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Abstract— Visually assessing the effect of the coronary artery anatomy on the perfusion of the heart muscle in patients with coronary
artery disease remains a challenging task. We explore the feasibility of visualizing this effect on perfusion using a numerical approach.
We perform a computational simulation of the way blood is perfused throughout the myocardium purely based on information from a
three-dimensional anatomical tomographic scan. The results are subsequently visualized using both three-dimensional visualizations
and bull’'s eye plots, partially inspired by approaches currently common in medical practice. Our approach results in a comprehensive
visualization of the coronary anatomy that compares well to visualizations commonly used for other scanning technologies. We
demonstrate techniques giving detailed insight in blood supply, coronary territories and feeding coronary arteries of a selected region.
We demonstrate the advantages of our approach through visualizations that show information which commonly cannot be directly
observed in scanning data, such as a separate visualization of the supply from each coronary artery. We thus show that the results of
a computational simulation can be effectively visualized and facilitate visually correlating these results to for example perfusion data.

Index Terms—Cardiac visualization, coronary artery territories, myocardial perfusion.

1 Introduction

Coronary Artery Disease (CAD) is a condition where one or more of
the coronary arteries have developed a stenosis, a narrowing of the
vessel that may hamper or prevent blood from flowing through. The
coronary arteries are small vessels supplying the heart muscle tissue,
the myocardium, with blood. Figure 4 gives an overview of the vari-
ous parts of the heart. In current clinical practice, X-ray angiography is
the reference standard used for the assessment of CAD. Besides two-
dimensional X-ray angiography, three-dimensional tomographic tech-
niques including Magnetic Resonance Imaging (MRI) and Computed
Tomography (CT) can contribute to the diagnosis of CAD. Informa-
tion on the hemodynamic significance of a stenosis can be obtained
from a stress test, e.g. stress echocardiography or dobutamine stress
MRI.

In the field of cardiac MRI, various scanning protocols have been
developed to image different aspects of the heart. Among common
scanning protocols, a whole heart scan provides anatomical informa-
tion. A cine scan provides functional information by showing the heart
at different time intervals of the cardiac cycle. A late enhancement
scan provides information on tissue viability or scar by imaging areas
where a previously injected contrast agent has accumulated. A per-
fusion scan provides information on how blood flows throughout the
myocardium. During the analysis the information provided by sev-
eral of these scanning protocols can be combined for a more compre-
hensive diagnosis. In practice only those scanning protocols that are
relevant to the condition of the patient are used. Good correlations be-
tween MRI perfusion imaging, X-ray angiography and SPECT have
been reported [21, 15].
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Due to its higher resolution, cardiac CT can image the coronary
arteries with more detail than cardiac MRI. Although perfusion and
functional scans are possible with CT, they are rarely used in prac-
tice due to a range of issues, including heart beat limitations, a lower
scanning speed and radiation.

CAD may change the way blood perfuses throughout the my-
ocardium, which in turn may cause decreased motion of the heart mus-
cle. In severe cases even scar, the death of part of the myocardium,
may occur. A whole heart MRI or CT scan images the anatomical
defect directly, while scanning protocols such as cine, perfusion and
late enhancement image the effect of this defect on the functioning of
the heart. The reason these latter scanning protocols are used is that
it is very difficult to estimate the relevance of a stenosis based on the
coronary artery anatomy.

We present an indirect approach to visualize the coronary anatomy
through the combination of a computational simulation and a set of
comprehensive visualization methods. From a whole heart scan we
segment the myocardial surface of both the left and the right ventri-
cle. We also segment the main coronary arteries including diameter
information. These segmentations form the input for our computa-
tional simulation, where we compute the perfusion of the myocardium
based on the patient-specific coronary anatomy. Finally we apply our
comprehensive visualization methods on the results of this simulation.
This provides detailed information on the effects of defects in the coro-
nary anatomy on the distribution of blood throughout the myocardium.

Our main contribution is that we demonstrate that information from
such a computational simulation can be effectively visualized. We
show that it can provide a more comprehensive visualization of the
information contained within a whole heart scan as compared to com-
mon methods that render the anatomical data directly. The visualiza-
tion methods we provide are visually similar to those often used for
the analysis of data from different scanning protocols. This simplifies
the task of finding correlations between various sources of data.

The structure of the paper is as follows. In section 2, we discuss
previous work used by or related to our approach. In section 3, we
provide details on our computational simulation we use to compute the
flow of blood throughout the myocardium. In section 4, we present our
methods for visualizing the results from the computations. In section
5, we demonstrate the effectiveness of the approach by comparing a
healthy case to one with a stenosis. In section 6, we discuss feedback
from an expert clinician and the limitations of our approach. Finally,
in section 7, we present the conclusions and future work.



