
This chapter reviews the techniques needed to obtain high-quality diagnostic im-
ages of the coronary arteries by means of CT angiography (CTA). The choice of
imaging equipment, discussed in the previous chapter, involves the radiologist on-
ly once, at the moment that the CT equipment is purchased. By contrast, the choice
of the optimal procedure for imaging of the coronary arteries involves the radiolo-
gist or technician in each exam, as the utmost care must be taken to always obtain
images of optimal quality. It should be pointed out that this goal is unique for the
coronary arteries, since in CT evaluation of the chest, abdomen, musculoskeletal
system, or other static organs, suboptimal image quality may nonetheless allow a
clinical diagnosis whereas for the coronary arteries the presence of movement arti-
facts may completely invalidate the diagnostic value of the examination.

Achieving Excellent Image Quality in CT of the Coronary Arteries

In performing CT of the coronary arteries certain goals must be reached. First
of all, the images must be obtained as fast as possible, using specific imaging
protocols (which differ according to the type of equipment, as discussed in
the previous chapter). Second, during the dynamic rapid acquisition of car-
diac images there must be a high concentration of contrast agent in the coro-
nary tree. Only the high density provided by the presence of contrast agent in
the vessels allows for a proper evaluation of the coronary arteries and their
walls. Third, to reduce imaging artifacts, the patient must be properly pre-
pared for the imaging procedure; therefore, good patient cooperation is need-
ed. In addition, in most cases (except with double source technology) the pa-
tient will be administered beta-blockers to reduce cardiac frequency, allowing
a wider imaging window in telediastole.

In coronary CTA, images of a moving organ are rapidly acquired during
the passage of contrast agent at high concentration (bolus). It is therefore cru-
cial to define the procedures, including patient preparation, that will be per-
formed prior to diagnostic CT examination of the coronary arteries.
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Patient Preparation

Informed Consent

Although CTA of the coronary vessels is a non-invasive procedure (no
catheterization or other invasive modality is required), proper information
must be obtained from the patient prior to the examination. The patient should
not only fill out the informed consent documents (similar to those of any CT
procedure using contrast agent), but should also be informed personally about
the procedure, i.e., the cardiologist and radiologist must provide the appropri-
ate information in person, clearly explaining the type of examination being
performed, the indications for this procedure, whether it is aimed at ruling out
a known clinical problem or serves as a screening procedure, as may be the
case in mildly or non-symptomatic at-risk patients.

The informed consent documents contain generic information regarding,
for example, the possibility that contrast agent may be the cause of allergic re-
actions; however, this information is very general and often not well-ex-
plained. Thus, the clinician must specify that, with the iodinated non-ionic
contrast agent currently in use, such allergic reactions are extremely rare, as
opposed to the situation 15–20 years ago, when ionic agents were employed.
Furthermore, since patients are often scared by the prospect of iodine injec-
tion, the radiologist must reassure him or her that the iodine is encapsulated in
a closed molecule of the contrast agent, and therefore does not react with the
human body, i.e., it does not affect iodine metabolism in the thyroid gland.
For this reason, there are no contraindications for patients with thyroid gland
disease; the contrast agent and its iodine component are rapidly eliminated
through the kidneys after i.v. injection. Those allergic reactions that do occur
are not related to iodine but to the molecule itself, and, as noted above, there
has been a dramatic decrease in the incidence of allergic reactions following
the switch from ionic to non-ionic, i.e., less reactive, molecules, despite the
fact that both formulas contain three atoms of iodine per molecule. There is
also no absolute contraindication to the use of contrast agent in patients with
known allergic problems or in patients with previous allergic reactions to con-
trast agent. In these cases, however, pre-medication 3 days before the exami-
nation is indicated (usually corticosteroids per os).

In informing the patient, the clinician must also state that the examination
is performed using ionizing radiation. Patient should be advised that X-ray
exposure, mostly if repeated a short time after previous exposures, carries
some risk. This topic is discussed in detail in the chapter on X-ray exposure in
coronary CTA.

