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Abstract — We present novel, comprehensive visualization techniques for the diagnosis of patients with Coronary Artery Disease
using segmented cardiac MRI data. We extent an accepted medical visualization technique called the bull's eye plot by removing
discontinuities, preserving the volumetric nature of the left ventricular wall and adding anatomical context. The resulting volumetric
bull's eye plot can be used for the assessment of transmurality. We link these visualizations to a 3D view that presents viability
information in a detailed anatomical context. We combine multiple MRI scans (whole heart anatomical data, late enhancement data)
and multiple segmentations (polygonal heart model, late enhancement contours, coronary artery tree). By selectively combining
different rendering techniques we obtain comprehensive yet intuitive visualizations of the various data sources.

Index Terms —Cardiac MR, late enhancement, viability, bull's eye plot.
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1 Introduction

The human heart consists of four chambers; two atria and two ve-the contrast agent, it shows up brighter on the scan than healthy tis-
tricles, which are both classi ed as left and right. The right ventrisue does. LE scans commonly have a much lower resolution than WH
cle pumps the blood through the lungs while the left ventricle pumgg€ans and thus exhibit fairly little anatomical detail.
the blood through the rest of the body. The muscle tissue that formsCurrently the results of MRI-based scar quanti cation methods are
the wall of both ventricles is called the myocardium. The part of thexamined using solely 2D visualization techniques. Apart from exam-
myocardium that separates the left and right ventricles is called timing the individual slices, the bull's eye plot is often used to obtain a
septum. As any muscle tissue, the myocardium requires oxygenstthematic representation of the scar in a patient. The bull's eye plot
operate. This is supplied by the coronary arteries; numerous vessalps the left ventricular wall to a colored circle with the apex being
surrounding the heart. mapped to the circle center. This 2D visualization technique gives an
Over time a stenosis, i.e. a partial or complete occlusion of a vesserview of the entire LE scan and eliminates shape variations of the
sel, may develop in one or more of the coronary arteries due to varide§ ventricle between patients. The approach has two important draw-
causes. A patient with a stenosis in one or more vessels is said to hb&eks. First it is dif cult to make a relation to the 3D anatomy. Even
Coronary Artery Disease (CAD). If a stenosis continues to develop amthen using the LE slices, all relations have to be done mentally. Sec-
eventually completely occludes the vessel, the patient suffers a noyd it is impossible to relate scar to speci ¢ coronary arteries, which
ocardial infarction, also known as heart attack. Part of the heart musay be the cause of the scar, in a patient-speci c way.
cle tissue experiences a prolonged shortage of oxygen, which cause@/e present novel visualization techniques for the diagnosis of pa-
damage. In some occasions this damage is irreversible. The detectients with CAD that overcome these limitations. We extent the bull's
and quanti cation of such infarcted myocardial tissue, also called scaye plot by unfolding the myocardium and preserving the volumet-
is of importance for the assessment of the infarct location and sevge- nature of the left ventricular wall. This allows for a much better
ity. The severity of scar is partially determined by the transmuralityjsualization of transmurality and thus assessment of the severity of
how far the scar extends into the left ventricular wall. Quanti catioscar than by using the bull's eye plot. We also present a 3D visual-
of scar is also important for the selection and planning of therapy suigfation of scar in an anatomical context that clearly shows the shape
as revascularization via the placement of a stent or a bypass. and location of the scar in relation to the myocardial anatomy. We
Magnetic Resonance Imaging (MRI) has been shown to be an afinotate this view with various visualizations of the anatomy of the
fective diagnosis technique for CAD. Current MRI technology allowsoronary arteries, to relate scar to arteries that may be responsible for
the acquisition of high resolution, 3D Whole-Heart (WH) scans thaupplying the infarcted area. By linking these visualizations together
expose mainly anatomical detail. Among the wide variety of MRI adt is possible to navigate through the data examining both myocardial
quisition protocols is Late-Enhancement (LE) imaging, a protocol thahd coronary anatomy and scar shape, location and transmurality in a
uses a contrast agent to visualize scar. A LE scan is made 15 to 20 niomprehensive way.
utes after injection of a contrast agent. Because scar can contain morge rst discuss related work concerning visualization of cardiac
contrast agent than healthy tissue and experiences a delayed wasii) data (section 2). Then an overview of our framework is given
along with the data types we use (section 3). This is followed by a de-
scription of our novel schematic visualization techniques (section 4)
and anatomical context visualization (section 5). Afterwards we dis-
cuss how a connection between these two visualizations is established
through interaction (section 6). Finally, we present the conclusions
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Besides the segmentation model a schematic overview to represep
the left ventricle in a single diagram was presented. This diagram
called a Bull's Eye Plot (BEP) and consists of a set of concentric ¢
cles, which are each divided into a number of segments. The in
circles represent the region near the apex, the bottom of the left v
tricle, while the outer circles represent the area near the top of the
ventricle. This diagram is popular in medical practice as it is intuiti
and gives a comparable global overview of the property being md
sured.

