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Abstract: We propose a sketch-based interface for 
modeling the myocardial fiber orientation required in 
the electrophysiological simulation of the heart, es-
pecially the ventricles. The user can create a volu-
metric vector field that represents the myocardial 
fiber orientation in two steps. First, the user defines 
a depth field over the three-dimensional (3D) ventri-
cular model to create layers of myocardium. Then, 
the user can peel these layers and draw strokes on 
them to specify the myocardial fiber orientation in 
each layer. We represent the 3D ventricular model 

as a tetrahedral mesh and perform Laplacian 
smoothing over the mesh vertices to interpolate the 
vector field defined by the user-drawn strokes. Our 
method also allows the user to perform deforma-
tions on volumetric models of myocardial fiber orien-
tation, which is very important for studying heart dis-
ease associated with morphological abnormalities. 
We created several examples of myocardial fiber 
orientation and applied them to a simplified simula-
tor to demonstrate the effectiveness of our method. 
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To better understand the mechanisms of fatal cardiac arr-
hythmias, we previously developed a large-scale heart 
simulator that calculates the excitation propagation 
through a realistic three-dimensional (3D) human ventri-
cular model called “Virtual Heart” [1]. A supercomputer 
was used to solve a large system of differential equations 
containing about 45 million variables, which represented 
the behavior of 5.64 million volumetric units of myocar-
dium. Various electrophysiological phenomena were vi-
sualized using this simulation system. With the rapid 
growth of computer hardware technology, the speed and 
accuracy of the simulation will increase in the future. 
However, creating a realistic 3D ventricular model is still 
difficult and time-consuming because the model consists 
of various parameters such as the ion channel activities, 
the excitation sequences of the subendocardial layers, and 
the myocardial fiber orientation, which is especially im-
portant because the speed of excitation propagation large-
ly depends on it. The speed is about three times faster in 
the longitudinal direction of myofibers than in the trans-
verse direction. In our simulation system [1], the myocar-
dial fiber orientation was hard-coded and could not be 
modified easily by the user. 
To resolve this issue, we subsequently developed a 
sketch-based interface for modeling myocardial fiber 
orientation [2]. In this system, the user can create a volu-
metric vector field that represents the myocardial fiber 
orientation easily and quickly by drawing strokes on the 
surfaces or cross sections of the 3D ventricular model. 
However, a user study revealed a limitation of the me-
thod: since the ventricles consist of many myocardial lay-
ers [3], it is not intuitive for the user to draw strokes on 
cross sections of the 3D ventricular model to specify the 
internal fiber orientation. Instead, according to a user’s 
comment, it would be better if the user could peel the 
layers of myocardium and draw strokes on each layer to 
specify the internal fiber orientation. 
Based on this user feedback, we propose a sketch-based 
interface for modeling myocardial fiber orientation that 

allows the user to peel the layers of myocardium and 
draw strokes on each layer to specify the myocardial fiber 
orientation. Our method also makes it possible to deform 
the entire volumetric model of myocardial fiber orienta-
tion, which is very important for studying morphological 
abnormalities, such as hypertrophic cardiomyopathy, di-
lated cardiomyopathy, and ventricular aneurysm. We 
created several models of myocardial fiber orientation 
using our system and applied them to a simplified elec-
trophysiological heart simulator [4] to demonstrate the 
effectiveness of our system. 
 

METHODS 
 
System overview. The input to the system is the tetra-
hedral mesh of the 3D ventricular model, and the output 
is a volumetric vector field that represents the myocardial 
fiber orientation. The input mesh model was obtained as 
follows: the shape of a living human heart was obtained 
using magnetic resonance imaging (MRI) data that was 
converted into a polygonal mesh using Marching Cubes 
[4]. Then, this was simplified and tetrahedralized using 
TetGen library [5]. The user can create the myocardial 
fiber orientation embedded in this tetrahedral mesh model 
in two steps: by defining a depth field and specifying the 
fiber orientation. The user can also deform the shape of 
the 3D ventricular model after modeling the myocardial 
fiber orientation. We describe the details of each in the 
following. 
 
Defining a depth field. The ventricles consist of myo-
cardial layers, as shown in Fig. 1 [3]. To create such lay-
ers, the user defines a depth field inside the 3D ventricu-
lar model by putting several points on the model that cor-
respond to four regions of the ventricles: the epicardial 
layers, septal myocardial layers between the left and right 
ventricles, right ventricular free wall, and left ventricular 
free wall. Each region is associated with a color (red, yel-
low, green, and blue, respectively), and the user can put 



