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Part 1

Background

Cardiac computed tomography (cardiac CT) has developed
in the past 10 years from an investigational tool to clinical
reality. At first it seemed to be one of the ‘pretending’
imaging modalities for the noninvasive assessment of the
coronary arteries (with magnetic resonance imaging [MRI]
and electron beam CT [EBCT]). Then, in a few years,
several generations of scanners provided a dramatic
improvement in image quality and robustness. Operators
became more skilled and more experienced in managing the
issues (e.g. heart rate control, X-ray dose, and so on). 

The rapid development and the never ceasing validation
process did not allow a real clinical assessment with
endpoints such as prognosis, better care, and cost-
effectiveness. Recently, this information has started to
appear in the literature, and the excitement around this
imaging modality is growing. However, criticism is
increasing, as many people are worried about the potential
misuse of cardiac CT for screening. These concerns can be
applied to any other imaging modality characterized by high
costs and a certain biological risk (e.g. stress single photon
emission computed tomography [SPECT]).

As has been the case for conventional catheter coronary
angiography, echocardiography, EBCT, SPECT, and MRI,
the period in which the international community asks what
is the clinical role and impact of this modality has just
started. The presence in clinical practice of several other
modalities able to provide similar/complementary/surrogate
information for the diagnosis of coronary artery disease
(CAD) makes the task very difficult. Also the operators are
usually very experienced in few or just one of the modalities
involved.

Any diagnostic modality at its best can be used to provide
proper and useful clinical information. The main question,
therefore, should be, ‘Which one plays the major role in the
first line or in the ruling out of CAD?’ In our view, cardiac
CT is definitely the best candidate for this task. The amount
of information that cardiac CT can provide nowadays is
extremely large and increasing each year with new scanner
generations and new software applications. The availability
of CT technology with cardiac features is also increasing at a
very fast pace. For these and many other reasons, cardiac CT
could become the modality of choice for suspected CAD.

1

INTRODUCTION TO
CARDIAC CT

Chapter 1

Introduction
Filippo Cademartiri, MD, PhD, Nico R Mollet, MD, PhD,
and Udo Hoffmann, MD

CTCA Bracco final_hl corr.qxd:Dementia final.qxd  15/11/10  08:11  Page 1



Introduction2

The change of paradigm

The main paradigm of diagnostic cardiology is that in
patients with suspected CAD, we have to demonstrate the
presence of ischaemia/inducible ischaemia. This paradigm is
supported by decades of studies with several different
imaging modalities. However, we know that there are two
main entities in atherosclerotic coronary disease: stable
angina/chronic chest pain (SA) and acute coronary
syndrome (ACS). The underlying disease is the same, but
the clinical manifestation, therapeutic options, and
prognosis are quite different (1.1). Stable CAD with
significantly obstructive stenosis can be managed medically
or interventionally/surgically based on clinical conditions,
symptoms, location, and extension of disease. The spectrum
of the management is constantly developing depending on
new drugs and new devices. For ACS, we can only rely for
prediction on rule-based traditional risk factor stratification
and/or modalities able to show the presence of inducible
ischaemia, an already advanced stage of atherosclerosis.

Extensive studies and trials on calcium score have
demonstrated that the absolute and weighted (i.e. adjusted
for age and gender) burden of calcium within the coronary
arteries provides incremental information over the
traditional strategies for risk stratification (i.e. Framingham
risk score). Calculating a population risk based on risk

factors is one thing, but it is another to demonstrate the
presence of atherosclerosis. This is a step towards the
individualization of risk stratification. Providing information
on the noncalcific plaque burden may play a further role in
this individualization. As an example, treating a patient with
three risk factors and no evidence of CAD with intensive
‘statins’ makes less sense than treating a patient with one
risk factor and demonstrated atherosclerosis of the coronary
arteries.

The presence, degree, and location of stenosis are
important predictors of events and survival. However, the
impact of stress techniques (i.e. stress electrocardiogram
[ECG], stress echocardiography, stress SPECT) can be
limited by several factors. In these cases and especially when
the pretest likelihood of disease remains intermediate, a
powerful tool to exclude CAD is mandatory. On the other
hand, the implementation of a tool able to rule out the
presence of significant stenosis early in the diagnostic
algorithm may definitely reduce time and cost.

