
© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2020;10(6):2018-2035 | http://dx.doi.org/10.21037/cdt-20-527

Introduction

The depiction of coronary arteries has been a great 
challenge for imaging specialists since the introduction 
of computed tomography (CT); the heart is a rapidly 
moving organ and coronary arteries have a small diameter. 
Several technological innovations have followed since the 
introduction of the 1st generation of CT in 1972. One of the 
most important improvements was the increase in rotation 
speed, which translated into better temporal resolution and 
spatial resolution along the z axis; this was made possible 
by the use of submillimeter collimations with extended 

volumetric acquisitions. With the introduction of 16-slice 
CT scanners and soon after of 64-slice CT scanners, the first 
encouraging results in the cardiac field were achieved (1). 

Cardiac computed tomography (CCT) was originally 
compared with invasive coronary angiography (ICA), although 
the two techniques present different targets. However, 
clear advantages of non-invasive CCT technique should be 
highlighted, despite a better spatial (0.1–0.2 mm, 50 lp/cm) 
and temporal resolution (<20 ms) of ICA (2).

Technological progress together with spatial, temporal 
and contrast resolution improvements, have progressively 
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implemented image quality and robustness of CCT (Table 1) 
(Figure 1). Current challenges of CCT now focus on plaque 
characterization, functional studies and dose reduction.

In this review, we discuss current standards and the 
future improvements in CCT.

We present the following article in accordance with the 
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/cdt-20-527).

Methods

Information sources used to write this paper were: Medline 
search, hand searches of the references of retrieved 
literature, web search, libraries and personal experience.

Spatial resolution

Spatial resolution is defined as the ability to distinguish 2 

neighbouring structures as separated. It is influenced by 
several factors: detectors, thickness, pitch, reconstruction 
parameters, filters and artifacts. Insufficient spatial 
resolution may affect the capability of evaluation of 
coronary arteries, especially of more distal (and therefore 
small) branches as well as coronary stenosis detection and 
quantification. Furthermore, insufficient spatial resolution 
may result in partial volume artifacts, which may also cause 
blooming artifacts and overestimation of coronary artery 
stenosis, with the generation of false positives and reduced 
specificity (3). Therefore, spatial resolution was the primary 
hardware issue to be developed, first to allow and then to 
improve, the visualization of coronary arteries.

Detectors are among the main determinants of spatial 
resolution. The detector is an X-ray sensor that converts 
incoming photons, that have passed through the object of 
study, in an electrical signal detected from data acquisition 
system; this signal is collected, amplified and converted into a 

Table 1 Main resolution challenges for CCT

Issue Challenges

Spatial resolution Evaluation of small distal coronary arteries and branches; assessment of calcified plaques and degree of stenosis 
(blooming); evaluation of intra-stent lumen; analysis of plaque characteristics (area, volume, attenuation)

Temporal resolution Cardiac motion artifacts; high heart rate; arrhythmias

Contrast resolution Intracoronary opacification; coronary plaque imaging

CCT, cardiac computed tomography.

Figure 1 Different factors influencing and converging towards imaging quality in cardiac CT.
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digital information through an analog-to-digital converter (4).  
The raw data, by a complex system of mathematical 
calculations, will be then associated with corresponding 
space position identified by an axes system (x, y, and z) (4).  
The x and y axes correspond to the transverse plane 
(i.e., axial), representing the sides of the pixel that form 
a matrix; the z axis corresponds to the longitudinal axis 
and is reflected by slice thickness; the 3 measures of the 
voxel create three-dimensional object. The elementary 
unit of volumetric imaging is the voxel, which should be as 
isotropic (cubic) as possible in cardiac applications (4). 

Spatial frequency with the unit of “line pairs per 
centimeter” is used for object dimension measurement (5).

The increase of the detectors’ rows determines an 
increase of global z-axis (i.e., longitudinal) coverage, which 
depends on the width of the detector and on the pitch. With 
increasing detector z-coverage, few rotations are needed to 
cover the cardiac volume (6).

The first turning point of cardiac imaging with CT was 
the shift from 4- to 16-slice CT scanner detectors with an 
improved collimation and z-axis coverage; the minimum 
spatial resolution increased from 1 to 0.6 mm (7). The 
trend, known as “slice’s war” (8), was to increase the number 
of the detector rows in subsequent years (8). From 64-slice 
CT to 128-slice scanner the spatial resolution improved 
from 0.5 to 0.4 mm, until 0.35 mm in a 320-slice CT 
scanner and 0.17 mm in 640-slice CT (7,9). Furthermore, 
some manufacturers, have developed a CT with 128 
detectors’ slices that deliver the equivalent of a 256-slice 
(160 mm) by using z-flying focal spot system (8); this system 
allows a fluctuation of the focal spot in the z-axis, in order 
to obtain two overlapping slices for each projection (10). 

