did. No correlation was
found between dominance of the LCx and localization of atherosclerotic plaques [31].

A multi-plane angiographic study performed on autopsy hearts, with histologic
examinations of the vascular wall, investigated the relationship between the angle of origin
of LAD branches and the structural asymmetry of the branch vessels. It was found that
the angle of the branch origin was positively correlated with the maximum thickness of
intima and media, as well as the branch’s circumferential asymmetry. This shows that
branches originating with a larger angle from the parent vessel show eccentric intimal
thickening and are thus prone to atherosclerosis formation [33]. An attempt was made to
examine the effect of geometry on vascular wall morphology, even before the occurrence of
atherosclerosis, with autopsy heart of lesion-free individuals examined with angiogram
and histology. Even in this stage of absence of disease, it was found that the angle of an
LAD branch proximal to the site under examination positively correlated with intimal and
medial thickness, while the local curvature was also correlated with the maximum thickness
of the intima and media layer. These observations establish a relationship between the
geometry and the morphometric characteristics of coronary arteries, even in patients with
no coronary atherosclerotic disease [34].

In a recent study, CCTA was used to quantify coronary geometry and correlate it with
atherosclerotic burden [35]. Coronary geometry was quantified by means of curvature
and tortuosity using the vessels centerline in asymptomatic patients. Curvature was
significantly associated with significant stenosis both at a per-segment and per-artery level,
being 16.7% higher in segments with stenosis and 13.8% higher in arteries with stenosis. On
the other hand, tortuosity was associated with significant stenosis only at the per-segment
level. The presence of plaque was related to curvature both on a segment and artery level,
whereas it was related to tortuosity only on a segment level. In this study, end-diastolic
phase reconstructions were used, proving that even static analysis can provide meaningful
information, albeit previous findings favoring dynamic analysis of the cardiac cycle. This
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study showed that CCTA can successfully produce geometric features associated with the
occurrence of atherosclerosis, highlighting the added value of this imaging modality in the
field of cardiac disease [35].

Altintas et al. examined a patient population with ST elevation myocardial infarction
of the RCA (n = 163), using ICA to classify the RCA shape as C-shaped or S-shaped based
on the left oblique position angiographic view [36]. It was found that C-shaped RCAs
(n = 124) were significantly more affected by atherosclerotic lesions in their proximal and
mid regions. The TIMI frame count (TFC) was significantly higher in S-shaped RCAs [36].

The association between lesion-level adverse geometric characteristics (AGCs) and the
risk of future acute coronary syndrome (ACS) was addressed by Han et al. [37], who used
non-invasive cardiac imaging in a multicenter nested case-control cohort study, including
patients with ACS and a culprit lesion precursor identified on baseline CCTA (n = 116)
and propensity score-matched non-ACS controls (n = 116). Atherosclerotic plaques a
short distance from the coronary ostium or located within vessel bifurcations or tortuous
segments were more likely to develop into culprit lesions causing an ACS. The research
group concluded that CCTA-derived AGCs capturing lesion location and vessel geometry
are associated with the risk of future ACS-causing culprit lesions. In particular, it was
suggested that adverse geometric features may provide additive prognostic information
beyond plaque assessment in CCTA.

In another study published in 2020, Benetos et al. investigated the long-term prog-
nostic value of coronary artery volume per myocardial mass as a potential new imaging
biomarker [38]. To study this, 325 patients were followed for 4.6 years, with 11.1% cardio-
vascular events. Patients with a low artery volume/myocardial mass ratio (<28 mm3/g)
had four times more events than patients with high coronary artery volume index (CAVi),
regardless of the presence of significant stenoses. Such a result supports the idea of a
normalization of atheroma burden to the volume of the coronary arterial tree. Moreover,
the same research group demonstrated that CAVi is independently associated with abnor-
mal stress myocardial blood flow (MBF), as derived from 13N-ammonia positron emission
tomography myocardial perfusion imaging [39]. More importantly, CAVi exhibits incre-
mental value to predict abnormal MBF and ischemia over stenosis severity from CCTA
alone.

