A Sketch-based Interface for Modeling Myocardial Fiber Orientation
that Considers the Layered Structure of the Ventricles

KENSHI TAKAYAMA®, TAKASHI ASHIHARA®, TAKASHI IJIRIY, TAKEO IGARASHI 2,
RYO HARAGUCHI*, and KAZUO NAKAZAWA*
'Department of Computer Science, the University of Tokyo; 2JST/ERATO;
®Department of Cardiovascular Medicine, Heart Rhythm Center, Shiga University of Medical Science; and
“National Cardiovascular Center Research Institute

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.

Key words: electrophysiological heart simulation, myocardial fiber orientation, sketch-based interface.

To better understand the mechanisms of fedadliacar-
hythmias, we previously developedlargescale heart
simulator that calculates the excitation propagation
througha realisticthreedimensional D) human venfr
cular model called AVirtual Heard [1]. A supercomputer
was used to solvalarge system of differential equations
containingabout45 million variableswhich represerd
the behavior 06.64 million volumetric units of myoca
dium. Various electrophysiological phenomena were v
sualized using this simulation system With the rapid
growth of computer hardware technology, the speed
accuracy ofhesimulation willincrease in theuture
However,creatinga realistic3D ventricularmodel is still
difficult and timeconsumingbecause the modebnsists
of various parameters such e ion channel actiities,
the excitation sequences of the subendocardialdaged
the myocardial fiber oréntation which is especially in-
portantbecausehe speed oExcitationpropagatiorarge-
ly depends olit. The speeds aboutthreetimesfaster in
the longitudinal direction of mydfibers thanin the trars-
versedirection.In our simulation system [1], theyoca-
dial fiber orientdion was hardcoded and @uld not be
modified easilyby the user

To resolve this issue we subsequentlydeveloped a
sketchbased interface for modeling myocardial fiber
orientdion [2]. In this system, the user careate a val-
metic vector field that represerst the myocardial fiber
oriertation easily and quickly by drawing strokes on the
sufaces or crosssections of the 3Dventricular model.
However, auser studyrevealed dimitation of the ne-
thod since theventriclesconsist & many myocardialay-
ers [3], it is not mtuitive for the user to draw strokes on
crosssections of the 3entricularmodel to specify the
internal fiber orientdon. Instead, according ta uses
comment, it would bebetterif the usercould peel the
layers of myocardiumand draw strokes oeach layetto
specify the internal fiber orieatton.

Based on thisiser feedbackwe propose a sketdfased
interface for modetig myocardial fiber orientation that

allows the userto peel the layerof myocardiumard
draw strokes oeach layeto specifythe myocardiaffiber
orientation Our method also makes it possibledi&form
the entire volumetric model of myocardial fiber orierat-
tion, whichis very important for studying morpholiag
abnormalities such ashypertrophic cardiomyopathy,i-d
lated cardiomyopathy, and ventricular aneuryswie
created severamodels of myocardial fiber orientation
usingour systemand applied them ta simplified ele-
trophysiologicalheart simulator [4] to demonstrate the

anckeffectivenes ofour system

METHODS

System overview. The input to the system ke tetra-
hedralmeshof the 3Dventricularmode| and the output
is a volumetric vector fielthatrepresents the myocardial
fiber orientéion. Theinput mesh modelvas obtained as
follows: the shape of a living human hearaswbtained
using magnetic resonance imaginlIRI) datathat was
converted into a @ygonal mesh using MarchinGubes
[4]. Then, his was simplified and tetrahedralized using
TetGen library [5].The user carcreate he myocadial
fiber orientationembedded itthis tetrahedral mesh model
in two steps by defining a depth field and specifying the
fiber orienation The user can also deform the shape of
the 3D ventricularmodel aftermodelingthe myocardal
fiber orientdion. We describe the detailsf each in the
following.

