
C. Catalano, M. Anzidei, A. Napoli (eds.), Cardiovascular CT and MR Imaging,
DOI: 10.1007/978-88-470-2868-5_3 © Springer-Verlag Italia 2013

At present, both CTA and MRA allow to obtain datasets formed by a large amount of
bi-dimensional images acquired through a spatial axis (x, y, z); however, in consideration
of the very thin intervals between contiguous partitions of each dataset, the acquisition
as a whole can be considered a true volume formed by basic three-dimensional compo-
nents (voxels) rather than a stack of independent slices with bi-dimensional properties.
However, the primary display mode of diagnostic images is still a bi-dimensional

representation, in most of the cases through the axial plane; this kind of visualization
may be familiar to many radiologists, but is inadequate to convey information to cli-
nicians and surgeons and may be too laborious when thousand of images are reviewed
for each examination.  
Post-processing techniques may allow better image visualizations, compared to

images that are interpreted on an axial plane, making anatomical and pathological
conditions more comprehensible for radiologists and others physicians. 
However, post-processing is considered necessary for both CTA and MRA. The re-

constructed images, which are oriented perpendicular to the longitudinal axis of the ves-
sel (coaxial), are not used solely to allow for anatomical visualizations of the acquired
data, but are also a mandatory component to correctly interpret vascular anatomical
anomalies and disorders. However, vessels are usually convoluted and the conventional
axial images are coaxially oriented only with respect to the bed of the scanner (Fig. 3.1). 
In order to accurately evaluate the size of the lumen, the vascular walls, and also

the surrounding tissues, it is essential to reorient the axes during imaging reconstruc-
tion, even for large vessels, such as the aorta, due to their tortuous anatomy. 
In patients needing follow-up examinations (such as for an abdominal aortic

aneurysm), in order to objectively compare the diameters and accurately assess
changes, post-processing techniques are essential.
In an era of percutaneous therapeutical approaches, with the application of stents

and other endovascular devices used to treat vascular diseases, the post-processing
techniques allow for more accurate procedural planning and device selection.
With the increase of scanner performance, the exaggerated number of images pro-

duced for each examination may lead to the so-called data explosion, making post-
processing increasingly important. For example, a 1 mm thick reconstruction of a
CTA study of the abdominal aorta and lower extremities arteries will typically generate
about 2,400 axial images. Considering the 3 seconds required for the evaluation of
each single image, it will take about 2 hours to evaluate the entire scanned area. By
synthesizing the anatomical data, post-processing techniques can, therefore, lead to
an easier and faster evaluation. 
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Fig. 3.1 CT angiography of the thoracoabdominal aorta. Axes rearranged perpendicularly to the
vessel course. a The 3D Volume Rendering reconstruction allows visualization of the scoliotic course
of the aorta at the diaphragmatic hiatus (arrow). b Direct axial reconstruction arbitrarily oriented
perpendicular to the CT bed allows for an accurate measurement of the aortic diameter at mid-chest
(line A and c), but are oblique to the long axis of the vessel in proximity to the diaphragm (line B
and d), resulting in an imprecise measurement. e To obtain an accurate measurement of the aorta’s
maximum diameter at the diaphragmatic hiatus, reconstruction must be rearranged orthogonally to
the long axis of the vessel (dashed line and f)
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Moreover, post-processing techniques have made understanding and interpreting
CT and MRI easier for non-radiologists (Fig. 3.2).
The advanced post-processing techniques (Multiplanar Reconstruction, MPR;

Curved Planar Reformation, CPR; Maximum Intensity Projection, MIP; Minimum In-
tensity Projection, MinIP and Volume Rendering, VR) are the topic of this chapter. How-
ever, the importance of the planar reconstructions should not be underestimated,
especially in MRA and even more for CTA, because it is the essential basis to generate
volumetric data to obtain high quality 3D reconstructions.