2 Related Work

The anatomy of the coronary arteries varies greatly among individ-
uals. A set of recommendations published by the American Heart
Association (AHA) on the segmentation of the myocardium included
a standardized mapping of myocardial segments to supplying coro-
nary arteries [4]. It was presented with the remark that there is indeed
tremendous variability in the coronary artery blood supply. The vari-
ation among patients was later verified in a clinical study that evalu-
ated the correspondence between the 17 segments of the recommended
model and the coronary arteries [19]. This great variability calls for us-
ing a patient-specific approach towards assessing the coronary arteries
and their relation to the myocardium. Beliveau et al. [1, 2] proposed
a method of creating a patient-specific mapping between myocardial
segments and coronary arteries using tomographic scans to determine
the closest coronary arteries for each segment.

There has been extensive research in the area of simulating blood
flow in the coronary arteries, or the arterial system in general. Several
studies have been performed on the correlation between flow simula-
tions and quantitative measurements of the flow in vessel trees. Good
correlations between the two have been reported [3, 12, 7]. The major-
ity of these studies focus on the numerical results and the correlation
to flow measurements. They do not provide effective and intuitive vi-
sualization methods.

In the area of cardiac medicine, a commonly recurring visualiza-
tion primitive applied to various types of data is the bull’s eye plot.
Although several variations of the same idea are in use, their common
purpose is to provide a two-dimensional overview of the left ventricle.
The recommendations of the AHA also included a proposal how to
arrange the 17 segments in a bull’s eye plot [4]. These types of bull’s
eye plots are often applied when the resolution of the data is fairly
low, for example in the visualizations of Hennemuth ez al. [9] of per-
fusion data. Occasionally the right ventricle is included as well [5].
When more precision is available, a bull’s eye plot with a higher reso-
lution can be constructed. This is demonstrated in the work of Noble
et al. on combining late enhancement and cine data [17]. In their
work the bull’s eye plot visualization is combined with a mapping of
the results on the three-dimensional left ventricular surface. Termeer
et al. [20] introduced the volumetric bull’s eye plot which uses a con-
tinuous transformation of the volume data to obtain a diagram similar
to the bull’s eye plot, yet preserving continuity and wall thickness.

The most common approach to examine the anatomy of the coro-
nary arteries is to directly inspect the three-dimensional tomographic
data, although methods exist to simplify this process. A typical ap-
proach is demonstrated in the work of Kuehnel ez al. [11], where a seg-
mentation of the coronary artery centerlines is used to provide cross-
sectional views of the volume data. Curved planar reformations [10]
are popular for examining coronary arteries. Since these methods only
visualize the coronary anatomy, they do not facilitate a correlation to
data from other sources.

When additional data is available, these can be simultaneously vi-
sualized to allow a correlation between these data and the coronary
anatomy. Oeltze et al. [18] visualize perfusion data and use an anatom-
ical model of the coronary arteries to relate the two. Here the great
variance of coronary anatomy could cause problems, as is noted by
the authors. Nakaura et al. [16] apply fused volume rendering to vi-
sualize the coronary anatomy from a CT scan and relate it to SPECT
data.

We present an approach to visualize the relative distribution of
blood throughout the myocardium using a computational simulation
of the perfusion of the myocardium. Our simulation uses patient-
specific segmentations of the coronary and myocardial anatomy. Fig-
ure 1 gives a schematic overview of our approach. We apply an auto-
matic whole heart segmentation algorithm [6] to obtain segmentations
of the left and right ventricles, both represented as unstructured polyg-
onal meshes. We use a semi-automatic vessel tracking algorithm [14]
to obtain segmentations of the main coronary arteries, represented by
their centerlines and a set of diameter measurements along those cen-
terlines. This approach involves manually indicating seed points at
the beginning and end of each coronary artery branch. All informa-
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Fig. 1: Overview of our approach

tion is extracted from a single whole heart scan. These patient-specific
segmentations are the input for a computational simulation, which is
discussed in Section 3. The results of these computations are subse-
quently visualized, which is elaborated on in Section 4. The visual-
izations provide insight into the overall distribution of blood supply,
the areas each coronary artery is supplying and a method to query the
relative supply from each coronary artery to a region of interest.

3 Computation of Coronary Flow

Since our prime task is a visualization feasibility study, we have devel-
oped a simulation which is sufficient for this purpose, but may prove
to be too simplistic for clinical applications. Our approach does not
take the dynamic nature of cardiac flow into account. We also perform
all our computations on the epicardium, the outer surface of the my-
ocardium, rather than on a true three-dimensional representation such
as a tetrahedral mesh. The additional complexity of a more advanced
computational model would make it harder to integrate such an ap-
proach. We therefore chose to use a simpler method at first.