Finally, the ongoing GEOMETRY-CTA study [40] aims to introduce a quantitative,
non-invasive imaging biomarker utilizing coronary artery geometric features, clinical and
genetic risk factors, serum biomarkers, epicardial fat volume, and the coronary artery
calcium score (CACS), to predict the presence and the complexity of CAD on CCTA and
investigate its prognostic value regarding adverse cardiovascular events (Figure 2). The
study intends to recruit 100 consecutive patients with suspected CAD and low/intermediate
pre-test probability. Coronary geometrical characteristics such as the angulation of coronary
bifurcations, tortuosity, CAVi [38], and vessel-length will be assessed with multi-planar
reformation and volume rendering techniques (Figure 3) and integrated into a single
geometric risk score. The extent and vulnerability of plaque burden will be calculated using
several anatomical scoring systems such as the Leiden CTA risk score [41] and CT-adapted
Gensini score [42]. Patients will be prospectively followed for 12 months after enrollment.
In clinical practice, the utilization of such an approach could improve risk stratification and
help guide downstream personalized management. Furthermore, the derived index will be
available for incorporation in larger national prospective studies for further cardiovascular
risk stratification.
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Table 1. Relationship between main geometric features proposed in the literature and atherosclerosis.

Parameter Outcome Modality Number of
Patients [n]

Length of LM [30,31] -Shorter in CAD patients -ICA 43 [30]
149 [31]

Angle LCX-LAD [32] -Negative correlation with CAD in
proximal segments of LCX and LAD.

-angiography in
autopsy hearts 15

LM length and angle [31] -A short LM with wider angles was
associated with proximal stenosis -ICA 149

Angle LAD-branch [33] -Positive correlation with maximum IMT
and circumferential asymmetry

-angiography in
autopsy hearts 14

Angle LAD-Diagonal [20] -Mild influence on hemodynamics -CFD/models 10

Curvature radius [20] -Generation of helical flow -CFD/models 10

Degree of stenosis [23] -Positive correlation with maximum wall
shear stress at the point of stenosis -CFD/CCTA 22

Tortuosity and curvature [35] -Significant positive correlation with
significant stenosis and plaque formation -CCTA 73

Left coronary artery Cross-section area,
angles (LM-LAD, LAD-LCx, and
LAD-septum), and tortuosity [27]

-Association with atherosclerosis prone
haemodynamic profile -CFD/CCTA 8

Right coronary artery ostium area and RV
branch cross-sectional area, angle and

tortuosity [28]

-Positive correlation with wall shear
stress magnitude from the proximal to

the distal segment
-CFD/CCTA 10

Shape of the RCA C or S shaped [36]
-TFC higher in S-RCAs -C-RCAs were
significantly more affected in proximal

and mid segments
-ICA/STEMI 163

CAVi [38,39]
-Lower CAVi (<28 mm3/g) × 4 more CV

events -Lower CAVi associated with
abnormal stress MBF and ischemia

-CCTA/PET 325 [38]
60 [39]

CAD, coronary artery disease; ICA, invasive coronary angiography; LAD, left anterior descending; RCA, right
coronary artery; LM, left main; LCX, left circumflex; IMT, intima-media thickness; CFD, computational fluid
dynamics; CCTA, cardiac computed tomography angiography; RV, right ventricular; TFC, TIMI frame count;
STEMI, ST elevation myocardial infarction; CAVi, coronary artery volume index; CV, cardiovascular; MBF,
myocardial blood flow; and PET, positron emission tomography.

5. Conclusions

Coronary atherosclerotic disease represents an undeniable modern pandemic with im-
portant consequences in terms of morbidity and mortality, particularly in western societies.
The pathogenesis of this disease has long been studied, with many factors identified as
contributing to its multi-faceted nature. Such traditional factors include systemic condi-
tions such as hyperlipidemia and hypertension, the effect of which on the vascular wall
is expected to be uniform throughout the vascular tree. Nevertheless, the observation
that atherosclerotic plaques tend to affect particular points of the vascular tree raised the
effect of local geometric features to the occurrence and progression of atherosclerosis. The
relationship between the coronary arterial tree geometry and atherosclerotic disease has
gained interest over the past years, with several reports investigating multiple aspects of
this interaction. It is clear that coronary geometry influences atherosclerosis, but several
aspects still require definitive answers. Such pending questions include which modality
should be used (ICA vs. CCTA), whether dynamic or static measurements should be
made, which exact parameters among the numerous reported should be used, and to which
exact points of the coronary tree the measurements should be performed. It is widely
recognized that state-of-the-art CCTA, due to the three-dimensional imaging nature, offers
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an unparalleled technique for the assessment of coronary arterial geometry and is expected
to further advance knowledge in this field.

