Cardiovascular Modeling of Congenital Heart
Disease Based on Neonatal Echocardiographic
Images

Megumi Nakao!, Kazuma Maeda?, Ryo Haraguchi3, Ken-ichi Kurosaki®, Koji Kagisaki?,
Isao Shiraishi?, Kazuo Nakazawa?® and Kotaro Minato?

!Graduate School of Informatics, Kyoto University
2Graduate School of Information Science, Nara Institute of Science and Technology
*National Cerebral and Cardiovascular Center

Abstract - This paper proposes a three-dimensional cardio-
vascular modeling system based on neonatal echocardio-
graphic images. With the system, medical doctors can in-
teractively construct patient-specific cardiovascular models,
and share the complex topology and the shape information.
For the construction of cardiovascular models with a varie-
ty of congenital heart diseases, we propose a set of algo-
rithms and interface that enable editing of the topology and
shape of the three-dimensional models. In order to facilitate
interactivity, the centerline and radius of the vessels are
used to edit the surface of the heart vessels. This forms a
skeleton where the centerlines of blood vessel serve as the
nodes and edges, while the radius of the blood vessel is
given as an attribute value to each node. Moreover, parent-
child relationships are given to each skeleton. They are ex-
pressed as the directed acyclic graph (DAG), where the
skeletons are viewed as graph nodes and the connecting
points are graph edges. The cardiovascular models generat-
ed from some patient data confirmed that the developed
technique is capable of constructing cardiovascular disease
models in a tolerable timeframe. It is successful in repre-
senting the important structures of the patient-specific
heart vessels for better understanding in preoperative
planning and electric medical recording of the congenital
heart disease.
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1 INTRODUCTION

Echocardiography plays a major role in the diagnosis of
heart disease and in a versatile understanding of the pa-
tient’s condition [1, 2]. As the patient is not exposed to radi-
ation, the imaging procedure can be repeatedly performed.
Immediate observations are possible at the bedside due to
its real-time imaging performance. A functional as well as
morphological diagnosis is allowed based on echocardiog-
raphy images. Accordingly, echocardiography is the first-

choice for the diagnosis of neonatal congenital heart disease.

Many advanced medical centers that treat congenital heart
disease only use echocardiography during surgical proce-

dures. The precipitous change in neonatal hemodynamics
when the blood circulation reverses at birth can result in a
sudden change in the condition of a subject with congenital
heart disease, so early diagnosis is important. There are
growing expectations for telediagnostic techniques to ad-
dress the lack of specialists capable of making such a diag-
nosis.

Various attempts have been made at telediagnosis using
echocardiography, but it can be difficult for the sonog-
rapher and the diagnostic doctor to share information on
the probe position and angle and the image range. At the
National Cerebral and Cardiovascular Center (NCCC), ne-
onates with suspected congenital heart disease are subject-
ed to tele-echocardiography using a horizontal sequence
scanning method [3]. With this method, the probe is con-
stantly applied perpendicular to the body axis during scan-
ning imaging. The sonographer and the diagnostic doctor
therefore know how the probe is being operated before the
procedure. An experienced doctor would be capable of
making a diagnosis from the echocardiogram images re-
ceived, based on a mental image of the three-dimensional
structure of the heart. However, the expertise and experi-
ence are needed to understand the three-dimensional car-
diovascular structure from the echocardiogram images. It
would be extremely difficult for most of medical staffs in-
volved in the treatment, such as the surgeon performing the
operation, to gain an accurate understanding of the pa-
tient’s condition from the echocardiogram images. At pre-
sent, cardiovascular specialists brief surgeons and other
staffs on the patient’s condition using two-dimensional im-
ages or diagrams (Figure 1). However, there is no efficient
way to communicate the condition of an individual patient
with congenital heart disease and it is difficult to gain a
completely shared understanding.

The patient’s QOL (Quality of Life) can be improved if
specialists and other staffs share a common understanding
of the patient’s condition. When analyzing congenital heart
disease, it is particularly important to understand the shape
of the blood vessels and their relative positional relation-
ships. Specialists, surgeons and other staffs need to share
information on the cardiovascular morphology. Therefore,
three-dimensional cardiovascular models specific to echo-
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Figure 1. Two-dimensional illustration of a normal heart.

cardiogram images of patients is useful for various situa-
tions such as preoperative planning, telediagnosis and pre-
paring electronic medical records.