As for any other procedure involving contrast agent, patients undergoing
CTA of the coronary arteries must fast for at least 5 h prior to the examina-
tion. Furthermore, the radiologists (or the anesthesiologist, who may be
present during the examination) will review blood-test data (mostly refer-
ring to renal function) and evaluate the patient’s ECG. The only real con-
traindications to CTA of the coronary arteries are severe renal dysfunction,
which precludes the use of contrast agent, or not pharmaceutically con-
trolled arrhythmia, which prevents “freezing” of cardiac movement during
the examination.
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Bradycardia

As the heart is a fast-moving organ, CT evaluation can be performed only by
“freezing” cardiac motion, using software and protocols allowing rapid image
acquisition. The temporal resolution of currently available equipment (150 ms)
does not guarantee static images of the heart in three dimensions. Instead, to
obtain dynamic images of the coronary arteries, pharmacologically controlled
bradycardia, with an optimal cardiac frequency of 55–65 bpm, is required. On-
ly by inducing bradycardia can an adequate temporal window in telediastole,
during which the heart is practically completely still, be achieved (Fig. 3.1). In
the absence of bradycardia, image quality will be impaired and, as noted
above, a proper diagnosis will not be possible. In Figure 3.2a, bi-dimensional
image of the anterior descending coronary artery is displayed on the left, with
data acquired at 72 bpm. This image does not provide the diagnosis nor can the
vessel contours or the presence of parietal pathology be defined. The image on
the right was obtained after bradycardia was pharmacologically achieved;
there is clear definition of the vessel wall, with identification of the lumen and
evidence of parietal thickening due to atherosclerotic involvement.

Bradycardia must be induced if the cardiac frequency is > 65 bpm. While
oral or i.v. administration of beta-blocker is possible, we prefer oral administra-
tion of a generic beta-blocker formula (i.e. metoprololo 100 mg) in tablet form
45–60 min prior to the examination. Usually, a frequency of 50–60 bpm is easi-
ly achieved, without any symptoms experienced by the patients (these drugs are
currently widely used by general practitioners without major patient contraindi-
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Fig. 3.1. Time imaging window in ECG gating procedures. The lower the heart rate, the larger the time im-
aging window, leading to a reduction of motion artifacts



cations). As an alternative or in case of lack of pharmaceutical effect of the oral
drug, i.v. formulas can be administered. These are injected at the moment of the
examination in the same i.v. cannula prepared for contrast-agent injection, with
cardiac frequency evaluated directly in the CT console’s monitor.

Cardiac frequency is often influenced by the emotional status of the pa-
tient. Despite the efficiency of beta-blockers, once on the CT table and during
contrast-agent injection, the patient often becomes tachycardic due to the
emotional stress of the examination. We therefore suggest that an anxiolytic
drug be provided i.v. just prior to contrast-agent injection. The short-lasting
effects of these drugs do not interfere with consciousness at the end of the
out-patient examination.

Finally, it should be noted that with double source technology there is no
need for bradycardia, as the temporal resolution of 83 ms allows for a consis-
tent image window even in tachycardic patients, without a decrease in the di-
agnostic quality of the images.

CT Angiography of the Coronary Arteries

Contrast-Agent Injection

The proper contrast-agent injection procedure is very important in CTA of the
coronary arteries, as only by ensuring a consistent concentration in the vessels
can good image quality be achieved. Visualization of the coronary arteries is
made possible by increasing (temporarily, during the passage of the bolus of
contrast agent) the radiographic density of the blood plasma (blood mixed with
contrast agent) that fills the coronary arteries at that moment. The radiographic
density of the blood increases from 40–50 Hounsfield units (HU) to 300–400
and even 500 HU during the passage of contrast agent. Standard HU values are
defined to allow the measurement of tissue density in CT, with 0 HU correspon-
ding to the CT density of pure water, -1000 corresponding to that of air, and
+1000 to that of compact bone tissue. The higher the CT density of the coronary
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Fig. 3.2 a, b. Image acquired at 75 bpm (a) and (b), afterwards, at 62 bpm, repeating the injection of con-
trast agent. Movement artifacts impair image quality and therefore the diagnostic value of the examination
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contents (blood mixed with contrast agent) during CT image acquisition, the
better the quality of the coronary-arteries images obtained.

Contrast-Agent Injection: Role of Resistance and Venous Anatomy

Different parameters determine the success of a consistently high concentra-
tion of contrast agent in the arterial lumen during CTA image acquisition, for
example, the contrast-agent injection rate. This, in turn, is influenced by the
amount of resistance encountered and the venous anatomy of the injection
site, i.e., the forearm.