Nobleet al.[10] combine LE data with information on myocardial
contraction to identify regions of the myocardium that suffer from ig
chemia but are not yet scarred. Such regions can still be revived
identi cation thereof is thus useful. They propose both the use of
BEP and a projection onto the left ventricular wall as visualization @) ()

of the resulting parameters. The latter aims to visualize the measure- ] .
ments in an anatomical context, since the BEP is an abstract repredgflure 1: (a) A four-chamber long-axis view on a WH scan annotated

tation without anatomical information. In their work the outcome wa¥ith the heart model intersection lines and (b) a LE slice with manu-
limited, since only a segmentation of the left ventricle was used. ~ &lly drawn contours (green and yellow), healthy region (blue) and scar

Besides the BEP more visualization methods for the analysis G@9ion (red).

cardiac tomography data have been proposed, although most of these e i .
techniques have not yet been accepted in medical practice. Klmhneq%amber long-axis view of a WH scan. Additionally we use a currently

; . 3 ! erimental prototype [8] to extract the centerlines of the main coro-
al. [7] designed software assistants for the analysis of cardiac CT a%?r)y arteries. This segmentation information captures the shape, size,

MRI data. Their approach aims to correlate different measurements by 2. . ) ;
using advanced visualization techniques. In the same context Oel‘?ﬁ%"t'on and orientation of all the relevant parts of the heart.
et al. [11] presented various visualization techniques for the analysis
of perfusion data. Here an integration of visualizations of perfusi . ; .
measurements with anatomical information is proposed. This allo the user on each short-ax[s LE slice where these structures are vis-
perfusion defects to be easily related to coronary artery branches feld'e: An example of a LE slice and such manually drawn contours
ing the affected area. is given in Figure 1b. These contours are Fhen |nterpolatgd to form a
Both these approaches propose the use of schematic visualizarofg)nF’C)Iygon"jll mesh. Th's.‘ mesh, which typically does not mcludc_e the
techniques such as the BEP in combination with 3D visualization tec DEX, forms a segmentation of the relevant parts of the left ventricular
nigues to visualize the data in an anatomical context. The motivati oca_rdlum. ) . .
behind this approach is that the reproducibility of the diagnostic work B€Sides a segmentation, a proper classi cation of LE data requires
ow is increased, as the relation to anatomy is maintained. Howevé method to discriminate scar from healthy tissue. This is commonly

the schematic visualizations presented offer only little anatomical coiecemplished with the de nition of a function that classi es density
text, making it hard to relate them to the 3D visualizations. Moré/_alues as either scar or viable tissue. This scar classi cation function

over, the 3D visualizations do not contain the same information as #ifed€ ned by the user. Inside the manually drawn contours, the user
schematic views. This requires the data to be combined mentally. SPECi €S two regions; one that clearly represents healthy tissue and
Qe that clearly represents scar. These two regions are shown in blue

gpd red respectively in Figure 1b. For both regidms, 2s;m+ 2s]
ed as the density range that represents either healthy tissue or scar.

Our segmentation of the LE data consists of a set of manually drawn
ntours of the left ventricle. Endo- and epicardial contours arerdraw

segmentation information. Recently fully automatic segmentation
whole heart MRI data has become possible. The approach prese : ;
by Ecaberet al.[2] uses a geometric heart model that can be adjustdiy i formulamdenotes the mean density asidienotes the standard

to each patient without user interaction. Similar approaches have b iation. In case these two intervals do not overlap, a linear transition
developed simultaneously [9]. Full heart segmentations allow a mdre?€ Ned on the intervalmheaithy+ 2Sheaithy, Mcar  2Sscarl- .
robust approach to selective visualization, where irrelevant parts of he relations between the various data sources and the relation to
the data are left out. They also provide excellent anatomical conté#r analysis system are depicted in Figure 2. The CoViCAD frame-
for advanced 3D visualization techniques that combine various d3Y8rk can be divided into two visualization components. The rstcom-

sources. ponent provides a schematic view of the LE data. It abstracts from the
anatomy to give a clear, global overview of the distribution of scar.
3 Overview of Our Approach The second component is the anatomical view; a 3D view of the heart,

We have developed morehensive visualization framework f r,[ﬁisualizing scar tissue in an anatomical context. These two compo-

/e have developed a comprenensive visualization Iramework 101 ig, o e coupled by an interaction module that provides an intuitive
_dlagn05|s of diseased patients suf_ferlng from CAD. Our techniques ?Lfation between the two views. The schematic view is intended for
!"ter.‘ded fo_r th_e combined anglys[s of LE r_;md WH MR.' data, suppl e visualization of the overall distribution and transmurality of scar,
ing tissue viability and anatomical information, respectively. The M

scans we used we scanned using protocols common in clinical pr h_i_Ie the anat_omical view i; intended for visualizing the size and lo-

> ; gp : . Pr8ion of scar in an anatomical context.

