
Coronary CT angiography (CTA) is a three-dimensional imaging technique.
The data obtained during image acquisition, however, are not immediately ev-
ident to the radiologist, as the huge amount of digital information acquired is
used to reconstruct three-dimensional images of the coronary arteries, accord-
ing to dedicated and complex software and protocols. The coronary arteries
are tortuous, moving objects and are thus often not easily visualized. For this
reason, in CTA the movements of these arteries must be “frozen,” through
cardiosynchronization, during image acquisition.

In order to visualize the coronary arteries in CTA, a very high density of
the internal lumen must be created. As specified in the previous chapter, this
is accomplished by the dynamic injection of contrast agent. The vessels be-
come evident because of the large difference in the density of the vessel lu-
men (high density: 300–500 HU, due to the iodine content of the blood during
passage of contrast agent) and that of the surrounding tissues, such as epicar-
dial fat (low density: -50–100 HU). The difference is important because, dur-
ing three-dimensional image reconstruction only structures with very high
density will be clearly visualized. The higher the density, the more evident the
anatomic structures will be. This is the reason why the first three-dimensional
images presented for clinical use were related to bone, a structure with a very
high radiologic density.

Starting from volume data, there are two ways to construct three-dimen-
sional images of the anatomic structures of interest: the first is to explore the
volume using curved or orthogonal bi-dimensional planes with so-called
planimetric technique; the second is to consider and image the entire package
of three-dimensional data, using so-called volumetric techniques. In this
chapter, we offer a simple explanation of the difference in these visualization
techniques and their relative importance in clinical use for the evaluation of
coronary artery disease.
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Planimetric Techniques

Axial Images

During data acquisition in coronary CTA, the console automatically displays
axial images of the slices of the anatomic area under investigation, usually at
1-mm intervals (Fig. 4.1). These images confirm that the procedure has been
correctly performed and that the acquisition timing, as far as opacification of
the vessels by contrast agent is concerned, has been optimally achieved. In
fact, segments of the coronary arteries can already be evaluated from these
axial images, together with the myocardial walls and the contrast-agent-
filled cardiac chambers. For non-experts, these axial images may not offer a
clue in the identification of the coronary arteries; however, radiologists are
well-acquainted with the CT evaluation of anatomic structures in the axial
plane and thus may already gain early information regarding the presence of
coronary artery disease simply by evaluating the images reconstructed in
these anatomic planes. 

Multi-Planar Reformatting

The three-dimensional reconstruction software provides direct access to im-
ages displayed in the three orthogonal planes, axial, sagittal, and coronal. This
reconstruction technique is generically referred to as multi-planar reformat-
ting (MPR). Moreover, the orthogonal images can be moved within the imag-
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Fig. 4.1 a-e. 3D volume acquisition using spiral technique(a). Direct evaluation of single axial images slice
by slice. a Scheme employed in spiral acquisition. b–e Slices reconstructed at different anatomic levels
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ing volume and planes, such as the short or long axis, simplifing, anatomic
evaluation of the heart (Fig. 4.2). In the oblique plane, the course and location
of the coronary arteries can be identified.

Reconstruction of the Curved Plane: Curved MPR

The same three-dimensional software that enables MPR allows reconstruction
of curved planes (curved reformatting), according to the course and location
of the coronary arteries. The course of each coronary artery can therefore be
followed point by point and image by image. Direct reconstruction of a
curved plane yields an image of the vessel of interest, from its origins and ex-
tending to its more distal segments, according to specifications that are pro-
vided by the radiologist. These images may be obtained manually or automat-
ically, with reconstruction software that identifies the coronary arteries based
on their higher CT density (Fig. 4.3). 

This image reconstruction technique is essential in the evaluation of coro-
nary artery disease (Fig. 4.4). It allows clear differentiation between the ves-
sel lumen (high density due to contrast agent in the blood and thus bright 
CT images), the surrounding epicardial fat tissue (darker, due to the lower 
CT density), and the myocardium (intermediate gray level, intermediate 
CT density). Furthermore, only these images clearly show the vessel wall, es-
pecially in the presence of pathologies such as fibrolipidic plaques (hypo-
dense in CT, dark in reconstructed images) and calcific plaques (hyperdense,
bright in CT images).
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Fig. 4.2 a-c. Planimetric analysis (multi-planar
reformatting, MPR) during 3D imaging. Reconstruc-
tion of images on the three different anatomic
planes: (a) sagittal, (b) coronal, short axis, (c) axial,
long axisc
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Bi-dimensional and planimetric images of the coronary arteries “slice” the
vessel lumen in an orthogonal plane. The aim of the evaluation is to identify
the vessel wall; therefore it is always important to image the vessels in two
perpendicular orthogonal planes. Figure 4.5 very clearly demonstrates that in
the case of an eccentric atherosclerotic plaque an orthogonal plane reveals
the plaque, while the image reconstructed on a plane passing parallel to the
fibrolipidic plaque does not show either the parietal plaque or the lumen
stenosis.