Researchers have recently proposed a three-dimensional
echocardiography approach whereby multiple echocardio-
gram images are used to reconstruct a three-dimensional
echocardiogram image [4, 5, 6, 7]. However, at present, di-
rect visualization of the images does not provide sufficient
image quality needed for a diagnosis of complex congenital
heart diseases. Much research is underway into the auto-
matic extraction of regions of interest (ROI) from multiple
two-dimensional echocardiography images [2, 8, 9, 10]. This
segmentation and reconstruction approach has been well
explored in medical imaging literature [11, 12, 13]. However,
as the echocardiogram images lack required resolution or
the whole shape of the specific organs, the modeling results
are not necessarily very accurate. Each frame of echocardi-
ographic images obtained using horizontal sequence scan-
ning often provides incomplete information of anatomical
structures that only an expert specialist could know. There-
fore, it is extremely difficult to build a cardiovascular model
only from echocardiographic images. This feature can se-
verely limit the applicability of segmentation-based ap-
proaches that have been developed for reconstruction from
CT/MRI volume data [14, 15, 16].

In this study, we present a cardiovascular modeling sys-
tem not only using echocardiogram images but with the
simple interaction to the model by the user. We mainly fo-
cus on the expression in a three-dimensional format of the
disease state as seen in a mental image by a cardiovascular
specialist. Therefore, the goal of this system is to construct a
cardiovascular model that expresses the feature of the con-
genital heart disease as diagnosed by the specialist. When
creating patient-specific cardiovascular models, specialists
refer to the echocardiographic images and interactively edit
cardiovascular models prepared in advance. In order to
express the extremely diverse and complex cardiovascular
morphology seen in congenital heart disease, we categorize
cardiovascular morphological characteristics into shape and
topology, and propose methods to interactively edit these
categories. We provide a shape-editing interface to enable
direct input onto the echocardiographic images for accu-
rately capturing the patient’s individual cardiovascular
morphology. Also, we introduce topology-editing interface
to easily create a cardiovascular model that incorporates the

Figure 2. Examples of congenital heart disease: (a) complete transpo-
sition of arteries, (b) coarctation of the aorta, (c) interruption of the
aortic arch and (d) double outlet right ventricle.

complexity of the system. Through several tests with medi-
cal staffs, we confirm that our approach can efficiently ex-
press the key features of the congenital heart disease from
echocardiographic images.

2 CARDIOVASCULAR MODEL DATA STRUCTURES AND
EDITING ALGORITHMS

2.1 Congenital heart disease

Congenital heart disease involves some abnormality in
the blood vessel structures connecting to the heart or in the
heart itself that has been present since birth. The condition
occurs in approximately 8 of every 1,000 neonates. There
are many types of congenital heart disease and the situation
is further complicated by the parallel use of multiple dis-
ease names. It takes several years of specialist training to be
able to surmise the patient’s condition from the disease
name alone. Even within the same disease name, a change
in the patient’s condition can result in completely different
symptoms and treatment methods.

Figure 2 shows examples of congenital heart disease tar-
geted in this research. Complete transposition of the great
arteries (TGA) (Figure 2a) is where the aorta and pulmo-
nary arteries are transposed, with the aorta originating
from the anatomical right ventricle (RV) and the pulmonary
artery from the anatomical left ventricle (LV). Because of
this, the aorta is located forward of the pulmonary artery or
even forward and to the right. As the pulmonary circulato-
ry and systemic circulatory systems are not connected,
there must be a ventricular septal defect (VSD), atrial septal
defect (ASD), or patent ductus arteriosus (PDA) for the sub-
ject to survive. In coarctation of the aorta (Figure 2b), there
is a coarctation where the ductus arteriosis flows into the
descending aorta or where the ligamentum arteriosum at-
taches. The degree of coarctation can range from extremely
minor to almost complete closure. With an interrupted aor-
tic arch (IAA) (Figure 2c), there is extreme coarctation of the
aorta such that some part of the aortic arch is completely
closed or missing. In many cases, IAA is concomitant with



VSD or PDA. Marked hypoplasia is usually observed in the
aortic arch between the ascending aorta and the interrupted
section. Double-outlet right ventricle (DORV) (Figure 2d)
generally refers to a disease where both the aorta and the
pulmonary artery originate from the anatomical RV. The
condition is commonly defined as a disease where 150% or
more of the great arteries originate from the RV. Around
65% of DORV cases exhibit a parallel relationship between
the aorta and pulmonary artery and this is the most com-
mon type of DORV.