3.1 Perfusion through the Coronary Arteries

The amount of blood that can flow through a coronary artery is limited
by the radius of that artery. The radius of each coronary artery varies
along its path. Coronary arteries typically are thinner towards the end,
near the apex, than they are at their origin near the base of the left
ventricle. Also a stenosis can be a source of a varying diameter. The
amount of blood flowing through a point in an artery also determines
the amount that can flow out of the artery at that point and out of the
remainder of the artery.
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Fig. 2: The two building blocks used to construct a network of resis-
tors representing the coronary artery tree. The block in (a) represents
a linear segment of an artery while the block in (b) represents a bifur-
cation.

We have modeled the influence of the diameter of the vessel on the
amount of blood that can flow through it by representing the coronary
artery tree as a network of resistors. The entire coronary artery tree is
constructed using two simple building blocks depicted in Figure 2. Us-
ing a discrete representation of the centerline of a coronary artery, the
artery is modeled by a connected chain of building blocks as depicted
in Figure 2a. The resistor labeled Ryyyougn controls the flow through the
artery while the resistor label Ry, controls the flow out of the artery at
that point. We base the actual values of Ryougnon the diameter of the



artery at that point using Poiseuille’s law, which states that the resis-
tance is inversely proportional to the radius of the artery to the fourth
power [8].

For the value of Roy; we use a predefined constant. This does not
mean that an equal amount of blood flows out of an artery at each
point. The blood volume present at a point is dependent on the ra-
dius at that point and the previous part of the artery. This constant is
typically several orders of magnitude larger than the average value of
Rihrough to prevent all blood from flowing out at the beginning of an
artery. If it is set too high however, the effect of the variance of Rynrough
due to a varying artery diameter is reduced.

Once all arteries are represented as chains, the final tree can be con-
structed by inserting building blocks as depicted in Figure 2b at the
bifurcations. Note that no additional resistors are necessary. The split
of the flow is automatically taken care of by the parallel circuit created
and the resistors following a bifurcation, which represent the diame-
ters of the two branches.

Once the tree is complete, we compute the relative amount of flow
out of the artery at each point along the artery. By applying the laws
for series (Equation 1) and parallel (Equation 2) circuits we can com-
pute the total equivalent resistance of the remainder of the tree at any
point. Using Ohm’s law we find that, as shown in Equation 3, the ratio
between the flow through and the flow out of the artery is inversely
proportional to the ratio between the reciprocals of Ryyrough and Rout-
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We treat the end of each artery as closed, meaning that all incoming
flow has to leave the artery through the set of Ry resistors. This is a
valid assumption, as all the blood has to leave the coronary arteries in
order to be lead back into the coronary veins.

3.2 Modeling of a Stenosis

With the methods described above, we can easily model a stenosis by
modifying the radius of an artery at a location of choice. In Figure 3
the dashed blue line shows the relative out-flow, the flow of blood out
of the artery, at each point along an artery. Note that there is less flow
out of the artery towards the end, as the artery narrows down along its
path.
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Fig. 3: Plot showing the relative flow out of a healthy artery and the
same artery with a simulated stenosis.

Around the middle of the artery we have subsequently simulated
a stenosis by narrowing the artery by 70%. The relative out-flow is
shown by the solid green line. The relative out-flow after the steno-
sis severely decreases, as can be expected. Since we are computing
relative flows, the out-flow before the stenosis increases. This does
not necessarily mean that the absolute flow out of the artery has also
increased in that segment, since the overall resistance of the artery

has also increased. A stenosis in one artery can thus lead to a global
change in the distribution of blood throughout the entire coronary
artery tree.

3.3 Diffusion of Flow

Once the flow out of the coronary artery tree is determined, it needs
to be diffused throughout the myocardium. We approximate the my-
ocardium by the surface of the epicardium, represented as an unstruc-
tured triangle mesh. This mesh is extracted from a whole heart scan
using an automatic segmentation algorithm based on an approach by
Ecabert et al. [6].

The diffusion process consists of three parts. First, blood from the
coronary artery tree is diffused onto the myocardial surface. Second,
blood on the myocardial surface itself is diffused. Finally, blood on
the myocardial surface is absorbed. The last step simulates the flow of
oxygen-depleted blood out of the myocardium through a network of
veins.