Author Contributions: Conceptualization, G.R. and V.R.; methodology, G.R. and V.R., writing—
original draft preparation, G.R., V.R., A.D. and A.P.; writing—review and editing, G.R., V.R., K.K.,
A.D., A.P., A.S., G.G., A.Z., P.P. and H.K.; supervision, K.K., G.G., A.Z., P.P. and H.K. All authors have
read and agreed to the published version of the manuscript.

Funding: (1). This research is co-financed by Greece and the European Union (European Social Fund-
ESF) through the Operational Programme «Human Resources Development, Education, and Lifelong
Learning 2014–2020» in the context of the project “Correlation of coronary artery tree geometry and
clinical parameters with the distribution, complexity and severity of coronary artery disease: a pilot
study using multislice CT coronary angiography” (MIS 5047882) (2). MINOCA-GR study (the role of
CCT in the diagnostic evaluation and risk stratification of patients with myocardial infarction and
non-obstructive coronary arteries), an investigator-initiated study, supported by Menarini Hellas S.A
(Ref. No. 27.11.2020/72059).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sanchis-Gomar, F.; Perez-Quilis, C.; Leischik, R.; Lucia, A. Epidemiology of coronary heart disease and acute coronary syndrome.

Ann. Transl. Med. 2016, 4, 256. [CrossRef] [PubMed]
2. Neumann, F.J.; Sousa-Uva, M.; Ahlsson, A.; Alfonso, F.; Banning, A.P.; Benedetto, U.; Byrne, R.A.; Collet, J.P.; Falk, V.; Head, S.J.;

et al. 2018 ESC/EACTS Guidelines on myocardial revascularization. Eur. Heart J. 2019, 40, 87–165. [CrossRef]
3. Chatzizisis, Y.S.; Coskun, A.U.; Jonas, M.; Edelman, E.R.; Feldman, C.L.; Stone, P.H. Role of endothelial shear stress in the natural

history of coronary atherosclerosis and vascular remodeling: Molecular, cellular, and vascular behavior. J. Am. Coll. Cardiol. 2007,
49, 2379–2393. [CrossRef] [PubMed]

4. Morbiducci, U.; Kok, A.M.; Kwak, B.R.; Stone, P.H.; Steinman, D.A.; Wentzel, J.J. Atherosclerosis at arterial bifurcations: Evidence
for the role of haemodynamics and geometry. Thromb. Haemost. 2016, 115, 484–492. [CrossRef] [PubMed]

5. Friedman, M.H.; Deters, O.J.; Mark, F.F.; Bargeron, C.B.; Hutchins, G.M. Arterial geometry affects hemodynamics: A potential
risk factor for atherosclerosis. Atherosclerosis 1983, 46, 225–231. [CrossRef]

6. Svindland, A. The localization of sudanophilic and fibrous plaques in the main left coronary bifurcation. Atherosclerosis 1983, 48,
139–145. [CrossRef]

7. Giannoglou, G.D.; Antoniadis, A.P.; Koskinas, K.C.; Chatzizisis, Y.S. Flow and atherosclerosis in coronary bifurcations. EuroInter-
vention 2010, 6 (Suppl. J), J16–J23. [CrossRef]

8. Antoniadis, A.P.; Giannopoulos, A.A.; Wentzel, J.J.; Joner, M.; Giannoglou, G.D.; Virmani, R.; Chatzizisis, Y.S. Impact of local flow
haemodynamics on atherosclerosis in coronary artery bifurcations. EuroIntervention 2015, 11 (Suppl. V), V18–V22. [CrossRef]

9. Ferencik, M. About the twists and turns: Relationship of coronary artery geometry and atherosclerosis. J. Cardiovasc. Comput.
Tomogr. 2018, 12, 261–262. [CrossRef]

10. Abbara, S.; Blanke, P.; Maroules, C.D.; Cheezum, M.; Choi, A.D.; Han, B.K.; Marwan, M.; Naoum, C.; Norgaard, B.L.; Rubinshtein,
R.; et al. SCCT guidelines for the performance and acquisition of coronary computed tomographic angiography: A report of
the society of Cardiovascular Computed Tomography Guidelines Committee: Endorsed by the North American Society for
Cardiovascular Imaging (NASCI). J. Cardiovasc. Comput. Tomogr. 2016, 10, 435–449. [CrossRef]

11. Friedman, M.H. Variability of 3D arterial geometry and dynamics, and its pathologic implications. Biorheology 2002, 39, 513–517.
[PubMed]