It seems apparently easy the imagine that by simply 
increasing the number of detector rows one could cover the 
range of the heart in a single heart-beat without moving the 
CT table; however, when the detector is very wide there is a 
progressive deformation of the reconstructed object that is 
very little at the isocenter of the scanner and that becomes 
very severe in the peripheral regions of the field of view 
(FOV). Correction algorithms have been developed through 
the years, but this issue is not completely solved and in fact 
most very wide detector scanner cannot use the full detector 
when applied to conventional body CT applications. 

X-ray scatter is another challenge of larger detector 
z-coverage (6). The same problem occurs with the flat panel 
CT (FPCT). The FPCT is characterized by a single large 
detector (consisting of scintillation crystals based on cesium 
iodide and an amorphous selenium matrix), that allows 

a large coverage of the z-axis, with a matrix of 40×30 cm  
divided into 2048×1536 voxels, but a low contrast resolution 
caused by the X-ray scatter (8).

From the first 4-slice CT scanner the z-coverage 
significantly increased; thus, resulting in shorter breath-
holding requirements for heart scanning. This led to the 
consequence that the detector coverage was no longer a 
significant limitation of CCT; however, it must be kept 
in mind that the number of heartbeats that contributes 
to the constitution of the image decreases as the detector 
z-coverage increases. A detector with large z-coverage also 
has a huge advantage in the analysis of dynamic myocardial 
perfusion (11).

Detectors have followed CT technological evolution, in 
order to support the increase in the acquisition speed and 
the tube peak power. Detectors must have several features 
to deliver a good diagnostic image quality: accuracy, 
dynamic range, stability, uniformity, speed of response, 
fast afterglow, resolution, geometric efficiency, detector 
quantum efficiency, and cross-talk (12). The increased 
gantry speed required detector’s changes with improved 
speed, performance and power. Detector cells and focal 
spots decreased in size to ameliorate spatial resolution; 
the anode angle increased and the physical power density 
in the focal spot was intensified (13). The in-plane spatial 
resolution of a CT system is limited by the number of 
active detector channels in a detector row and by their 
involvement (6). The effects of detectors size have become 
crucial in spatial resolution and have been one of the 
research elements for the technological advancement of CT 
in recent decades. A greater volume to cover and the need to 
have sub-millimetric acquisitions require more detectors in 
the z axis (14). For a long time, the size of clinical detectors 
has remained unchanged with a value of 0.5–0.625 mm  
at the isocenter. In a phantom study, Onishi et al. (15) 
evaluated in-stent restenosis with a clinical CT scanner 
with energy integrating detectors of 0.25 mm dimension 
at isocenter. The focal spot size should be reduced to have 
a higher spatial resolution with reduced detector size (15). 
Another option to improve spatial resolution is to expand 
the detector sampling with the z-flying spot (16-18).

Another basic requirement for coronary artery 
visualization is the isotropic sub-millimetric spatial 
resolution (19). The in-plane spatial resolution of a CT 
scanner is affected by the number of active channels of the 
detectors and their involvement. Modern CT scanners 
use techniques such as quarter detector offset or in-plane 
flying focal spot, in order to double the number of samples 
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acquired in the scan FOV and improve spatial resolution. 
The quarter detector offset is used to reduce aliasing 
artifacts (19). The in-plane flying focal spot is able to double 
the number of samplings carried out by moving the position 
of the focal spot in the anode plate (6).

One of the advantages of 64-slice CT scanners, over the 
past, was an improved resolution along the z-axis; indeed, 
even thinner collimated slices have become available. This 
evolution was crucial for coronary arteries evaluation. 
However, the spatial resolution of 64-slice scanners was not 
optimal for clinical evaluation of intra-stent lumen; instead, 
it allows a correct evaluation of coronary stenoses, by-pass 
and cardiac anatomy. McCollough et al. (20) demonstrated, 
in a phantom model, that blocking detectors in fan angle 
direction together with a deconvolution technique in 
the longitudinal direction and iterative reconstruction, 
allowed a good longitudinal resolution with improved dose 
efficiency.

Nonetheless, in-stent evaluation remains a challenge 
in CCT, especially in case of hyperdense (e.g., not fully 
deployed) and small stents (Figure 2). The composition 
of the detectors has also changed in the years; their 
composition has improved CT performances over the last 
years. Initially the detectors were gaseous, mainly xenon 
detectors (21). However, gaseous detectors were low-
performing, so today exclusively solid-state CT detectors 
are used. A solid-state CT detector can be made with 
CdWO4, yttrium and gadolinium (Gd2O2S) ceramics (21), 

and it can be used in the fourth-generation CT thanks to 
its conformation. Many new materials have been tested to 
optimize the performance of the detectors; among these 
a garnet-based substance detector was conceived. This 
detector shows a noise reduction and a spatial and temporal 
resolution improvement compared to gadolinium ceramic 
detector with a 100-times faster decay time (defined as 
the speed of light emission after the excitation) and 75% 
shorter afterglow (defined as the time needed to reset 
the detector for a new excitation) (22). The garnet-based 
detector can be used also in the dual-energy CT (DECT), 
allowing simultaneous acquisition of multiple energy 
levels from an X-ray tube (22). These novel features can 
be exploited in cardiac imaging, in which more precise 
and faster performances are fundamental. It has also been 
shown that garnet-based detectors provide an improvement 
in the evaluation of coronary stents due to the reduction of 
artifacts (22).