Pivotal position of cardiac CT

Cardiac CT can play the pivotal role in cardiovascular
imaging (1.2). The flexibility, availability, and robustness of
the modality allows a comprehensive assessment that can be
challenged only by the reference standards (i.e. invasive
angiography). This concept applies to coronary arteries and
to all other vascular regions of the human body. 

For coronary artery disease it is expected that CT will
become the primary tool for risk stratification and diagnosis
of obstructive CAD (1.2). Previously, as described above,
the key issue was ischaemia. This will remain true, since
ischaemia is the most important determinant for the
decision to revascularize. However, the diagnostic potential
of CT is broader than ischaemia (and actually CT does not
show ischaemia, yet). CT can show atherosclerosis in terms
of presence, location, extent, type, and ultimately degree of
obstruction. This unique clinical information is still under
investigation but it is likely to become a very important part
of risk stratification and pharmacological strategy decision
making.

In the near future CT will become the reference standard
for the assessment of patients with suspicion of CAD in any
clinical condition (e.g. stable, unstable, acute). The only
limitation is likely to remain at the level of operators’ skill
and operator numbers. It is not easy to train an operator for

1.1 The burden of coronary artery disease in the general
population is very large and it develops in most cases in
relation to cardiovascular risk factors. Stable
angina/chronic chest pain (SA) and acute coronary
syndrome (ACS) are two different clinical entities with the
same underlying chronic disease. Sometimes they
overlap; however, most of the time they have a different
clinical presentation and different clinical history.
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Introduction 3

Patients with suspected CAD

Functional test (e.g. stress ECG)

Normal/negative PositiveDoubt/inconclusive/unfeasible

Functional imaging

Discharge

No ischaemia Ischaemia

Medical therapy and 
aggressive risk factors

modification

Location

CAG + PCI/CABG 
if needed

Patients with suspected CAD

Functional imaging (e.g. stress SPECT)

Normal/negative PositiveDoubt/inconclusive/unfeasible

Discharge

Functional imaging 
(e.g. stress ECG/MRI)

Ischaemia

Medical therapy and 
aggressive RF

modification

CAG + PCI/CABG 
if needed

No ischaemia Doubt/inconclusive/
unfeasible

No obstructive 
CAD

No CAD

A

B

1.2 Simplified current algorithms for CAD detection (A, B). The entire flow is based on the demonstration of
ischaemia. CT introduces a totally new concept (C, overleaf). With a high sensitivity and negative predictive
value, it enables exclusion and inclusion of patients and the beginning of the algorithm. Then, functional tests will
be used for better delineation of the functional importance of CAD detected by CT. CABG, coronary artery bypass
graft; CAD, coronary artery disease; CAG, coronary angiography; ECG, electrocardiogram; MRI, magnetic
resonance imaging; PCI, percutaneous coronary intervention; RF, risk factors.
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Introduction4

proper cardiovascular imaging with CT, and it may take
more than 1 year. However, this level of training is the only
one that can guarantee the expected performance in daily
routine.

New CT technologies allow robust imaging in difficult

conditions (e.g. high heart rate) with low X-ray exposure
(1–4 mSv). A new paradigm should be applied because of
these improvements. If radiation is a manageable problem,
the issues are when cardiac CT is useful and whether it
changes the diagnosis/treatment/prognosis of our patients. 

Patients with suspected CAD

Pretest likelihood of CAD

Intermediate

Noninvasive anatomical imaging – CTCA

Borderline 50%
atherosclerosis

Severe/obstructive
CAD (LM, 3VD)

Nonobstructive  
CAD

Normal
No CAD

Functional 
imaging

No ischaemia Ischaemia

CAG + PCI/CABGMedical therapy 
and aggressive 
RF modification

Discharge/RF
modification

HighLow

C

1.2 (Continued) 3VD, three-vessel disease; CABG, coronary artery bypass graft; CAD, coronary artery disease; CAG,
coronary angiography; CTCA, computed tomography coronary angiography; LM, left main; PCI, percutaneous coronary
intervention; RF, risk factors.
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Fundamentals of CT
Erica Maffei, MD, Alessandro Palumbo, MD, Chiara Martini, RT,
Marcel R Dijkshoorn, RT, Annick C Weustink, MD,
Nico R Mollet, MD, PhD, and Filippo Cademartiri, MD, PhD