12. Brinkman, A.M.; Baker, P.B.; Newman, W.P.; Vigorito, R.; Friedman, M.H. Variability of human coronary artery geometry: An
angiographic study of the left anterior descending arteries of 30 autopsy hearts. Ann. Biomed. Eng. 1994, 22, 34–44. [CrossRef]

13. Zhu, H.; Ding, Z.; Piana, R.N.; Gehrig, T.R.; Friedman, M.H. Cataloguing the geometry of the human coronary arteries: A
potential tool for predicting risk of coronary artery disease. Int. J. Cardiol. 2009, 135, 43–52. [CrossRef] [PubMed]

14. Gauss, S.; Pflederer, T.; Marwan, M.; Daniel, W.G.; Achenbach, S. Analysis of left main coronary artery and branching geometry
by coronary CT angiography. Int. J. Cardiol. 2011, 146, 469–470. [CrossRef] [PubMed]

15. Ding, Z.; Friedman, M.H. Dynamics of human coronary arterial motion and its potential role in coronary atherogenesis. J. Biomech.
Eng. 2000, 122, 488–492. [CrossRef]

16. Zhu, H.; Friedman, M.H. Relationship between the dynamic geometry and wall thickness of a human coronary artery. Arterioscler.
Thromb. Vasc. Biol. 2003, 23, 2260–2265. [CrossRef]

17. Katranas, S.A.; Kelekis, A.L.; Antoniadis, A.P.; Giannoglou, G.D. The cardiac cycle effects on the coronary arterial geometry and
hemodynamics: An in vivo CT angiography study. Int. J. Cardiol. 2013, 168, 2935–2936. [CrossRef]

18. Torii, R.; Keegan, J.; Wood, N.B.; Dowsey, A.W.; Hughes, A.D.; Yang, G.Z.; Firmin, D.N.; Thom, S.A.M.; Xu, X.Y. MR image-based
geometric and hemodynamic investigation of the right coronary artery with dynamic vessel motion. Ann. Biomed. Eng. 2010, 38,
2606–2620. [CrossRef]

http://doi.org/10.21037/atm.2016.06.33
http://www.ncbi.nlm.nih.gov/pubmed/27500157
http://doi.org/10.1093/eurheartj/ehy394
http://doi.org/10.1016/j.jacc.2007.02.059
http://www.ncbi.nlm.nih.gov/pubmed/17599600
http://doi.org/10.1160/th15-07-0597
http://www.ncbi.nlm.nih.gov/pubmed/26740210
http://doi.org/10.1016/0021-9150(83)90113-2
http://doi.org/10.1016/0021-9150(83)90100-4
http://doi.org/10.4244/EIJV6SUPJA4
http://doi.org/10.4244/EIJV11SVA4
http://doi.org/10.1016/j.jcct.2018.04.004
http://doi.org/10.1016/j.jcct.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/12122274
http://doi.org/10.1007/BF02368220
http://doi.org/10.1016/j.ijcard.2008.03.087
http://www.ncbi.nlm.nih.gov/pubmed/18597872
http://doi.org/10.1016/j.ijcard.2010.10.140
http://www.ncbi.nlm.nih.gov/pubmed/21144604
http://doi.org/10.1115/1.1289989
http://doi.org/10.1161/01.ATV.0000095976.40874.E0
http://doi.org/10.1016/j.ijcard.2013.03.178
http://doi.org/10.1007/s10439-010-0008-4


Diagnostics 2022, 12, 2178 12 of 12

19. Van Zandwijk, J.K.; Tuncay, V.; Vliegenthart, R.; Pelgrim, G.J.; Slump, C.H.; Oudkerk, M.; Van Ooijen, P. Assessment of dynamic
change of coronary artery geometry and its relationship to coronary artery disease, based on coronary CT angiography. J. Digit.
Imaging 2020, 33, 480–489. [CrossRef]

20. Chiastra, C.; Gallo, D.; Tasso, P.; Iannaccone, F.; Migliavacca, F.; Wentzel, J.J.; Morbiducci, U. Healthy and diseased coronary
bifurcation geometries influence near-wall and intravascular flow: A computational exploration of the hemodynamic risk. J.
Biomech. 2017, 58, 79–88. [CrossRef]

21. Gijsen, F.; Katagiri, Y.; Barlis, P.; Bourantas, C.; Collet, C.; Coskun, U.; Daemen, J.; Dijkstra, J.; Edelman, E.; Evans, P.; et al.
Expert recommendations on the assessment of wall shear stress in human coronary arteries: Existing methodologies, technical
considerations, and clinical applications. Eur. Heart J. 2019, 40, 3421–3433. [CrossRef] [PubMed]