tice. Our framework consists of both schematic techniques for quan-

titative analysis and 3D visualization techniques providing anatomical The \iolumetric Bull's Eye Plot

context. The advantage of our approach is that our framework also

supplies anatomical context in the schematic visualizations and itTie left ventricular myocardium has a complex shape. Not consider-

easy to relate the two visualization by interactive exploration. ing the apex, it has approximately the shape of a cylinder. Itis however
Our approach of visualizing scar tissue relies on segmentationsneft perfectly circular and the wall thickness varies throughout the en-

both the WH and LE scans. From the WH data we extract a fully atire left ventricle. These properties, as well as the general shape, size

tomatically generated geometric heart model using a techniques p?ed orientation, differ for each patient. The Bull's Eye Plot (BEP)

sented by Ecabest al. [2]. The heart model is a polygonal meshwas developed to allow for a structured and reproducible analysis that

consisting of 11 parts. It includes the four chambers, the four valvetgmpares well between different patients. The BEP is a visualization

the aorta, the pulmonary artery and a point indicating the apex. Ti&ehnique that is currently commonly used in clinical environments.

long and short axes are extracted from the heart model. These twdrhe BEP is a visualization concept that can be applied to various

axes are more commonly used for image acquisition than the standareasurements on the left ventricle. Here we focus on viability infor-

patient axes. Figure 1a shows the intersection of the model with a foaration provided by LE data. A BEP is in essence a mapping of the
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Figure 3: A comparison between (a) a BEP and (b) a VBEP. The rings
in (a) represent the reformatted contours. These are not preg@f in
as the VBEP is a continuous volume. The empty rings originate from

VBEP - tranﬁurality overview cut-through . A N
: i : LE slices for which no contours were drawn, because the myocardium
6 /linked interaction was not present or could not be identi ed on the corresponding slices.
| In both gures blue corresponds to healthy tissue and yellow corre-
o \ sponds to scar.
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Figure 2: Overview of the CoVICAD framework with the various data endocardium

sources outlined in blue and the visualization modules outlined in red.
The green boxes refer to the sections where the corresponding eompo
nents are discussed.

myocardium onto a set of concentric rings. For each slice of the LE
scan, the segmented myocardium as shown in Figure 1b is reformatted
to aring. These rings are combined as a set of concentric circles, with
the apex in the middle. An example of a BEP of LE data is shown
in Figure 3a. The reformatting is commonly accomplished by divid-
ing the myocardial area of each slice into a xed set of sectors. For
each of these sectors the degree of enhancement is computed and the
corresponding sectors in the BEP are colored using a color encoding.
While this approach does eliminate all the inter- and intra-patient
shape variations of the left ventricle, it has three main drawbacks. First
the quantization of the data into sectors gives a less accurate view than
a continuous one. Even though various degrees of quantization are -
being used, the BEP is discontinuous at the borders between the rings wall thickness

> ; . < continuous volume data
of the different slices. The second, more severe drawback is thaﬂbure 4: A VBEP is constructed by unfolding and reformatting the

provides no information on the distribution of scar tissue along thev ..o dium to a cylinder, where the volumetric nature of the ventricle
ventricle wall; the transmurality of scar. This problem is sometim all is preserved

solved by displaying two BEPs simultaneously; one that visualizes

the amount of scar and one that visualizes the transmurality of SGgfeen the epicardium and endocardium is mapped to the thickness of
The third drawback is that it provides no anatomical information. Th@e cylinder. This means that there are no discontinuities between the

BEP is a 2D abstract representation of the LE data, but relating it ¢gntours and that the VBEP is a continuous volume. Therefore there
anatomical information is necessary. Even with an additional view thaty|so no need for quantization.

provides anatomical information, the relation between these two ViewsThe second difference is that the volumetric nature of the left ven-

would have to be done mentally. tricular wall is preserved. This means that the transmurality informa-
4.1 Unfolding the Myocardium tion, Whiqh is !ost in the. BEP, is prgserved in the yBEP. .
The third difference is the addition of anatomical information. As

To overcome these limitations, we propose the Volumetric Bull's Eygan be seen in Figure 3b, the coronary arteries are projected on top
Plot (VBEP); a 3D extension of the BEP that is continuous, provides the epicardial side of the VBEP. This allows scar to be related to
transmurality information and is annotated with anatomical informaoronary arteries. It also allows the orientation of the VBEP to be per-
tion. An example of a VBEP is shown in Figure 3b. It solves the thregsived with respect to the heart. For further perception of orientation,
main disadvantages of the BEP described earlier. two dots are drawn on the side of the VBEP that correspond to the

The VBEP is an unfolding of the myocardium along the long axikcations where the right ventricle joins the left ventricle.
that is reformatted into a cylinder. This is illustrated in Figure 4. The The unfolding of the myocardium is realized by computing two 2D
bottom of the cylinder corresponds to the epicardium and the top c@fansformation maps; one for the epicardium and one for the endo-
responds to the endocardium. Thus the volumetric nature of the lefirdium. Each transformation map contains at each location the co-
ventricular wall is preserved. Like in the BEP, the contours are refasrdinates of the corresponding point in unfolded space. Using trans-
matted to concentric rings to mask any shape variations. There &emation maps does not require to resample the volume data into an
however three important differences, that solve the three aforememfolded representation. Apart from being more memory ef cient,
tioned disadvantages of the BEP. using transformation maps also does not introduce interpolation arti-

