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Abstract (i.e., minimal and maximal vessel diameter, average attenuation)
can be displayed.
Visualization of tubular structures such as blood vessels is an im-  Another way to visualize structures with small diameter is to
portant topic in medical imaging. One way to display tubular re-sample and visualize the data set according to the high level
structures for diagnostic purposes is to generate longitudinal cross-information gained from the centerline detection process. This
sections in order to show their lumen, wall, and surrounding tissue process is calle€PR - Curved Planar ReformationThe whole
in a curved plane. This process is called Curved Planar Reforma-length of the tubular structure is displayed within a single image by
tion (CPR). We present three different methods to generate CPRthis technique. Vascular abnormalities (i.e., stenoses, occlusions,
images. A tube-phantom was scanned with Computed Tomographyaneurysms and vessel wall calcifications) are then investigated by
(CT) to illustrate the properties of the different CPR methods. Fur- physicians. This process is sometimes referred to as Multi Planar
thermore we introduce enhancements to these methods: thick-CPRReformation (MPR). However the term MPR is not precise enough,
rotating-CPR and multi-path-CPR. as this term is commonly used for planar cross-sections re-sampled
from a volumetric data set.

Even though CPR is an established technique in the medical
community, the visual properties, the advantages and the problems
of different types of CPRs have not been specifically addressed in
Keywords: computed tomography angiography, vessel analysis, the literature. Understanding the problems is essential for the accu-
curved planar reformation rate interpretation of the resulting images. Typically medical work-

stations contain some type of CPR, however important properties

like length preservation are often not known to the user. This paper
1 Introduction thus focuses on the generation, properties, and enhancements of dif-

ferent CPR methods. A comparison of this technique with conven-

In medical imaging the assessment of tubular structures (i.e., bloodtional volume visualization techniques is not the topic of this paper,
vessels, bronchi, and colon) is a topic of high interest. Computed @S Such comparisons are already available [Addis et al. 2001].
tomography (CT) and magnetic resonance |mag|ng (MR|) provide Section 2 descrlbes .related Work n thIS_al’ea. |n SeCtIOI’! 3 d|ﬁer'
three-dimensional volumetric data sets of the human body, which ent.CPR methods are |r)troduced and their technical details are de-
contain these objects of interest. The data gained from CT and MR, Scribed. A short evaluation of the proposed methods on a dedicated
however, contain many objects of less or no interest. This makes tube-phantom is presented in Section 4. Section 5 proposes some
V0|ume_rendering (i.e.7 Maximum |ntensity Projection (M'P), ray extensions and variants of the pI’E\_/I_OUS|y Int_I’Oduced CPR methods.
casting, shaded surface display) without preprocessing often impos-Notably a new method for compositing multiple CPRs is proposed.
sible or inaccurate. Furthermore the objects of interest are hardly POSSlbIe |mprOVementS and COnC|US|0nS are d|scussed in Section 6.
located entirely within a single plane. In order to investigate these
objects their central axis is derived from the data set. In this respect
several algorithms [Kanitsar et al. 2001] have been developed with 2 Related Work
different properties concerning reliability, speed and accuracy. The
central axis, as an output of these algorithms, can be used as a camkatest CT technology, such as multiple detector-array CT, provide
era path (i.e., virtual endoscopy) [Vilanova et al. 1999]. As vascular high resolution volumetric data sets. Due to the large size of these
structures have a comparably small diameter, the central axis is of-data sets (up to 1900 transverse cross-sectional images of the ab-
ten taken as input for further vessel analysis. Different properties domen and entire legs), the investigation of the original images is
no longer an option. Therefore volume visualization and data ref-
*{kanitsar,meistgr@cg.tuwien.ac.at, http://www.cg.tuwien.ac.at/home/ ormation play an important role in medical imaging. As accuracy
Tdominik.fleischmann@univie.ac.at is an important aspect of medical imaging, most of the literature in
*{petr.felkel rainer.wegenkift@tiani.com http://www.tiani.com/ this area is written from a medical point of view. There is little lit-
erature available on the technical aspects and on issues relevant for
implementation of CPR.