3.1 Planar Reconstructions

The main parameters which must be taken into consideration when performing planar
reconstructions are described below.
• Reconstruction filters (CTA): the use of sharp reconstruction filters, which may
lead to a better definition of vascular contours in planar images, introduce a re-
duction in the Signal-to-Noise Ratio (SNR), which can interfere with the three-
dimensional reconstruction. Regarding this issue, datasets reconstructed using
smooth filters are preferable, mostly when volume rendering reconstructions are
required.

• Window level and width (CTA): the vessel lumen should not be visualized with the
highest values   of the gray scale (white). If this happens, the gray scale is interrupted
and, therefore, it is possible that the size of the vessel could be misrepresented or
wall calcifications, metallic stents, and other devices may be confused with the ves-
sel lumen, which is opacified by the contrast medium. Hence, calcifications and
metal devices may appear indistinguishable from the vessel lumen, leading to mis-
interpreted diagnoses such as underestimation of luminal stenosis.

• Reconstruction (CTA) and acquisition (MRA) geometry: planar field of view
(FoV), matrix size, slice thickness and reconstruction intervals are the key param-
eters that determine the voxel size. For high-quality reconstructions, the three axial
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Fig. 3.2 Left coronary system, arterial stenosis. Comparison between coronary angiography (a) and
3D VR reconstruction (b), severe non-calcified stenosis of the middle part of the anterior descending
artery
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dimensions of each voxel should be as similar as possible (isotropy) (Fig. 3.3).
Voxel anisotropy could lead to artifacts in all types of reconstructions, such as the
stair-step artifacts, which are image distortions caused by a dimensional excess
of the z axis (excessive slice thickness).

3.2 Advanced Post-Processing Techniques

The MPR technique is a 2D approach that enables the operator to select the imaging
reconstruction plan. If the direct reconstruction plan is axial, MPR images can be ar-
bitrarily reconstructed in several planes, such as the sagittal or coronal plane, or with
various degrees of obliquity. The main advantages of the MPR technique are the speed
of execution and its availability on most reporting workstations.
However, since vessels are curved structures (rarely perpendicular, lateral or frontal

with respect to the scanner bed), it is necessary to properly orient the reconstruction
axes based on the examined structure. The primary limitation of MPR techniques re-
garding cardiovascular examinations is their 2D approach: the scroll functions must
be used to fully explore the whole vessel and it is not possible to present all the infor-
mation concerning the examined volume in a single image.
Moreover, it should also be noted that in the MPR images the information from

extra-vascular voxels (bone and parenchyma) is not removed and, therefore, it is not
possible to perform a pure angiographic assessment. On the other hand, this allows
for an examination of the abnormalities in others organs such as the kidney, liver,
spleen, heart and lungs.
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Fig. 3.3 Schematic representation of the voxel geometry. A voxel is isotropicwhen it is characterized
by identical dimensions along the three Cartesian axes (x, y, z). When one of the dimensions of the
voxel is higher, the voxel is anisotropic (planar anisotropy or along the z axis)

MPR



Reconstructions of 2D planar curves can compensate for the limitations of MPR tech-
niques in the evaluation of tortuous vascular structures: these reconstructions are per-
formed by tracing curved lines with progressive reference points through the images
during scrolling (planar or MPR); subsequently, the curved structures are represented
on a single plane.
This is the best 2D technique to visualize vascular structures and is crucial for the

interpretation of several vascular diseases such as thrombosis, dissections, intimal
flaps or during the evaluation of high-density endoluminal material, such as wall cal-
cifications or metallic endovascular devices (Figs. 3.4-3.5).
The CPR is also the most accurate method for the quantification of luminal stenosis

and is considered the standard reference for this task in several diagnostic centers.
Until a few years ago, CPR reconstructions were only performed manually (by