Both the diffusion from the coronary arteries and the diffusion on
the myocardial surface are implemented as iterative convolutions with
a Gaussian kernel. All computations are performed on the unstruc-
tured triangle mesh of the epicardium. To obtain the desired accuracy
during the diffusion process, we apply a subdivision scheme to the epi-
cardial mesh to ensure the area of each triangle is below a predefined
threshold. This subdivision scheme guarantees that the kernels used
for the convolution process are approximately isotropic. We employ
an approach loosely based on Loop’s subdivision scheme [13]. Instead
of subdividing all triangles in each iteration, only those triangles with
an area exceeding the threshold are subdivided. Neighboring trian-
gles are split if necessary to avoid T-junctions. We have found that
the smoothing step proposed by Loop may introduce undesired mod-
ifications of the mesh near sharp edges. Therefore we choose not to
smooth our new vertices. Also the smoothness of the surface is of
less importance for our purpose. The subdivision is applied iteratively
until all triangles have an area below the specified threshold. The dy-
namic subdivision approach, compared to Loop’s original subdivision
scheme, significantly reduces the number of triangles in the resulting
mesh, which gives better performance during the diffusion process.

Given the subdivided triangle mesh, we compute a diffusion neigh-
borhood for each node of the coronary artery tree. This neighborhood
forms the kernel for the convolution process. It consists of a set of ver-
tices of the epicardial mesh and a diffusion weight for each vertex. The
diffusion weight is the Gaussian function applied to the Euclidean dis-
tance of the node to that particular vertex. This is shown in Equation
4, where w(d) denotes the diffusion weight, d denotes the Euclidean
distance between the node and the vertex, o is a parameter of the dif-
fusion process and € denotes the minimum diffusion weight of vertices
to include in the diffusion neighborhood.

ifd < 720111(8) (4)
otherwise

A similar neighborhood is computed for each vertex of the epicar-
dial mesh, except that here between vertices geodesic distances along
the epicardial surface are used to compute the diffusion weights. The
average size of the diffusion neighborhoods is significantly decreased
by removing vertices that have a very small diffusion weight, con-
trolled by € in Equation 4. The weights of each neighborhood are
normalized to ensure that the total amount of blood remains equal.

We also compute an absorption ratio for each vertex of the mesh.
The demand for oxygenated blood at a certain point is related to the
amount of myocardial tissue near that point. We incorporated this in
our simulation by relating the absorption coefficient at a vertex to the
area of the myocardium on a slice perpendicular to the long axis of the
heart and intersecting the corresponding vertex. While some degree
of absorption is necessary to prevent the continuous accumulation of
blood, our experience is that the distribution of the absorption coeffi-
cients is not a significant factor in the outcome of the computational
simulation.



After the above values are precomputed, we set a constant flow of
blood into the root node of the coronary artery tree. We then itera-
tively execute the three phases of the diffusion process, i.e., the diffu-
sion from the coronary artery tree to the myocardial surface, the diffu-
sion within the myocardial surface and the absorption. The absorption
phase consists of decreasing the amount of supply at each vertex of the
myocardial surface by the absorption coefficient of that vertex. After
a sufficient number of iterations, this process will converge to a stable
state. We then stop the iterative process. The amount of blood at each
point in the myocardium in this stable state represents the amount of
supply to that point. To retrieve additional information on which coro-
nary artery is supplying which area, we perform the entire diffusion
process separately for each of the three primary coronary arteries. This
information can easily be combined to obtain global supply informa-
tion. In the following part we demonstrate how these quantities can be
effectively visualized.

4 Visualization of Coronary Flow

The previously discussed model is simple, but sufficiently effective
for our purposes. In this section we demonstrate that the results of
our computational simulation can be effectively visualized. The term
effective here refers to being able to assess the effect of the coronary
anatomy on the perfusion of the heart. This should be possible without
detailed technical knowledge or understanding of the computational
simulation. The latter requirement is essential for the viability of our
techniques in clinical practice.

We present visualization methods that directly use the three-
dimensional segmentation data to portray the results of the computa-
tional simulation as well as two-dimensional projections of these seg-
mentations. We first discuss how these projections are constructed.
Second we demonstrate the direct visualization of supply and un-
derperfused regions using color, isocontours and textures. Third we
demonstrate how the area each coronary artery is supplying can be vi-
sualized by using borders of the coronary artery territories. We also
visualize the supply area of each coronary artery separately. Finally
we show the inverse of the latter, i.e., finding the supplying coronary
arteries of a region of interest.

4.1 Bull’s Eye Plot Representation

The bull’s eye plot is a visualization primitive that is commonly used
in cardiac medicine. Its main goal is to provide a two-dimensional
overview of the left ventricle and optionally the right ventricle. The
classical approach to generate a bull’s eye plot is to segment the my-
ocardium in a stack of short-axis slices and map these segments to a
set of concentric rings.

Tight Ventfic[e
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Fig. 4: The parameterization of the left and right ventricles and the
projection onto a bull’s eye plot.