Chapter 2

Introduction

Computed tomography (CT) technology has improved
tremendously in the last 10 years, evolving from single
detector to 64-slice multidetector CT (MDCT) and beyond.
Sixty-four-slice MDCT allows new applications such as
noninvasive coronary artery imaging and brain perfusion
imaging. Although basics are shared between single detector
CT (SDCT) and MDCT, concepts of spiral imaging are
being applied in an increasingly sophisticated way. In
addition, the scanning approach differs between different
generations of MDCT technologies. As a consequence,
being aware of scan principles is mandatory to understand
image features and to optimize examination protocol.

The aim of this chapter is to describe fundamentals of
spiral MDCT and to provide the keys for optimizing scanning
parameters in order to obtain adequate postprocessing.

Image reconstruction

Image reconstruction generates cross-sections of a volume
from multiple views. This is the core concept of CT and
implementations have been developed accordingly. 

As digital pictures are formed by two-dimensional digital
elements (pixels), a volume can be represented by three-
dimensional digital elements (voxels) (2.1). In CT, the
attenuation values of the voxels that form the slice are
assigned to the pixels that form the cross-sectional image,
which may be thought of as the ‘surface’ of the slice. Image
reconstruction supplies the values of the voxels that form the
slice from the multiple projections that are obtained from
different angles by rotating the X-ray tube-detector system
of the gantry around the volume (2.2). The more
projections are obtained, the better defined is the resulting
image. 

5

2.1 Contrast-enhanced CT of the mediastinum in a patient
with aortic dissection. The magnification of a region of
interest shows the elements that form the picture (pixels)
as small squares.
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Fundamentals of CT6

There are two methods of performing image
reconstruction from these views. The first method is
iterative reconstruction, in which subsequent projections are
used to correct the values of the voxels composing the slice1.
This method is accurate but computationally expensive and
is no longer used.

The second method is backprojection, in which the overall
X-ray attenuation of a projection is assigned to each voxel
along the ray1. The value of each voxel is then obtained from
the sum of every value of the projection along the rays
coming through this voxel. Put simply, it is like ‘flattening’
on a surface the value of every projection along its direction
(2.3). A drawback is that this is a summation operation only
and the image is blurred. To overcome this, a convolution
kernel can be applied before backprojection (2.3). A
convolution kernel is a filter that modifies the value of a voxel
according to the values of the surrounding voxels. This
approximated method is called filtered backprojection1. 

Scanning parameters

Image quality, scanner performance, and the effect of
scanning parameters can be assessed by considering the
following elements:

2.2 Simplified representation of a CT scanner. The gantry
includes the X-ray tube and the detector arrays, which
rotate around the table. The X-ray beam is collimated to
hit the detector array. Parallel projections are obtained
through the rotation of the X-ray tube–detector system.

Image noise, which depends on the statistical fluctuation of
the signal during sampling and on interpolation in CT
image reconstruction2, 3. Image noise is inversely propor -
tional to the number of detected photons, tube current, and
detector collimation4. 

Slice sensitivity profile (SSP), which represents the
contribution of each position along the z-axis (i.e.
longitudinal axis, perpendicular to the scan plane) within
the slice to the signal5. The SSP broadens proportionally to
table feed and depends on the interpolation algorithm3.
Image noise and SSP determine spatial and contrast
resolution6, 7. 

2.3 In this example, a hyper-attenuating cylinder is
scanned in the transverse plane. With backprojection, the
value of each voxel of the slice is obtained from the
values of the projections passing through it. However, this
is an additive operation and the margins of the cylinder
are blurred. With filtered backprojection, a convolution
kernel is applied to the signal before backprojection. A
convolution kernel acts as a filter, which modifies the
value of a point according to the surrounding points and
the features of the function that is used. In this case the
convolution kernel is set to enhance the differences
between the values of each voxel by modifying the shape
of the signal at its margins. Filtered backprojection
overcomes image blurring, although with strong kernels,
image noise is also increased. 