colored points on the 
3D ventricular model 
by clicking the mouse 
on the surfaces (Fig. 
2a). If the position 
where the user wants 
to put a point is hid-
den by other parts of 
the model, the user 
can cut off such parts 
by drawing a free-
form stroke across the 
3D ventricular model 
(Fig. 2b) and can place the point on the desired position 
(Fig. 2c). 
After putting several points on the 3D ventricular model 
(Fig. 3), the user asks the system to compute a smoothly 
varying depth field inside the 3D ventricular model. The 
system assigns each of these user-specified points a depth 
value corresponding to the region (0, 0.5, 1, and 2, re-
spectively), and uses them as constraints to compute a 
smoothly varying scalar depth field in the 3D space by 
using thin plate spline interpolation [6]. The resulting 
depth field is visualized as a smoothly varying color dis-
tribution (Fig. 4a). The system also generates the surfaces 

of the myocardial layers by extracting the iso-surfaces 
from the depth field using Marching Tetrahedra [7] (Fig. 
4b). If the resulting depth field is not satisfactory, the user 
can add or remove points and let the system recompute 
the depth field in a trial-and-error manner. 
 
Specifying the myocardial fiber orientation. Next, 
the user specifies the myocardial fiber orientation by 
drawing strokes on each myocardial layer. The user 
chooses a layer of myocardium with the mouse wheel and 
draws strokes on it by dragging the mouse (Fig. 5a). Cut-
ting the model, similar to Fig. 2c, allows the user to draw 
intramural myocardial fiber orientation as well. The sys-

Fig. 2. The user puts several points on the sur-
faces of the 3D ventricular model by clicking the 
mouse (a). Cutting the model (b) allows the user 
to put points on the internal regions (c). 

Fig. 1. The myocardial 
layers of the ventricles. 

Fig. 4. (a) Computed depth field visualized as a smoothly varying color distribution. (b) The layers of 
ventricular myocardium extracted from the depth field. 

Fig. 3. User-specified points on the four parts of the ventricles used to construct the depth field: the 
(a) epicardial layer (depth 0), (b) septal layer (depth 0.5), (c) right ventricle (depth 1), and (d) left ven-
tricle (depth 2). 



tem then interpolates these user-drawn strokes to obtain 
the myocardial fiber orientation varying smoothly inside 
the 3D ventricular model. The system also generates 
many streamlines running along the fibers to visualize the 
interpolation result (Fig. 5b). 
 
Laplacian smoothing. To interpolate the vector field 
defined by the user-drawn strokes, we perform Laplacian 
smoothing [8] on the tetrahedral mesh vertices for each x-, 
y-, and z-component of the vector field. This technique 
minimizes the differences between the values assigned to 
the mesh vertices while satisfying the user-specified con-
straints as much as possible. 
More precisely, suppose we are solving for the x-
component  assigned to each vertex . 
The Laplacian  is defined as 

,   (1) 

where  is the index set of one-ring neighboring vertic-
es of , and  represents the corresponding weight. To 
make the interpolation result smoother on the same layer 
than among different layers, we set the weights as  

,  (2) 

where  is the Euclidean distance between  and , 
 is the difference between the depth values sampled at 
 and , and  and  are predefined constants that 

control the smoothness in the depth direction (currently, 
we set them to 1 and 5, respectively). 
The goal is to minimize all these Laplacians while satis-
fying the user-specified constraints. As the constraints are 
given in the form of user-drawn strokes and each stroke 
consists of a series of small segments, we treat each seg-
ment as a normalized constraint vector defined at a dis-
crete point in the 3D space. When constraint vector  is 
given at 3D position , we search for tetrahedron  in 
the mesh that is closest to . The constraint is then given 

in the form of a weighted sum as 

, (3) 

where  are the indices of the four vertices of  
and  is the x-component of .  The weights 

 are given as 

,  (4) 

where  is the Euclidean distance between  and , 
and  is the difference between the depth values sam-
pled at  and . 
Minimizing all the Laplacians (Eq. 1) while satisfying the 
collection of the constraints (Eq. 3) in a least squares 
sense forms a sparse linear system, which can be solved 
quickly by LU decomposition (we use UMFPACK library 
[9]). We perform a similar procedure for the y- and z-
components, and finally combine them into normalized 
vectors. 
 
Converting tetrahedra into voxels. Since the vector 
field obtained above is only defined at the positions of the 
tetrahedral mesh vertices, we compute the volumetric 
vector field by converting tetrahedra into voxels. For each 
tetrahedron in the mesh, we first scan it in the x-, y-, and 
z-directions to obtain a set of voxels that belong to the 
tetrahedron. Then, we assign each voxel a depth value 
that is interpolated linearly from the depth values as-
signed to the four vertices of the tetrahedron to which it 
belongs. Finally, the vector value assigned to each voxel 
is computed as the weighted sum of the vectors assigned 
to the four vertices of the tetrahedron to which it belongs, 
where the weights are similar to Eq. 2. After obtaining the 
volumetric vector field, we can apply various existing 
visualization techniques such as streamlines (Fig. 5b) [10]. 
The volumetric data, where each voxel contains the x-, y-, 
and z-components of myocardial fiber orientation vector, 
can be exported to other applications, and can also be 

Fig. 5. (a) Drawing strokes on the layers of ventricular myocardium. (b) Streamlines visualizing the 
interpolated myocardial fiber orientation in the ventricles. 



converted into any specific data format available for elec-
trophysiological simulations in the ventricles. 
 