We however construct a bull’s eye plot as a continuous unfolding of
the left ventricle along the long axis. The segmentation of the heart we
use is an unstructured grid of vertices along the epicardium. Each of
these vertices can be represented by three parameters: the angle ¢ with
the short axis on a plane perpendicular to the long axis, the distance
h to the apex along the long axis and the distance r to the long axis.
This is illustrated in Figure 4. Any point can then be projected onto
a cylinder by interpreting this triplet as cylindrical coordinates. Since
the surface will be projected onto a plane, we do not need to maintain
the information provided by r. We therefore only use ¢ and 4 as polar
coordinates to form a circle.

Our segmentation covers the entire left and right ventricles, includ-
ing the top areas, near the bigger arteries and valves. These areas do
not correspond to contracting myocardium and are not commonly part
of a bull’s eye plot. The little variation in / in these areas would also
cause a cluttered projection. We therefore do not include these top ar-
eas in the bull’s eye plot. Using our parameterization, we only include
areas that have a value of / that is less than the maximum value of / in
the septum, the myocardial wall shared by the left and right ventricle.

Since the right ventricle is also part of our simulation, we also want
to depict it in the bull’s eye plot. While several approaches to visualize
the right ventricle in a two-dimensional manner exist, the most com-
mon approach is to represent it by a half circle. This approach is based
on the idea that the right ventricle is essentially half of a left ventricle
in shape. This approach is common in clinical practice [5].

To realize a half-circle unfolding we first apply the same parameter-
ization to the right ventricle as we do to the left ventricle. In the bull’s
eye plot we translate the right ventricle along the short axis to prevent
overlap with the projection of the left ventricle. Next we normalize @
to the range —%n; %n] to form a half circle. This step also eliminates
any inter-patient shape variations of the right ventricle.

The orientation of the bull’s eye plot that is used in clinical practice
would correspond to a viewpoint below the bull’s eye plot looking
upwards. We use this orientation whenever we show a separate bull’s
eye plot. This orientation appears to be flipped with respect to the
projection below a three-dimensional view of the heart.

4.2 Blood Supply Area and Underperfused Regions

The primary outcome of the computational simulation is the blood
supply present at each point in the myocardium. We directly visualize
this using color encoding, as can be seen in Figure 5. To avoid visual
clutter due to too many colors, we use a light gray to dark red discrete
color gradient. For additional insight in the structure of the supplying
regions, we add isocontours as white dashed lines. These contours
delineate borders where the supply of blood is equal. Finally we apply
a striped pattern to the underperfused regions, i.e., regions where the
supply is below a user-specified threshold.

Due to the simplicity of our computational simulation, the abso-
lute values we obtain may not correspond close to reality. Currently
we therefore cannot define intervals that correspond to a healthy sup-
ply. We solve this by showing relative supply instead, which is based
on the maximum supply in the simulation under analysis. In order to
perceive both large and small differences in the distribution of blood
throughout the myocardium, we apply a logarithmic scaling prior to
applying color encoding and computing the isocontours. This eases
the interpretation of the shape of regions with near-equal supply. The
striped pattern provides a way of marking underperfused areas, i.e.,
areas where the supply of blood is below a predefined threshold. The
borders of the pattern are made fuzzy, to indicate an area of uncer-
tainty.

The striped pattern is implemented using 4, the distance to the apex
along the long axis. All parts where the fractional part of § - & is larger
than % are made opaque, the others transparent. The factor § con-
trols the thickness of the stripes. This gives stripes perpendicular to
the long axis in the three-dimensional view, and circles or arcs in the
two-dimensional projection. An advantage of this pattern is that it is
rotation invariant. The orientation of the pattern is perceived equally
throughout the entire mesh and the two-dimensional projection.



Fig. 5: Visualization of coronary artery blood supply showing the sup-
ply of blood using color encoding, isocontours delineating regions of
equal supply as white dashed lines, lines indicating equal supply from
multiple coronary arteries as black dotted lines and underperfused re-
gions using a striped pattern. Below the mesh, a two-dimensional pro-
jection shows the same data.

We display the coronary arteries in the three-dimensional view as
well as on the bull’s eye plot. In the three-dimensional view the coro-
nary arteries are displayed as tubes with radii corresponding to the
actual artery radii. In order to prevent intersections of the coronary
arteries with the myocardium, we modify parts of the coronary arter-
ies. These modifications are done only for visualization purposes. The
computational simulation uses the original, unmodified coronary ar-
teries. The coronary arteries are first projected onto the myocardium
and subsequently translated a constant distance along the surface nor-
mal. This causes each coronary artery to have a constant distance to
the myocardium. We apply black (high) to blue (low) color encoding
to show the relative outflow at each point in the coronary artery tree.

The coronary arteries are also projected onto the bull’s eye plot us-
ing the same projection technique as described in Section 4.1. Whether
a point along an artery should be mapped on the projection of the left
or right ventricle is based on which ventricle it is closest to. We ap-
ply the same color encoding showing relative outflow on the projected
coronary arteries.