The rst difference is that, as shown in Figure 4, the distance béacts. For the VBEP each transformation map is a circle that stores



the coordinates of the endo- or epicardial layer for each point in that E/—|0n9 axis
circle. Linearity is assumed between the endo- and epicardial layers. '
Therefore only two 2D maps are required instead of a full 3D map.
This linearity is assumed because each LE contour is reformatted to
a circle in the VBEP and the contours have the same spacing as in the
LE scan. This is also shown in Figure 4. While it may seem better to
unfold along the normal direction of the center surface (in between the
endo- and epicardial layers), our choice preserves the relation &etwe
the radius dimension in the VBEP and the long axis. In other words, all
points on a concentric cylinder in the VBEP lie in a plane orthogonal
to the long axis. This is an important and intuitive relation, which is
also present in the BEP.

epicardium

4.2 Overall Distribution of Scar

When the cylinder that is the result of the VBEP unfolding is viewed
from the bottom, it gives a similar global overview as a BEP. This can
be seen by comparing Figures 3a and 3b. The volumetric nature of
this cylinder requires a suitable accumulation scheme such as Direct
Volume Rendering (DVR) or Maximum Intensity Projection (MIP). In
Figure 3b a DVR strategy is applied. A linear gradient of two visually
distinct colors is used to color code the degree of scar according to '

the scar classi cation function. In Figure 3 we use blue and yellowiqre 6: The rectangular unfolding is constructed by cutting open the

representing healthy tissue and scar, respectively. More color&lproviyyocardium along a line parallel to the long axis and unfolding it to a
little advantage and may cause visual clutter, especially when M@ggtangle.

annotations are added.

() (b)
9 @ Figure 7: Wall thickness preservation in the VBEP; (a) uniform wall
@ b) thickness; (b) absolute wall thickness preserved.
Figure 5: Two VBEPs that show only a slab of the cylinder; (a) showand reformatted to a rectangle. This is depicted in Figure 6. Propor-
only viability information near the epicardial layer and (b) only neafions inside the myocardium are better preserved in the rectangular
the endocardial layer. unfolding than in the VBEP since less stretching is involved during
the reformatting. The rectangular unfolding is implemented similar to

e VBEP unfolding, only here the transformation maps are rectangu-

. . L ta
_In Figure 3b, allthe data from the !T?yoca”?“a' segmentation is USQg jysiead of circular. When the rectangularly unfolded myocardium
similar to the BEP. However, the additional dimension adds more frqg-

dom. By selecting a slab of the cylinder, the amount of data visualizedvIewecl from the side, the ransmurality can be perceived easily.
in the VBEP can be controlled. This concept is demonstrated in Fig- The motivation behind constructing this rectangular unfolding is as
ure 5. The slab of the cylinder that contains the data represented inféigows. On the VBEP the user can select a pie-shaped area of interest
VBEP can be varied. In this way the viability information either neagFigure 8b), for which a visualization of the transmurality is desired.
the epicardial surface (Figure 5a), the endocardial surface @y The key observation is that this pie-shaped area in the VBEP corre-
or in the center can be visualized separately. This additional degkgsonds to a rectangular slab in the rectangular unfolding. By visualiz-
of freedom is useful for assessing the severity and to some extent ihg only this slab and viewing it from the side, the transmurality of the
transmurality of local scar. region of interest can be observed (Figure 8c). When the pie-shaped
4.3 Transmurality of Scar sectio_n yvould_ be yiewed from the sid_e, d_istort_ions_would appear d_ue
to variations in thickness along the viewing direction and due to its

The main advantage of the VBEP is that the thickness of the cylindgfjindrical shape. These distortions are no longer present in the side
contains the transmurality of scar, i.e. the extent of scar tissue ifgsjection of the rectangular slab.
he

the left ventricular wall. This is demonstrated in Figure 8a, where tl
VBEP is shown from the side with a wedge cut-out. Along the edge Similar to the VBEP, this approach yields a 3D object and thus re-
of the cut-out, the transmurality can be observed. However, onlyqaires a suitable accumulation scheme. Figure 8c demonstrates both a
small part of Figure 8a actually shows the transmurality of the regidvilP and a DVR scheme. Since the transmurality varies throughout the
of interest. The cylindrical shape of the VBEP also makes it dif culventricle, it varies along the viewing direction of the slab. To obtain
to assess the transmurality of a larger region of interest. an accurate visualization of the transmurality, the slab should remain
Therefore we propose a second unfolding of the myocardiuthin. Thus the pie-shaped area on the VBEP should not be too big,
speci cally intended for exploring the transmurality of a region of in-as this may occlude the variations in transmurality inside that area.
terest. The VBEP is an unfolding of the myocardium along the lorigor example, with a DVR scheme only the transmurality of the front
axis. For the second unfolding, called the rectangular unfolding, tipart would be visible, while with a MIP scheme only the maximum
myocardium is rst cut open along the long axis and is then unfoldedansmurality of the slab is visualized.