Avants and Williams presented a vessel tracking method consist-
ing of two parts [Avants and Williams 2000]. From user defined
seed points a surface expansion is computed based on the eikonal
partial differential equation. A minimal cost path is calculated from
these regions. From this path a cross-sectional area/radius profile is
generated.

He et al proposed a path extraction method based on a two-
dimensional region-growing algorithm with a subsequent shortest
path algorithm [He et al. 2001]. The resulting path was refined us-
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CPR Method Spatial perception Isometry | Occlusion
Projected CPR high no probably
Stretched CPR medium yes no

Straightened CPR low yes no

Table 1: Properties of CPR types

3.1 Projected CPR

The projected CPR can be seen as a projection of a data set, taking
Figure 1: Principle of the CPR visualization into account only a thin slice of voxels (see Figure 2). This slice is
defined by the central axis of the tubular structures and the vector-
of-interest. If we assume the vector-of-interest to be colinear with
thy y-axis, we do a parallel projection of a free-form surface along

) . . . the x-axis.
ing the multi-scale medial response. The vascular tree is flattened | particular, for each point of the central axis the line-of-interest
in a semiautomatic method callétedial Axis Reformation is projected to the corresponding line of the image. This relation-

Some authors propose to take the central-axis as an input forship is defined by the camera’s coordinate system (i.e., the up-
the generation of an abstract vessel-model. Abstract vessel-models/ector). If the up-vector of the camera is parallel to the z-axis, the
allow fast rendering, as polygonal meshes of low complexity are z-coordinate of the line-of-interest is mapped directly to the image.
generated [Felkel et al. 2002]. Furthermore non photorealistic ren- Note that the resulting image size only depends on the size of the
dering provides the possibility to emphasize global properties of the data set.
vascular tree [Hahn et al. 2001]. For this camera coordinate system (the up-vector is parallel to the

A comparison of MPR, MIP, shaded surface display (SSD) and z-axis), a monotonously increasing central axis with respect to the
direct volume rendering (DVR) with respect to accuracy is given in z-axis is the most simple case. Each line in the image buffer may be
[Addis et al. 2001]. The outcome of this comparison is that all ren- overwritten without considering the contained values. However this
dering techniques accurately display vessels of a diameter greaterrestriction normally does not hold with real-world data sets. There-
than 4 mm. Except for DVR the error for all visualization methods fore voxel compositing is done usiddaximum Intensity Projection
increases for smaller structures. However the problem of finding (MIP), Minimum Intensity Projectio{MinIP), oraveraging(AVG).
an appropriate transfer-function, respectively iso-value was not tar-  Due to the parallel projection the spatial relations are maintained
geted by this paper. by this method. This helps the observer to perceive the spatial ar-

Further information about the clinical relevance of the CPR visu- fangement.
alization technique can be found in [Rubin et al. 2001], [Achenbach  The first disadvantage of this method is that structures of higher
et al. 1998] and [Kanitsar et al. 2001]. intensity (i.e., bony structures) still may obscure the structures of
interest (i.e., vessels). This situation arises, if parts of the line-
of-interest associated with a certain point of the central-axis con-
tains bony structures and this parts are projected to an image region
3 CPR Methods containing vascular structures from a previous or following line-
of-interest. The occurrence of such situations heavily depends on
The goal of CPR visualization is to make a tubular structure visible the application area. In the case of peripheral vascular structures
in it's entire length within one single image. To accomplish this re- this case hardly ever arises, however the visualization of the carotid
quirement a-priori information about the tubular structure, notably artery at the level of the skull-base often leads to such situations.
the object’s central axis, is required. Without loss of generality the ~ Another disadvantage of the projected CPR method is the distor-
object’s central axis is assumed to be a sequence of points at suldion of the central axis’ length due to parallel projection. Therefore
voxel resolution. isometry is not preserved.