At least two planes for each coronary artery must therefore be reconstructed
and imaged (six images for three coronary arteries); depending on the specific
anatomic variation, orthogonal images of other vessels will also be required,
such as the intermediate, diagonal, and obtuse marginal branches.

Together with reconstruction of the vessel in curved longitudinal images,
axial images, perpendicular to the imaging plane of the arteries, must be eva -
luated. Clear evidence of the location of the plaque (concentric or eccentric)
and the degree of stenosis can be provided, including information on the pres-
ence of remodeling (as discussed later) (Fig. 4.6). Most of the currently 
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Fig. 4.3 a-d. Reconstruction of coronary vessels on a curved
plane. a–c In each slice the center of the coronary vessels is
identified and marked. d Reformatting along the curved
planes shows the anatomy of the coronary artery
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Fig. 4.4 a-c. 3D imaging; planimetric analysis using curved-plane reformatting
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available software allows direct evaluation of the vessels along their longitu-
dinal axes, in addition to the possibility to interact with the images and rotate
them along the different orthogonal planes. At the same time, axial images for
the chosen view are displayed on the same console, allowing evaluation of the
plaque burden at that specific level.
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Fig. 4.5 a-f. Marginal eccentric plaque of the left anterior descending artery (LAD). a In the axial image,
the eccentric fibrolipidic plaque is well evident (arrows in a, c, and f); the reduction in caliber is 50%. Visual-
ization is possible only in one reconstruction plane (b, white line shows the reconstruction plane; c is the re-
sulting image). In the orthogonal plane, the vessel seems to be of normal caliber (d, white line shows the
reconstruction plane; e is the resulting image). f 3D image using volume-rendering technique allows a
clear evaluation of the stenosis
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Fig. 4.6 a-e. Marginal plaque of the LAD with a calcific core and fibrolipidic cap (a, b), both of which are well-
evident in the axial reconstruction (b, arrow). c-e Eccentric calcified plaque without a hypodense component
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Usually, MPR curved images have a thickness of 1 mm or less. Depending
on the amount of epicardial fat surrounding the arteries, the thickness can be
increased to 3–5 mm, yielding anatomically reconstructed images of a more
consistent quality (Fig. 4.7). However, these thicker images may hide small
parietal plaques, which can be reconstructed and displayed only by the evalu-
ation of thinner slices.

Clinical Use of Planimetric Techniques

Planimetric techniques do not provide direct evidence of the entire data vol-
ume acquired, as they are reconstructed according to the three-dimensional
data set. These images are very important to define the parietal atheroscle-
rotic plaque burden, identify the plaque, and properly characterize the
plaque components. Software that “straightens” the vessels along their lon-
gitudinal axes is also available. It can be used to visualize the different
sides of the vessel wall, since eccentric plaques may be evident on one side
of the artery but not on the other side. Other types of software may also use
planimetric images for quantitative evaluation of the vessel lumen, allow-
ing measurement of the degree of stenosis in areas involved by atheroscle-
rosis. Despite these numerous possibilities, in coronary CTA direct evalua-
tion of the coronary vessels by the clinician may be necessary (Fig. 4.8). In
calcific plaques, for instance, the so-called blooming artifact leads to an
image in which the volume of the plaque is increased such that a false de-
gree of stenosis is estimated by the computer. An expert radiologist, howev-
er, is able (using other reconstruction filters) to estimate the real extent and
importance of the atherosclerotic involvement. Thus, regardless of the im-
provements in software for direct evaluation of the coronary vessels, a
proper direct interface of the clinician with the console will always be
needed to confirm the clinical diagnosis.
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Fig. 4.7 a, b. 3D imaging: planimetric analysis (multi-planar reformatting MPR). a Reconstruction with
thick slices (5 mm) allows better evaluation of the anatomical course of the left anterior descending artery
along the wall of the left ventricle. b The same artery evaluated using a thin slice (1 mm)
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Volumetric Techniques (Volume Rendering)

Image analysis using volumetric techniques creates a color, three-dimensional
image that allows direct interactive evaluation of the coronary vessels. The
software employed in this application was initially developed mostly for mili-
tary (aerospace) purposes and was later used in the film industry in virtual re-
ality cartoons. The medical and radiology fields have taken advantage of the
progress made in movie animation techniques, as they have contributed to im-
provements in CT image reconstruction.