Backprojection Filtered backprojection
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Fundamentals of CT 7

Spatial resolution represents the minimum distance at which
two signals can be discriminated as separate. Generally,
spatial resolution in the z-axis is much inferior to resolution
on the scan plane and depends on object position relative to
the scanner isocentre8.

Contrast resolution can be described by the contrast to noise
ratio (CNR), and represents the capability to discern two
densities with a given background noise. 

Temporal resolution is the shortest interval at which two
signals can be discriminated as separate.

Aliasing is a signal-dependent process due to an insufficient
sampling frequency with respect to the frequency of the
sampled signal. The Nyquist criterion states that a signal
must be sampled at a rate greater than twice that of its
highest frequency component in order to avoid aliasing. In
other words, an insufficient sampling frequency allows more
than a single representation of a signal. Aliasing is also a
function of the objects being imaged, their relationships,
and the distance from the scanner isocentre8, 9. Aliasing may
manifest with stair-step artefacts or as spurious information,
which can be treated as additive noise8–10. 

Interpolation geometry in CT reconstruction associated with
high-contrast interfaces, which are oriented in an oblique
plane, generate rotational artefacts and object
deformation9–13. These artefacts are particularly evident
with higher pitch (2.4).

Patient dose will not be explored in this chapter. The dose
depends on scanning parameters, but also on the patient’s
characteristics and the examination type, and relates to the
information required (e.g. screening, diagnosis, follow-up).

Among parameters that can be set by the operator,
collimation, table feed, and reconstruction increment are
particularly important.

Collimation

Collimation is the width of the X-ray beam at the scanner
isocentre that hits the array of detectors. In SDCT the
detector row collimation equals the X-ray beam collimation.
In MDCT the detector width is a fraction of the total X-ray
collimation14. In MDCT, the slice thickness depends on the
number of detectors that are used. The detector geometry
determines how detectors are combined to form the slice.

Table feed – pitch

Table feed is the speed of translation of the patient into the
scanner. The pitch is defined as a ratio of the table feed per
single gantry rotation to collimation, which in MDCT
corresponds to the total active detector width12, 14, 15. The
pitch reflects the width of the helix and the distance of the
projections (2.5). Low pitch improves SSP, thus increasing
spatial and contrast resolution and sampling frequency
along the z-axis and vice versa2, 3, 6, 9, 16–21. High pitch
entails object distortion along the z-axis, aliasing, and a
rotation artefact8, 11, 13, 14. High pitch also reduces image
quality in MDCT, although the SSP is more complex in
MDCT than in SDCT18. In MDCT a ‘preferred pitch’ can
be set in order to avoid artefacts and redundancy of data14.
In 16-row MDCT, pitch is negligible in routine applications
with the exception of cardiac imaging, in which data
oversampling (e.g. very low pitch) is needed for cardiac-
gated reconstruction. 

2.4 Aliasing. Three-dimensional reconstruction with
volume rendering algorithm of a table-tennis ball. A stair-
step artefact is visible on the left image (A) where the
surface of the object is obliquely oriented with respect to
the scan plane. This artefact occurs because of the
interpolation geometry. The right image (B) has been
obtained from a scan with higher pitch, keeping constant
all other parameters. The helical appearance of the stair-
step artefacts increases with helical pitch. 
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Fundamentals of CT8

Reconstruction increment

The reconstruction increment (RI) is the distance between
reconstructed images. The RI affects spatial and contrast
resolution along the z-axis. Consider an object that is
imaged with a collimation width that is equal to the object’s
length in the z-axis. In the best case the object is centred to
the reconstructed slice; in the worst case the object is
between two adjacent slices. 

Effective slice width

In MDCT, images can be reconstructed with a thickness
that differs from the thickness of the detector. Basically,
thicker slices are obtained by combining several slices (2.6).
This effective slice width (ESW) can be thicker than the
detector width but can never be thinner. ESW is useful for
controlling image noise and artefacts14. Given an ESW,
thinner collimations provide higher image quality but
enhance artefacts9. 

2.5 Representation of the helical pitch. The higher the
table feed, the wider the helix. The pitch is defined as the
ratio between the table feed and the collimation, which in
multidetector scanners is the sum of the detectors’ width. 