Contrast agent is injected through an automatic injector able to reach high
injection rates (Fig. 3.3). In coronary CTA, better results are obtained with a
double syringe injector; here, contrast agent is injected with one syringe and,
immediately at the end of the injection, the second syringe is activated such
that a second bolus, this time of saline, is injected. This saline bolus pushes
the contrast-agent bolus towards the right cardiac chamber, thereby “wash-
ing” the peripheral veins, where the vascular flow is low; these vessels would
otherwise stay filled with contrast agent. In this way, the dispersion of con-
trast agent in the peripheral veins is guaranteed and the bolus remains com-
pact, thus yielding higher concentrations in the arterial bed. We prefer to in-
ject the saline bolus at the same rate used for contrast-agent injection and in
large amount (80–100 ml) ensuring that all the contrast agent is washed out
by the saline. In the example shown in Figure 3.4, axial images acquired at
the level of the cardiac chambers show the strong opacification of the left
 cardiac chambers due to high CT density values and a low density of the right
chamber, washed out by the saline bolus.

An effective contrast-agent bolus injection speed is also related to the resist-
ance that the bolus encounters during its passage in the i.v. cannula, given the
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Fig. 3.3. Contrast-agent power injector (Stellant D,
MEDRAD INC., USA), with permission



high viscosity of these drugs. There are two ways to avoid local resistance: the
first is to use a large-bore cannula in the antecubital vein. We always employ a
16G cannula (as opposed to the 18G or even 20G cannula usually proposed in
the literature), which allows for a high injection rate without any local resist-
ance. The second is related to the anatomy of the veins of the forearm: the two
main venous channels (in most cases) are the basilic vein, medially, and the
cephalic vein, laterally. While the basilic vein (Fig. 3.5) follows a straight
course, leading directly to the axillary and subclavian veins, the cephalic vein
is more tortuous, contains valves, and drains in the axillary vein usually in an
arch-wise fashion at an angle of 90°. Considering that the patient’s arms are
raised during CT examination, it can be readily appreciated that injection into
the cephalic vein may cause stagnant flow of contrast agent, leading to a less
compact and more diluted bolus and thus a lower concentration in the arterial
bed. In Figure 3.6, the effect of bolus dilution during the injection of contrast
agent in the cephalic vein is evident. There is persistent opacification of the
right chambers and a lower concentration of contrast agent in both the arterial
bed and the left cardiac chambers (compare with Fig. 3.4).
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Fig. 3.4. High concentration of
contrast agent in the left chambers
of the heart causes them to appear
bright and hyperdense. The right
chambers are “washed” by the chas-
ing bolus and are therefore hypo-
dense

Fig. 3.5 a, b. Anatomy of the veins of the arm. The basilic vein is medial and has a direct course towards
the subclavian vein; the cephalic vein is lateral and has a steep angle at the confluence with the subclavian
vein . 1 Cephalic vein, 2 basilic vein
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Contrast-Agent Injection: Flow Rate and Amount

Contrast agent can be injected using an automatic injector at different flow
rates, usually 3–5 ml/s. However, we routinely use a flow rate of 8 ml/s. This
higher injection speed results in a more compact bolus and thus a higher con-
centration of contrast agent in the arterial bed (after passage through the capil-
lary pulmonary bed and the left cardiac chambers). The average CT density of
the coronary arteries as reported in the literature is 300–350 HU. Using faster
injection rates and the procedures described above, we have been able to
achieve an average density of ≥ 450–500 HU (Fig. 3.7).

Image quality is directly related to a higher concentration of contrast agent
in the arterial bed and to a greater difference in density compared with the
surrounding tissue. Our data are also in agreement with the results of
Schueller et al., published in 2006 . They were able to show that higher injec-
tion rates (8 ml/s) improved the evaluation of pancreatic tumors. In coronary
CTA, the higher arterial density allows better evaluation of these vessels in
three-dimensional reconstructions.
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Fig. 3.6. Injection of contrast agent in the
cephalic vein. The slower flow leads to a di-
lution of the contrast-agent bolus. There is
evidence of residual opacification of the
right chambers during 3D acquisition in an
evaluation of the coronary arteries. Note
the lower density in the left ventricle

Fig. 3.7. Appropriate contrast-agent
injection with high flow in the basilic
vein. The CT density evaluated at the
level of the aorta is 720 HU



The amount of contrast agent to be injected varies between 70 and 120 ml,
depending on the equipment employed. In systems with 16 detector rows, ac-
quisition times are 15–18 s, therefore requiring a longer bolus to completely
achieve a high density of contrast agent in these vessels throughout image ac-
quisition (at least 120 ml are required to achieve a prolonged bolus of contrast
agent). With faster systems, i.e., those with 64, 128, or 256 detector rows, the
acquisition time decreases to 10, 6, and 4 s, respectively, thus necessitating a
still compact but shorter bolus (70–80 ml of contrast agent are employed).
Data acquisition happens in real time such that, with experience, the radiolo-
gist will be able to determine the proper bolus size according to the equip-
ment available and the nature of each case.