Among the areas of research of recent years, we must 
include the Photon-Counting Detector CT (PCD). PCD 
represents an emerging technology that allows a reduction 
of electronic noise, beam-hardening and metal artifacts with 
increased contrast-to-noise ratio and an extremely high 
spatial resolution (33 line pairs per centimeter); all these 
features make it potentially applicable in the cardiovascular 
field, especially for stent imaging (23).

For a long time, matrix has maintained the standard 
dimensions of 512×512 in most of clinical applications, 

A B C

Figure 2 Case of false positive displaying intrastent restenosis at cardiac computed tomography (CCT). (A) Volume rendering; (B) 
multiplanar reconstruction of the left anterior descending coronary artery; (C) corresponding conventional angiogram depicting intrastent 
patency.
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however larger matrix (1,024×1,024, 2,048×2,048) are now 
available, despite greater time required for reconstruction, 
transfer, process, display, and storage are needed (15).

Also filtering kernels and iterative reconstructions can 
both affect spatial resolution. Convolution filters are applied 
to reduce the blurring that occurs with back projection 
alone. Each convolution kernel uses the value of nearby 
pixels to create a filtered profile. There are different types 
of kernel filters that can be roughly classified in: standard, 
smooth and sharp. The type of filters determines spatial 
resolution and noise; noise increases with sharp kernels, 
instead spatial resolution improves with sharper kernels and 
worsens with smooth ones (Figure 3). 

An increased spatial resolution is required for in-stent 
evaluation and for coronary calcifications. Kernels are used 
in the Filtered Back Projection (FBP); however, low dose 
protocols especially in obese patients cause an increased 
image noise (24).

Moreover, also the use of thinner slice reconstructions may 
improve spatial resolution, at the expenses of an increased 
noise given the remaining parameters constant (25,26).

The iterative reconstructions (IR) have been developed 
to improve image quality and reduce noise (27,28). IR 
starting from the images obtained from the FBP, generate 
new projection data that are compared to the original ones, 
then noise corrections are made. This process is repeated 
(i.e., iterated) several times (24). IR have the enormous 
advantage of reducing dose preserving a good image quality, 
as demonstrated in the literature (29). Yang et al. (30) 
demonstrated that IR improve in-stent restenosis evaluation 

in high pitch dual source CT (DSCT), with a better 
specificity (82% vs. 62%) and positive predictive value (66% 
vs. 50%) compared to FBP.

Concerning the use of IR for coronary artery calcium 
quantification, Schindler et al. (31) demonstrated that 
Agatston score quantification is not different between FBP 
and IR, even if risk reclassification may occur in a small 
subset of subjects. Instead, other studies showed a reduction 
in Agatston, volume and, to a lesser extent, mass scores 
quantified with IR versus FBP algorithm (31,32).

Concerning obese patients, obtaining good CCT 
image quality in this cohort can be a challenge, and in 
general requires more radiation dose to compensate for 
the increased noise. Wang et al. (33) demonstrated that IR 
compared to FBP (in routine protocol at 120 kV) allows a 
maintained image quality with significantly lower radiation 
dose (4.41±0.83 vs. 8.83±1.74 mSv) in obese patients.

As above discussed, IR have significant advantages, 
including radiation dose and noise reduction (Figure 4);  
however,  IR have  a l so  some disadvantages .  The 
reconstruction processes require longer times, which 
however have decreased in recent years; moreover, images 
obtained with IR have a different aspect and may cause 
some diagnostic misinterpretation in operators with 
insufficient experience (28).

The pitch is another element to be considered in 
spatial resolution; it corresponds to the speed of motion 
of the CT table per rotation of the gantry, divided by the 
amplitude of the detectors (34). Cardiac imaging in spiral 
mode requires low pitch because higher pitch determines 

Figure 3 Multiplanar reconstructions of the right coronary artery displaying calcified plaques with smooth (A) and sharp filtering (B).

A B
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gaps, and high-quality 3D images with minimal artifacts 
require data overlap; a typical CCT pitch is between 0.2 
and 0.4 depending on the heart rate of the patient during 
the scan (14). Furthermore, a low pitch helps increasing 
CT data redundancy along the cardiac cycle improving the 
possibility to find and use the best phase (i.e., the phase of 
the cardiac with less residual motion) for coronary artery 
assessment. However, it must always be considered that a 
low pitch requires an average increased radiation dose. 

In summary, coronary stent evaluation poses problems 
related to their small size and the hyperdense material 
used; blooming artifacts determine false positives and 
lower specificity. The presence of high-density structures 
is responsible for hardening of the beam on the detector. 
Improving spatial resolution remains the best technique 

for reducing artifacts related to stent evaluation; the use 
of thin acquisition layers and small FOV are crucial. 
DECT, IR and sharp kernels are able to improve in-stent 
evaluation (35).