4.3 Coronary Artery Territories

To gain an insight into which region each coronary artery is supplying,
we visualize the coronary artery territories. We divide the coronary
arteries into three groups: left anterior descending (LAD), left circum-
flex (LCX) and right coronary artery (RCA). This division is common
in clinical practice and is also recommended by the AHA [4]. In the
direct visualization of blood supply, we visualize the coronary territo-
ries by drawing black dotted lines along which the supply from two
or more coronary arteries is equal according to our simulation. This is
demonstrated in Figure 5.

While visualizing the equi-perfusion lines already gives a good ba-
sic insight into the area each coronary artery group is supplying, these
areas are not discrete. Although there is generally little overlap in the
coronary territories in practice, our simulation suggests that areas near
the borders are supplied by multiple coronary artery groups. This is
due to our diffusion approach. The exact details of how the coronary
arteries supply the myocardium are not yet fully understood. We can
thus also interpret the overlap generated by our simulation as an uncer-

(a) (b)

Fig. 6: Individual coronary territories visualized using separate colors.
A striped pattern with fuzzy borders is used in regions of uncertainty
where the exact territory is unknown. Underperfused regions are not
colored.

tainty of coronary territories. As is demonstrated in Figure 6, we vi-
sualize this by showing the full territory each coronary artery group is
supplying in separate colors. Where these regions overlap, we apply a
striped two-color pattern to indicate an uncertainty on which coronary
artery groups is supplying this region. This striped pattern is imple-
mented using the same approach as for the striped pattern to visualize
underperfused regions. We again make the border of the pattern fuzzy,
to further indicate an area of uncertainty.

The boundaries of each coronary territory are controlled by a user-
specified threshold. If the supply from a coronary artery group in a
certain point is above this threshold, that point is considered to be part
of the respective coronary territory. Figure 6 shows that using this
approach, the regions each coronary artery group is supplying as well
as areas of uncertainty can be clearly identified.

4.4 Separate Coronary Artery Groups

The computational simulation provides separate information on the
supply for each coronary artery group. This allows for separate visu-
alization of the blood supply by each group. It gives a focused view
on the area a particular group is supplying.

Figure 7 shows an example of the separate visualization of coronary
artery groups by showing four bull’s eye plots. Figure 7a shows the
supply of all three coronary artery groups combined, while Figures 7b,
7c and 7d show the supply of the LAD, LCX and RCA, respectively.
Due to the separation, more detailed visualization techniques can be
applied than when visualizing the coronary territories in a combined
fashion, as was proposed in Section 4.3. A combined visualization of
the coronary territories allows for assessing the relation between them,
while separate visualization allows for a more comprehensive analysis
of a particular group.

Showing supply from coronary arteries separately benefits from the
two-dimensional projection, as this allows for a quick comparison of
the regions each coronary artery group is supplying. The ease of com-
parison argument holds for the bull’s eye plot in general. Compar-
isons cannot be as easily performed using different viewpoints of the
three-dimensional view. In the bull’s eye plot the relation to the three-
dimensional anatomy is however partially lost.

4.5 Querying Supplying Coronary Arteries

The previously discussed techniques visualize the region each coro-
nary artery group is supplying. We can also do the inverse, i.e., to
visualize the coronary artery group that a region of interest is supplied
by. This approach is demonstrated in Figure 8. The user indicates a
region of interest by specifying a point on either the three-dimensional
mesh or the bull’s eye plot and a radius to determine the size of the
region. We then compute the relative supply from each of the three
coronary artery groups. Again taking into consideration that there is
minimal overlap between coronary territories in practice, we can in-
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Fig. 7: Separate visualization of the supply by each coronary territory group in two-dimensional bull’s eye plots. Figure (a) shows the supply
of the three groups combined, (b) the supply of the LAD, (c) the supply of the LCX and (d) the supply of the RCA. Only the relevant ventricles

are depicted.

terpret this as the likelihood that the region is supplied by one or more
arteries. We then draw arrows from the closest point of each coronary
artery group to the specified point of interest. We project the start and
end point of each arrow on a cylinder with the long axis as cylinder
axis. We then project the shortest path on the cylinder between these
two points back onto the myocardium. On the bull’s eye plot we draw
a straight path between the two projected points. The relative supply
by each group is expressed in the width of each arrow.
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Fig. 8: For a selected region arrows indicate the relative supply by,
or likelihood of being supplied by, each of the three coronary artery
groups. The relative supply is encoded in the width of the arrows.

This approach allows for a quick identification of the supplying
coronary arteries in a visualization where this may not be directly ap-
parent. An example is to query the supplying coronary arteries of an
underperfused region in visualizations as discussed in section 4.2.