4.4 Preservation of Wall Thickness

In the VBEP the 3D nature of the left ventricular wall is preserved. In
Figure 4 the wall thickness was reformatted to be uniform. The ab-
solute wall thickness information can also be preserved. This would
cause the height to vary throughout the VBEP, as is demonstrated in
Figure 7. Figure 7a shows a VBEP with uniform thickness. In Fig-
ure 7b the height of the cylinder was scaled at each location using the
absolute wall thickness at that location and the difference between the
maximum and minimum wall thickness. The projection used in Fig-
ure 7 is for demonstration purposes only. The rectangular unfolding
captures phenomena inside the ventricle wall in a better way.

When the myocardium is reformatted to have uniform thickness,
this allows for the perception aélative transmurality (%). When ab-
solute wall thickness information is preserved, it allows for perception
of absolutetransmurality (mm). This distinction is relevant during
diagnosis. Relative transmurality gives a more uniform visualization
of the overall distribution of scar, not distorted by the varying wall
thickness. In the case of partial transmurality, the absolute thickness
of the remaining healthy tissue is relevant for the estimation of gained
functionality if it would undergo revascularization.

The absolute wall thickness information is of most value when as-

sessing the transmurality of scar. While top or bottom projection of . . . N
the VBEP gives an overview of the distribution of scar, absolute wafigure 9: Anatomical view showing the individual parts of the heart,

thickness information and transmurality are best visible in the rectafi€ coronary artery tree and scar tissue in yellow inside the left ven-
gular unfolding. Wall thickness is preserved in the rectangular unfolfficular myocardium.

ing in an identical way as for the VBEP. Figure 8c shows an example of
a transmurality visualization both with uniform and with absolute wall
thickness information. We visualize the wall thickness by adjusti
the distance of the endocardial contour to the epicardial contour. T
keeps the epicardial side at and eases comparison of wall thickn
throughout the slab.

The wall thickness may vary throughout the slab along the vie
ing direction. We visualize this variation using lines indicating th
minimum and maximum wall thicknesses. These lines can be use
detect large variations in wall thickness in the slab. If the two lines a ;

%?_ssmle to relate scar to a coronary artery branch.

far apart, variations in wall thickness are causing an inaccurate visu e of ical view is <h - h
ization of transmurality and a thinner slab should be selected. ThisﬁgAn example of our anatomical view is shown in Figure 9. The LE

While similar approaches of visualizing viability information in an
atomical context have been presented before [10, 11], ounagpr
ers in that we combine multiple data sources with multiple visu-
gation techniques. This approach has been shown to be useful be-
ore [4]. We use detailed anatomical information extracted from the
VWH scan. We combine a volume rendering of the LE data with the ge-
gmetric heart model. Additionally we render the coronary artery tree
a set of solid tubes, as a MIP or as a Curved Planar Reformation
R) [5] of the neighborhood of the vessel centerline. This makes it

similar to the phenomenon that a too thick slab occludes transmurafft§t@ i rendered with Direct Volume Rendering (DVR). All LE data is
due to the accumulation scheme as discussed in section 4.3. réndered using a single constant color, only the opacity varies based
upon the scar classi cation function. In Figure 9 scar is visible as the

4.5 Overlaying Coronary Arteries yellow areas in the wall of the left ventricle. The epicardial wall is

As additional context information, the coronary arteries are projectégndered semi-transparently to prevent occlusion of the LE data. The
on the epicardial surface of the VBEP. We rst project each vesséndocardial wall is rendered in opaque blue so only scar in the front is
centerline to the epicardial surface. Next these centerlines on the eftible. _
cardial surface are mapped to the corresponding centerlines on th&Ve use depth peeling [3] on a closed polygonal mesh constructed
VBEP using the same unfolding. The projection is necessary singem the manually drawn contours to ensure that only the LE data in-
the unfolding transformation is only de ned within the volume of theside the myocardium is rendered. This mesh is typically concave and
LE contours. It can generally be assumed that each part of the n@j-approximate solution that assumes convexity is not acceptable. The
ocardium is fed by the closest coronary artery. The projection of tii@yocardium is surrounded by other bright structures that could easily
coronary arteries on the epicardial surface has no signi cant impag misinterpreted as scar. The depth layers extracted with depth peel-
on the relation between the myocardial tissue and its closest coroniilg: are used to determine which part of each viewing ray intersects
artery. It is therefore an acceptable solution. Parts of the coronary e myocardium. We typically use four depth layers.
teries that have a distance to the epicardial layer greater than a prese&ince the LE data provides little anatomical detail, we display the
threshold, e.g. coronary arteries feeding the right ventricle, are rggometric heart model and the coronary artery tree, both extracted
projected onto the VBEP. from the WH data, as additional anatomical context information. For
An example of a VBEP with the coronary arteries projected on tf@@ntextual purposes this segmentation provides suf cient detail and
epicardial surface is given in Figure 3b. The coronary arteriessact tis visualization would not bene t from adding the original MRI data
additional context information only and no diameter information i%ith e.g. DVR. The original MRI data should however still be ac-
available. They are rendered as lines with a single color and withaiggssable to the user. The individual parts of the heart model are ren-
shading information to avoid visual clutter as much as possible.  dered in visually distinct colors to make them visually clearly separa-
e . ble. The same strategy is applied to the coronary artery tree. Shading
5 Viability in an Anatomical Context is applied using the Phong shading model for increased perception of
The VBEP has more anatomical context than the BEP, but it still &ape. For navigational purposes a VBEP of the LE data is displayed
an abstraction from the actual anatomy. The anatomical view of tR8 the ground plane. It serves as a map of the LE data and gives a
CoViCAD framework provides a 3D view of the heart intended foPetter perception of the orientation of the heart.
the observation of viability information in an anatomical context. Thig
anatomical context is especially useful for the observation of location
and size of scar. Opposed to the schematic view of our framework, tfilee depiction of the coronary arteries in the anatomical view is of great
shape and proportions of the structures in the heart are preserved. diagnostic value. Once a region of scar is identi ed, it can be related