Orthogonal and Perspective Imaging

In order to understand the concept of volumetric imaging, a distinction must
be made between the traditional concept of images (radiologic, artistic, etc.)
and the newer one introduced by 3D imaging. In conventional radiologic im-
ages, the anatomic area under evaluation is perceived orthogonally, as if an
infinite distance has been created between the viewer and the object being
evaluated. In the example shown in Figure 4.9, a series of rounded objects, all
of the same diameter, are shown. In orthogonal view they all appear to be of
the same size and dimension. In a routine X-ray, the abdomen, kidneys, verte-
brae, and all other structures are visualized in a dimension that reflects their
original size in the real world. By interacting with a volume data set in 3D im-
aging, we can move the volume, making it closer to us (the viewer), therefore
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Fig. 4.8 a, b. Coronary artery “straighten” using special software. Rotation along the cental axis reveals
 evidence of plaque (arrows, a), wich is not seen in (b)
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modifying our relationship to it, i.e., the closer the object is to us, the larger it
will appear. In the example of Figure 4.10, our eye is the binocular, such that
the rounded structure is viewed from very near. Thus, objects very close to the
binocular (our eye) are very large, while those progressively more distant be-
come proportionally smaller. This phenomenon is referred to as the perspec-
tive view of a volumetric object.
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Fig. 4.9. Orthogonal view: all globes are of the same size

Fig. 4.10. Perspective view. As seen through a virtual eye (the binocular in Fig. 4.9), there is true 3D evalu-
ation of the globes. Those that are closer appear larger than the ones that are more distant, as in real life



In early paintings, the figures in a work of art are always of the same
size, as if the viewer was at an infinite distance from them. During the Ren-
aissance, painters, particularly Italian painters, became experts in realizing
perspective views of human figures and landscapes, with attention to small
details that made the depicted objects closer to our visualization of them in
the real world (Fig. 4.11). The size of the figures in the painting became
proportional to the distance from the painter or the viewer. In the same way,
in volumetric CT imaging, a perspective vision is created in which the clos-
er the object, the larger it appears. Moreover, while a painting is a static ob-
ject, the viewer of a CT image is able to adjust the distance between his or
her eyes and the object under evaluation (the 3D volume of images) by di-
rect interaction with the computer console.

Volume Rendering of Human Anatomy

Data sets acquired in CT include all the information contained in the anatom-
ic area under investigation, with the risk that overlapping structures, or struc-
tures with different densities may create confusion, e.g., due to distension of
the anatomic object (in our case, the coronary vessels) being evaluated. Vol-
ume-rendering technique allows the imaging, display parameters to be set so
that the structure of interest can be readily identified. For example, to evalu-
ate the surface of the body, the density values are set such that they corre-
spond to those of the skin; by progressively enhancing the density values,
muscular structures, internal parenchymal organs, bones or, as in our case,
vessels filled with contrast agent (density values of 300–500 HU) are visual-
ized (Fig. 4.12). In effect, the image is restricted to the contrast-agent-filled
coronary artery of interest, which is viewed in 3D images that have been re-
constructed using volume-rendering techniques. The only overlapping com-
ponents in the arteries are thus related to the presence of calcified plaques,
which have a density even higher than that of the contrast agent. Images of
the coronary arteries reconstructed with these techniques are extremely in-
formative and of great diagnostic value, as discussed in the other chapters of
this book.
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Fig. 4.11 a, b. Orthogonal (a) and perspective views in art (b). Raffaello’s La scuola di Atene (Rome, Vati-
can Museum) is an example of the perspective view in Renaissance art
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Color and Virtual Lighting 

Three-dimensional images reconstructed using volume-rendering techniques
became more realistic following the introduction of color (albeit, in effect, a
false color) and by the use of virtual lighting to create shading effects that en-
hanced the three-dimensional information. Similar effects (use of color and
the proper use of lateral lighting) were used masterfully by the Italian painter
Caravaggio, who more than any other artist of his time was an expert in the
use of external light to make figures appear more realistic, including in their
three-dimensional aspect (Fig. 4.13).

Modern three-dimensional image reconstruction techniques, such as those
employed in radiology and in movie animation, are based on the same funda-
mental concepts, but adapted to be standard, reproducible, and accessible at
the computer console. Moreover, there is the additional advantage of direct
interaction with the object being evaluated, which allows for a point by point
evaluation that enhances the areas of interest in order to define the presence
of disease, etc.