5 Simulation and Visualization of a Stenosis

In order to evaluate the effectiveness of the visualization techniques
previously described, we perform an experiment. Starting out with a

scan of a healthy subject, we visualize the coronary anatomy using our
computational simulation and the proposed visualization techniques.
Next we artificially induce a stenosis in one or more of the coronary
arteries and observe the change in the visualization of the coronary
perfusion.

Our approach requires a whole heart scan of sufficient accuracy to
allow a detailed segmentation of the coronary arteries with diameter
measurements. CT currently provides better resolution than MRI, so
we chose to use CT scans for our experiment. When MRI has ad-
vanced sufficiently to allow accurate segmentation of the coronary
arteries, using MRI may be preferable over CT. MRI allows for the
acquisition of additional data that show the functioning of the heart,
which can lead to a more comprehensive diagnosis.

5.1 Supply and Underperfused Regions

A stenosis often causes a perfusion defect in the area normally sup-
plied by the coronary artery that contains the stenosis. When simu-
lating a stenosis, we would expect to observe this perfusion defect in
the resulting visualizations. Figure 9 shows a comparison of a healthy
case (Figure 9a) and the same case with an artificially induced steno-
sis blocking part of the upper LAD by approximately 70% (Figure 9b).
This means that the cross-sectional area of the vessel has decreased by
70% in that area. Conforming to expectations, Figure 9b shows an in-
creased underperfused region near the lower segment of the LAD. The
shape of the isocontours also expresses the change in supply in the af-
fected area. Note that Figure 9a shows an underperfused region in the
basal septal wall, which is commonly not regarded as an indicator of
CAD.

5.2 Coronary Artery Territories

A stenosis is also expected to change the shape of the territory of the
respective coronary artery. Figure 10 compares the coronary artery
territories of a normal case and the same case with an artificially in-
duced stenosis in the RCA. In Figure 10b the severe reduction in size
of the RCA territory can clearly be observed, especially the posterior
and septal parts of the left ventricle are affected. Note that the isocon-
tours, representing the overall supply, have also somewhat changed in
the other territories.

5.3 Querying Supplying Coronary Arteries

Finally, the effect of a stenosis can also be observed in the visualiza-
tion of the supplying coronary arteries of a region of interest. Figure
11 compares a region of interest in a healthy case and a case with an ar-
tificially induced stenosis in the LAD. The region is primarily supplied
by the LAD in the healthy case. It is primarily supplied by the LCX
and lies at the border of an underperfused region in the stenosed case.
Note that because the arrows encode relative supply, the thicker arrow
from the LCX does not necessarily indicate an increase in supply.
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Fig. 9: Comparison of supply between (a) a healthy case and (b) the
same case with an artificially induced stenosis in the upper segments
of the LAD indicated by the arrow.

Fig. 10: Comparison of the coronary territories between (a) a healthy
case and (b) the same case with an artificially induced stenosis in the
RCA indicated by the arrow.

6 Discussion

In current clinical practice the 17-segment model from the AHA is
used as a reference for the relation between the coronary arteries and
the myocardium. This model is not based on patient-specific infor-
mation. We have extended this model by including such information.
Applying a computational simulation, we obtain a more detailed re-
lation between the coronary arteries and the myocardium. While our
simulation is primitive, it gives more detailed information than is cur-
rently available in medical practice. This approach can be seen as a
top-down approach. There are more advanced approaches to compute
myocardial perfusion based on computational fluid dynamics which
can be seen as a bottom-up approach.

In clinical practice a more advanced perfusion simulation is prob-
ably preferable. Our simulation only uses a two-dimensional surface
of the myocardium, does not take the dynamic nature of the heart cy-
cle into account and the perfusion method may not correspond close
to reality. This may hamper correlating results to for example perfu-
sion imaging, although the basic functionality is captured by our ap-
proach. We used CT data since our approach requires a detailed coro-
nary artery tree segmentation. When MRI advances enough to allow
for more detailed imaging of the coronary arteries, additional scanning
protocols can be used to provide a more comprehensive visualization

Fig. 11:
healthy case (b) and the same case with an artificially induced stenosis
in the LAD indicated by the arrow. The relative supply is encoded in
the thickness of the arrows.

Comparison of supplying coronary arteries between (a) a

of the patient.
6.1 Feedback from Expert Clinicians

In a discussion with two expert radiologists we informally evaluated
the clinical relevance of the various aspects of our visualizations. We
received very positive feedback on the visualization of supply and un-
derperfused regions. It displays the relevant data in a clear way. The
black dotted lines give a good indication of the coronary territories, but
could perhaps be annotated with uncertainty information and colored
in case the relations to arteries are not obvious.