It is clear, therefore, that congenital heart disease is an
extremely diverse and complex condition and that the car-
diovascular morphology of this condition should be charac-
terized using two different categories. The first is cardio-
vascular shape as defined by the centerline and radius of
the blood vessels. The second is topology, which comprises
the number of blood vessels and their connective inter-
relationships. By editing the shape and the topology of the
cardiovascular model, we can express the cardiovascular
morphology specific to a particular patient.

2.2 Cardiovascular model data structures

In the field of computer graphics (CG), the most common
method used to express a three-dimensional object is a tri-
angle surface mesh that defines the object’s surface. Recent-
ly published papers [17, 18] covered various mesh genera-
tion and editing methods. With conventional surface mesh
models, it is difficult to find a way to handle the radius of
the cardiovascular model and it is not easy to edit the to-
pology because of the need to process detailed mesh divi-
sions or detect conflicts. In this research, we define data
structures as shown below to be able to interactively edit
cardiovascular model shape and topology.

First, we define a cardiovascular centerline for a skeleton
Si comprising nodes and edges (Figure 3a). We then apply
a radius 7; to each skeleton node N; as an attribute value,
allocate the top surfaces (Figure 3b), produce a surface
mesh from the top surfaces at each node, and use this as the
blood vessel surface. To define coordinates for each node, a
plane perpendicular to the edge linking the node to its ad-
jacent node (or linking the adjacent node and the end point
as there is only one adjacent node at the end point) is ex-
tended outward from the top surface of the node. The sur-
face nodes are distributed at fixed intervals along its cir-
cumference from the radius of each node. We define the
connective relationships of the cardiovascular models ac-
cording to the parent-child relationship between each car-
diovascular model. However, this does not allow the ex-
pression of vascular rings structured like a tree. Therefore,
we express the parent-child relationships as a directed acy-
clic graph (DAG) where each cardiovascular model is
viewed as a graph node and the connecting points are
graph edges. This enables the expression of cardiovascular
morphology accompanying a vascular ring (Figure 4).

2.3 Shape editing
A. Vessel center line

When editing the centerline, we define the position of
each node on the cardiovascular model skeleton as a con-
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Figure 3 Data structure of cardiovascular model. (a) skeleton and (b)

surface of a vessel model
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Figure 4 Directed acyclic graph representation of vessel topology: (a)
an example of vessel topology and (b) its direct acyclic graph

straint by user’s input. In order to reduce the burden on the
user, the user needs to be able to edit in real time, and with
only a few operations, the nonlinear changes seen in vessel
shapes, such as twists and bends. Therefore for the center-
line editing, user’s interaction are limited to defining the
position of some skeleton nodes. The model surfaces are
smoothly modified in real time while node positions satisfy
user’s constraints.

In order to fulfill these conditions, we apply interactive
surface editing method [19, 20] proposed by Nealen et al. to
the skeleton editing. Figure 5 shows examples of the center-
line editing. The manipulated points are shown in green
and the fixed points in red. All nodes are free points before
the user enters modifications. When node N; on skeleton
Si is manipulated, if there are no fixed points on the skele-
ton Si, then the entire skeleton S; undergoes a parallel
shift in line with the distance moved by node N, (Figure
5a). If there are fixed points on skeleton S;, then skeleton
Si changes in shape to meet the constraints on the position
of all the fixed and manipulated points (Figure 5b). The
local frames placed on each node are smoothly rotated
while satisfying the constraints defined by the user. The
positions of the nodes are interpolated based on the rotated
local frames. (Figure 5c).

When node N on skeleton ;i is manipulated, if there is
a parent on skeleton S;, the connecting point to the parent
is defined as a fixed point and skeleton S; changes in shape.
At this time, the parent on skeleton Si does not change. If
there is a child on skeleton Si, the child changes in line
with the changes in the skeleton S: as a constraint on the
position of the connecting point with skeleton S;i . This pro-
cess is repeated recursively to that child. If there are multi-
ple children on skeleton Si, the children are located using a
breadth-first search (BFS) and wunvisited children are
changed. Such changes need to be done according to their
sequential order for all parent-child relationships, with par-
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Figure 5. Centerline editing examples. (a) positional update with no
fixed points, (b) shape update with fixed points and (c) skeleton de-
formation with local frames placed on each node

ents being visited before their children.