Yang et al. (30) demonstrated the value of IR in 
improving detection of in-stent restenosis by high-pitch 
DSCT, especially in stents of smaller dimensions. Geyer  
et al. (36), using a second generation DSCT upgraded with 
an integrated-circuit detector, studied the influence on 
coronary stent smaller than 3 millimetres together with IR; 
authors demonstrated that, in a heart-phantom moving-
model, IR improved sharpness, signal and contrast-to-noise 
ratio, reducing blurring and noise, if compared to FBP.

Main determinants of spatial resolution in CCT and 
potential improvements are summarized in Table 2.

Figure 4 Cardiac CT with iterative reconstructions. (A) Volume rendering; (B) coronary artery tree map; (C,D) multiplanar reconstructions 
of the coronary arteries.

A B

C D
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Temporal resolution

An adequate temporal resolution was another of the primary 
hardware issue to be solved for an adequate coronary 
imaging.

Temporal resolution is the time needed to acquire the 
data to generate an image (34). 

Temporal resolution is less relevant for stationary organs, 
but it is essential for constantly moving organs evaluation, 
such as the heart. High temporal resolution is needed for 
CCT scan to reduce respiratory motion artifacts and to 
overcome cardiac motion artifacts. 

The high temporal resolution is obtained mainly through 
a fast gantry rotation and, in some specific conditions, 
through a partial reconstruction of the scan. Temporal 
resolution is affected by the gantry rotation speed, image 
reconstruction (i.e., prospective vs. retrospective triggering), 
pitch and post-processing algorithm.

The gantry rotation time is the time required for the tube 
and the detectors to perform a full 360 degrees rotation. 
Gantry rotation time limits temporal resolution; the quicker 
the tube rotation, the higher the temporal resolution. For 
CCT we must bear in mind that it is sufficient to obtain 
half a rotation of the gantry to generate one image (180° 
reconstruction algorithm). Since the gantry rotation time 
cannot be easily accelerated, other solutions have been 
developed to improve the temporal resolution obviating this 
technical limit (14).

In the last decades, the different CT scanner generations 
provided a progressive temporal resolution improvement. 
The first studies on cardiac imaging, for the evaluation of 
coronary calcifications, were carried out with electron beam 
computed tomography (EBCT). EBCT is a tomographic 
technique made by an electron beam projected against a 

tungsten ring positioned under the patient’s table. The 
impact of the electrons determines the emission of an 
X-ray fan that is rotated around the patient’s body. This 
is a method with a very high temporal resolution (50 ms), 
but with a low spatial resolution (3 mm) (37). EBCT was 
abandoned due to the construction complexity and the 
high equipment costs. In this regard, the introduction of 
multi-slice CT has revolutionized coronary imaging, with 
considerable reduction also in the patient’s breath-holding.

Multi-slice CT is based on the same volumetric scanning 
principle as spiral CT. With the increase in the number of 
slices that can be acquired simultaneously during a rotation 
of the X-ray tube, the acquisition speed of a volume 
increases. The concomitant increase in the rotation speed of 
the X-ray tube, introduced with multi-slice CT, allowed an 
increase in temporal resolution, bringing it to values in the 
order of 250 ms (for a gantry rotation time of 500 ms); such 
temporal resolution allowed a reduction of diastolic motion 
of the heart.

Several protocols are available for CCT imaging, each 
protocol has several advantages and disadvantages related to 
the dose and reconstruction feasibility. 

Research has concentrated on the realization of 
protocols able to reduce the dose as much as possible, while 
maintaining high diagnostic accuracy and manageability of 
reconstructions.

During prospective ECG triggered acquisition, the tube 
is activated only in a selected phase of the RR interval; this 
is a sequential (i.e., step-and-shoot) type of acquisition, 
with a temporal resolution from 200 to 250 ms (for a 
gantry rotation time of 400 to 500 ms). Image datasets are 
limited, but it allows a considerable reduction of the dose 
compared to the retrospective protocol (14). In prospective 
ECG-triggered sequential CT a volume/stack of images is 

Table 2 Determinants of spatial resolution in CCT and potential improvements

Factor Issue Solution

X-ray focal spot size Enlargement because of increased tube current Dynamic focal spot control technique

Number of projection views Improved sampling of detector units Z-flying spot; tantalum grids in front of detectors

Detector size Reduced radiation dose efficiency Reduced detector size and septa area; photon-counting 
detectors

Reconstruction algorithms Longer reconstruction time Deconvolution technique in the longitudinal direction; 
iterative reconstruction including system optics modeling

Matrix size Longer time for transfer, process, display, and 
storage

Larger matrix sizes (1,024×1,024, 2,048×2,048)

CCT, cardiac computed tomography.
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reconstructed starting from different images block acquired 
in axial scan by different heartbeats. In prospective ECG-
triggered protocol each images stack is related to the 
number of active detector slices and it is affected by the 
detector z-coverage or width (14). In prospective ECG-
triggered scan (i.e., step-and-shoot scan mode) the tube is 
activated only in a certain phase of the cardiac cycle with 
a minimum acquisition window; then, the table moves for 
further acquisition. This technique increases the nominal 
pitch to approximately 1 with a reduced overlap and a 
significant dose reduction (4); this is unless a larger diastolic 
acquisition window is required, in which case the flexibility 
of the reconstruction phase is much higher and also the 
radiation dose increases.