22. Chaichana, T.; Sun, Z.; Jewkes, J. Computation of hemodynamics in the left coronary artery with variable angulations. J. Biomech.
2011, 44, 1869–1878. [CrossRef] [PubMed]

23. Peng, C.; Wang, X.; Xian, Z.; Liu, X.; Huang, W.; Xu, P.; Wang, J. The impact of the geometric characteristics on the hemodynamics
in the stenotic coronary artery. PLoS ONE 2016, 11, e0157490. [CrossRef]

24. Brech, R.; Bellhouse, B.J. Flow in branching vessels. Cardiovasc. Res. 1973, 7, 593–600. [CrossRef] [PubMed]
25. Malcolm, A.D.; Roach, M.R. Flow disturbances at the apex and lateral angles of a variety of bifurcation models and their role in

development and manifestations of arterial disease. Stroke 1979, 10, 335–343. [CrossRef]
26. Malvè, M.; Gharib, A.M.; Yazdani, S.K.; Finet, G.; Martínez, M.A.; Pettigrew, R.; Ohayon, J. Tortuosity of coronary bifurcation as a

potential local risk factor for atherosclerosis: CFD steady state study based on in vivo dynamic CT measurements. Ann. Biomed.
Eng. 2015, 43, 82–93. [CrossRef]

27. Pinho, N.; Castro, C.F.; António, C.C.; Bettencourt, N.; Sousa, L.C.; Pinto, S.I.S. Correlation between geometric parameters of the
left coronary artery and hemodynamic descriptors of atherosclerosis: FSI and statistical study. Med. Biol. Eng. Comput. 2019, 57,
715–729. [CrossRef]

28. Pinho, N.; Sousa, L.C.; Castro, C.F.; António, C.C.; Carvalho, M.; Ferreira, W.; Ladeiras-Lopes, R.; Ferreira, N.D.; Braga, P.;
Bettencourt, N.; et al. The impact of the right coronary artery geometric parameters on hemodynamic performance. Cardiovasc.
Eng. Technol. 2019, 10, 257–270. [CrossRef]

29. Friedman, M.H.; O’Brien, V.; Ehrlich, L.W. Calculations of pulsatile flow through a branch: Implications for the hemodynamics of
atherogenesis. Circ. Res. 1975, 36, 277–285. [CrossRef]

30. Gazetopoulos, N.; Ioannidis, P.J.; Marselos, A.; Kelekis, D.; Lolas, C.; Avgoustakis, D.; Tountas, C. Length of main left coronary
artery in relation to atherosclerosis of its branches. A coronary arteriographic study. Heart 1976, 38, 180–185. [CrossRef]

31. Saltissi, S.; Webb-Peploe, M.M.; Coltart, D.J. Effect of variation in coronary artery anatomy on distribution of stenotic lesions. Br.
Heart J. 1979, 42, 186. [CrossRef] [PubMed]

32. Friedman, M.H.; Brinkman, A.M.; Qin, J.J.; Seed, W.A. Relation between coronary artery geometry and the distribution of early
sudanophilic lesions. Atherosclerosis 1993, 98, 193–199. [CrossRef]

33. Friedman, M.H.; Ding, Z. Relation between the structural asymmetry of coronary branch vessels and the angle at their origin. J.
Biomech. 1997, 31, 273–278. [CrossRef]

34. Friedman, M.H.; Baker, P.B.; Ding, Z.; Kuban, B.D. Relationship between the geometry and quantitative morphology of the left
anterior descending coronary artery. Atherosclerosis 1996, 125, 183–192. [CrossRef]

35. Tuncay, V.; Vliegenthart, R.; Den Dekker, M.A.M.; de Jonge, G.J.; van Zandwijk, J.K.; van der Harst, P.; Oudkerk, M.; van Ooijen,
P.M.A. Non-invasive assessment of coronary artery geometry using coronary CTA. J. Cardiovasc. Comput. Tomogr. 2018, 12,
257–260. [CrossRef]

36. Altintas, M.S.; Ermis, N.; Cuglan, B.; Alturk, E.; Ozdemir, R. Influence of right coronary artery shape on TIMI frame count and
lesion distribution. Arch. Cardiol. México 2020, 90, 475–479. [CrossRef]