tracing a point-by-point segmentation through the curved trajectory of the vessel),
which resulted in an increased execution time. More recently, many software programs
that allow for the automatic creation of CPR by selecting the start and end points only
have been developed, helping operators to reduce reconstruction time. These software,
however, have some limitations: the correct vascular axis is not always identified and
the trajectory automatically calibrated by the software may fall outside the lumen or
produce loop artifacts near large vessels. To reduce errors, an operator needs to check
the automated process (Fig. 3.6). 
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Fig. 3.4 Curved planar reformation. a 3D VR frontal plane recon-
struction from a CTA examination performed during follow-up
after coronary artery bypass grafting using both internal mammary
arteries. b CPR is a multi-planar reconstruction obtained along a
curve trajectory within the volume of acquired data: in this exam-
ple, it is possible to evaluate the left internal mammary artery
lumen from its origin by the left subclavian artery to the distal ana-
stomosis in the obtuse marginal branch of the circumflex coronary
artery (arrows)
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Fig. 3.5 CPR reconstruction after double venous coronary artery by-
pass grafts. a 3D VR reconstruction oriented on an oblique plane
demonstrates two venous bypasses, the anterior one (arrow) to the
anterior descending artery, with a metallic stent in the proximal por-
tion whose patency is not assessable; the posterior one (curved
arrow), to the obtuse marginal branch, appears dilated and irregular.
b The CPR of the left anterior descending artery bypass allows for
the visualization of the stent lumen (arrow), and its patency. Athe-
romatous soft plaque is present at the ostium (open arrow), resulting
in a moderate reduction of the vessel lumen. c CPR reconstruction
of the obtuse marginal branch bypass shows a partially thrombosed
vessel. d The planar reconstruction, obtained where the aneurysm
is documented in a orthogonal plane with respect to the bypass long
axis, allows to visualize the patent vessel lumen (L), the parietal
thrombus (T) and to quantify the degree of luminal stenosis, as well
as the maximum diameter of the aneurysm
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Fig. 3.6 CPR image obtained with the manual segmentation method. a 3D VR reconstruction oriented
in the frontal plane. b The course of the vessel is defined manually by positioning segmentation points
along its trajectory. c CPR reconstruction: it is possible to rotate the curved reconstruction along the
central axis of the vessel. d CPR reconstruction rotated at 180° with respect to the image in c
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It is also possible to generate additional images from a single CPR reconstruction
by using the rotation around the major axis of the examined vessel with a predeter-
mined angular range (for example 5°). Thus, vascular wall thickenings and atheroma-
tous plaques can be accurately evaluated in terms of morphology (concentric,
eccentric) and extent. Additionally, by using CPR reconstructions coaxial to the long
vascular axis, an accurate lumen measurement (area and diameter of stenosis) can be
performed (Fig. 3.7).

By using conventional CPR it is not possible to reconstruct more than a single vascular
segment simultaneously, thus reducing the visualization speed in complex vascular
structures such as those of the lower and upper limbs (Fig. 3.8).
To reduce the time of image visualization and interpretation, multivessel planar

curve reconstructions have been recently introduced with positive results, particularly
in the assessment of atherosclerotic disease in the peripheral circulation. Developed
by the University of Vienna in collaboration with the Stanford group led by Professor
D. Fleischmann, multi-path CPR allows for the simultaneous visualization of the entire
peripheral arterial tree through the generation of a vascular map, thus reducing the re-
porting time and enabling the selection of the most appropriate therapeutic strategy.
Moreover, the vascular map should also be more easily comparable with the conven-
tional angiographic images obtained by selective catheterization of peripheral vessels
(Figs. 3.8-3.9).

MIP reconstructions are part of the 3D imaging process and were introduced in 1980
for MRA examinations.
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Fig. 3.7 CPR image obtained with the automatic segmentation method. a,b By placing two reference points in the right femoral and popliteal
arteries, the software automatically generates a curved path within the vessel that must be verified by the operator. c CPR reconstruction
shows occlusion of the right femoral artery at the medial-distal third. d CPR reconstruction perpendicular to the image in c. e On the CPR
image it is possible to measure the length of the occlusion. f The software automatically generates axial sections perpendicular to the vessel
course (g)
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This technique is based on the ray casting process, which is achieved using a data-
computed projection of signal intensity in each single voxel in the dataset along a tra-
jectory parallel to the vision direction.
The process of ray casting can be adapted to enhance different voxel characteristics

