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Abstract: The normal and pathological anatomy of the heart and coronary arteries are nowadays widely
developed topics and constitute a fundamental part of the cultural background of the radiologist. The
introduction of cardiac ECG-gated synchronized CT scanners with an ever-increasing number of detectors
and with increasingly high structural characteristics (increase in temporal resolution, increase in contrast
resolution with dual-source, dual energy scanners) allows the virtual measurement of anatomical in vivo
structures complying with heart rate with submillimetric precision permitting to clearly depict the normal
anatomy and follow the pathologic temporal evolution. Accordingly to these considerations, cardiac
computed tomography angiography (CCTA) asserts itself as a gold standard method for the anatomical
evaluation of the heart and permits to evaluate, verify, measure and characterize structural pathological
alterations of both congenital and acquired degenerative diseases. Accordingly, CCTA is increasingly used
as a prognostic model capable of modifying the outcome of diseased patients in planning interventions and
in the post-surgical/interventional follow-up. The profound knowledge of cardiac anatomy and function
through highly detailed CCTA analysis is required to perform an efficient and optimal use in real-world

clinical practice.

Keywords: Cardiac computed tomography angiography (CCTA); cardiac anatomy; normal heart anatomy;
cardiac chambers; cardiac functional parameters; cardiac valves; heart valve diseases; coronary artery disease (CAD);

coronary artery anomalies; congenital; heart defects; cardiology interventions; cardiac catheterization
Submitted May 24, 2020. Accepted for publication Dec 07, 2020.

doi: 10.21037/¢cdt-20-530
View this article at: http://dx.doi.org/10.21037/cdt-20-530

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2020;10(6):1918-1945 | http://dx.doi.org/10.21037/cdt-20-530


https://crossmark.crossref.org/dialog/?doi=10.21037/cdt-20-530

Cardiovascular Diagnosis and Therapy, Vol 10, No 6 December 2020

Introduction

The knowledge of normal anatomy has always aroused, in
past centuries, the interest of many scholars and nowadays
plays a fundamental role in the training of imaging
specialists and in the recognition of cardiac disease.

In the past, with the birth of an anthropocentric culture
in the Renaissance, the use of the experimental approach
to the nature of the “homo faber” and the establishment
of the aesthetic canon of the “measure” as a synthesis
of nature and representation of life, the anatomy was
studied in sequential layers (Alessandro Allori). Leonardo
as “homo sanza lettere” increased his anatomical studies
over the classical texts, verifying in practice the hypotheses
of his contemporaries. In this way drawn anatomy was
born, marking the transition from the static surface
anatomy, to the depth anatomy, dynamic by nature, of the
dissected, passing from an artistic anatomy to a medical
anatomy (1). As for Leonardo, anatomy is a point of
convergence of statics and dynamics. Today these concepts
are in vivo evaluated by the non-invasive study of cardiac
structures through cardiac computed tomography
angiography (CCTA). As Leonardo initially passes from
the analysis of axial images (horizontal anatomy) to
the representation of the heart seen from the inside or
analytically sectioned to understand the relationships
between the parts, today this is possible through CCTA that
creates volumetric data capable of providing information
of cardiac morphology, function and vitality. Furthermore,
the interpretation of cardiac structure, function (using
mathematical models of image reconstructions) and
multidimensional algorithms that permit a dynamic
evaluation, allows not only a qualitative but also a
quantitative CT evaluation (such as iatrophysical model) of
normal and pathologic cardiac structures. Giovanni Battista
Morgagni in the second half of the eighteenth century
correlated clinical signs and symptoms observed in living
patients with morphological substrates found at autopsy and
collected his studies in “de sedibus et causis morborum per
anatomen indagatis” by which he systematically developed
the method of anatomical and clinical correlations. He
collected pathologic cases and in this way, he was able
to identify many concealed aspects of the clinical and
anatomical features of several morbid entities, contributing
to the development of diagnosis with therapeutic
implications (2). This anatomo-medical approach has been
developed more recently with the passage from analogical
radiology to digital advanced cardiac radiology and the
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use of CCTA provides a detailed volumetric anatomo-
clinical in-vivo diagnostic value significantly contributing in
modifying the prognosis.

The purpose of this review is to describe the state of
the art of CCTA anatomic evaluation related to clinical
applications, looking at its strengths and limitations.

We present the following article in accordance with the
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/cdt-20-530).

Cardiac structures

The heart is a predominantly muscular pump that moves
blood into the vessels through the pulmonary and systemic
circulation (“vis a tergo”). The four chambers are combined
in atrioventricular pairs connected together by valve systems
(Figure I).

The pulmonary and systemic circles are interposed
between the two atrioventricular systems (right and left).
Systemic venous blood reaches the heart through the upper
and lower hollow veins of the right atrium and from here
the blood reaches the right ventricle (RV) through the
tricuspid valve. During systole, blood is pushed through the
pulmonary valve into the pulmonary artery which leads it
to the alveolar circle. The oxygenated blood then returns
to the heart from the alveolar circle through the multiple
pulmonary veins (normally 4 but varying from 3 to 5) that
flow into the left atrium and from there, through the mitral
valve (MV), the blood reaches the left ventricle. During
systole, the blood is pushed back through the aortic valve
into the systemic circulation and to the coronary arteries
responsible for cardiac vascularization (Figure 2, Table 1).
These dynamic morpho-functional conditions must be
taken into account when planning the CCT investigation
for the best optimization of the scan execution.

Left ventricle

The widespread availability of CT scanners has led to
increasing use of CCTA for the noninvasive evaluation
of coronary artery disease (CAD). Although CCTA is
not recommended as the first-line modality for suspected
myocardial aspects, CCTA allows the assessment of
ventricular sizes, morphology, function, density, first pass
perfusion defects and delayed-enhancement pattern in
multiplanar reconstructions with high spatial resolution in
short acquisition times. Therefore, CCTA is considered
complementary to echocardiography and cardiac magnetic
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Figure 1 CCTA cardiac planes of chambers visualization: four-chamber view during diastole (A) and systole (D); two-chamber long axis
view of the right heart during diastole (B) and systole (E) and two-chamber long axis view of the left heart during diastole (C) and systole (F).
*, right atrium; A, left atrium; % , right ventricle; m, left ventricle. CCTA, cardiac computed tomography angiography.