Convolution kernel

A convolution kernel is a filter that modifies the value of a
voxel according to the values of the surrounding voxels.
Convolution kernels are applied before backprojection of
raw data for image reconstruction. Alternatively, filters can
be applied to two-dimensional images22. Sharp kernels and
filters are used to enhance the edges of high-contrast
structures (lung parenchyma or bone). Yet, in this instance,
image noise is increased. Smooth kernels or filters enhance
CNR, reducing image noise.

2.6 Effective slice width. The data from several
detectors along the longitudinal axis can be combined
to obtain images that include information from slices of
different thickness.

Pitch   0.5                1                 1.5                 2

d                        d                       d                         d

c                       c c c

Effective
slices

a

b

c
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Basics of cardiac CT
Erica Maffei, MD, Alessandro Palumbo, MD, 
Chiara Martini, RT, Marcel R Dijkshoorn, RT, 
Ermanno Capuano, MD, Annick C Weustink, MD,
Nico R Mollet, MD, PhD, and Filippo Cademartiri, MD, PhD

Basic cardiac technique

The most important components of a CT system are the X-
ray tube and the system of detectors (3.1). The combination
of a fast rotation time and multislice acquisition is
particularly important for cardiac applications1–3. The latest
generation of 64-MDCT scanners meets these
requirements. They are able to acquire 64 sub-millimetre
slices per rotation and routinely achieve excellent image
quality and the visualization of small-diameter vessels of the
coronary circulation, combining isotropic spatial resolution

Introduction

For several years now multidetector computed tomography
(MDCT) scanners have been available which enable the
simultaneous acquisition of 64 slices per rotation. The
additional improvement in spatial and temporal resolution
of these new devices has already provided excellent results in
the field of cardiac imaging. In the future the optimization
of protocols will enable MDCT coronary angiography to
reach levels of diagnostic accuracy similar to those of
invasive techniques.

3.1 Geometry of a CT scanner. A CT scanner is designed with an X-ray tube and a detector that rotate around the table
(A). During the rotation the table moves in order to generate the volume dataset (B).

A B
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(0.4 mm3) with gantry rotation times of 330 ms. They also
redefine the MDCT methodology of analysing coronary
plaque and evaluating stent lumens.

The technical characteristics of each scanner vary
according to the model, and development is ongoing and
rapid. The precise temporal resolution of the images
obtained by MDCT scanners depends on many factors:
gantry rotation speed, size and position of the field of view
in the scan volume, and the image reconstruction and
postprocessing algorithms. In reality, the data acquired at
half a rotation of the gantry are enough to reconstruct a
single tomographic image with retrospective or prospective
electrocardiogram (ECG) control (3.2, 3.3). The temporal
resolution of the latest MDCT scanners therefore
approximate 165 ms4–6. This can be enough to obtain

images of the heart during the diastolic phase (when cardiac
motion is at a minimum) free of obvious motion artefacts if
the heart rate (HR) is <70 beats per minute.

3.2 Retrospective ECG gating vs. prospective ECG
triggering. The two main techniques for cardiac CT ECG
synchronization are displayed. Upper panel: retrospective
ECG gating, based on spiral continuous X-ray delivery at
low pitch while recording the ECG track. Afterwards the
operator is able to decide arbitrarily which phase of the
cardiac cycle is worth reconstructing. Lower panel:
prospective ECG triggering, based on sequential scanning
(also called ‘step and shoot’ mode). Radiation is delivered
only within the phase of the cardiac cycle that has been
decided prior to the initiation of the scan. It requires very
low heart rate and/or very high temporal resolution to
guarantee adequate image quality.

3.3 Baseline ECG in MDCT coronary angiography. The
cardiac cycle is composed of a systole and a diastole.
Systole involves contraction of the atria, followed by
contraction of the ventricles. The synchronized contraction
is guided by a conducting system which arises from the
sinoatrial node in the right atrium. The impulse then
propagates to the atrio-ventricular node via the walls of
the atria. From the atrio-ventricular node the impulse is
transmitted via the conducting system across the septum
and the ventricular walls. This phenomenon is depicted by
the ECG trace, which shows the typical sequence of
waves (A) P-wave (atrial contraction), QRS complex
(ventricular contraction), T-wave (ventricular
repolarization). Normally the P–R interval is <200 ms, 
the QRS complex is <120 ms, and the Q–T interval is 
~420 ms.Therefore, the duration of a complete systolic
contraction with repolarization wave is ~550 ms. The
diastolic period is ~450 ms. This means that for a heart
rate of 60 bpm systole and diastole account for 55% and
45% of the cardiac cycle, respectively (B). The ~200 ms
window for the ECG retrospectively gated reconstruction
obtainable with MDCT coronary angiography is generally
placed in the diastolic phase (A). The most generally
favourable position extends from mid- to end-diastole just
prior to the P-wave.