Once again, it must be emphasized that is not the coronary arteries that are
being seen, but the contrast agent contained within them. Likewise, a surface
image of the myocardium and cardiac chambers is achieved only due to the
higher density conferred by the presence of contrast agent (Fig. 4.14). Three-
dimensional reconstruction of a volume of data acquired at the level of the
heart without contrast agent injection would produce a useless evaluation of
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Fig. 4.12 a, b. Volume-rendering technique. a In evaluating the body using changing transparency val-
ues, deeper structure become evident, from the skin to the bones. b In cardiac imaging, a 3D setting is used
and is already optimized for evaluating vascular structures opacified by means of contrast agent
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Fig. 4.13 a-d. Use of false color. The 3D effect, both in (a) the painting Caravaggio’s Incredulità di Tommaso
(Potsdam, Bildgalerie) and (b) the image of the coronary artery is enhanced by use of color, as seen in a
comparison with the black and white images (c, d)
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Fig. 4.14 a-c. Examples of coronary vessels evaluated by means of volume-rendering technique
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the soft tissues (the myocardium), which would be visible only because they
are surrounded by the very low density of the air present in the lungs, but any
evidence of the coronary arteries would be absent.

Other structures with high radiologic density overlap the coronary arteries,
such as the pulmonary vessels and the bony thoracic cage. These structures can
be excluded by “editing” the images (either automatically or manually) there-
by providing direct and exclusive evidence of the coronary vessels (Fig. 4.15).

Clinical Use of Volume-Rendering Images

Three-dimensional reconstructed images are foremost important as they
provide direct and immediate evidence of the anatomy of the coronary tree
(see Chap. 1 for a discussion of the variability of the coronary anatomy).
Moreover, this technique allows for a complete and simultaneous evalua-
tion of the entire volume acquired. Nonetheless, care must be taken in
evaluating volume images reconstructed with volume rendering techniques
as, in fact, they provide a superficial evaluation from outside of the vessels 
(Fig. 4.16). In a patient with parietal atherosclerotic involvement, stenosis
can be visualized only when a fibrolipidic low-density plaque is present; if
the plaque is calcific, the higher density of the plaque material will overlap
with the density of the vessel lumen, prohibiting proper visualization and
analysis of a possible stenosis (in addition to the previously mentioned
blooming effect) (Fig. 4.17). Therefore, in every case and for every vessel,
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Fig. 4.15 a-c. Thoracic volume evaluated by volume-rendering technique. a, b Bones and pulmonary ves-
sels opacified by contrast agent are superimposed on the coronary arteries, limiting anatomic evaluation.
Manual or automated editing removes the overlapping structures, revealing the coronary vessels (c)
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Fig. 4.17 a-c. Calcific plaque evaluated using volume-rendering technique. The plaque is hyperdense (a,
arrow). A detailed evaluation of the vessel lumen is not possible but can be achieved using bi-dimensional
images (b, arrow). There is marked hypertrophy of the right coronary artery (distal branches, c)
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Fig. 4.16 a, b. Fibrolipidic plaque evaluated using three-dimensional volume rendering technique. 
a Evaluation using bi-dimensional technique. Note the central hypodense calcific component of the plaque
and the fibrolipidic cap (arrows) (b)
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Fig. 4.18 a-e. Different reconstruction techniques: axial (a), MPR (b, c), volume rendering (d), straightened
vessel (e)
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images generated by the two types of reconstruction must be evaluated and
compared. This will result in proper anatomic definition and correct identi-
fication of the atherosclerotic involvement (Fig. 4.18).

Virtual Endoscopy

We conclude this chapter with a brief discussion of another three-dimensional
visualization technique, albeit one that is seldom used to evaluate the coro-
nary arteries, virtual endoscopy. The principles and software needed to ac-
quire virtual endoscopy images are the same as those for volume-rendering
images. The difference is that the virtual eye moves from a surface evaluation
to an internal examination of the anatomic 3D data sets. To do so, specific set-
tings have to be used, such that the density contained in the lumen (contrast
agent) becomes transparent while other densities are made evident. This pro-
cedure is carried out by a mouse click at the computer, as these settings are al-
ready among the many available to the clinician. Once “inside” the vessel of
interest, the viewer can move his or her virtual eyes along the course of the
vessels and the area of stenosis, then move on to the origin of the side branch-
es (Fig. 4.19). Although fascinating, this technique does not add any further
information to that already provided by the other above-described procedures
and is therefore seldom employed. Virtual endoscopy is more useful in other
settings, e.g., in the evaluation of pre-cancerous polyps of the colon (virtual
colonoscopy) (Fig. 4.20).
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Fig. 4.20 a, b. Virtual endoscopy of the colon (a): a parietal 5-mm polyp is easily detected (b)
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Fig. 4.19 a-d. Virtual endoscopy of the coronary arteries
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