Defining a depth field. The ventricles consist afnyo-
cardial layersas shown in Fig. I3]. To create such ya
ers,the userefinesa depth fieldnsidethe 3Dventriau-
lar modelby puttingseveralpoints on the modethat ca-
respond tofour regions of theventricles the epicardial
layers, septalmyocardiallayers between the left and right
ventricles,right ventricularfree wall, andleft venticular
freewall. Each region is associated with a cdliead, yé-
low, green, and bluegspectively), andhe user can put



colored points onthe
3D ventricular model
by clickingthe mouse
on the surface (Fig.
2a). If the posdtion
where the user wantg
to put a point ishid-
den by otherpars of
the model, theuser
can cut off such parts
by drawing a free
form strokeacrosghe
3D ventricularmodel
(Fig. 2b) andcanplacethe point onthe desired gsition
(Fig. 2¢).

After putting severalpointson the 3D ventricularmodel
(Fig. 3), the usemasksthe systemo compute asmoothy
varying depth fieldinsidethe 3Dventricularmodel. The
system asigns each of these ussyecified points a depth
value corresponding tdhe region (0, 0.5, 1, and, Ze-
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Fig. 1. The myocardial
layers of the ventricles.
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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).

of the myocardiallayers by ®&tracting the iso-surfaces
from the depth field using Mathing Tetrakdra [7] (Fig.

4b). If the resulting depth fielis not satsfactory, the user
can add or remove points and let the systecompute
the depth fieldn a triakand-error manner

Specifying the myocardial fiber orientation. Next,
the user specifieshie myocardial fiber orientatioty

spectively, anduses them as constraints to compute agrawing strokeson each myocardial layer The user

snoothly varying scalar depth fieldn the 3D spacdy
using thin plate spline interpolatiofi6]. The esulting
depth field is visualized assmoothlyvarying colordis-
tribution (Fig. 4a). The system also generates #Huefaces
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chooses layerof myocardiumwith the mouse wheel and
draws strokes orit by dragying the mouse (Fig.dp. Cuit-
ting the model, similar to Fig. 2c, allows the user to draw
intramural myocardial fiber orientation as wdlhe sys-
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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).

(a) (b)

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



tem theninterpolates thesaserdrawn strokes to laain

the myocardialfiber orientaéion varying smoothlyinside

the 3D ventricular model. The gstem alsogenerates
manystreamlines running along the filséo visudize the

interpolation result (Fig. 5).

Laplacian smoothing. To intermlate the vector field
defined bythe userdrawn strokeswe performLaplacian
smoothing 8] on the tetrahedral @sh veticesfor eachx-,

y-, and z-component of the vector field. This technique
minimizes the differencebetweenthe values ssigned to
the mesh verticewhile satisfying the usespecified on-
straints as much as pdss.

More precisely, supposewe are solving for the >§

n

The Laplaciand: is defined as

i
0 = x; — E w;ix;
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where N is the index set of orgng neighboring vert-
es of vi, and «i representshe correponding weightTo
make the interpetion result smoother on the sarfayer
than among different Jeers, we setheweights as
oxp(—/\,.ri - /\dd?j)

#;\: exp(—A, 13, — Aad3,)

o=
U.J
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where "ii is the Euclidean diance betweerVi and Vi,
%; is the difference between the depth valsasped at
Vi and Vi, and A+ and A« are predefined constartisat
control the smoothness in tldepth direction(currently,
we sethemto 1 and5, respetively).

The goal is to minimize all these Laplacians whilessati
fying the userspecified constraint#\s the castraints are
givenin the form ofuserdrawn strokesand each stroke
consists of aeries of small segmentae treat each ge
mentasa normalized constraintedor defined ata dis-
crete pointn the 3D space. When gstraint vectorC is
given at 3D positionP, we search for tetradron 7 in
the meshthatis closest to P. The constraints then given

Fig. 5. (a) Drawing strokes on the layers of ventricular myocardium.

in the form of a weighted sum as

w1 i, + waky, + wsx;, + wax;, = Cz, (3)
where i1.---.%1 are the indices of the four vertices @
and ¢ is the x-compnent of C. The weights
Wiy ey w4 are gven as
exp(f/\,‘r? - /\dd?)
wj = — . .
3 exp(—Ari — Aadi)
k=1 ' (4)

where "i is the Euclidean distancestiveen P and Vi,

and % is the difference between thiepth valuessan-
pledat P and Vi,

Minimizing all the Laplacians (Eql) while satisfying the
colledion of the constraints (Eg3) in a least squares
sense forms a sparse linear system, which can be solved
quickly by LU decomposition (we us¢MFPACK libraty

[9]). We perform a similar procedure fdhe y- and z
components, and finally combine them into normalized
vectors.