Figure 2 3D-cut plane endoscopy CT images showing the main cardiac chambers and structures. AO, aorta; LA, left atrium; LV, left
ventricle; PA, pulmonary artery; PV, pulmonary vein; RCA, right coronary artery; RA, right atrium; RV, right ventricle; RVOT, right

ventricular outflow tract; SVC, superior vena cava; IVC, inferior vena cava; TV, tricuspid valve; CS, coronary sinus.
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Right heart

Left heart

Right atrium
Large pyramidal appendage
Terminal crest (crista terminalis)
Pectinate muscles
Receives caval veins and coronary sinus
Limb of oval fossa (limbus fossae ovalis)
Tricuspid valve
Low septal annular attachment
Septal cordal attachments
Triangular orifice (midleaflet level)
Three leaflets and commissures
Three papillary muscles
Empties into right ventricle
Right ventricle
Tricuspid-pulmonary discontinuity
Muscular outflow tract
Septal and parietal bands
Large apical trabeculations
Coarse septal surface
Crescentic in cross-section
Thin free wall

Receives tricuspid valve

Left atrium
Small fingerlike appendage
No terminal crest
No pectinate muscles

Receives pulmonary veins

Mitral valve
High septal annular attachment
No septal cordal attachments
Elliptical orifice (midleaflet level)
Two leaflets and commissures
Two large papillary muscles
Empties into left ventricle

Left ventricle
Mitral-aortic continuity
Muscular-valvular outflow tract
No septal or parietal band
Small apical trabeculations
Smooth upper septal surface
Circular in cross-section1
Thick free wall

Receives mitral valve

resonance (CMR) in the diagnosis of LV myocardial
diseases in a single sitting (3,4) (Table 2).

With the retrospective ECG-gated spiral scanning,
CCTA images are obtained at multiple phases of the cardiac
cycle for the assessment of left ventricular (LV) functional
parameters including end-diastolic wall thickness, volume,
mass and identification of regional wall motion abnormality,
approaching the accuracy of CMR (5) (Figure 3). It is
also concordant with, and potentially superior to, two-
dimensional echocardiography, with greater accuracy and
reproducibility (6).

CCTA reference standards gender-specific values of LV
dimension, volume, mass, and functional parameters (7-13)
cannot be extrapolated from echocardiography or CMR due
to differences in spatial and temporal resolution and signal-
to-noise levels. These CT reference values are important
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for disease classification, risk stratification, and guidance of
therapy (3) (Table 3).

Current multidetector row (264 slices) CT systems
allow a reliable and accurate assessment of both coronary
epicardial stenosis and its physiological consequences
through myocardial rest perfusion during the same
acquisition (Figure 4) and additionally stress CT perfusion
(CTP) can be performed, making CT the unique
noninvasive “one-stop-shop” method. The CTP protocol
includes evaluation of myocardial perfusion during both rest
(assessment of resting perfusion and coronary arteries) and
stress (hyperemia) conditions under coronary vasodilation
(e.g., dipyridamole, adenosine). CTP analysis is performed
after administration of iodinated contrast medium
(5 mL/s) which attenuates X-rays directly proportionally
to iodine content in tissue; thus myocardial perfusion
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Table 2 Technical characteristics of different imaging modalities

Clemente et al. Cardiac anatomy using CCTA

Imaging modality Spatial resolution Dimensionality

Temporal resolution Contrast resolution

Catheter angiography 0.15 mm 2D
CCTA 0.23-0.5 mm 3D
Echocardiography 0.5-2 mm 2D/3D
CMR 1-2 mm 2D/3D
PET 4-8 mm 3D
SPECT 5-15 mm 3D

1-10 ms Moderate
29-175ms Moderate/high*
<10 ms Low
20-50 ms High
100-300 ms High
100-300 ms High

*, high contrast resolution for vascular structures and moderate contrast resolution for myocardial characterization. CCTA, cardiac
computed tomography angiography; CMR, cardiac magnetic resonance; SPECT, single-photon emission computed tomography; PET,

positron emission tomography.
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Figure 3 Left ventricle (LV) functional parameters evaluated through CCTA evaluation of both end-diastolic and end-systolic phases.

Normal and indexed LV data can be obtained together with global and segmental kinetics of LV and myocardial rest perfusion abnormalities.

CCTA, cardiac computed tomography angiography.
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Clemente et al. Cardiac anatomy using CCTA

Figure 4 First-pass myocardial perfusion imaging evaluation during angiographic coronary evaluation (curved-MPR LAD image) and ICA
control. Normal LV first pass perfusion related to calcific non obstructive CAD of LAD (A, CCTA short axis color map; C, LAD curved-

MPR; E, ICA) and perfusion defect of the anterior and anterolateral LV wall related to LAD obstructive mixed coronary plaque with ICA
control (B, CCTA short axis color map; D, LAD curved-MPR; F, ICA). LAD, left anterior descending coronary artery; CAD, coronary

artery disease; ICA, invasive coronary angiography; red circle, proximal LAD severe obstructive coronary plaque.
Ty 5 ) ry angiography; > P ry plaq

defects can be directly visualized as hypoattenuated or
nonenhancing regions (14).

Delayed-enhancement CT facilitates the evaluation
of LV myocardial viability or scarring. A delayed scan is
usually performed after a variable period of 5-15 minutes
following the initial administration of contrast medium
decreasing the tube voltage (100 or 80 kVp) and using
prospective ECG triggering to reduce the radiation
exposure. Delayed hyperenhancement is attributed to the
slow washout of iodinated contrast media from the region
of infarcted myocardium (15). Gerber er al. showed that
delayed imaging can be used to quantify infarct size which
is strongly correlated with CMR-based imaging (16).

As with ultrasounds, CCTA can offer morphological
screening, particularly in patients with concomitant
cardiomyopathy and CAD. End-diastolic chamber
dimensions and wall thickness can be precisely measured
and dilated (DCM) or hypertrophic cardiomyopathies
(HCMs) identified.

Even if CCTA is not included in screening methods in
the evaluation of cardiomyopathies and CAD in relation
to the radiation exposure, it represents a possible modality

© Cardiovascular Diagnosis and Therapy. All rights reserved.

useful in selected patients.

CCTA can discriminate between ischaemic and non-
ischaemic causes in dilated phenotype. DCM is characterized
by ventricular dilatation and hypertrabeculation, global LV
wall thinning, impaired systolic function and septal mid-wall
delayed-enhancement pattern in the absence of CAD.

CCTA plays a potential role in the assessment of HCM
(Figure 5) based on key morphological features (asymmetric
hypertrophy involving the septum and myocardial crypts
characterized by a narrow, deep invagination within the
myocardium localized predominantly in the inferoseptal
LV myocardium), the presence of “patchy and nodular”
delayed-enhancement (the hallmark of HCM) as well as
CAD evaluation simultaneously. In addition, retrospective
ECG-gating allows to assess systolic anterior motion (SAM)
of the MV in hypertrophic obstructive cardiomyopathy
(HOCM).

While the Task Force Criteria do not consider CT (17),
LV myocardial fat in arrhythmogenic right ventricular
cardiomyopathy (ARVC) appears as a wedge-shaped or
bandlike configuration in the subepicardial LV-free wall
on CT.