50% 50%

ECG

50%

X-ray

ECG

X-ray

Retrospective ECG gating

Prospective ECG gating

R–R interval

A

B

Temporal window

~200 ms

P

R

T

Q
S

Q–T
~420 ms

<200 ms
P–R

<120 ms
QRS

R–R
1000 ms

~450 ms
diastole

~550 ms
systole

HR 60 bpm

ECG
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Sensation 64 Definition AS+ Definition DS Definition flash
Scan
Tubes 1 1 2 2
Slices/rot (detectors) 64 (32) 128 (64) 64 (32) 128 (64)
Slice collimation 0.6 mm 0.6 mm 0.6 mm 0.6 mm
Tube voltage 120 kV 120 kV 120 kV 120 kV
Total tube load (maximum) 180 mA/rot 212 mA/rot 413 mA/rot 528 mA/rot
Rotation time 330 ms 300 ms 330 ms 285 ms
Effective temporal resolution 165 ms 150 ms 83 ms 75 ms
Effective spatial resolution 0.3×0.3×0.4 mm 0.3×0.3×0.4 mm 0.3×0.3×0.4 mm 0.3×0.3×0.4 mm
Feed/rotation (standard spiral mode) 3.84 mm 8.45 mm 4.99 mm 8.45 mm

at 60 bpm
Feed/second (standard spiral mode) 11.6 mm 28.2 mm 15.1 mm 29.6 mm

at 60 bpm
Pitch (standard spiral mode) at 60 bpm 0.20 0.22 0.26 0.23
Scan time (standard spiral mode, scan 10 s 4 s 8 s 4 s

length 12 cm)
Scan time (high-pitch spiral, scan – – – 300 ms

length 12 cm)

X-ray dose*
Spiral (full dose) (mSv) 12 6 12 12
Spiral (ECG modulation) (mSv) 7 2 5 3
Prospective (minimum) (mSv) 2 1.5 4 2
High-pitch spiral (mSv) – – – 1

Reconstruction
Effective slice width 0.6–0.75 mm 0.6–0.75 mm 0.6–0.75 mm 0.6–0.75 mm
Reconstruction increment 0.3–0.4 mm 0.3–0.4 mm 0.3–0.4 mm 0.3–0.4 mm
Temporal windows (‘hot spots’) End-diastole End-diastole End-diastole End-diastole

End-systole End-systole End-systole End-systole
FOV 140–180 mm 140–180 mm 140–180 mm 140–180 mm
Convolution kernel Medium Medium Medium Medium

Contrast material
Synchronization TB/BT TB/BT TB/BT TB/BT
ROI AAo AAo AAo AAo
Threshold in the ROI +100 HU +100 HU +100 HU +100 HU
Predelay 10 s 10 s 10 s 10 s
CM volume 80–120 ml 80 ml 80 ml 60 ml
CM rate 4–6 ml/s 4–6 ml/s 5–6 ml/s 5–6 ml/s
Iodine concentration 350–400 mgI/ml 350–400 mgI/ml 350–400 mgI/ml 350–400 mgI/ml
Bolus chaser 40 ml @ 4–6 ml/s 40 ml @ 5–6 ml/s 40 ml @ 4–6 ml/s 40 ml @ 5–6 ml/s
Venous access Antecubital Antecubital Antecubital Antecubital

*Radiation dose is calculated at 120 kV (X-ray beam energy)
TB, test bolus; BT, bolus tracking; AAo, ascending aorta; FOV, field of view; HU, Hounsfield unit; 
ECG, electrocardiogram; ROI, region of interest; CM, contrast material; bpm beats per minute

Table  3.1 Scan and reconstruction parameters
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Scan parameters

The ideal protocol enables high spatial resolution (thin
collimation), high temporal resolution (fast gantry rotation)
and low radiation dose (prospective modulation of the tube
current synchronized to the ECG11) compatible with a good
signal-to-noise ratio. The main scan parameters for 64-slice
CT of the heart are presented in Table 3.1.