1 Visualization of Coronary Arteries
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Figure 8: Visualizing transmurality using the VBEP: (a) a VBEP with a wedgeat; (b) a VBEP with a region of interest highlighted and (c)
a DVR (left two) and MIP (right two) of the region of interest viewed frdine side, exposing the transmurality of the scar, both without (left)
and with (right) absolute wall thickness information. The red and greea tiaeespond to the minimum and maximum wall thicknesses of the
region of interest, respectively.

@ (b) (©) (d)
@ ) © Figure 11: Solving occlusion issues: (a) coronary artery occluding
scar; (b) coronary artery rendered semi-transparently with outline
Figure 10: The coronary arteries rendered as (a) polygonal tdbeshighlighted; (c) right ventricle occluding scar in the septum and (d)
constant radius around the vessel centerline; (b) as a MIP of the Wlealing the septum by making the right ventricle semi-transparent.
data inside the tubes and (c) as a CPR of a surface through the tubes.
point on the vessel centerline to the corresponding closest point on the
to a coronary artery near that area. The segmentation we use only podrg axis is taken as the normal vector of the CPR surface through that
vides the centerline of the vessels. Current MRI technology does q@fint. This causes the surface to be approximately tangential to the
provide enough resolution to extract absolute diameter information fepicardial surface near the vessel. The user can specify an arfiglet
the coronary arteries [6]. This also means that surface rendering tethat controls the rotation around the centerline of the vessel.
niques will not provide accurate results. The image data can howevera different surface is used for displaying the reformation to ensure
provide an indication of a possible stenosis, which can then be furthRat the CPR is always well visible. This display surface is similar
investigated using other technologies such as angiography. to the reformation surface, except that it is always oriented towards

To facilitate the detection of a possible stenosis, we offer three dihe viewer. This has the advantage that changing the viewpoint does
ferent visualizations of the coronary arteries. For each vessel, g-polyiot change the CPR representation of the coronary arteries. While the
onal tube around its centerline is constructed. These tubes have a @PR has the advantage that the vessel lumen is always visible, it does
stant radius that can be speci ed by the user. The rst visualizatiofiot give a 3D view on the vessel neighborhood, contrary to the MIP
of the arteries renders these tubes in visually distinct colors (Figugndering.
10a). The tubes are rendered with a small radius, to avoid the false ims
pression of giving vessel diameter information and to cause mini
occlusion. This representation allows scar to be related to a particularprevent occlusion of the LE data by the coronary arteries, the opac-
coronary artery. ity of the coronary arteries can be locally controlled by the opacity of

The second visualization is a Maximum Intensity Projection (MIPhe LE data it is occluding. We call this coronary ghosting. Figures
of the WH data inside the tube (Figure 10b). This approach requiré$a and 11b demonstrate this concept. The degree of transparency is
a larger diameter of the tube, since the lumen of the vessel shoulddetermined by the amount of scar that is visible beneath the artery.
clearly distinguishable. The localized MIP allows perception of th€oronary arteries occluding areas that contain no scar are rendered
vessel diameter and detection of a possible stenosis. Using a Mily opaque. Areas with heavy scarring, such that it shows up com-
preserves the 3D nature of the vessels and is thus an intuitive reppketely opaque in the volume rendering, cause the coronary arteries to
sentation. A downside is that when the radius of the tube is mabe rendered with a very low opacity. To ensure that the contours of
suf ciently large, neighboring structures might be included in the rerthe arteries are always visible, the edges of the coronary arteries are
dering and may occlude the vessel. emphasized around parts that are rendered with low opacity.