In general the spatial position and shape of the central axis de-
termines which parts of the 3D space are visualized. On the left
side of Figure 1 the central axis is shown. The re-sampled surface3'2 Stretched CPR

is shown on the right side of Figure 1. As the surface is not well The surface defined by the vessel central axis and the vector-of-
defined by just one curve in 3D, an additional vecteedtor-of- interest is curved in one dimension and planar in the other one.
interes) is introduced. In some cases it is possible to define the gyretching the curved dimension results in a plane showing the

vector-of-interest parallel to the xy-plane, which increases the per- tpylar structure in it's entirety without overlapping (see Figure 2).
formance of the generation process. Together with a point from the Thjs type of CPR is referred to &tretched CPR

central axis, the vector-of-interest defines a straight llime-{of- Processing all points of the central-axis successively, the corre-
interes). All voxels_ toucht_ad by this line are taken to re-sample the sponding lines-of-interest are mapped to the image. This is done by
volume along the line-of-interest. rotating the consecutive point around the current line-of-interest.

The following subsections describe different methods for CPR The point is rotated in a way that the resulting plane is coplanar
generation with their respective geometric properties pointed out in to the viewing plane. As the distance between the two consecu-
detail. The properties of the different methods are summarized in tive points is preserved by this operation in image space, isometry
table 1. is maintained. Thus the image size does not only depend on the

Figure 2 illustrates the different CPR generation methods. The length of the path, but also on the vector-of-interest. This fact is
horizontal plane represents the image and the image y-axis as horeasy to see as the image height is small, if the path is highly curved
izontal blue arrow. Corresponding to this axis, the curve in the in the resulting image.
volumetric data set is sketched by the vertical blue arrow. Especially we are only interested in the image y-coordinates of



Figure 2: Different CPR generation methods: a) Projected CPR, b) Stretched CPR, c) Straightened CPR

the lines-of-interest. Let's assume pomtto be the last processed  from the local coordinate system to the global coordinate system.

point and pointR, ., the currently processed point of the central  The direction of the line-of-interetis given by formula (2):

axis. The vectocJTi = Iﬁ’ represents the path direction at position . ]

i. Furthermord is the normalized direction of the line-of-interest. li = cosp -G +sing - )

According to formula (1) the offsel; in image space is. The image offsety; for the line-of-interest corresponding to point
P, equals the distance from poiRtto P_ ;:

Ai =V |&;|27 (rCT|)2 (1) Ai — |FT’ (3)
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The image positiory, , , of the line-of-interest related to poiRy, ; The most obvious disadvantage is the lack of spatial orientation.

is given byy, , =V, +4; wherey, = 0. Only short segments of visible side branches of the parent vessels
As the central axis is assumed to be sampled with sub-voxel reso-indicate the topographic position of a given arterial segment.

lution all rows of the image are filled. However introducing a zoom- One advantage of this method is the preserved isometry. Fur-

ing capability requires to interpolate between the lines-of-interest, thermore the direct relation between image height and central-axis

if necessary. length makes it easy to create linked displays. Whenever the user

As the curvature of the tubular structure is still largely main- points at a certain position of the image, the corresponding cross-
tained by this kind of visualization, the spatial orientation is still section is displayed in a separate view. This feature eases the lack
possible for the user. of spatial orientation.

The generation process of a stretched CPR ensures that other Another advantage is the easy perception of variances of the di-
objects do not cover vascular structures. This is one of the key ameter. Due to the elimination of curvature of the central-axis the
requirements in vessel visualization. only varying property along the central-axis is the structure’s diam-

The main advantage of this CPR type is the preserved isome- eter.
try, which is important for accurate preoperative planning of en-
dovascular stent-graft treatment of aortic aneurysms. The lengths
of normal and abnormal vascular segments need to be determine04

accurately for sizing the endovascular prosthesis. This is possible .
in the case of a stretched CPR, but not in the case of a projectedTO evaluate the different CPR methods a phantdubgs Phan-