Retrospective gating

The acquisition of image data in the MDCT coronary
angiography scan is continuous during the cardiac cycle,
such that the data corresponding to the phase when cardiac
motion is at a minimum need to be extracted retrospectively
to minimize blurring and motion artefacts (3.4, 3.5)5, 6.
This process is called cardiac gating (3.2). Once the data
have been acquired they can be reconstructed with
retrospective gating in any phase of the cardiac cycle by
shifting the initial point of the image reconstruction window
relative to the R-wave. Therefore, the combination of z-
interpolation and cardiac gating enables a stack of parallel
tomographic images to be generated which represent the
heart in the same phase of the cardiac cycle5, 6. A real
optimization of retrospective gating is yet to be achieved.

Patient selection

Inclusion criteria
Normally inclusion criteria for the scan are HR <65 bpm
(spontaneous or induced by drugs) and ability to maintain
breath-hold for a period compatible with the scan time2, 3, 7.
Both these criteria are aimed at avoiding motion artefacts.
Even though MDCT coronary angiography can be
diagnostic with a higher HR, motion artefacts progressively
reduce the number of segments that can be visualized
correctly8. The second criterion aims at avoiding artefacts
associated with respiratory motion. 

Exclusion criteria
Patients with a HR ≥70 bpm, known allergies to iodinated
contrast agent, renal insufficiency (serum creatinine >120
mmol/l), pregnancy, respiratory failure, unstable clinical
conditions, and severe heart failure are excluded from the
MDCT coronary angiography study. In cases of mild renal
failure, the administration of contrast agent may be
tolerated better if an iso-osmolar agent is used and/or if the
patient is adequately hydrated prior to contrast agent
injection9. However, some low-osmolar agents that can offer
improved attenuation, e.g. iomeprol (Iomeron-400), have
also been shown to be suitable for renally impaired subjects
in a recent study10.

3.4 Positioning the reconstruction time window. Several
principles need to be borne in mind regarding the
positioning of the time window when performing image
reconstruction in MDCT coronary angiography. The
operator should concentrate on three main areas of the
ECG trace. The first (a) is the end-diastolic phase. In this
phase the ventricle has completed filling, just prior to atrial
systole and motion is at a minimum. The second phase
(b) is the early mid-diastolic phase. In this phase the heart
is filling and there is generally residual motion which does
not allow adequate coronary artery imaging. The third
phase (c) is end-systole. In this phase the heart is in
isovolumetric contraction and motion is at a minimum. The
images obtained in this phase can be just as valid as
those obtained at end-diastole and in a number of cases
even better.

R R
c b a

ECG

From 25 to 35%
+200 to +300 ms

From 55 to 70%
-450 to -300 ms
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To obtain images in the diastolic phase, some operators
reconstruct the images in relation to the phase (i.e. a
percentage) of the cardiac cycle (typically 50–60% of the
R–R interval), whereas others use the time window of the

absolute interval prior to the peak of the next R-wave
(typically 300–400 ms; 3.5)12, 13. Multiple reconstructions
are usually performed in different time windows, and the
physician/operator successively selects the dataset where
motion artefacts are minimal, paying particular attention to
the visualization of the right coronary artery14. In MDCT
coronary angiography different time windows can be
optimized and used in the same patient for the visualization
of the left and right coronary arteries4, 13, 14. Improving the
temporal resolution of the MDCT coronary angiography
scan by increasing gantry rotation speed is subject to
obvious limitations. To overcome these difficulties new data
postprocessing strategies have been proposed to further
increase temporal resolution. With the simultaneous
acquisition of multiple slices using an MDCT coronary
angiography scanner and the relative overlapping of the
volume acquired, multisegment reconstructions can be
created.

In a multisegment reconstruction data acquired in the
same cardiac phase but from different cardiac cycles are
combined in a single image. In this case the temporal
resolution will depend on the number and size of the
segments used for the creation of a single image, but it will
be higher than that derived from a single segment5. This
technique is sensitive to variations in beat-per-beat HR and
the current implementation of these algorithms does not
always improve image quality15–19.