The third representation of the coronary arteries does not sufferApart from occlusions caused by the coronary arteries, the individ-
from this drawback. It uses a Curved Planar Reformation (CPR) [B&l parts of the heart can also cause occlusions. This is most obvious
along a ruled surface through the centerline (Figure 10c). The combiith the right ventricle which completely occludes the septum, as is
nation of volume rendering with CPR has been presented before [18)own in Figure 11c. The septum is not directly fed by the coronary
An initial orientation of the surface used for the CPR is computed uarteries. Therefore infarction occurs more easily in this area. Since
ing the long axis extracted from the heart model. The vector fromraost parts of the polygonal heart model, including the right ventricle,
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with the coronary artery rendering by the opacity in the layer with the
LE rendering. For the ghosting the edges of the coronary arteries are
rendered using an edge detection operator on the depth information.

6 Interactive Exploration with Linked Views

An important requirement of a clinical software assistant is that it
should be intuitive, comprehensive and time-ef cient. With most cur-
rent systems, a lot of time-consuming interaction is required. Our sys-
tem aims to reduce the required amount of interaction to a minimum.
The various views on the data present in our system are intended to
be used together. This helps maintain a relation between the different
views and the properties expressed.

6.1 Interactive Navigation

@ (b) The VBEP serves well for visualizing the overall distribution of scar.

) k ) S i Due to the deformations introduced by the unfolding, proportions are
Figure 12: Cutting plane in (a) long axis orientation and (b) short axigywever not optimally preserved. Therefore the size of scar is bet-
orientation both with LE data reformatted along the plane. The whitgr perceived in the anatomical view. The latter also provides a more
Spots represent scar. detailed, 3D anatomical context. To easily relate a region of interest
. . . - . . between these two views we provide the user with a navigation cursor.
offer only context information, simple visibility reduction technlque§t can be used to specify a region of interest on the VBEP. The cor-
at‘:e'sponding region in the anatomical view is subsequently highlighted.
Mis is demonstrated in Figure 13. It provides a simple but effective

linked navigation between the two views.

ity for the right ventricle, causing the scar in the septum to beco
visible.

5.3 Visualizing Slice Data

The CoVIiCAD framework also allows for the exploration of the MRI
slice data of both scans in an anatomical context. This is achieved by
adding a cutting plane to the anatomical view. Figure 12 demonstrates
this concept. The part of the heart model and the LE data that are in
front of the cutting plane are clipped. Along the portion of the cutting
plane inside the left ventricular myocardium either the WH or LE data
is reformatted. This allows for the observation of the slice data in
the myocardium without occlusions, while the rest of the heart mo ——
still provides anatomical context. The LE data is also rendered behind
the cutting plane. Depending on the viewpoint and orientation of the
cutting plane, this can still provide information on the distribution of \
scar.
To a certain degree, the use of a cutting plane also allows the visual-
ization of the transmurality of scar. However, an area exhibiting scar is @ (b)
commonly rst identi ed in the anatomical view without using a cut- _,
ting plane. Using the anatomical view to visualize the transmuralify
of that particular area of scar requires a different viewpoint. Manual
positioning the cutting plane and adjusting the viewpoint is general . g . ) IS
too time consuming and too complex for the user. al view. The viewpoint of the anatomical view is controlled by the
To simplify the speci cation of the location and orientation of theP0Sition of the cursor.
cutting plane, we offer two basic orientations. The rst orientation,
shown in Figure 12a, starts with the typical four-chamber view of tqti .
heart. Here the plane is parallel to both the short and long axes. 'é Standard Views
plane can then only be rotated around the long axis. A preset rotat®mumber of standard views on the heart is used in clinical practice.
offset is offered that also gives a two-chamber view. The secadnd of he most common are the short-axis, two-chamber long-axis and four
entation, shown in Figure 12b, corresponds to the standard short-ati@mber long-axis views. These imaging planes are often used for data
view, where the plane is orthogonal to the long axis. Interaction is raequisition. The long and short axes provide a better view of the heart
stricted to translating the plane along the long axis. These restrictidhan the standard patient axes.
make specifying the location and orientation of the cutting plane muchWe have applied this knowledge to the viewpoint control of the
simpler and more intuitive. anatomical view. The four-chamber long-axis view as seen in Fig-
ure 9 provides a good starting viewpoint for the heart. An advantage
of using standard views as an initial viewpoint estimation is that it can
The heart model is rendered as a polygonal mesh, the LE data is remmpensate for the differences in orientation of the heart between pa-
dered using direct volume rendering and the coronary artery treetients. Due to occlusion issues the other standard views are more use-
rendered either as a set of solid tubes, as a MIP or as a CPR. Duéutdn combination with a cutting plane. The standard views are in fact
the difference in rendering methods, these components are rstall reriginally intended for the exploration of the inner parts of the heart.
dered to individual images, while depth information is preserved. Fas mentioned in section 5.3, we also restrict the orientation and in-
volume rendering techniques such as DVR and MIP where depthtésaction possibilities of the cutting plane according to these standard
not clearly de ned, the depth of the rst sample with a non-zero opaadews. This makes interacting with the cutting plane more intuitive
ity is used. This proves to be an acceptable solution in practice. @ad time-ef cient.
construct the nal anatomical view, these images are blended togeti}g Automatic Viewooint Control
The depth information of each image is taken into account to prese P
correct depth relations. The coronary ghosting takes advantage of thigractive speci cation of orientation in 3D visualizations is a time-
approach. It is implemented by controlling the opacity of the layaronsuming task and one of the reasons most such visualizations still