Cardiovasc Diagn Ther 2020;10(6):1918-1945 | http://dx.doi.org/10.21037/cdt-20-530
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Figure 5 Diastolic short-axis (A) and four-chamber (B,D) cardiac-gated CT images show asymmetric septal HCM (asterisk) in a

51-year-old man with apical thrombus (arrow) and left distal anterior descending coronary myocardial bridge (C, arrowhead). HCM,

hypertrophic cardiomyopathy.

In addition, CT is able to characterize fat infiltration of
the RV (Figure 6) and left subendocardial wall fat related to
myocarditis scar (18).

In patients with acute chest pain, CCTA may be used
to evaluate coronary artery (CA) calcium score and exclude
CAD. In the ischaemic cardiomyopathy, noninvasive
fractional flow reserve-computed tomography angiography
(FFRery) (19) is evaluable in addition to regional LV wall
thinning (end-diastolic wall thickness <5.5 mm) and wall
motion abnormality, subendocardial/transmural myocardial
perfusion defects or scar, fatty replacement or myocardial
calcification in the culprit CA territories possibly associated
with apical aneurysm and intraventricular thrombus
formation (Figure 5).

On CCTA images a LV aneurysm is a thinned scarred
outpouching of the myocardium with a broad neck
characterized by paradoxical expansion or dyskinesia while
a LV pseudoaneurysm (or false aneurysm) is an akinetic
outpouching caused by free wall rupture limited by an
overlying adherent pericardium without a myocardial layer

© Cardiovascular Diagnosis and Therapy. All rights reserved.

and characterized by a neck narrower than the diameter
of the aneurysm, an abrupt transition from normal
myocardium to aneurysm and a distinct discontinuity of the
ventricular wall (20).

In acute myocarditis, subepicardial delayed-enhancement
CT correlates with CMR based on areas and degrees of
involvement. A reduced tube voltage increases the contrast
of iodine and simultaneously lowers radiation exposure (21).
CCTA also reveals the typical delayed enhancement
(multifocal, intramural with spotty distribution) in cardiac
sarcoidosis, as well as mediastinal lymphadenopathy and
involvement of other organs (22).

Right ventricle

The evaluation of the volumes and function of the RV is
crucial in many forms of congenital and acquired heart
disease. In complex CHD, such as tetralogy of Fallot, the
assessment of the RV volumes and function is important for
clinical and surgical decision making. RV function is also a
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Figure 6 Long-axis and two-chambers short axis view CMR T2-STIR (A,D), dark-blood T1-weighted (B,E) and CCTA (C,F) showing
RV adipose infiltration (arrowhead). CCTA, cardiac computed tomography angiography; RV, right ventricle; CMR, magnetic resonance

imaging.

prognostic marker in pulmonary hypertension, pulmonary
embolism and other myocardial diseases. CMR is considered
the gold standard for the evaluation of the RV. However,
in patients with contraindication to CMR, such as PM
or ICD implant, CCTA represents a valid cross-sectional
alternative. As a matter of fact, assessment of RV function
by CCTA has been validated in multiple studies and
provides comparable information with good accuracy and
reproducibility using CMR as the reference standard (23)
(Table 4). Moreover, CCTA can assess most of the major
or minor criteria of the original task force criteria for the
diagnosis of ARVC (17,24,25).

Valvular apparatus

The fibrous rings of the heart are mainly located on
the heart valve plane and anchor the muscle bundles
constituting the wall of the atria and ventricles. They
contain the mitral, tricuspidal, aortic and pulmonary valves.
The space between the mitral and tricuspid valves and
aorta forms the right fibrous trigone which is crossed by
the atrioventricular bundle of the conduction system of the
heart (Figure 7).

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Aortic valve

The aortic valve (AV) is a trifoliate structure supported by
a fibrous skeleton, linked with the anterior leaflet of the
MV. The three valve cusps are thin and symmetric leaflets
of fibrous tissue that open into their respective sinuses of
Valsalva during the systolic phase. The commissures are the
joining points between the valve cusp attachments and the
root. The aortic root is a complex structure, schematically
outlined with three parallel virtual rings (sinotubular
junction, ventricular-aortic junction and basal attachment
of AV leaflets) and one crown-shaped line (representing
the attachment of each cusp to the respective Valsalva
sinus, sometimes called “surgical annulus”) (26). The
virtual basal ring is the virtual ring defined by the three
anchors at the nadir of each aortic cusp attachments, usually
inhomogeneous because of calcifications.

CCTA represents the reference standard for the anatomic
assessment of the aortic valve and aortic root in relation
to its intrinsic high accuracy related to characteristics in
planning AV intervention such as high spatial resolution.

The numeric variants of the leaflets and the fusion
of the commissures (Figure §) are the most common
anatomical abnormalities of the AV and clearly shown by
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Figure 7 Base of the heart showing the four cardiac valves. Mitral valve (MV) anatomy showing the D-shaped mitral annulus at the
atrioventricular junction, which has a 3D saddle-shaped, nonplanar geometric structure with a greater inter-commissural than medio-
lateral diameter. MV has two distinct asymmetric leaflets: the posterior (or mural) leaflet, which is narrow and extends two-thirds around
the left atrio-ventricular junction; the anterior (or aortic) leaflet, which is much broader and thicker and comprises one third of the annular
circumference. A distinct feature of the anterior leaflet is the fibrous continuity with the left and noncoronary cusps of the aortic valve and
with the interleaflet triangle between aortic cusps abutting the membranous septum (aortic-mitral curtain). Despite the posterior leaflet
appears smaller compared to the anterior leaflet, it has a larger surface (approximately 5 vs. 3 cm’, respectively). For descriptive purposes,
according to Carpentier nomenclature of the MV leaflets structure: A = anterior, P = posterior. Two clefts of the P leaflet divide it into three
scallops (segments) along the free edge: P1 = lateral, P2 = middle, P3 = medial; the opposing virtual segments of the A leaflet are labelled
Al, A2 and A3. The relationship is also shown to the aortic valve (AV), pulmonary valve (PV) and tricuspid valve (T'V). The tricuspid valve
has an elliptical and nonplanar shape, with the posteroseptal (PS) portion “lowest” (toward the apex), with three roughly triangular cusps,
which when considered relative to their positions in the body, are properly described as being septal (SC), anterior (AC), and posterior (PC).
ALC, anterolateral commissure; PMC, posteromedial commissure; AMC, aorto-mitral curtain; RFT, right fibrous trigone; LFT, left fibrous
trigone; yellow dot, atrioventricular bundle; NC, noncoronary cusp; LCC, left coronary cusp; RCC, right coronary cusp; AS, antero-septal
commissure; PS, posteroseptal commissure; AP, antero-posterior commissure; AC, anterior cusp; SC, septal cusp; PC, posterior cusp; RC,
right cusp; LC, left cusp; RCA, right coronary artery; LM, left main coronary artery; LAD, left anterior descending coronary artery; LCx,

left circumflex coronary artery; CS, coronary sinus; ¥, atrio-ventricular part of membranous septum.