Prospective triggering

The first geometry for ECG synchronization applied to
tomographic equipment was prospective ECG triggering. In
particular this technique was applied to an older technology
(i.e. electron beam computed tomography) that could rely
on a very high temporal resolution in the range of
50–100 ms. This technique suffered from low spatial
resolution and the field of application was mainly calcium
score. In the last 2 years CT technology has produced
scanners with newer software and/or very high temporal
resolution (i.e. dual-source CT with 83 ms temporal
resolution). New software applications allow prospective
scanning using a ‘pad’ (a temporal window that can be
modified according to the operator’s experience and the
patient’s HR). Combining these newer technologies with
aggressive HR control it is possible to obtain diagnostic
image quality with prospective ECG triggering (3.2)

Basics of cardiac CT14

3.5 End-diastolic positioning of temporal windows. A: The
temporal windows are positioned in the end-diastolic
phase consecutively prior to the next R wave at 50 ms
distance each. B: The temporal windows are positioned in
the end-diastolic phase at 5% R–R interval distance.

R

A

B

-450 ms

R

-400 ms
-350 ms

100%

60%

R

65%
70%
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3.6 Prospective tube current modulation. While
reconstruction can be reliably performed in the end-
diastolic phase (especially at low and regular heart rates),
tube current can be modulated and reduced to 4–20% of
the peak during the systolic phase.

Dose

Radiation dose has been one, if not the main, issue of
cardiac CT since the first reports. The increase in spatial
resolution brought an inevitable increase in dose. With 64-
slice CT and no special means for reduction, the range of
dose was from 10 to 25 mSv. The first means of reducing
radiation dose was applied to retrospective ECG gating and
relied on ECG-controlled prospective tube current
modulation (3.6). Using this technique it is possible to
reduce radiation dose by up to 50% depending on the
patient’s HR (the lower the HR, the lower the dose). The
recent implementation of prospective ECG triggering has
led to a dramatic reduction in radiation dose due to the
capability of exposing the patient to radiation only in the
desired phase without significant deterioration of image
quality (range 1–4 mSv).

Limitations in MDCT coronary
angiography

Patients with an HR higher than 70 bpm should not
undergo MDCT coronary angiography. Only patients with
slightly irregular cardiac rhythms can be included (e.g. early
beat, atrial fibrillation, left bundle-branch block, prolonged
QRS complex, HR less than 40 bpm). In this case the scan
should not be performed with ECG-controlled tube current
modulation11. In the presence of an abnormal HR the
location of the period with lowest dose will be variable and
can be included within diastole. In addition, the presence of
rhythm irregularities, with the exclusion of low HR (<40
bpm), does not allow the application of multisegment
reconstruction algorithms20, 21. This is due to the variability
in diastolic filling, which hampers the combination of data
originating from contiguous cardiac cycles.

Future developments and outlook

The newer technical developments are all aiming to: (1)
reduce radiation dose; (2) increase image quality; and (3)
extend the spectrum of applications. 

The reduction in radiation exposure is already a reality
since the latest solutions (dual-source CT) allow an average
dose of 1–2 mSv. The implementation of dual-energy will
allow further reductions in dose to sub-mSv cardiac CT.

Image quality will increase due to the improvement of
detector technology (more sensitivity and speed). The final
objective would be flat panel technology with 0.2 mm3

resolution. The spectrum of applications will be enhanced
again with the implementation of dual-energy. The
possibility of obtaining multiparametric imaging of the heart
with CT will enhance plaque characterization, delayed
enhancement, and perfusion capabilities without significant
impact on radiation dose.

Conclusions

The recent developments and technological research in
cardiac imaging with MDCT are integrating with, and
profoundly changing, the diagnostic protocol of the patient
with suspected coronary artery disease, for whom
percutaneous coronary angiography has for long been the
imaging modality of absolute diagnostic value. It should
nonetheless be borne in mind that although MDCT
coronary angiography is a promising technique, it is the sole
domain of highly skilled operators. The clinical outcome of
the technique is in fact closely associated with the
optimization of each step of the procedure.

Dose

Time

Max

Min
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