CPR tom) simulating vascular structures in predefined spatial positions
’ was assembled. The phantom was scanned with CT at a resolu-
tion of 512x512x509 voxels. The real world size of the phantom
3.3 Straightened CPR was 382 mm in transversal and 509 mm in longitudinal direction.
The display window of the CPR images was centered at -251 HU
The third type of curved planar reformation fully straightens the (Hounsfield Units) at a width of 1452 HU.
tubular structure (see Figure 2). This CPR method generates a lin-  Apart from different objects for evaluating measurement accu-
ear representation of the vessel with varying diameter. The heightracy, the phantom contained water-filled tubes simulating blood
of the resulting image corresponds to the length of the central axis. vessels wrapped around three cardboard cylinders of 6 cm diam-
In contrast to the above mentioned methods, the line-of-interest eter oriented in the three main directions (see Figure 3). Each thin
is no longer necessarily parallel to the axial slices. At each point tube was 50 cm long and was scaled each 5 cm by a marker. Fur-
P, of the central axis the tangent vectpis calculated. The plane  thermore a 1.5 m long tube in arbitrary position, also filled with
& (cross-sectiopis defined byP, andt;. A local coordinate system  water, was included. The distance between each marker of 1 cm

Evaluation of the CPR methods

is defined by two generating vectors of the plagie U and v/ width was 9 cm. The diameter of the thin tubes was 4.6 mm, which
whereby@’ L V. The line-of-interest is defined within the plage is comparable to the arteries distal of the knees. In the case of the
by an angle within the unit circle: the angle-of-intergst projected CPR the voxels are composited using MIP.

As eitherT or 'V is mapped to the local coordinate system’s x- The first row of Figure 4 shows the MIP of the phantom data set.
axis, excessive rotation along the central axis may cause undesiredrhe visualized tubes are highlighted, by showing their central-axis
artifacts. Methods exist to minimize this effect [Klok 1986]. in blue color.

In particular it is not necessary to re-sample the whole cross- Comparing the projected CPR to the corresponding MIP, the
section from the data set. It is more efficient to do a transformation similarity proposed in chapter 3 is quite obvious. Whenever the



Figure 5: Atrtificial stenosis introduced by imprecise central axis
computation.

2 )| A
Figure 3: Iso-surface extraction of the “Tubes Phantom” at-224 HU. m ‘ g ‘ gj ‘
[ - -

central-axis is parallel to the plane defined by the camera coordinateFigure 7: Left to Right: MinlP of 5 mm thick slab, MIP of 0 mm

system’s up-vector, the visible diameter of a vessel may degeneratethick slab, MIP of 5 mm thick slab.

At the inflection point in image space of the projected central-axis

at most half of the true diameter is displayed in case of a perfect

central-axis. The diameter may degenerate to a line if the critical

section is not covered by a point of the central-axis prior or after-  Averaging the voxels projected to one pixel in image space natu-

wards. These artifacts can be seen in the second row of Figure 4. rally results in blurred images (see top row of Figure 6). Especially

The stretched CPR generation method was found out to producetiny structures tend to fade out as well as calcified parts may de-

highly reliable results. However any deviation of the central-axis crease in attenuation. However especially for data sets with low

from the optimal central position increases the displayed length of signal to noise ratio this kind of re-sampling improves the image

the tubular structure. As the difference is quite small compared to quality.

the length of the structure the error is usually negligible. Inrare  ysing maximum intensity projection for re-sampling basically

situations not the length of the object, but it's diameter may appear gives the maximum extent of high attenuation objects within the

larger than real. This occurs, if the tangent vector of the central-axis sjab from the current viewing direction. Thus no artificial steno-

is nearly parallel to the vector-of-interest. sis are possible as long as the true central axis is within the range

The straightened CPR is highly sensitive to inaccuracies of the of the re-sampled slab. Another advantage of MIP re-sampling is

underlying central axis. Any deviation of the computed path from an increase of spatial orientation, as side branches and bifurcations

the true central axis results in a shift of the object in image space. of the main arteries become visible (see second row of Figure 6).
However, depending on the viewing direction, vascular structures
might be obscured by adjacent bones.