CCTA examinations. The unicuspid variant, frequently
associated with early severe aortic stenosis occurring in
infancy or childhood and with ascending aortic dilatation is
rare (27). Bicuspid aortic valve (BAV) is the most common
congenital heart disease (CHD). It is often associated with
other congenital cardiovascular abnormalities or genetic
disorders (28). Several classifications of BAV exist, based
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on the presence/absence of raphes, on cusp fusion, size and
position, and on the number of sinuses (29). Quadricuspid
aortic valves are extremely rare variants, generally associated
with incomplete coaptation of the cusps (30,31).

Even if the grading of aortic stenosis severity should
be performed by CMR (32), the visualization of the aortic
valve and aortic root during the cardiac cycle is also shown

Cardiovasc Diagn Ther 2020;10(6):1918-1945 | http://dx.doi.org/10.21037/cdt-20-530



Cardiovascular Diagnosis and Therapy, Vol 10, No 6 December 2020

1929

Figure 8 Aortic valve morphologies. Unicommissural unicuspid valve with an eccentric loophole-shaped orifice (A, systole; E, diastole);

bicuspid valve without raphe having two cusps and commissures (B, systole; F, diastole); bicuspid valve with raphe containing two cusps and

commissures (C, systole; G, diastole); quadricuspid valve with incomplete leaflet coaptation due to insufficiency (D, systole; H, diastole).

by CCTA. In this condition, it is possible to search for the
correct evaluation plan and measure the maximum residual
systolic area at the level of the aortic limbs.

Mitral valve

The MV is a complex anatomical and functional apparatus
which can be evaluated by CCTA showing the mitral
annulus at the atrioventricular junction, which has a 3D
saddle-shaped, nonplanar geometric structure with a
greater inter-commissural than mediolateral diameter
(33,34), and the posterior (or mural) leaflet, which is narrow
and extends two-thirds around the left atrioventricular
junction and the anterior (or aortic) leaflet, which is much
broader and thicker and comprises one third of the annular
circumference (Figure 9).

The chordae tendineae can be shown according to their
attachment (33,34).

There are usually two dominant groups of papillary
muscles (PMs), named anterolateral and posteromedial
PMs, which are located in the mid to apical segments
of the left ventricular wall and are aligned with the MV
commissures (33). A considerable variation in the number,
shape, and patterns of PMs (i.e., single PM with or without
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multiple heads or multiple PMs) is reported (32). Most
frequently they have a conical, cylindrical or a broad-
apexed shape, and arise from a broad, mesh-like, network of
trabeculation (i.e., named “cypress root”) (35-37). The PMs
contraction during systole tightens chordae tendineae and
prevents leaflet prolapse.

Typically, the CCTA acquisition for valvular work-
up involves full cycle acquisition. CCTA due to its high
isotropic spatial resolution can accurately assess the MV
morphology [leaflet thickening, calcification, or mitral
annular calcification (MAC)], and the abnormalities of the
MV apparatus (i.e., degenerative prolapse, flail, or infective
endocarditis) (38).

CCTA may allow reliable evaluation of MV stenosis
and its severity grade. A good correlation, although with
systematic overestimation, of CT-derived MV planimetric
area with that of Doppler transthoracic echocardiography
(TTE) and cardiac catheterization has been demonstrated
(39). CCTA plays an important role in defining the
landing zone for transcatheter MV intervention, offering
highly reproducible evaluation of the 3D geometry of the
MYV annulus (40). CCTA provides a detailed and clear

definition of the extent and severity of annular calcium,
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Figure 9 Short-axis view of the normal mitral valve during diastole (A) and systole (B).

which can help determine device suitability (40). Finally,
CCTA oftfers the substantial advantage of the accurate pre-
operative assessment of CAD in patients with valvular heart
disease when surgery or an intervention is planned. Owing
to its high negative predictive value, current guidelines
recommend CCTA with a Class IIa, LoE C, in patients with
low probability of CAD (41).

Tricuspid valve

Clear depiction of the right heart requires homogeneous
enhancement of the structures around the tricuspid valve
(TV) annulus. Most ECG-gated CCTA techniques with
a modified contrast injection in order to permit the right
heart examination (i.e., high flow contrast bolus followed by
a 50% diluted contrast and saline chaser bolus) can provide
good-quality motion-free images of the right chambers
without flow artifacts that can usually be present in the right
atrium and RV inlet (Figure 10).

Nowadays, CCTA has gained an important role in
preprocedural planning for percutaneous TV interventions,
similar to aortic and mitral procedures (42). CT is
important for several preprocedural steps of percutaneous
TV repairing procedures, providing complementary
information to echocardiography and fluoroscopy, especially
for interventions targeting the tricuspid valve annulus (43),
analyzing the annular structure and dilatation, the quality
and the amount of annular tissue and its relationship with
the right coronary artery (RCA) in different regions of the
TV. Furthermore, sizing the inferior vena cava (IVC) is of
utmost important for the planning of some percutaneous
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procedures. The normal morphology of the TV can be
clearly depicted by CCTA even if it has an elliptical and
nonplanar shape (44,45). During the cardiac cycle, the annulus
area changes by approximately one-third, with the diameter
changing by one-fifth (46,47). ECG-gated CT reveals this
unique tricuspid morphology of the annulus, along with its
temporal changes in different phases of the cardiac cycle.

Pulmonary arteries

The role of CCTA scan in the evaluation of the pulmonary
artery is well established (48). Thanks to the excellent
isotropic spatial resolution and a multiplanar reconstruction,
CCTA allows accurate measurements of pulmonary arteries
(PAs) and pulmonary branches in CHD and also in acquired
Heart disease. Accurate evaluation of PAs is a frequent
target in the imaging of CHD before and after repair. In
this population, when echocardiography is non exhaustive
and CMR is contraindicated or considered a high risk for
the time of the scan and sedation, CCTA is increasingly
used. Moreover, several studies reported the role of CCTA
for interventional planning of complex pulmonary anatomy
(49) and for complex lung lesions such as intralobar or
extralobar pulmonary sequestration (50). CCTA is widely
used for evaluation of lung diseases, in this setting published
studies reported that an enlarged PA and the PA/aortic
diameter ratio may predict pulmonary hypertension, with
CT-based cutoff values ranging respectively from 28.6-33.2
mm and from 0.84 to 1.4 (51). CT Pulmonary Angiography
is also an already established technique in patients with
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Figure 10 Short-axis view (A) at the level of the tricuspid annulus (TA) in patient with functional regurgitation localization of the anterior (A),

septal ( % ) and posterior (w) leaflets and 3D-VR cut plane showing the TA plane (B).

suspected pulmonary embolism and is a crucial component
in commonly used clinical diagnostic algorithms (52).