Contrast Agents for CT Angiography of the Coronary Arteries: Characteristics
and Concentrations

An important element in defining proper image quality of the coronary ves-
sels is the concentration of the contrast agent employed – the higher the con-
centration of contrast agent, the higher the CT density (measured in HU) of
the blood in the coronary arteries. The contrast agent clinically used for i.v.
injection is an iodinated non-ionic solution based on a tri-iodated benzene
ring; iodated double benzene rings are also available (Fig. 3.8).
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Fig. 3.8 a, b. Non-ionic contrast agents with single (a)
and double (b) benzene ringsa
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The iodine concentration of the contrast agent employed in CTA of the
coronary arteries should be in the range of 350–400 mg iodine per 100 ml of
solution. A concentration, up to 400 mg of iodine, has been suggested as it
provides an even higher CT density in the coronary vessels. In fact, for the
same conditions in terms of contrast-agent volume and flow rate of the injec-
tion, higher CT densities in the vessels will be reached with higher concentra-
tions of the contrast-agent solution. The viscosity of these solutions increases
in parallel with concentration; however, if the proper injection procedure is
used and the solution is injected through a large-bore cannula, viscosity
should not pose a problem as resistance at the injection site will be minimal.

Currently employed contrast agents are extremely stable and safe mole-
cules; they are rapidly eliminated through the kidney after i.v. injection. Non-
ionic contrast agents are also characterized by a low osmolarity (~600
mOsm/l vs. 1200 mOsm/l for the ionic solutions previously employed). The
decreased osmolarity has reduced the patient’s heat sensation as well as aller-
gic reactions in response to contrast agent. Contrast agents based on an iodat-
ed double benzene ring have an even lower osmolarity (300 mOsm/l, similar
to that of blood plasma) but have not reduced the incidence of allergic reac-
tions any further. Although they have been successfully used for imaging,
their viscosities are definitely higher and resistance at the injection site may
be a problem in coronary CTA.

Optimizing the Imaging-Acquisition Window in CT Angiography of the Coronary
Arteries

All coronary CTA equipment includes an automated procedure that recog-
nizes the arrival of contrast agent (injected in a peripheral vein) at the level
of the coronary arteries. Three-dimensional acquisition of the anatomic area
including the heart should in fact start only when the bolus of contrast
agent reaches the arterial system and creates a temporary but strong in-
crease in the CT density of the arterial vessels. The automated procedure,
referred to as “bolus tracking,” requires the placement of a cursor that
measures CT density in the center of the ascending aorta, after which single
low-dose images are acquired every second following the start of contrast-
agent injection. As soon as the cursor measures a density > 100 HU, the ac-
quisition of three-dimensional images is automatically started. This assures
that an optimal high density of the vessels is achieved during image acqui-
sition.

Cardiosynchronized Acquisition

Imaging data are acquired in real time, during the dynamic passage of con-
trast agent through the coronary arteries. In a cardiosynchronized procedure,
the ECG data are available to the computer, which synchronizes them with
the imaging data (Fig. 3.9). In a second phase, data related only to the teledi-
astole are reconstructed to create artifact-free cardiac images. Data referring
to more than one telediastolic phase are needed to completely reconstruct the
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volume containing the heart. In systems consisting of 64 detectors rows, the
volume reconstructed in each telediastolic phase corresponds to the width of
the detector array (4 cm); therefore, four to five cardiac cycles must be evalu-
ated for a complete set of information regarding the volume of interest, in-
cluding the heart (15–20 cm).

A three-dimensional image of the heart is an artificial single volume since
in reality it is composed of a number of single smaller volumes placed one
over the other and corresponding to succeeding telediastolic phases. Conse-
quently, step artifacts are often present in the area of overlapping single vol-
umes (Fig. 3.10).
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Fig. 3.9. ECG gating as shown on the CT console during data acquisition. Gray vertical lines represent the
telediastolic temporal windows of data reconstruction for coronary CT angiography

Fig. 3.10 a, b. Images acquired in an arrhythmic patient show typical step artifacts
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As far as the radiation dose is concerned, the procedure described herein
has the disadvantage that the patient is irradiated for the entire time of the
procedure, during all cardiac cycles, while only data related to telediastole are
used for data reconstruction. As will be explained in the chapter on dose ex-
posure, there are a number of way to reduce or eliminate this problem. One of
the techniques uses non-spiral data acquisition, with single, small axial vol-
umes (each 4 cm) acquired during telediastole, without X-ray emission in the
other cardiac phases. The reduction in X-ray exposure achieved with this pro-
cedure is in the range of 80%.
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