5 CPR Enhancement Analogously the minimum intensity re-sampling method is in-
tended to emphasize structures of low attenuation (i.e., bronchi). A

All of the above CPR methods have some limitations in common. comparison between MIP and MinIP on a thoracic data set is shown
First, all CPRs depend on the quality of the computed central axis in Figure 7.

path. Second, only those parts of the vascular structures are visible

in the image, which are touched by the re-sampled plane. Third,

only one tubular structure of an entire vascular tree can be visual-5.2 Rotating CPR

ized at the same time. As surrounding tissue may be distorted in o ) ]

the image, it can be difficult to immediately recognize portions of Visualizing the lumen of the vessel hides features, which are not

a vessel tree actually displayed. In order to overcome those limita- touched by the displayed longitudinal section. Rotating the longi-

tions Of the CPR methods some enhancements are proposed in th&ldlnal section .around the Central-aX|S prOV|deS the pOSS|b|I|ty to

following Section. inspect the entire vessel. Therefore the authors propose the term

The enhancements of the CPR methods are demonstrated on &tating CPR _ _ _

real-world data set with a scanned resolution of 512x512x988. The A stretched or projected CPR is generated by rotating the vector-

patient suffers from high graded stenoses in both femoral arteries. Of-interest around a predefined axis. The straightened CPR is ro-

Calcifications are visible in both popliteal arteries and a complete tated by changing the angle-of-interest accordingly.

occlusion in the left popliteal artery is present. In Figure 8 a Stretched CPR from seven different viewing direc-
tions is shown. The rotation axis is parallel to the z-axis and cen-
tered within the axial slices. The rotation angle is given as the en-

5.1 Thick CPR closed angle of the viewing direction and the negative y-axis. Vessel

wall calcification becomes visible at 90120° and 150.

Up to now only a thin surface was taken into consideration to be
re-sampled from the data set. Especially in the case of arteries with
small diameter an inaccurate central axis (see Figure 5a) immedi-5 3  Multi-Path CPR

ately results in an artificial stenosis (see Figure 5b). In order to

make this visualization method less sensitive to imprecise central One substantial disadvantage of CPR visualization for diagnostic
paths a slab of a certain thickness is re-sampled from the data set. purposes is the restriction to a single tubular element only. Most



Figure 4: Top to bottom: MIP, Projected CPR, Stretched CPR, Straightened CPR. Left to right: Major central-axis direction parallel to z-axis,
parallel to y-axis, parallel to x-axis, in arbitrary direction.
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Figure 6: Left side: A stretched CPR of the whole data set. Middle and right side: Enlargement of the upper and lower sector. Top row to
bottom row: Averaging, MIP and MinIP resampling of 0 mm, 5 mm and 10 mm.

Figure 8: Rotating Stretched CPR.,®0°, 60, 90°, 12C°, 150C°, 180C°.



clinically relevant 'tubes’ are part of a branching, anatomic struc-
ture. For instance the peripheral arterial tree begins at the ab-
dominal aorta and branches into the left and right common iliac
artery which again branches into internal and external iliac arteries.
The latter is in continuity with the common femoral artery, which
branches into a deep and into a superficial femoral artery, which be-
comes the popliteal artery and diverges into the anterior tibial, the
posterio tibial, and the peroneal arteries. A comprehensive display
of all clinically relevant vessels in one image is highly desirable.

The straight forward approach of simply compositing all calcu-
lated CPRs does not produce the desired result. No matter which _ . . .
re-sampling strategy is applied artifacts are always introduced in Figure 9: MIP compositing of multiple projected CPRs at 120
the generated image. In Figure 9 vascular structures are obscured/i€wing direction.
by bones from different layers. Therefore we propose a new image
space driven method for compositing projected or stretched CPRs
from multiple central-axes.