(maximum intensity, minimum intensity, color-coding). To obtain the MIP reconstruc-
tion, the maximum gray scale intensity in each single voxel along the viewing direction
is encoded and then the final image is created (Fig. 3.10).
Since vessels have a maximum intensity in MRA acquisitions, it is easy to un-

derstand how MIP can be an effective and quick technique to visualize vascular
structures. 
In MIP reconstructions made from CE-MRA acquisitions, it is essential to have a

baseline dataset to be used as a subtraction mask in order to remove the signal from
fat tissue, thus avoiding artifacts in the reconstructions.
Conversely, CTA examinations, the element with the greatest voxel gray scale in-

tensity is not the iodinated contrast medium, but usually calcium (atheromas, compact
bone) or metal (prostheses, clips), and this effect limits the usefulness of the MIP re-
construction (in most cases a baseline scan, to be used as a mask, is not performed for
obvious dosimetric considerations).
It should also be considered that where complex vascular ramifications are present,

high-intensity voxels overlap, making it difficult to understand the anatomy of vascular
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Fig. 3.8 a Patient with a metallic stent in the middle third of the left superficial femoral artery, VR reconstruction. b CPR reconstruction
allows comprehensive visualization of the stent lumen. c Is it possible to rotate the reconstruction (d), generating sections perpendicular to
the vessel axis (e), to quantify the extent of restenosis caused by neo-intimal hyperplasia phenomena
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branches and leading to misinterpretation. A par-
adigmatic example can be seen in the proximal
renal artery (Fig. 3.11). However, modern work-
stations are equipped with reconstruction soft-
ware programs that automatically reduce these
previously mentioned limits of MIP reconstruc-
tion; in particular, by selecting layered partitions,
rather than the entire volume, as a data source for
reconstructions (thin slab), it is possible to reduce
the inclusion of high-intensity non-vascular vox-
els (bone and metal) (Fig. 3.12).
With advanced software it is also possible to

use several segmentation programs to remove the
voxels with high-intensity (bone removal tech-
niques). However, the high intensity voxels con-
taining calcifications, such as those in the arterial
wall, are not easy to remove and therefore still play
a limiting role for MIP reconstruction in CTA. 
If many arterial wall calcifications are present,

MPR and CPR are preferable, although MIP im-
ages can still be useful in pre-surgical planning
by helping to create a map of calcium distribution
(Fig. 3.13). As mentioned above, the thin-slab
MIP reconstruction technique can improve diag-
nostic accuracy and quality by reducing the vol-
ume of interest in thinner slices, which are
adjustable from a few millimeters to several cen-
timeters.
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Fig. 3.9 Multi-path CPR

Fig. 3.10 Schematic representation of a MIP reconstruc-
tion technique. Through the ray casting process, the hi-
ghest gray scale intensity voxel for each viewing direction
is represented on the reconstructed image



MinIP reconstructions are based on the ray casting process, but with opposite princi-
ples compared to MIP. To create the output image, the minimum gray scale intensity
in each single voxel along the viewing direction is encoded (Fig. 3.14).
Currently the MinIP reconstructions are used only in CTA and, in particular, in

the analysis of the vascular filling defects and of the heart valve leaflets.
The heart valve structures are very difficult to explore because they are very thin