Pericardium

The pericardium is a double walled fibroserous sac (a small
cavity filled with up to 60 mL of serous fluid) composed
of the visceral pericardium and parietal pericardium.
Two pericardial lines of reflection localized around
the aortopulmonary vascular pedicle and the venous
pole of the heart determine the presence of different
pericardial sinuses and recesses (53). On CCTA images the
pericardium appears as a thin soft tissue line enveloping
the heart. It extends superiorly from the great vessels and
inferiorly to the diaphragm and is best visualized along the
RV (54). Its thickness ranges from 1 to 2 mm, although
it is considered normal up to 4 mm. Several diseases
may affect the pericardium. The most common CCTA
finding relates to the presence of pericardial effusion;
depending on attenuation values [Hounsfield unit (HU)],
it can be distinguished in exudative or hemorrhagic (55).
Malignant pericardial effusion should be suspected in case
of hemorrhagic effusion with pericardial nodular lesions.
In the setting of a rapidly developing effusion, a cardiac
tamponade may occur, in which pericardial collection
causes the compression of the right cardiac chambers and
the bowing of the interventricular septum (IVS), resulting
in diastolic impairment (56). Acute inflammation of the
pericardium (pericarditis) results in pericardial thickening
(>4 mm) and enhancement which may be preferably
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evaluated during the portal venous phase rather than
during the arterial phase (57). One more typical finding is
pericardial calcifications, which constitutes an end-stage
response to some injuries (58). They appear as linear or
patchy hyperdensities that may encase the entire heart,
resulting in constrictive pericarditis and subsequent
impaired ventricular filling and right heart failure. CCTA
can depict the extent of calcium amount and assess
complications such as the intramyocardial calcium invasion,
which may hinder the success of a pericardiectomy (48).
Other less common pericardial diseases include pericardial
cysts and diverticula, the epipericardial fat pad necrosis and
benign and malignant tumors.

Right and left atrium

CCTA is an option for atria reconstruction and image-
integration for real-time navigation in electrophysiological
procedures and after inadvertent acute or late complications.
CCTA can be useful in pre-procedural planning of CRT
implantations showing coronary sinus (CS) anatomy,
barriers at the ostium, challenging access in the vessel and
collaterals and anatomical variants. CCTA may offer a
non-invasive optimal panoramic view of the right atrium
(right appendage, crista terminalis, septum, cavotricuspid
isthmus anatomy, prominent thebesian valve) alongside 3D
transesophageal echocardiography (TOE) and intracardiac
echocardiography (ICE) (59-61) (Table 5).

CCTA has a dominant role in left atrial (LA) procedures.
Number of pulmonary veins, pattern of branching, ostial
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Structure

CT-found issues

Use in clinical practice

Right atrium
Crista terminalis

Cavotricuspid isthmus

Coronary sinus

Septum

Left atrium

Anterior left atrium

Venous left atrium

Left atrial appendage

Pouch-like recesses

Prominent and eustachian valve
Chiari network

Angulation between IVC/CTI

Anatomy of CS and branches

Proximity to circumflex artery

Prominent thebesian valve

Fossa ovalis visualization

Septum primum and secundum visualization

Septal pouch and large aneurysms

Interatrial septal defects
Atrial tumors

Atrial thrombi

Atrial parietal diverticula (18-41% patients,
specially in antero-superior portion)

Pulmonary veins (PVs) anatomy

PVs stenosis/occlusion

Relationship with oesophagus and adjacent
vascular structures

Structural characteristics
LAA thrombi

Relationship with adjacent vascular/nervous
structures

Pre-interventional imaging

Pre-interventional imaging in ablation procedures

Challenging CS cannulation for EP procedures or CRT
implants

Ablation procedures into the coronary sinus

Pre-interventional imaging in EP procedures
Pre-interventional imaging in PFO and IADs closures

Avoiding complications in challenging transeptal
accesses

LA size and function evaluation
Diagnostic definition

Pre-procedural planning/image-integration for
navigation during EP procedures

Pre-ablation planning / image-integration for navigation
during EP procedures

Post-ablation follow-up

Atrio-oesophageal fistula diagnosis/follow-up

Embolic risk evaluation
Pre-ablation planning

Pre-procedural imaging for LAA occlusion

Post-procedural evaluation

CS, coronary sinus; EP, electrophysiology; CRT, cardiac resynchronization therapy; IVC, inferior vena cava; CTI, cavotricuspid isthmus;
PFO, patent foramen ovale; IAD, interatrial septal defect; LAA, left atrial appendage; LA, Left atrium.

morphology and measurements, and more importantly
anomalous pulmonary vein variants, accessory pulmonary
veins or anomalous pulmonary venous drainage can be
easily identified by CCTA compared with other modalities
such as TOE and ICE. Pulmonary vein stenosis is nowadays
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an infrequent, yet known complication following catheter
ablation procedures. In patients with symptoms suggestive
of pulmonary venous obstruction, serial CT assessment
of pulmonary veins allows for detection or exclusion of
stenosis (61-63). Pre-procedural imaging showing presence
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of parietal diverticula (typically in anterosuperior LA
portion) can make ablation procedures safer. While TOE is
considered the gold standard for the detection of left atrial
appendage (LAA) thrombi prior to ablation procedures,
several studies have shown a high diagnostic accuracy
of CCTA to detect LAA thrombi (61). High definition
imaging of LAA and adjacent vascular and nervous
structures is relevant in LAA plugging procedures allowing
correct device sizing (61,62). Furthermore, anatomical
relationship between venous LA and posterior wall to the
oesophagus can be easily identified and is beneficial in
the risk reduction of lethal complications such as atrio-
esophageal fistula caused by high-energy application during
ablation procedures (61-62).

Coronary artery anatomy and CAD

Reliable interpretation of coronary angiography by CCTA
requires a sophisticated understanding of: normal coronary
artery (CA) and cardiac anatomy; the pathophysiology of
coronary atherosclerosis and other abnormalities, including
congenital anomalies; the characteristic appearance of CA
and cardiac lesions on CCTA with and without contrast
medium (63); the technology and limitations of CCTA;
the use of 3-dimensional cardiac-specific interpretation
software; and the ability to identify and overcome
image artifacts in the available image data set (64,65).
The currently recommended training process to attain
competency in interpretation has been outlined in previous
medical specialty society statements (66,67).