The tree of central-axes and the volumetric data set is taken as
input for the algorithm (Figure 10a). An enhanced z-bufeof
the same size as the image provides space for information entries
containing a reference to a path, a reference to a point of this path
(point), and depth information. Furthermore each entry contains
information about an associated spgmeginandend A span repre-
sents the part of an image line belonging to a certain path segment.

Tree projection. The tree (10b) is mapped to the buffeac-
cording to the applied CPR method. Figure 10c shows the entries
of the buffer after the CPR process. If points of different paths are
mapped to the same image position, the one spatially closer to the
observer is taken.

Buffer traversal. In a second step two buffer traversals are

needed to determine the length of the span. The span is computed Figure 10: Generation of multiple CPRs.
so that the space between neighboring paths within a line is equally

divided. The image line at the border of the image is assigned to the

leftmost or rightmost path segment, respectively (see Figure 10d).

vessel wall calcifications may obscure the true vessel lumen (flow

Each fled eniybixy] i processe 50 that the mage lyes TS WCh s e clnialy elvantnormiaton. n i case

filled from positionb|x,y].beginto b[x,y].end with the data values gn y S - : ppiemente
by browsing through the original cross-sectional images, which is

associated with poinblx,y}.point. This results in a composited impractical with large data sets. Diagnostic relevant information
CPR through multiple vessel center-paths without overlapping this case is provided by axial slicing through the data, which is

structures, as each tree segment is drawn in a separate image regio@dious for large data sets, or by CPR images

(see Figure 10e).

Three different methods (i.e., projected, stretched, and straight-
In Figure 11 a multiple projected CPR is presented. The im- ened CPR) have been demonstrated. A comparison of the three
age on the left provides an overview of the computed multiple methods with respect to spatial perception, isometry, and possible
projected CPR. The CPR can still be rotated. A close-up of the occlusions has shown that the straightened CPR is the preferred
upper image region is shown from different viewing directions. method for many applications.

As the vessel course in the straightened CPR is fixed to the center Targeting the drawbacks of visualizing tubular structures using
of the image, all CPRs would be mapped to the same image posi-CPRs three enhancements to the basic methods have been intro-
tion. Therefore we propose a tree-like arrangement of the CPRs duced. The generalization of the re-sampled slice to a slab of voxels
from the tree segments. In Figure 12 the corresponding area wasimproves the image quality of thin structures. In daily practice the

Data re-sampling. In the final step the buffer is traversed again.

processed using the stretched CPR method. MIP re-sampling strategy was found out to be the most appropriate.
The rotating CPR feature significantly improves the quality of

6 Conclusions and Discussion vessel investigation and we speculate that it substantially adds to
diagnostic confidence. Interactivity is a main property of this im-

In this paper methods for the generatiorQoirved Planar Reforma- provement. The current implementation in Java on a PC worksta-

tion (CPR) images have been presented. This method allows the vi-tion with an Intel Plll 1GHz main processor provides 10-15 frames
sualization of entire tubular structures with minimal modification of Per second depending on the volume size and the length of the
the original data. The main application of this visualization method Central-axis.

is Computed Tomography Angiograpf@TA). CPR provides the As fewer images have to be generated and as the spatial rela-
possibility to visualize the interior of vascular structures (i.e., the tionships of the vascular tree are well preserved, we believe that
lumen of the vessel). Direct volume rendering approaches and sur-this technique is not only very well suited for diagnostic purposes,
face shaded display methods only provide the possibility to inspect but also for the documentation and for communicating the extent of
the surface of vascular structures. With volume rendering even mild disease to the treating physician.



Figure 11: Left to right: Overview of a multiple projected CPR at Bnlargement of the upper part of multiple projected CPRs 3t &0,
90, 120, 150, 180C°.

Figure 12: Left to right: Overview of a multiple stretched CPR atBnlargement of the upper part of multiple projected CPRs &t 80,
90, 120, 150, 180C°.
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