On the other side, with the retrospective ECG-gated 
protocols (i.e., spiral) the effective temporal resolution is 
still the same (between 200 and 250 ms for a gantry rotation 
time of 400 to 500 ms); however, in special technical 
conditions, it is possible to split the reconstruction stacks 
in different neighbouring cardiac cycles and create a virtual 
reduction of temporal resolution of 80 ms. During spiral 
CCT, X-rays are active continuously throughout the scan 
range of the heart. The radiation dose delivered is higher 
as compared to the one needed in prospective ECG-
triggered protocols, but it allows obtaining more redundant 
data, both on the systolic and diastolic phase (i.e., for 
cardiac function assessment) (14). Retrospective ECG-
gated spiral scan with ECG-controlled tube current (milli-
Ampere) modulation is a type of retrospective acquisition 
in which the tube power is maximal in a selected phase of 
the cardiac cycle (i.e., generally mid-to-end diastole) and 
it is considerably reduced during the other phases. The 
technique has the advantage of the retrospective acquisition, 
but with radiation dose reduction of 30–50% depending on 
the heart rate of the patient (4).

On the other hand, the image reconstruction algorithms 
depend on the availability of segments to reconstruct 
an image. The 180° of rotation required to generate an 
image can be obtained from a single cardiac cycle (i.e., 
single segment reconstruction or partial scan acquisition) 
or from several consecutive cardiac cycles (i.e., multi-
segment reconstruction; see also above). Therefore, the 
reconstruction methods affect the temporal resolution both 
in prospective and retrospective ECG acquisitions. Since 
partial scan reconstruction can be used both for prospective 
and retrospective acquisition (effective resolution equivalent 
to half of the rotation time of the gantry), multi-segment 
reconstruction has been developed to overcome issues 

related to the poor gantry rotation time, but it is exploitable 
only with retrospective acquisition method. Multi-
segment reconstruction uses some portions of projections 
from different heartbeats; these data are then collected to 
compose a full reconstruction, reaching a higher temporal 
resolution (14).

One of the greatest innovations of the past 12 years in 
the field of CCT with massive impact on effective temporal 
resolution was the introduction of a second X-ray tube 
(and a second detector) within the same CT scanner; this 
is called Dual Source CT (DSCT), and allowed an instant 
doubling of temporal resolution. A DSCT scanner contains 
two sets of tubes/detectors, arranged at approximately  
90 degrees angles to each other. DSCT requires only a 
quarter turn of the gantry (90° rotation; 33 ms), if partial scan 
reconstruction is used. The increased temporal resolution of 
DSCT allows CCT imaging at much higher heart rates (38).  
The latest generations of DSCT achieve effective temporal 
resolution between 83 ms (2nd generation DSCT) and 
66 ms (3rd generation DSCT) depending on the scanner 
generation (19,24).

The 1st generation of DSCT had some constraints due 
to the physical space within the gantry and the 2nd detector, 
it could not be as large as the primary detector, determining 
a reduced FOV when used together (39). With the last 
generation of DSCT this issue has been addressed. DSCT has 
several additional advantages: due to the super-fast effective 
temporal resolution the pitch can be increased (instead 
of reduced as it happens with single source CT) at higher 
heart rates, decreasing dose (19) and allowing long anatomic 
coverage; ECG-synchronized scan is more flexible (40)  
and multisegment reconstruction is not necessary due the 
extremely high temporal resolution (21).

It is not clear whether we will be able to improve the 
temporal resolution to such an extent that we do not need 
an acquisition synchronized to the ECG trace. The best 
scenario would be to improve the temporal resolution to 
such an extent. The introduction of 2nd and 3rd generation 
DSCT allowed a high-pitch single-heartbeat acquisition 
with the scan of the whole heart volume in a single 
cardiac cycle. The main advantage of this protocol was 
the significant radiation dose reduction (i.e., <1 mSv). 
The exposure was about 1/10 of that of a conventional 
retrospectively gated spiral scan and about one third of 
that of a prospectively ECG-triggered scan (24). In that 
perspective, 320-row CT scanners allow also the acquisition 
of the whole heart in a single heartbeat. The entire z-axis 
of the heart is covered by a single detector array (i.e., 16 cm 
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width) (24); however, given the standard effective temporal 
resolution the radiation dose is much higher.

Main determinants of temporal resolution in CCT and 
potential improvements are summarized in Table 3.

Post processing analytics and advanced tools 

Among the future applications of CCT, there is a shift 
from stenosis assessment to more functional and radiomics 
features, such as atherosclerotic plaque characterization 
and quantification, hemodynamic assessment of stenosis, 
dynamic myocardial perfusion and epicardial adipose tissue 
(EAT) assessment. This new era in cardiac CT should be 
possible only with novel hardware and software solutions. 