The coronary segmentation classification recommended
by the American Heart Association (AHA) is used to
create a CCTA reporting system (67), thus facilitating the
communication between physicians. The AHA classification
divides the coronary arteries into 15 or 16 segments
(Figure 11). The coronary tree should be initially examined
for the course and branching of the main coronary
vessels and sub-branches. The Society of Cardiovascular
Computed Tomography (SCCT) guidelines recommends
an axially based model of coronary segmentation, adapted
for coronary CTA (65). This model varies from the
standard AHA segmentation in the following ways: a left
posterolateral branch is identified as segment 18, and a
ramus intermedius branch has been added as segment 17.

Congenital CA anomalies are of major significance due
to their association with myocardial ischaemia and sudden
death and their prevalence ranges from 0.21% to 5.79% (68)
(Figure 12). The most commonly used classification of CA
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anomalies is based purely on anatomical considerations
(69,70). Anatomy and Pathology Working Group of the
European Society of Cardiology published a position
statement in order to provide a classification linked to
coronary embryonic developmental mechanisms and CA
congenital anomalies (70) (Figure 13).

Perioperative assessment of congenital heart
defects

In recent years, CCTA has acquired an increasingly
important role in the diagnosis and preoperative planning
of congenital heart defects (71,72) and in adult surgical
reoperation in defining cardio-vascular-sternal relationships.
In the scenario of multiple surgical procedures, the
development of tenacious cardio-sternal adhesions represents
an element of considerable bleeding risk during the chest
reopening phase. Therefore, CCTA imaging becomes a
fundamental aid in guiding the reopening procedure allowing
to adopt the strategy with less surgical risk (73).

For the correct preoperative diagnostic definition of
partial and total anomalous pulmonary venous connections,
echocardiography is often insufficient to guide surgical
planning and CCTA becomes essential. Especially in the
total and mixed forms of anomalous pulmonary venous
connection, the questions that CCTA must answer are
the anatomy of the veins confluence and the course and
draining site of the venous collector (74). The choice of the
best surgical technique is the consequence of a perfect and
exhaustive preoperative anatomical definition. The correct
knowledge of the normal and CA anomalies should be
examined with regard to their origin, course, and relationship
to the cardiac chambers, aorta, pulmonary artery, and
interventricular septum together with the mediastinal and
thoracic structures in the operative planning. Consequently,
CCTA allows to verify the surgical result by highlighting all
anatomical details of the surgical techniques employed (75).

Even the group of conotruncal anomalies such as
complex transpositions of great vessels (TGA) becomes an
area of increasing application of the most advanced CCTA
methods (76). Many complex surgical procedures actually
adopted for anatomical correction of complex TGA can
be indicated and guided by advanced modalities of CCTA
imaging (76,77).

Vascular rings are a group of aortic arch defects
causing tracheoesophageal compression at different levels
depending on the anatomical type of defect. The key role of
CCTA and its dynamic modalities in diagnosis, anatomical
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Right coronary artery (RCA)

/

Left coronary artery (LCA) LM

Figure 11 According to AHA classification, Volume Rendering Image depicts the anatomy and the same classification of the right coronary
artery (RCA) and of the left coronary artery. The RCA, which arises from the right coronary sinus (RCS), is conventionally divided into
three segments: the proximal (segment 1), the mid (segment 2), and the distal (segment 3), which runs in the posterior right atrioventricular
groove from the acute margin of the heart to the origin of the posterior descending branch (PD, segment 4). The posterolateral branch (PL,
segment 15) usually arises from the RCA in the typically right-dominant circulation as a terminal branch along with the PD but can less
commonly arise from the left circumflex (LCX) and rarely from the left anterior descending artery (LAD). The left main coronary artery
(LM, segment 5) extends from the ostium of the left coronary artery (LCA) to the bifurcation in LAD and LCX branches. The LAD, which
runs in the anterior interventricular groove, is conventionally divided into: the proximal tract (segment 6), including the origin of the first
diagonal branch (segment 9); the mid tract (segment 7), which extends to include the point where the LAD forms an angle and generally it
coincides with the second diagonal branch (segment 10); the distal or apical tract (segment 8), which extends beyond the apex. The LCX
is divided into proximal (segment 11, including the origin of the first obtuse marginal branch) and distal (segment 13, running in the left
atrioventricular groove) segments. The branches for the obtuse margin of the heart which supply the lateral wall of the left ventricle are
called segment 12 and segment 14. Segment 16 indicates a possible additional branch known as the “intermediate” (IM), which originates
from the LM and runs along the anterolateral wall of the left ventricle. AHA, American Heart Association. Yellow line, coronary segment

demarcation.
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Figure 12 Anomalous origin of the RCA from the left sinus of Valsalva and interarterial course (A), causing ischemia during exercise and
hypoperfusion of the inferior septal wall of the LV during rest angiographic CT acquisition (B), color-coded in blue-violet and “slit-like
ostium” at CT and ICA (C,D). After surgical repair (E) no more chest pain and related ischemia were observed. RCA, right coronary artery;
LV, left ventricle; ICA, invasive coronary angiography.

LCx ¢

Normal origin of the right and left CA LM from the RCS and inter-arterial course LAD from the RCS and pre-pulmonic course

A
w/ J
/

LAD from the RCA and pre-pulmonic course Common origin of RCA and LM from the RCS
and LCx from the RCA and retroaortic course (retroaortic LM course)

Common origin of RCA and LAD from the LCS
(retroaortic RCA course)

LCx from the RCA and retroaortic course

Single CA from RCS and retroaortic course LCA from PA (ALCAPA)

Figure 13 Normal anatomy and major congenital anomalies of CA-truncal connection. Anomalous CA connection to the aorta: RCA from the left
coronary sinus (LCS) with interarterial course; LCA from the RCS with interarterial course; LAD from the RCS with prepulmonic course; LCA
from the RCS and prepulmonic course; LAD from the RCS with prepulmonic course and LCX from the RCA and retroaortic course; LCA from
the RCA with interseptal course; LCA from the RCS or single CA with LCA with retroaortic course; LCX from the RCS or RCA with retroaortic
course; single CA from the LCS with retroaortic course of RCA; single CA connected to the RCS with retroaortic course; LCA from the
pulmonary artery. RCA, right coronary artery; LCA, left coronary artery; LM, left main coronary artery; LAD, left anterior descending coronary
artery; CA, coronary artery; LCx, left circumflex coronary artery; LM, left main coronary artery; RCS, right coronary sinus; LCS, left coronary
sinus; NCS, non-coronary sinus; PA, pulmonary artery; PV, pulmonary valve; RC, right cusp; AC, anterior cusp; LC, left cusp.
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Table 6 Aortic arch defects (Vascular rings) causing tracheoesophageal compression