The example in Figure 6 shows manipulation of the red
skeleton node. From the BEFS, the blue, green, and purple
children of the red node are visited before the orange.
However, the blue node is the parent of green, so green
must not be visited before blue. Moreover, purple is the
parent of blue, so blue must not be visited before purple. In
order to satisfy these sequential relationships, a topological
sort is performed to identify the satisfactory sort order. Fig-
ure 6¢c shows the results when a topological sort is per-
formed on Figure 6b. The search sequence is therefore red >
purple > blue > green > orange.

B. Vessel radius

When editing the radius, we define the radius of each
node on the cardiovascular model skeleton as a constraint
on user-entered modifications. With radius editing, we
need to be able to express, with a only few operations, the
shape of blood vessels that have different thicknesses all
over as in hypoplasia and of blood vessels that have differ-
ent thicknesses in a specific location as in coarctation. We
therefore decided that the conditions when editing radii
should meet the user-entered radial constraints and should
be interpolated uniformly from the neighboring radius. In
order to satisfy these conditions, this research defined the
evaluation function described in the equation (1)

argmin| > [r - rj"2 + |- 1@1|2 1)
r i,jeE ieC

Here, 7; is the radius of node number j, 7/ is the con-

straint on the radius of node number i, E is the edge set,

and C is the constraint set. The first term of this equation is

to interpolate uniformly the neighboring radius, while the
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Figure 6 Topological sort of the skeletons to represent topology-based
editing. (a) an example of the skeletons (b) directed acyclic graph
representation and (c) sort result when manipulating red skeleton.

second term is to satisfy the constraints on the radius ap-
plied by the user.

Figure 7 shows examples of radius editing. Nodes where
the radius has been manipulated are shown in green, while
nodes with a fixed radius are shown in red. There are no
radius constraints on any nodes before the user enters any
changes. The radii of nodes manipulated by the user are set
as fixed radii. When the radius 7; of node N; on skeleton
Si is manipulated, if there are no constraints on the radii of
any nodes on skeleton S;, the radius of the entire skeleton
Si becomes equal to that of radius 7; (see Figure 7a). If
there are constraints on the radii of nodes on skeleton Si,
then the radius of skeleton S; is edited to satisfy all the
constraints on radii (Figure 7b).

2.4 Topology editing

To edit the topology of cardiovascular models, we pro-
pose four functions to enable additions, deletions, discon-
nection, and connections representing changes in connec-
tion points or connective relationships in the various cardi-
ovascular models. With topology editing, we specify three-
dimensional positions within the cardiovascular model
space by converting two-dimensional coordinates entered
from mouse into three-dimensional coordinates. When the
user specifies the two-dimensional coordinate w within the
window, we obtain the depth value that corresponds to the
two-dimensional coordinate w . If there is a cardiovascular
model in the view direction from the clicked point, we ob-
tain the three-dimensional coordinate on the cardiovascular
model surface that is at the forefront. If there is no cardio-
vascular model, we obtain a three-dimensional coordinate
by applying a certain depth value. Using this method, we
can create a cardiovascular model from the user-specified
two-dimensional coordinate.

A. Additions

As a user enters strokes, we obtain three-dimensional coor-
dinates while maintaining certain depth values at the stroke
starting points. When stroke entry is completed, we dis-
tribute nodes at fixed intervals from the three-dimensional
coordinates obtained and generate skeleton S;. The num-
ber of nodes on skeleton S; is expressed as 1, the endpoint
on skeleton S; is P; (=0 ... n), each node on the existing
skeleton is N; (j=0 ... n), and the radius of node N is r;.
When there is a node N; that satisfies the following equa-
tion for the endpoint P; of skeleton S; :
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Figure 7. Radius editing examples. (a) radius update with no fixed
points and (b) radius update with fixed points
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we connect at the nearest node Nc¢ from the endpoint P
such that skeleton S; has a child with node Ne.

B. Deletions

When there is a parent-child relationship on skeleton S;
that has been selected by the user for deletion, the parent-
child relationship of skeleton Si and the skeleton connect-
ed to skeleton S; are deleted. After deletion, there are no
parent-child connections on skeleton S; . Skeleton S; is
then deleted.