structures in continuous movement. Therefore, for a more accurate visualization of
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Fig. 3.11 Renal artery stenosis. a The MIP reconstruction hides the origin of the right renal artery and the ostial stenosis cannot be diagnosed.
b,c 3D VR reconstructions allow for the visualization of a severe stenosis at the right renal artery origin
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Fig. 3.12 MIP coronal plane reconstruction of carotid stenting with different slice thicknesses. a
With a 30 mm slice thickness the stent lumen cannot be visualized due to overlapping of the density
voxels of the metal device. b If the MIP reconstruction slice thickness is reduced to 4 mm the vessel
and stent patency can be assessed
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the valve leaflets, a slice thickness of 5-20 mm should be selected and oriented ac-
cording to the valve plane by applying MinIP reconstructions with or without inversion
of the gray scale (Fig. 3.15).
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Fig. 3.13 Map of calcium distribution. a The sagittal plane MIP reconstruction allows for optimal
visualization of the calcified atherosclerotic plaques in a patient with an aortic aneurysm. b The
multi-path CPR reconstruction of the abdominal aorta and peripheral arterial circulation (courtesy
of Prof. Fleischmann) demonstrates diffuse arterial calcifications
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Fig. 3.14 Schematic
representation of a MinIP
reconstruction technique.
Through the ray casting
process, the lower gray scale
intensity voxel for each
viewing direction is
represented on the
reconstructed image



Even the VR reconstruction algorithms are based on the ray casting process, but use
an artificial light source and color coding. 
A particular color (predetermined color palettes are adjustable) and an opacity

value (0% = complete opacity, to 100% = complete transparency) are assigned to the
volume voxels to be examined based on the value of attenuation (CTA) or signal in-
tensity (MRA) (Fig. 3.16).
Thus, different voxels may contribute to the output image (not just those with max-

imum or minimum intensity) by processing data from different tissues (bone, con-
trast-enhanced vessels, parenchyma, soft tissue). 
In MRA and CTA examinations, using opacity transfer functions, it is possible to

highlight the contrast-enhanced vessels with respect to soft tissue and parenchyma
that are not yet enhanced by the contrast medium. This result is typically achieved by
using an opacity scale with three distinct levels: transparent areas, a transition zone,
and a plateau. By modulating the slope variations in the transition zone, the visuali-
zation of the various structural contours can be modified. Another application of VR
reconstructions is aimed at obtaining endovascular views (virtual angioscopy) by mak-
ing blood and vessel walls transparent while enhancing the opacity of the surrounding
structures. The use of artificial light sources can also provide a depth effect that is
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VR

Fig. 3.15 Different post-processing techniques used to visualize the aortic valve in a patient with
Marfan’s Syndrome. The aortic root is mildly enlarged and the tricuspid aortic valve shows incom-
plete valve leaflet closure



more evident than MIP, with adequate demonstration and differentiation of the com-
plex vascular anatomy. In the generation of 3D images, light effects are of major im-
portance: since a discrete surface area cannot be calculated by VR, the sources of light
are generated by the computer according to the level of each voxel attenuation/inten-
sity. The greater the excursions between adjacent voxels, the greater the light effects,
such as in the case of contours of contrast-enhanced vascular structures (high spatial
gradient regions). If adjacent voxels have similar values, lower lighting effects will
be generated. To obtain VR reconstructions, a light source arising from the point of
view is typically used. If it is necessary to accentuate the surface irregularities, the
light source can be separated from the point of view; moreover, the light effects could
also be modulated by varying image parameters such as brightness, contrast, and am-
bient light. If applied properly, VR reconstructions may generate very realistic images
of anatomical structures, facilitating their clinical-surgical interpretation and correct
information distribution to colleagues and patients.

Several papers comparing the visualization methods and image reconstruction tech-
niques regarding both CTA and MRA have been published. Due to the great variability
of reconstruction algorithms, regarding both operator skills and different types of
workstation, it is not easy to correctly compare the results obtained, nor to define a
standard protocol. 
However, in our experience the most powerful and effective method of performing

cardiovascular imaging data analysis is based on a visualization environment that al-
lows for a quick and intuitive switch between different reconstruction approaches: the
integration of different post-processing techniques enables the evaluation of the entire
data volume and the correct interpretation of both the anatomy and pathology.
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Fig. 3.16 Schematic
representation of a VR
reconstruction technique. 
By using an artificial light,
the image is reconstructed
using the ray casting process,
assigning to each voxel an
opacity value and a color,
according to its density (CT)
or to its signal intensity
(MRI). Unlike MIP and
MinIP techniques, all voxels
contribute to the image
processing

What Is the Best Method
of Visualization?