Aortic arch anomalies

Clinical picture

Surgical management

Double aortic arch

Right aortic arch with left-sided ligamentum arteriosus

Right aortic arch with left-sided ligamentum arteriosus and Wheezing; dysphagia

Kommerell diverticulum

Pulmonary artery sling

Wheezing; dysphagia

Wheezing; dysphagia

Wheezing; dysphagia

Interruption of ligamentum arteriosus;
interruption of left aortic arch

Interruption of ligamentum arteriosus

Resection of Kommerell diverticulum;
interruption of ligamentum arteriosus

Pulmonary artery reimplantation

Double aortic arch, right aortic arch with left ligamentum arteriosus and right aortic arch with left ligamentum arteriosus and Kommerell
diverticulum are the most common forms of vascular ring sharing the anatomic site of tracheo-esophageal compression: The right side of
tracheal carina at the origin of right main bronchus and the posterior wall of esophagus. The clinical picture of these lesions is dominated
by wheezing and dysphagia. A much rarer form of vascular ring is represented by pulmonary artery sling, where the left pulmonary
artery takes its origin from the right one and courses leftward passing between trachea and esophagus. In this situation the tracheal
compression is posterior. The distinctive hallmark, only found in this type of vascular ring, is the anterior compression of the esophagus.

definition and perioperative management of vascular rings
is therefore intuitive (78-80) (7able 6).

Structural interventional cardiology

In the context of structural heart intervention there are
numerous interventions which benefit from CCTA,
which include transcatheter aortic valve implantation
(TAVI), percutaneous interventions of the mitral, tricuspid
valves, left atrial appendage occlusion (LAAO) and the
interventional closure of paravalvular leaks related to
prosthetic valve replacement (41,81-88) (Tables 7,8).

The evaluation of aortic root and aortic annulus
dimensions, assessment of aortic valve structure and
calcifications, distance between the aortic annulus and the
coronary ostia, determination of fluoroscopic viewing angles
as well as analysis of the vascular access route should always
be included (41,45,81-91).

The technique of transcatheter MV implantation
(TMVI) has been further developed (83,86). The pre-
procedural CT imaging in this contest must address
anatomical assessment and measurement of the mitral
valvular and subvalvular apparatus, assessment of annular
calcification, prediction of possible left ventricular
outflow tract (LVOT) obstruction, investigation of mitral
regurgitation etiology and prediction of an orthogonal
fluoroscopic angulation. Moreover, a CCTA imaging
is necessarily to define the anatomic relationship of the
coronary sinus, the left circumflex CA, and the mitral
annulus prior to a mitral annuloplasty procedure (85)
(Tables 9,10). For the post-procedural assessment of
valvular and paravalvular complications, CCTA allows
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the visualization of the possible incomplete opening or
closing of prosthetic mechanical cusps and the complication
of most biological valves due to pannus ingrowth or
thrombosis formation (92). However, TAVI candidates,
may be ineligible to CT in up to 20% of cases due to
coexisting borderline renal function. In such cases, CMR
may be a valid alternative to CT (32). For ring annuloplasty,
a nonplanar design of the surgical ring is suggested to
improve ventricular function (93). The ring is C-shaped,
and its gap is placed at the site of the septal leaflet to
prevent complication to the conduction system. When
transcatheter valve implantation into a surgically placed
ring or prosthesis is considered (either in aortic, tricuspid or
mitral position), the valve size can be selected based on the
sewing ring’s nominal size or on the measurements of the
reconstructed CCTA views of the valve prosthesis or ring
(93). The LAAO need a correct sizing for a successful device
deployment (94). LAA morphology, ostial diameters and
depth, the landing-zone as well as the presence of thrombi
and the assessment of surrounding structures (pulmonary
veins, mitral annulus, left circumflex artery) (95) should
be managed in a multimodality fashion (96,97). CCTA
can provide detailed information on the exact location
and morphological characteristics of paravalvular leaks as
common complication of surgical and interventional (98,99),
including size, course and shape as well as the presence of
multiple communications (100-104).

Congenital interventional cardiology

Interventional cardiology is nowadays a feasible and cost-
effective alternative to surgery for palliation or repair of
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Table 7 Imaging methods for the evaluation of patients’ anatomical suitability for TAVI according to current practice

TTE/TOE CCTA CMR Angiography
AS severity +++ 4 ++ +
LV function +++ ++* ++ _
LV septal thickness ++ ++* 4 _
Concomitant valvular disease +4++ + +++ -
AV annulus diameter +++ +++ - T+
AV anatomy ++ +++ ++ —
AV calcification ++ +++ - ++
Aortic root measurements ++ +++ +++ ++
AV annulus—coronary arteries distance + +++ +++ +
Coronary artery disease - +++ 4+ e+
Coronary stenosis - +++ - +++
Peripheral arteries anatomy - +++ ++ ++
Peripheral arteries calcification - +++ - +

+ + +, most frequently used; + +, less frequently used; +, least used; —, unsuitable; *, related to the retrospective multiphasic acquisition.
AS, aortic stenosis; LV, left ventricular; AV, aortic annulus; TTE, transthoracic echocardiography; TOE, transoesophageal echocardiography;
CCTA, cardiac computed tomography angiography; CMR, cardiac magnetic resonance.

Table 8 Role of CCTA in transcatheter tricuspid valve interventions

Transcatheter tricuspid valve intervention system

Patient selection: CCTA questions

Heterotopic transcatheter valve implantation

Direct tricuspid annuloplasty; Trialign Tricinch Cardioband

Indirect tricuspid annuloplasty

FORMA Spacer

Transcatheter valve-in-valve or valve-in-ring

Dimensions of caval vein*

Distance from the inferior cavoatrial junction to the first hepatic vein'
Course of the right coronary artery along the atrioventricular groove
Distance between the right coronary artery and the tricuspid valve annulus*
Lobe of the right atrial appendage oriented anteriorly

Demarcated atrioventricular groove

Location of the epicardial coronary arteries in relation to the atrioventricular
groove

Tricuspid annulus dimensions
Right ventricular dimensions

Distance of the tricuspid valve annulus plane to the right ventricular septal
free wall groove dimensions of the left subclavian and axillary veins®

Size of the sewing ring

*, diameters of the inferior and superior vena cava may reach 35 and 40 mm, respectively [100-101]. ', in severe TR, mean distance
between the inferior cavoatrial junction and the most superior hepatic vein is 14.1+5.4 mm. *, a distance between the right coronary artery
and the tricuspid valve annulus of #2.0 mm is considered less favorable [102]. ¥, vascular access is achieved through a 24-F vascular

sheath [103].