gure 13: Global cursor for linking two views: (a) shows a VBEP

ith the global cursor (indicated with the red arrow) highlighting an
ea of scar; (b) shows the same region highlighted in the anatomi-
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lack medical acceptance. Therefore we provide an automatic compueur anatomical view is more comprehensive than has been presented
tation of the orientation of the anatomical view based on a region op to now. Much thought has been spent on the interaction between the
interest speci ed in the VBEP. Once the region of interest is speci edlifferent views in order to keep the amount of required interaction as
the corresponding region on the epicardium is calculated. The vielow as possible. The result is an intuitive and comprehensive analysis
point of the anatomical view is then con gured such that it correspondsol for diagnosing patients with CAD.
to the vector from the center of the region and a point located on theAlthough we have not yet performed a thorough medical evaluation
long axis, exactly in the middle between the aortic valve and the ap@f.our techniques, CoViCAD has been developed in tight cooperation
The latter point acts as the rotation center of the model. This approaeith our medical partner. Company experts in close contact with med-
is similar to the work of Violeet al.[14], although it employs a more ical heart specialists provided the required speci cations and steering
restrictive and much simpler viewpoint speci cation. feedback to accommodate the needs of the domain experts.

One step further is to automatically create case-speci ¢ views with- K led t
out the speci cation of a region of interest. Using the scar classi c ~Cknowleagements
tion function speci ed by the user, regions in the VBEP that exhibiThis work was performed in the scope of the COMRADE project
scar can automatically be calculated. For each of these areas, anfaeded by Philips Medical Systems, Best, The Netherlands. The
companying anatomical view can be generated. In this case the regidatasets were provided by Hyogo BHC at Himeji and the Tokyo Metro

of interest are automatically identi ed. In a typical work- ow scenarioPolice Hospital.

a clinician would step through the automatically generated anatomi
views, discarding those where the tissue in focus was falsely classi
as scar. This could prove to reduce the required amount of interactigm
and the duration of the analysis. We have however not yet explored
the full potential of this approach.

7 Conclusions and Future Work 2]
We have presented CoVICAD; a comprehensive medical visualization
framework for the diagnosis of patients with CAD using segmentei3]
WH and LE MRI data. Our framework presents the data both in
schematic way and in a 3D view with anatomical context. The formePr
presentation mainly visualizes the overall distribution and transmural-
ity of scar, while the latter serves for the assessment of size and loca-
tion of scar with relation to the myocardial and coronary anatomy. Oups]
implementation takes advantage of the capabilities of current graphics
hardware to offer interactively explorable visualizations. We tested
our framework on an Nvidia GeForce 9750 GX2 and obtained mor¢s]
than 20 frames per second for all our visualizations.

By introducing the VBEP we have extended the BEP, an exist-
ing, clinically accepted visualization concept. The VBEP preserves
transmurality information, removes discontinuities and adds coronar
anatomical context. The transmurality of scar is visualized in a rec
angular unfolding of the myocardium, which is closely related to the
VBEP. Both these visualizations are novel in this application area.

The 3D visualization of scar in an anatomical context restores the
relation to the myocardial and coronary anatomy. Regions of scar ¢
be related to coronary arteries, which can be examined for a possi-
ble stenosis using various representations. This allows the clinician to
relate the cause (stenosis) to result (scar). The essential part of qy
approach is that it offers\asual examinatiof the coronary anatomy
in relation to scar. Currently the resolution of the coronary arteries jio]
WH MRI scans is not suf cient for accurate diameter measurements.
Moreover a stenosis can even be hard to nd through visual inspgea]
tion. A visualization in relation to scar therefore helps to nd a steno-
sis by focusing on particular parts of the coronary tree. The VBEP
also allows relating scar to coronary arteries. Due to these advantad&d,
combined with the increased accuracy and additional information on
transmurality of the VBEP compared to the BEP, we hypothesize that
our framework will lead to a more accurate and ef cient diagnosis of
patients with CAD. (13]

The visualization of scar in an anatomical context is also applicable
to patients that suffer from an electrical disorder that causes part 9%]1
their heart to beat asynchronously. These patients can be treated \[Vlt
cardiac resynchronization therapy, a procedure in which a pacemake
with multiple wires is implanted into the patient. It is important that
none of these wires are implanted in areas of scar, since scar has a
reduced conductivity and thus would void their functionality. A 3D
visualization is in this case better understandable than a series of 2D
images. It relates better to the anatomy visible during surgery. This is
most likely also the reason that there is an increasing demand from our
medical partners, especially from cardiologists, for 3D visualizations
like the anatomical view we presented.

The integration of multiple data sources and rendering techniques
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