The radiation dose issue, however, remains one of the 
most important to investigate. The concept of radiation 
dose reduction to minimize the dose to as low as reasonably 
achievable (ALARA principle) is particularly complex in 
CCT, since the dose is strictly related to image quality 
and the capability of proper coronary visualization. 
Furthermore, the improvements in spatial and temporal 
resolution have led in the past to an increase in tube power 
and radiation dose to the patient. The issue is to obtain 
images of diagnostic quality, reducing as much as possible 
the radiation dose. The radiation dose is influenced by 
several factors even related to the patient itself: clinical 
indication, body mass index (BMI), heart rate and beta-
blockers administration. Clinical indications influence 
the scan length or z-axis coverage; therefore, the scan 
length should be as narrow as possible, in order to reduce 
the radiation dose. Patients with a high BMI or with fat 
predominance in the upper portion of the body require 
higher values of kV and mA to obtain diagnostic images. 
BMI strictly influence acquisition parameters: tube current 
and tube voltage. There is a linear relationship between the 
dose delivered to the patient and the tube current (mA). 
Tube voltage (kVp) has indeed an exponential relationship 

to the radiation exposure (40). Tube current is controlled 
by automatic exposure control (AEC), which adapts the mA 
automatically in both angular and longitudinal direction 
according to the patient’s size, allowing a dose reduction 
of 33%, without hampering image quality (41). Therefore, 
AEC must never be deactivated. Another method for dose 
reduction in CCT is to decrease the tube voltage (kVp) (40). 
The main disadvantage of kV reduction is the reduction of 
the diagnostic accuracy and noise increase; however, if the 
tube power is adequate this can be easily compensated by 
an increased mA delivery with still a consistent reduction of 
radiation dose.

Heart rate is also important because some radiation dose 
reduction protocols can be used only if the heart rate is low 
(i.e., prospective ECG-gated scan). Heart rate and available 
scanner technology determine the choice of the examination 
protocol.

The dose is also influenced by some factors strictly 
related to the CT scanner: type of scanner, acquisition 
technique and parameters, and operator experience. The 
introduction of several CT protocol developments and 
software modifications such as ECG-pulsing, automatic tube 
potential selection, tube current modulation and IR (24)  
have the aim to obtain diagnostic images lowering the 
dose. It has been shown that the use of ECG modulation of 
milliAmpere can reduce the dose up to 50% depending on 
the patient’s heart rate (42).

In certain situation, in particular in non-obese patients 
with a low heart rate, prospectively ECG-triggered high-
pitch spiral coronary CCT may be performed below  
1 mSv maintaining an excellent image quality evaluated by 
image quality score (43). Also, the use of IR allows a dose 
reduction, if compared to FBP, especially through a tube 
current reduction, but maintaining a high image quality and 
diagnostic accuracy (44).

Contrast resolution is another of the primary issues 
in CCT together with temporal and spatial resolution. 

Table 3 Determinants of temporal resolution in CCT and potential improvements

Factor Issue Solution

Gantry rotation time Mechanical limits; tube power/radiation dose Shortest gantry rotation time 50–100 ms (above 
25 ms of coronary angiography)

Novel scanner concepts Cost; tube power/radiation dose Dual source computed tomography

New software solutions Arrhythmias; tube power/radiation dose Multisegment reconstruction approaches
Iterative reconstruction algorithms

CCT, cardiac computed tomography.
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Contrast resolution is the ability to distinguish two different 
adjacent objects based on their attenuation values. Several 
factors influence contrast resolution: detector type, patient 
features, mA, kVp, slice thickness, convolution filters, IR, 
and contrast media administration protocols (34). These 
parameters also affect image noise, which determines 
the overall quality of the exam. The type and speed of 
administration of contrast agent is a main factor influencing 
image quality in CCT (45). The right antecubital vein 
is preferable because of anatomical issues; small volume 
of high-concentrated iodinated contrast agent at a high 
injection rate is recommended, because it results in an 
earlier arterial peak enhancement fundamental for the 
visualization of the coronary arteries. Reducing the tube 
voltage to 100 kVp or even 70–80 kVp in selected patients 
allows a reduction of contrast medium volume and better 
visualization of coronary vessels (45). Furthermore, 
improvement in anti-scatter grids could further improve the 
signal-to-noise ratio and overall image quality (46).

Evolutions in the tube construction, with a rapid kVp 
switching mechanism, could further reduce the noise, 
especially in DECT (47). The implementation of IR 
allows a reduction of 50% to a pooled effective dose 
with preserved quality of imaging (48). The introduction 
of spectral CT through DSCT has made it possible to 
better differentiate the contrast medium from other 
hyperdense materials. Among the potential upgrades of 
DSCT, better X-ray filtration could allow better spectral 
separation of materials. Some steps forward have been 
made with new types of CT contrast compounds. First, 
some contrast media were designed to preferentially 
accumulate on atherosclerotic plaques macrophages 
(49,50) or during HDL-macrophage pathway with gold 
nanoparticles (51); however, these experiments have several 
limitations on the human model for potential cytotoxicity 
(50,51). Second, spectral CT would benefit from new 
biocompatible high-atomic number contrast materials with 
different biodistribution such as tungsten, tantalum, or  
bismuth (52,53).