C. Disconnections

While a user is entering strokes, we obtain depth values. If
there is a cardiovascular model within the line of sight from
the mouse pointer, we obtain an index from the node near-
est to the mouse pointer. When stroke entry is completed,
we divide skeleton S; with the nodes No ... N, that has
nodes N; corresponding to the lowest depth value of all
the values obtained into two: skeleton S/ with the nodes
No ...Ni-1 and S with the nodes Ni+i... Ny . When there
is a skeleton that connects to node Ni, we delete the par-
ent-child relationship, and then delete node N;.

D. Connections

When a user selects and moves skeleton S;, there is a
change in the connection points and connective relation-
ships between the selected skeleton and other skeletons.
The same formula (2) as shown in the section on additions
is used to determine the connection or disconnection of the
selected skeleton with other skeletons.

Cross-sectional shape
of the vessel médel

imaging plane

Figure 8. User interface of the cardiovascular modeling system.

3. CARDIOVASCULAR MODEL EDITING INTERFACE

In this section, we introduce the composition of the pro-
posed system and the cardiovascular model editing inter-
face.

3.1 System components

We expect that the system proposed in this research will
be used by specialists waiting for emergency transport to
deliver an infant patient after tele-echocardiography by a
specialist has confirmed the need for surgery. The special-
ists make a diagnosis after constructing a mental image of
the three-dimensional structure of the disease state by
building up echocardiographic images sent in real time
from the remote site. Using the same process, we attempted
to construct cardiovascular models with reference to echo-
cardiographic images obtained from the telediagnosis. We
also wanted to enable the entry of shape editing commands
on top of the echocardiographic images. This process
would not only allow the specification and manipulation of
the model based on actually measured patient images, but
also manipulation of two-dimensional images to enable the
simple construction of complex cardiovascular models.
Figure 8 shows an overview of the system proposed.

The system is composed of two screens, with the left
screen displaying the echocardiographic images and the
right screen the cardiovascular model. The system displays
a plane (imaging position plane) on the cardiovascular
model that shows where the echocardiographic images
were recorded, while the cross-sectional shape of the cardi-
ovascular model at the imaging position is superimposed
on the echocardiographic images, enabling user entry di-
rectly onto the echocardiographic images. The cardiovascu-
lar model is categorized according to the type of blood
flowing, with blood vessels transporting arterial blood col-
ored red, blood vessels transporting venous blood colored
blue, and blood vessels transporting a mix of blood colored
purple. The user can switch blood vessel colors using a
menu function. Undo and redo functionality is also possible.



Figure 9 A flow of shape editing using echocardiogram images.

Figure 10 Topology editing examples (a) addition, (b) deletion, (c) cutting and (d) connection

3.2 Shape editing interface

Shape editing of cardiovascular models is possible
through two-dimensional data entry using the mouse on
the system’s left screen that displays the echocardiographic
images. First, the user selects any image in the echocardio-
graphic images by manipulating the slider in the control
box positioned along the bottom. The user then specifies
the imaging position plane for that image. The user left
clicks to select the cardiovascular model superimposed on
the echocardiographic image and can manipulate the posi-
tion of the selected cardiovascular model within the image
by dragging with the mouse. In the same way, the user left
clicks to select the cardiovascular model superimposed on
the echocardiographic image and can manipulate the radi-
us of the selected cardiovascular model using the mouse
scroll wheel. Through these user manipulations, the cross-
sectional shape of the superimposed cardiovascular model
can be made to match the actual cardiovascular shape cap-
tured in the echocardiographic images. The user edits the
cardiovascular shape by repeating this process for multiple
cross-sectional positions. Figure 9 shows an example of

shape editing flow. Also, see the supplemental movies.

3.3 Topology editing interface

Cardiovascular model topology can be edited by specify-
ing three-dimensional positions within the cardiovascular
model spaces based on two-dimensional data entry, for ex-
ample by using the mouse on the system’s right screen that
displays the cardiovascular model. The user can toggle be-
tween additions, deletions, disconnections, and connections
for topology editing using the button within the control box.

A. Additions

By entering strokes on the screen, the user adds new cardi-
ovascular models with the stroke as the centerline (Figure
10a).

B. Deletions

A pop-up menu appears when the user right clicks on the
cardiovascular model; the user selects Delete from this
menu to delete a cardiovascular model (Figure 10b).