Deforming the shape. We can deform the entire shape 
of the volumetric model after creating the myocardial 
fiber orientation. This is accomplished by first deforming 
the tetrahedral mesh and then recomputing the deformed 
volumetric model of the myocardial fiber orientation. In 
our current prototype system, the user deforms the tetra-
hedral mesh by moving the individual mesh vertices ma-
nually. However, it is possible to use other techniques of 
deforming tetrahedral meshes [11]. 
After the tetrahedral mesh is deformed, we transform 
each of the user-drawn strokes into the corresponding 
deformed position using a piecewise linear mapping 

, which maps an arbitrary 3D position  in 
the original model onto the corresponding position 

 in the deformed model. To compute , we 
search for the tetrahedron  in the original mesh that is 
closest to  and compute the barycentric coordinates 

 as 

, (5) 

where  are the indices of the four vertices of . 
We can then calculate  as 

, (6) 

where  is the deformed position of . 
We transform all the user-drawn strokes appropriately 
using this map (Fig. 6a), and perform Laplacian smooth-
ing again to obtain the deformed volumetric model of the 
myocardial fiber orientation (Fig. 6b). Note that this de-
formation technique is applicable not only to the myocar-
dial fiber orientation, but also to other spatially varying 
parameters such as the ion channel activities and excita-
tion sequence of the subendocardial layers. 
 

RESULTS 
 
As shown in Fig. 7, we created three sample models of 
myocardial fiber orientation and applied them to the sim-
plified simulator that we had developed previously [12]. 
The models shown in Fig. 7a and 7b have the same 3D 
shape, but their myocardial fiber orientations differ. We 
can observe the influence of this difference on the excita-
tion propagation in the simulation result. The model 
shown in Fig. 7c was created by deforming the model 
shown in Fig. 7a. The simulation result shows that the 
myocardial fiber orientation was mapped appropriately 
from the original model to the deformed one. 
Our current prototype system is implemented using C++ 
and OpenGL on a notebook PC with a 2.33-GHz CPU 
and 1.0 GB of RAM. The tetrahedral mesh we used con-
sists of 3,162 vertices and 13,157 tetrahedra. The total 
computation time, including the construction of the depth 

Fig. 6. Deforming the model. (a) The strokes are transformed according to the deformation. (b) The vo-
lumetric model is recomputed. 

Fig. 7. Models of myocardial fiber orientation in the ventricles created using our system (left) and the 
simulation results (right). 



field, interpolation of the user-drawn strokes, and conver-
sion of tetrahedra into voxels, was less than 5 seconds. 
 

DISCUSSION 
 
Since the user can create models of myocardial fiber 
orientation quickly and easily using our system, our me-
thod facilitates realistic 3D heart simulation with the goal 
of clinical application. Our method is also effective for 
studying the influence of the myocardial fiber orientation 
on the excitation propagation by comparing the simula-
tion results of various heart models with the same 3D 
shape, but with different myocardial fiber orientations. 
Finally, our technique of deforming volumetric models 
allows the user to obtain a variety of heart models with 
different 3D shapes effortlessly by deforming a single 
base model with predefined parameters. This makes it 
much easier to study the influence of the morphological 
change in the ventricles on the excitation propagation. 
There are some limitations to our method. One serious 
drawback is that the distribution of the myocardial fibers 
in the real world is so complicated that our method might 
not be able to create a precise model. Several regions in 
the heart, such as the cardiac apex and septal myocardial 
layers between the left and right ventricles, have very 
complex distributions of myocardial fibers [13, 14]. It 
might be necessary to develop more sophisticated user 
interfaces to deal with these specific regions. 
Another issue, which is also related to the above, is that 
the myocardial fibers in the real world actually have no 
distinction between the front and back orientations, which 
implies that there can be some regions in the ventricles 
where the myocardial fiber orientation cannot be 
represented by smoothly varying vector field. Tensor field 
representation might be more appropriate for our purpose, 
because it can represent certain orientation fields that 
cannot be represented by smoothly varying vector field, 
as shown in Fig.8. Zhang et al. proposed an interactive 
design tool for two-dimensional (2D) tensor field that can 
create orientation fields such as those shown in Fig. 8 
[15], but extending their technique to 3D tensor field is 
not trivial. 
Finally, we need to investigate how to support the model-
ing process. Currently the user has to design the myocar-
dial fiber orientation from scratch based only on his or 
her expert knowledge. Since it has become possible to 
obtain the myocardial fiber orientation to some extent 
using diffusion tensor MRI [16], we will be able to help 
the user’s modeling process with such data. We plan to 
continue working on these issues. 
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Fig. 8. Examples of 2D orientation field that can-
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