Within the new applications of CCT we can include the 
identification of intracardiac thrombi.

Thrombus assessment may be required before an 
interventional procedure or in the search for an embolic 
source in cryptogenic stroke (54). 

In clinical practice transesophageal echocardiography 
(TEE) is recommended for this purpose (55) but in the last 
years CCT demonstrated its ability to identify intracavitary 
thrombi. 

In a meta-analysis, Romero et al. (56) analyzed the 
diagnostic accuracy of CCT, in comparison to TEE, for left 
atrial or appendage thrombi identification; mean sensitivity 
and specificity were respectively of 96% and 92%, with a 
positive and negative predictive value of 41% and 99%, 
instead diagnostic accuracy was 94%.

The use of CCT as an alternative to trans-esophageal 
echocardiography eliminates some risks such as bleeding 
and esophageal perforation.

CCT, with retrospective protocols, allows also the 
evaluation of left ventricular volumes and ejection fraction 
without additional radiation dose (Figure 5).

Several software are commercially available for cardiac 
function evaluation; the optimal left ventricle opacification 
during the angiographic phase allows an excellent definition 
of cardiac contours for the precise differentiation of left 
ventricular wall from blood, so allowing precise volumes 
evaluation (57).

A high spatial resolution is not necessary for the 
evaluation of ventricular function, while high temporal 
resolution is very important.

The software automatically identifies the end-systolic 
and end-diastolic phase, calculating the volume between the 
mitral valve plane and the cardiac apex.

Software is generally based on predefined threshold 
levels. If contrast medium density in the ventricular lumen 
is not adequate, endocardial contours must be drawn 
manually (34).

The CONFIRM study evaluated the role of left ventricle 
ejection fraction and volume assessment in risk evaluation 
for incident mortality; the study demonstrated that a worsen 
left ventricular ejection fraction, calculated by CCT, was 
associated with mortality so ameliorating risk classification 
and confirming the role of CCT in calculating cardiac 
function (58). 

Within novel applications of CCT, there is a prominent 
role in transcatheter aortic valve implantation (TAVI) pre-
operative assessment (59) (Figure 6); CCT has the enormous 
advantage of allowing simultaneous evaluation of coronary 
arteries and their ostia height, aortic valve anatomy, vascular 
calcifications together with main vascular access.

Future perspectives

Some novel software applications have been implemented 
in CCT in the last  years thanks to technological 
improvements. 

The future of cardiac imaging will integrate already 
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existing measures with new tools (60), but the future passes 
through technological progress.

In particular, fractional flow reserve (FFR) coupled with 
CCT has recently emerged as a great innovation to define 
hemodynamic significance of stenoses and potential candidates 
to revascularization (61,62), with standard protocols and 
without additional radiation dose or medication (Figures 7-9).

In this setting, the PLATFORM study showed that 
the use of FFR-CT was associated with a significantly 
lower rate of ICA procedures showing non-obstructive 
coronary artery disease (63). Moreover, the SYNTAX III 
Revolution trial showed an additional advantage of CCT 
in the planning of complex revascularization (64). Another 
relatively novel method to assess potentially significant 
lesions is represented by CT perfusion (CTP) (Figure 10). 
CTP applications derive from the improved spatial and 
temporal resolution of recent scanners. The basic principle 

is the visualization of myocardium areas with reduced or 
delayed contrast enhancement, even under stress conditions. 
In this setting, DECT acquisition allows iodine map 
analysis of myocardial perfusion with measures of per-voxel 
iodine concentration (65). FFR-CT and CTP demonstrated 
similar results in detecting flow-limiting stenoses, using 
ICA plus invasive FFR as the reference standard (66).

The technological advances of the last decade, together 
with the improvement of spatial and temporal resolution 
allowed the analysis of epicardial adipose tissue (EAT) 
characteristics (Figure 11).

Several semiautomatic software have been developed 
for the extraction and analysis of epicardial fat: completely 
manual approached and semi-automatic ones.

EAT extraction is based on the evaluation of density 
intervals; some of the most used methods are atlas-based 
ones (67) and machine-learning; the latter is achieving 

Figure 5 CT of a patient with normal coronary arteries who underwent cardiac computed tomography (CCT) with retrospective ECG-
gated helical scan with ECG-controlled tube current modulation: multiplanar reconstructions of coronary arteries (A,B,C); indexed left 
ventricular function (D) and volume rendering (E).

A B C

D E
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excellent results.
Some of the proposed methods in the literature allow 

the evaluation of epicardial fat volume, density (also divided 
into quartiles) and thickness (Figure 12) (68).