The detailed visualization of the coronary territories may be good
for assessing the area at risk in more detail, but gives a less compre-
hensive view than the previous visualization. One expert believes that
for many cases this level of detail is not necessary. It may thus be
worthwhile to integrate more of the coronary territory information in
our visualization of supply such that a separate visualization thereof
may no longer be necessary. The separate visualization of a single
coronary territory provides a more focussed view, but similarly it may
not be necessary for all patients. In Figure 7d it was not immediately
obvious that a bull’s eye plot of the right ventricle was shown instead
of part of a left ventricular plot.

One expert was critical towards the approach of querying the sup-
plying coronary arteries. He questions whether the cost of having
to interact with a three-dimensional visualization would outweigh the
limited additional information it provides. In summary, although both
experts commented that the simulation may not be sufficiently real-
istic, we received positive feedback on the presented visualizations.
One expert noted that they may also have potential for communication
between doctor and patient.

6.2 Implementation Details

Both the left and right coronary arteries branch off from the aorta. The
aorta is not part of our segmentation of the coronary artery tree, which
is therefore not connected. In order to construct a tree with a single
root node, we connect the two subtrees of the left and right coronary
arteries with a building block from Figure 2b. No additional resistors
are required in this area, as no significant flow out of the arteries takes
place in the corresponding segments. Since typically also no flow out
of the left main artery occurs, we also model this artery only using
building blocks from Figure 2b at the bifurcations.



In the computational simulation only the two types of resistors
Rihrough and Rout determine the distribution of blood throughout the
coronary artery tree. We base the value of Ryyrougn on the local artery
radius, but we use a manually specified constant value of Ry instead
of basing it on physical properties. This causes the supply in a region
to be partially related to the amount of close-by vessel surface area.

‘We have noticed perfusion defects near the apex in some cases. This
is probably caused by an incomplete segmentation of the coronary ar-
teries, mainly near the apex. The diameter of the coronary arteries
decreases towards the apex, making segmentation in that area more
difficult. Our segmentations thus may contain shorter coronary ar-
teries near the apex as compared to reality, which manifests itself as
a perfusion defect in the simulations. Perfusion defects also tend to
show up between two vessels, where the true perfusion situation, both
in reality and in our simulation, is not fully understood.

In our experiments we subdivide the triangle mesh of the myocar-
dial surface such that all triangles have an area of at most Imm~. The
resulting surface consists of about 35,000 triangles. The diffusion
neighborhoods for the coronary artery tree and the myocardial surface
are computed using a ¢ of 5 and 7, respectively. We use a kd-tree to
compute the neighborhoods efficiently. For both diffusion processes
an € of 1072 is used. Elements with a diffusion weight below this
threshold are not included in the diffusion neighborhood. We use a
value of Roy of 103. The radius-based values of Rihrougn typically
vary between 0.1 and 4.5. With these parameters the diffusion process
stabilizes after approximately 500 iterations.

We implemented all visualizations using OpenGL 2.0. All of the
images were generated on a desktop PC (Intel Xeon 3Ghz, 2GB RAM,
NVIDIA GeForce 8800GTX). The precomputation phase of the com-
putational simulation takes approximately two seconds. Performing
sufficient iterations until a stable state is obtained typically takes 15 to
20 seconds. All visualizations can be computed at interactive rates.

7 Conclusion

We have presented a computational simulation for the perfusion of
blood throughout the myocardium and a set of visualization meth-
ods for the visual assessment of the results of these computations.
Our computational simulation computes the flow of blood through the
coronary arteries using a network of resistors, while the successive
distribution of blood is implemented using iterative convolution with
a Gaussian kernel. This computational simulation advances on cur-
rent clinical practice by including patient-specific information. It es-
tablishes a more advanced mapping between the myocardium and the
coronary arteries based on perfusion. In contrast current approaches
assume that each area is supplied by its closest coronary artery. Our
simulation produces sufficiently accurate results to demonstrate the ef-
fectiveness of our visualizations.

We have demonstrated comprehensive visualizations of the com-
puted myocardial perfusion. We presented a direct visualization of
blood supply. Furthermore we visualize the coronary artery territories
and the supplying coronary arteries of a region of interest. The compu-
tational simulation gives separate information on the supply from each
coronary artery group. This demonstrates the advantages of a simu-
lation approach, as this information is not commonly available from
scanning technology. We have given an example how our techniques
visualize a stenosis by artificially inducing one.

Our techniques extend visualization primitives currently common
in clinical practice, including the bull’s eye plot. This approach simpli-
fies the process of visually correlating the anatomical data to informa-
tion from other imaging modalities and should ease clinical adoption.
We have discussed our work with radiologists and overall received
positive feedback. The combination of two- and three-dimensional
approaches provides a good blend between a clear overview and a de-
tailed relation to the three-dimensional anatomy.
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