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Cardiovasc Diagn Ther 2020;10(6):1918-1945 | http://dx.doi.org/10.21037/cdt-20-530



1938 Clemente et al. Cardiac anatomy using CCTA

Table 9 Imaging role for mitral valve intervention

Main tasks TTE 2D/3D TEE CCTA MRI
Primary imaging modality to define MV abnormality X

Grading of MR/MS severity X

Associated valve/heart disease X

LV/LA function X x*
Hemodynamic consequences X

Detailed assessment of MV pathology X

Re-confirmation MS/MR severity X

Exclusion of thrombi/infective endocarditis/pericardial effusion X X
Exclusion of specific Cl for the planned procedure X X
Determination of morphological suitability for specific transcatheter X X
procedure

Annular dimensions X
Localization/extent of calcification of structures of MV apparatus X
Anatomical relationship of target lesions to surrounding cardiac/ X

extracardiac structures

Evaluation of chamber volumes and ejection fraction x* X
Regurgitant volumes X
Regional and global myocardial function x* X

*, end-systolic and end-diastolic acquisition. x indicates the capability of the imaging modality. MV, mitral valve; TTE, transthoracic
echocardiography; TEE, transesophageal echocardiography; CCTA, cardiac computed tomography angiography; MRI, magnetic
resonance imaging; MR, mitral regurgitation; MS, mitral stenosis; LV, left ventricular; LA, left atrial.

Table 10 Specific role of CCTA in various mitral valve pathologies and interventions

Direct/indirect Failed
TMVR procedure TMVR procedure ; . )
. ) ) annuloplasty is PVML bioprosthesis/
in MS in primary MR
secondary MR annuloplasty
Annular dimensions X X X x; localization, number, size, X
Localization/extent of calcification X X X ?I::Zt:w;n ?ifnth/e :S):It(r(mse)stics) X
of structures of MV apparatus gring’p
Anatomical relationship target X; aorto-mitral X; aorto-mitral X; relationship X; transapical puncture site  x; aorto-mitral
lesions to surrounding structures angle angle annulus-LCx and CS angle

2D, 2-dimensional; 3D, 3-dimensional; Cl, contraindication; CS, coronary sinus; CT, computed tomography; LA, left atrial; LCx, left
circumflex coronary artery; LV, left ventricular; MR, mitral regurgitation; MRI, magnetic resonance imaging; MS, mitral stenosis; MV, mitral
valve; PVML, paravalvular mitral leak; TEE, transesophageal echocardiography; TMVR, transcatheter mitral valve replacement; TTE,
transthoracic echocardiography. x, leading role of CCTA.

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2020;10(6):1918-1945 | http://dx.doi.org/10.21037/cdt-20-530



Cardiovascular Diagnosis and Therapy, Vol 10, No 6 December 2020

CHD, with the aim of decreasing hospitalization length as
well as morbidity and mortality rate (105). However, this
approach is critically dependent on cardiovascular imaging
either before or after any procedure. In this setting, CCTA
may be crucial to image detailed morphologic features of
complex cardiac malformations (106), thus limiting the
need for sedation/general anaesthesia. 3D printed models
manufacturing reproducing anatomical details, allows
virtual and physical manipulation in planning percutaneous
intervention (107). Ionizing radiations exposure, which is
a concern in younger children and women, is nowadays
limited by reduction dose protocols (108). 3D-virtual
imaging and element modelling of intra- and extra-cardiac
anatomy, based on CCTA images, may be particularly
useful in finely diagnosing and planning complex trans-
catheter interventions (109). It may be particularly useful
to plan the best route to access the cardiac cavity in certain
interventional procedures, as well as in testing ex-vivo
potentially useful devices. In fact, in patients submitted to
multiple cardiac surgeries, the native anatomy is completely
altered by fibrous changes as well as compensatory
mechanisms due to pressure- or volume-overload
conditions. A paradigmatic example is trans-catheter
interventional treatment of aortic coarctation with balloon
angioplasty stenting, that is nowadays considered as the
first-line therapy in complex native or post-surgical settings
(110-112). CCTA is also the first-line imaging modality in
the evaluation of complex arch anomalies, like vascular rings
and slings (113), to diagnose the type of anomaly and the
relationship between the trachea and oesophagus, as well
as major aortopulmonary collaterals (MAPCAs) in complex
forms of tetralogy of Fallot (114).

CCTA details of coronary ostia, take-off from the aortic
root and major branch peripheral distribution, mainly in
terms of interarterial course of proximal segments or intra-
myocardial course of distal branches (115) are of paramount
importance in the case of congenital cardiac malformations
as well as in the evaluation of post-surgical changes
following coronary reimplantation. This is also essential
in planning a trans-catheter pulmonary valve implantation
since the proximity of major CA branches to the right
ventricular outflow tract may preclude the valve deployment
due to the risk for coronary compression (116).

Future perspectives: dual- and multi-energy CT

During recent years, rapid advances in CT hardware
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and software technology of newer generation scanners
have occurred, including dual-energy CT (DECT) and
multi-energy CT imaging (117-119). DECT systems
enable material differentiation by evaluating attenuation
characteristics at two different photon energy levels. Several
studies have demonstrated that DECT may enhance the
diagnostic performance of CT in myocardial perfusion and
scar imaging by improving iodine contrast-to-noise ratio
(CNR) (119). DECT allows accurate quantification of
Iodine contrast distribution within the myocardium, which
is directly related to myocardial blood flow, thus being
useful for different cardiac ECG-gated synchronization
between normal, ischemic and necrotic myocardium (120).
Color-coded iodine overlying images (Iodine maps) can
be also generated by the dual-energy dataset, providing
a measure of per-voxel iodine myocardial concentration
expressed in mg/ml, which improves accuracy when
compared to standard visual analysis. Moreover, DECT
acquisition may improve limitations of single-energy CT
such as beam hardening and blooming artifacts, without
increasing radiation dose (118,119).

Most recently, new energy-sensitive photon counting
detectors (PCDs) have been developed which directly
count the number of incident photons and measure their
photon energies separately. Multi-energy CT with PCDs
may provide more spectral information than DECT
systems, but they are the subject of ongoing research and
are not yet commercially available (61). A recent preclinical
experimental model has demonstrated the feasibility and
accuracy of PCDs compared to MRI and histology as the
reference standard for quantitative separation of blood pool,
scar, and remote myocardium using a simultaneous multi-
contrast agent protocol (121).

Conclusions

Normal cardiac CT anatomy, pathological changes, pre-
and postoperative cardiac CT aspects are essential in the era
of digital quantitative advanced bioimaging.

The structural development of CT scanners nowadays
allows the virtual measurement of anatomical structures
complying with heart rate with sub millimetric precision
permitting to follow the pathology temporal evolution.
CCTA asserts itself as a gold standard method for the
anatomical evaluation of the heart and permits to evaluate,
verify, measure and characterize structural pathological
alterations of both congenital and acquired degenerative.
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The multi-energy CT scanners will increasingly provide
not only static and dynamic anatomical features, but also
metabolic alterations.
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