However, the extraction of epicardial fat requires 
attention in choosing the extraction density interval, which 
varies between Calcium Score and angiographic phase (69).

Machine learning (ML) is one of the research fields of 
recent years; ML includes computer algorithms that learn rules 
from large datasets, with no previous assumptions; machine 
learning has been used in cardiac imaging mainly to predict 
prognostic or diagnostic outcomes, but also for the analysis of 
extrapolated images for outcome prediction (70).

Motwani et al. studied the accuracy of machine learning 
to predict 5-year all-cause mortality in patients included 
in the CONFIRM registry who underwent CCT. Authors 

Figure 6 Role of computed tomography in evaluation of patients potentially candidates for transcatheter aortic valve implantation (TAVI): 
multiplanar reconstruction of ascending aorta with its anatomic landmarks (A-E): virtual basal ring (line 1 in panel A and panel B), valve 
plane (line 2 in panel A and panel C), sino-tubular junction (line 3 in panel A and panel D), ascending aorta (line 4 in panel A and panel E). 
Panel F represents the height of left coronary ostium, panel G represents the height of right coronary ostium.

Figure 7 Example of FFRCT in a normal left anterior descending 
artery (LAD). A 55-year-old man with hypertension and atypical 
chest pain. (A) Normal LAD; (B) FFRCT three-dimensional 
model with different coronary segments FFRCT values (Software 
FFRct prototype by SIEMENS Frontier).
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Figure 8 FFRCT in a diseased left anterior descending artery (LAD). A 73-year-old female with family history of cardiac heart disease, 
diabetes (insuline), dislipidemia, hypertension (under treatment) and typical effort angina. (A) A coronary calcified plaque in LAD, (B) an 
FFRCT value of 0.857872 (SmartFFR, SMARTool  platform for clinical decision support system-CDSS).

Figure 9 Cardiac computed tomography (CCT) 3D reconstruction 
of the left coronary artery with plaque components: white arrows 
indicate calcified elements of the plaque, instead yellow arrows 
indicate non-calcified ones (A) and fractional flow reserve (FFR) 
values (B) (SmartFFR, SMARTool platform for CDSS) showing 
a left anterior descending coronary flow-limiting stenosis with a 
value of 0.599694.

demonstrated in a population of 10,030 patients that ML 
was superior to CCT or clinical data alone in predicting 
mortality (71).

Machine learning may allow identifying individual risk 
factors on which a targeted therapy can be carried out.

A sub-study of the NXT trial analysed 254 patients, who 
underwent CCT and ICA, demonstrating that an objective 
combination of clinical data and quantitative CCT plaque 
measures obtained by machine learning ameliorated the 
prediction of hemodynamic significance of coronary lesions 
measured by invasive fractional flow reserve. ML exhibited 
also a higher area-under-the-curve (0.84) than individual 
CCT measures alone (72).

Sakellarios et al. used multi-disciplinary human data for 
the development of predictive models based on machine 
learning and computational biomechanics demonstrating 
the efficiency of the platform (73). 

The SMARTool (Simulation Modeling of coronary 
ARTery disease) was designed to predict risk for primary 
and secondary prevention of coronary disease. It aims to 
develop a cloud-based platform for the clinical decision 
support (CDSS) of patients with CAD and it has been 
obtained integrating clinical, molecular, biohumoral and 
CCT imaging data from 263 patients into predictive risk 
models of CAD progression (74).

Deep learning is a part of the family of ML and can be 
used for the amelioration of image quality (75).

Tatsugami et al. (76) compared the image quality of CCT 
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Figure 10 Example of CT perfusion in a 36-year-old man with proximal left anterior descending artery (LAD) non calcified plaque 
determining segmental (sub)occlusion as indicated by the arrowhead (A) and subendocardial perfusion defect, as indicated by the arrowhead 
(B) during rest CCT acquisition.

Figure 11 Epicardial adipose tissue surrounded by the pericardium (arrows) in cardiac computed tomography (CCT): in Calcium Score (A) 
and angiographic phase (B).

datasets subjected to deep learning-based image restoration 
(DLR) method with images subjected to hybrid iterative 
reconstruction and founded that DLR datasets had lower 
noise with a higher signal-to-noise ratio so showing that 
DLR are able to ameliorate image quality in CCT (76).

Lastly, the emerging field of radiomics software needs a 
brief mention. Radiomics aim to assess spatial, geometrical 
and tissue properties which cannot be identified by the 
human eye. Such applications are supposed to address in the 
future the characteristics of unstable coronary plaques (77).

Conclusions

In this review, we focused on the current approaches to 
improve spatial and temporal resolution of CT scanners and 
related technical and practical limitations. CCT achieved 
great results in anatomic imaging, even with a substantial 
reduction of the radiation dose. Nonetheless, hardware and 
software solutions should be implemented to address the 
functional significance of coronary artery stenosis and their 
need of revascularization.

A B
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Figure 12 Semi-automatic software for epicardial fat evaluation: epicardial fat delineation (A) and volume evaluation (B) in cardiac 
computed tomography (CCT) datasets.
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