B. Disconnections
By entering strokes that cut across a cardiovascular model,



the model can be disconnected at the intersection of the
stroke and the model (Figure 10c).

D. Connections

The user can select by clicking on the cardiovascular model
and move the entire selected cardiovascular skeleton in
parallel by dragging with the mouse; if there is a node that
meets the conditions described in section 2.4, a connection
is made with the cardiovascular model possessing that
node (Figure 10d).

4. RESULTS AND APPLICATIONS

We implemented overall algorithms in C++ and OpenGL
in order to verify whether the proposed approach would
allow specialists to construct patient - specific cardiovascu-
lar models from the echocardiographic images. Our interac-
tive modeling system does not need any additional com-
mercial software to create cardiovascular models. The ex-
periment used an Intel Xeon X5450 3.0GHz CPU and a
standard PC with 3.25GB of memory, while the Intel Math
Kernel Library was used for matrix operations. In this part
of the research, we accompanied specialists and tested car-
diovascular model structures using actual cases of a normal
heart, complete TGA, and DORV obtained using a horizon-
tal sequence scanning method.

Figure 11 shows the template model used in the experi-
ment. The template model comprised seven skeletons, Si -
S7 (Figure 11b), 226 skeleton nodes and 4520 points placed
for the triangle mesh to represent the surface of the blood
vessels. The model was constructed to be as close as possi-
ble to the cardiovascular morphology seen in the normal
heart. The pulmonary vein is almost not imaged at all with
the horizontal sequence scanning method and very few
cases need to show pulmonary vein morphology for an
understanding of the disease state. Therefore, the model
built for the experiment targeted the aorta, pulmonary ar-
tery, and vena cava.

4.1 Modeling results

Figure 12a shows the results from cardiovascular model-
ing of a normal heart. The model took approximately 5
minutes to complete, with 17 manipulations (centerline: 13;
radius: 3, additions: 1) and 4 cross sections manipulated.
The aorta and pulmonary artery form a helical shape in the
normal heart and the modeling results confirmed that this
feature could be expressed. Figure 13 displays echocardio-
gram images and cross sections of the cardiovascular model
on the four planes A, B, C and D depicted in Figure 12a. We
note the cross sections include the branch and small vessel
structures that cannot be extracted from the echocardio-
gram images. Since echocardiogram images do not include
complete information of the anatomical structures, segmen-
tation - based approaches have difficulty in representing
detailed structures of the vessels. Our approach utilizes a
deformable template to interpolate anatomical features
common to sparsely selected images. The topology of the
vessel model is customized and maintained during defor-
mation. In the modeling step, the user only indicates the
correct 2D position of the vessels based on the information
clearly revealed on the reference echocardiogram images.

pulmonary
artery

Y
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vena cava
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Figure 11 Cardiovascular template model created in our
software, (a) surface representation and (b) its skeleton

However, our system can generate 3D cardiovascular mod-
els that satisfy user’s knowledge from the partial or incom-
plete anatomical information given on the arbitrarily select-
ed 2D planes.

Figure 12b shows another result from modeling complete
TGA. The model took approximately 7 minutes to complete,
with 26 manipulations (centerline: 18; additions: 2; dele-
tions: 3; disconnections: 3) and 5 cross sections manipulated.
The results showed that the model could show the aorta
and pulmonary artery running parallel and a PDA connect-
ing the aorta and pulmonary artery. The model also ex-
pressed the blood flow characteristics (arterial blood, ve-
nous blood) in the aorta and pulmonary artery. Finally, Fig-
ure 12c shows the results from modeling DORV. The model
took approximately 7 minutes to complete, with 21 ma-
nipulations (centerline: 17; radius: 3; additions: 1) and 6
cross sections manipulated. The results confirmed that the
model could express various characteristics, such as the
aorta and pulmonary artery running parallel in the front.

We also tried to create the other complex blood vessel
model to confirm the applicability of the developed model-
ing system. The target was the Circle of Willis [21], a circle
of arteries that supply blood to the brain because it also has
a unique, complex topology and shape. In this test, we
started to draw all skeletons without any initial template
model. As shown in Figure 14, we successfully modeled the
key features of the Circle of Willis. The elapsed time for this
modeling was around five minutes. The model also has the
topological structure in our system, we can selectively edit
the shape of the vessels. (see the supplemental movie) .