37. Han, D.; Lin, A.; Kuronuma, K.; Tzolos, E.; Kwan, A.C.; Klein, E.; Andreini, D.; Bax, J.J.; Cademartiri, F.; Chinnaiyan, K.; et al.
Association of Plaque Location and Vessel Geometry Determined by Coronary Computed Tomographic Angiography With
Future Acute Coronary Syndrome–Causing Culprit Lesions. JAMA Cardiol. 2022, 7, 309–319. [CrossRef]

38. Benetos, G.; Buechel, R.R.; Gonçalves, M.; Benz, D.C.; von Felten, E.; Rampidis, G.P.; Clerc, O.F.; Messerli, M.; Giannopoulos, A.A.;
Gebhard, C.; et al. Coronary artery volume index: A novel CCTA-derived predictor for cardiovascular events. Int. J. Cardiovasc.
Imaging 2020, 36, 713–722. [CrossRef]

39. Benetos, G.; Benz, D.C.; Rampidis, G.P.; Giannopoulos, A.A.; von Felten, E.; Bakula, A.; Sustar, A.; Fuchs, T.A.; Pazhenkottil,
A.P.; Gebhard, C.; et al. Coronary artery lumen volume index as a marker of flow-limiting atherosclerosis—validation against
13N-ammonia positron emission tomography. Eur. Radiol. 2021, 31, 5116–5126. [CrossRef]

40. Rampidis, G.; Kouskouras, K.; Rafailidis, V.; Kampaktsis, P.N.; Giannopoulos, A.; Giannakoulas, G.; Prassopoulos, P.; Karvounis,
H. Correlation of coronary artery geometry with the complexity and severity of coronary atherosclerosis: Rationale and design of
the GEOMETRY-CTA study. Eur. Heart J. -Cardiovasc. Imaging 2021, 22 (Suppl. 3), jeab111-018. [CrossRef]

41. van Rosendael, A.R.; Shaw, L.J.; Xie, J.X.; Dimitriu-Leen, A.C.; Smit, J.M.; Scholte, A.J.; van Werkhoven, J.M.; Callister, T.Q.;
DeLago, A.; Berman, D.S.; et al. Superior risk stratification with coronary computed tomography angiography using a compre-
hensive atherosclerotic risk score. JACC Cardiovasc. Imaging 2019, 12, 1987–1997. [CrossRef] [PubMed]

42. Rampidis, G.P.; Benetos, G.; Benz, D.C.; Giannopoulos, A.A.; Buechel, R.R. A guide for Gensini Score calculation. Atherosclerosis
2019, 287, 181–183. [CrossRef] [PubMed]

http://doi.org/10.1007/s10278-019-00300-5
http://doi.org/10.1016/j.jbiomech.2017.04.016
http://doi.org/10.1093/eurheartj/ehz551
http://www.ncbi.nlm.nih.gov/pubmed/31566246
http://doi.org/10.1016/j.jbiomech.2011.04.033
http://www.ncbi.nlm.nih.gov/pubmed/21550611
http://doi.org/10.1371/journal.pone.0157490
http://doi.org/10.1093/cvr/7.5.593
http://www.ncbi.nlm.nih.gov/pubmed/4753295
http://doi.org/10.1161/01.STR.10.3.335
http://doi.org/10.1007/s10439-014-1056-y
http://doi.org/10.1007/s11517-018-1904-2
http://doi.org/10.1007/s13239-019-00403-8
http://doi.org/10.1161/01.RES.36.2.277
http://doi.org/10.1136/hrt.38.2.180
http://doi.org/10.1136/hrt.42.2.186
http://www.ncbi.nlm.nih.gov/pubmed/486280
http://doi.org/10.1016/0021-9150(93)90128-H
http://doi.org/10.1016/S0021-9290(98)00013-X
http://doi.org/10.1016/0021-9150(96)05869-8
http://doi.org/10.1016/j.jcct.2018.02.003
http://doi.org/10.24875/ACM.20000083
http://doi.org/10.1001/jamacardio.2021.5705
http://doi.org/10.1007/s10554-019-01750-2
http://doi.org/10.1007/s00330-020-07586-y
http://doi.org/10.1093/ehjci/jeab111.018
http://doi.org/10.1016/j.jcmg.2018.10.024
http://www.ncbi.nlm.nih.gov/pubmed/30660516
http://doi.org/10.1016/j.atherosclerosis.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31104809

	Introduction 
	Technical Considerations on the Description of Coronary Arteries Geometry 
	Association of Coronary Geometry with Haemodynamic Alterations 
	Association of Coronary Geometry with Atherosclerosis Lesions and Indexes 
	Conclusions 
	References