4.2 Evaluation with a Specialist

In the tests, we asked the specialists on the usability and
limitation of the developed system. Specialists used the
developed system commented that the model could:

e Express patient-specific cardiovascular shapes and
positional relationships that are important features
when understanding the disease state

e Be directly used in a clinical setting

e Be applied when explaining to families or in elec-
tronic patient records

The specialists also suggested the following points for



Figure 12 Cardiovascular modeling results from the template model with medical specialists. (a) normal heart, (b) complete transposition of
great arteries and (c) double outlet ventricle

Figure 13 Cross sections of the interactively created cardio-

vascular model with the reference echocardiogram images.

further improvement:

e The disease state could be more easily understood
if the system were designed to show the valve
shape, ventricles, atria, pulmonary vein, and infe-
rior vena cava

e Corrections need to be made if the probe position-
ing slips

Figure 14 The Circle of Willis modeled on our system. The
topological and geometrical features are successfully modeled.

5. DISCUSSION

The several tests confirmed that the proposed method
could be used to construct a cardiovascular model specific
to a patient with congenital heart disease and to express
features important in understanding the disease state. In



this research, specialists unfamiliar with technical back-
grounds such as mesh structures and modeling required
less than 10 minutes to build models of three cases while
receiving explanations of how to use the system. We think
models could be built in shorter time frames once the spe-
cialists become proficient in the use of the system. As dis-
cussed in section 3.1, we assume that this system could be
used while waiting for emergency transport carrying an
infant patient to arrive.

With shape editing of the cardiovascular model, the re-
sults showed that the number of cross sections manipulated
was 4 - 6, while the number of manipulations was 17 - 26.
Therefore, the proposed method allows editing with only a
few manipulations. The topology editing interface that ena-
bles data entry onto the echocardiographic image can be
used to easily construct complex models, for example
showing the positional relationship of the aorta and pul-
monary artery crossing in a helical shape. This intuitive
modeling environment is also applicable to other clinical
situation such as daily surgical planning and medical edu-
cation where medical staffs including young practitioners
can share the anatomical knowledge or surgical procedures
using tailor-made cardiovascular models.

In this research, rather than preparing a template for each
disease state, we built cardiovascular models using the
normal heart as a template in order to be able to adapt the
model to various types of congenital heart disease. The re-
sults confirmed that it was possible to build models in a
short timeframe using our proposed method, even for con-
ditions where the shape differed significantly from the
normal heart template.

As discussed in section 4.2, evaluation by the specialists
highlighted the following issues to be addressed: how to
model valve shape, ventricles, atria, the pulmonary vein,
and the inferior vena cava and how to correct for slips in
the probe position as there can be camera shake and the
probe needs to be remain in close contact with the chest
wall. These technical issues will be our future work.

6. CONCLUSION

This paper tries to address the difficulty of sharing a full
understanding between specialists and other healthcare
staff based on echocardiographic tele-diagnosis of congeni-
tal heart disease in neonates. The objective of the research
was to express the congenital heart disease condition using
echocardiographic images. We propose a system to con-
struct patient-specific cardiovascular models whereby spe-
cialists interactively edit cardiovascular models prepared in
advance while referring to echocardiographic images.

We propose an interface and methods to edit cardiovas-
cular shape and topology in order to express the cardiovas-
cular state in congenital heart disease, which encompasses a
diverse range of conditions and can be extremely complex.
To make the shape and topology editing interactive, we
used assigned attribute values to a number of data struc-
tures on the cardiovascular model: the cardiovascular sur-
face, the cardiovascular centerline of a skeleton comprising
nodes and edges, and the cardiovascular radius of each
skeleton node. We also used a DAG where skeletons are

viewed as graph nodes and connecting points as graph
edges.

Tests to verify the cardiovascular modeling using a
number of actual cases showed that the system could be
used to build a cardiovascular model based on echocardio-
graphic images within a practical time frame. The utility of
the proposed system was confirmed in comments from spe-
cialists who noted that the system expressed the patient-
specific cardiovascular state and that this was important to
gain an understanding of the congenital heart disease con-
dition.

The proposed method allows the expression of the con-
genital heart disease condition as diagnosed by specialists
from echocardiographic images. This is expected to facili-
tate a shared understanding between specialists and other
healthcare staff. The system could also be applicable when
obtaining informed consent from families of the patient or
in electronic patient records. We hope to further improve
the proposed system such that it can be used in the clinical
setting.
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