Converting tetrahedra into voxels. Since the vetor
field obtained above is only defined at theiposs of the
tetrahedral mesh vertise we compute the volumetric
vector field by converting tetrahezinto voxels For each
tetrahedron in the mesh, we first scan it inxhey-, and
z-directiors to obtain a set of voxelthat belong to the
tetrahedron.Then, we assign each voxel a deptblue
that is interpolated linearly from the depth values a
signed to the four vertices tifie tetrahedrorto which it
belongs Finally, the vector value assigned to each voxel
is canputed as the weighted sum of the vestssigned
to the four vertices dhetetrahedroro which it belongs
wherethe weightsaresimilar to Eq. 2 After obtaining the
volumetric vector field, we can apply varioexisting
visualization tebniquessuch as stredines (Fig. ) [10].
The volumetric datayhere each voxelontains the x-, y-,
and z-components ofmyocadial fiber orientationvector,
can beexpored to other applations, and canalso be
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(b) Streamlines visualizing the

interpolated myocardial fiber orientation in the ventricles.



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

lumetric model is recomputed.

converted into any specific data format available focele where Vi is the deformed pason of Vi.

trophysiological simulations in the nteicles.

Deforming the shape. We can deform thentire shape
of the volumetric modehfter creatingthe myocardial
fiber orientdion. This isaccomplishedy first deforming
the tetrahedral mesh amisenrecomputing theleformed
volumetric modelof the myocardial fiber origtation In
our current prototype systerie user deforms the tatr
hedral mesh bynoving the individual meshvertices na-
nually. Howevey it is posdble touseother techniques of
deforming tetrahedral meshes [11]

After the tetrahedralmesh is deformed, wé&ansfom
each ofthe usedrawn strokesinto the corrgponding
deformed position usinga pie@wise linear mapping
¢:R*—R" which mapsan arbitrary3D postion P in
the original modelonto the correspondingpostion
p'=¢(p) in the deformed modelTo computeP’, we
search forthetetrahedronT in the original meshthatis
closest toP and compute the barycentric coworates
Myonns A4 as

Avi, +Aavi, + A3, + Agvy, = p

AltAzt Az A =1 (5)
where i.---.i1 arethe indices of the four vices of T.
We can theralaulate ' as
p’ = /\1V£_l +)\2V;;z + /\\:5\’:3 + /\-1V£_" (6)

We transform all theuserdrawn strokesappropriagly
using thismap (Fig. 6a), and perfornLaplacian smodi-
ing again to obtain the deformed volumetnodel of the
myocardialfiber orientation(Fig. &). Note that this d-
formation technique is applicable not otdythe myoca-
dial fiber orientaion, but alsoto other spatially varying
parameters such dle ion channel activies and excita-
tion sequencef the subendocdial layes.

RESULTS

As shown inFig. 7, we createdhree samplemodels of
myocardial fiber orientatioand applied them tthe sim-
plified simulatorthat we had developed @riously [12].
The models shown in Fig. 7a antd Aave the samaD
shape, but theimyocardial fiber orientationdiffer. We
can observe the influence of this differemeethe exci-
tion propagationin the simulation resultThe modcl
shown in Fig. ¢ was created by dmfming the model
shown in Fig. @ The simulationesult shows that the
myocardial fiber orientdon was mapped appropriely
from the originaimodelto the a&formedone

Our current prototype system is ingphented using C++
and OpenGL ora notbook PC witha 2.33GHz CPU
and 1.0 GB of RAMThe tetrahedral meshe usedcon-
sists 0f 3,162 vertices and 1357 tetratedra The total
computationtime, including the construction ofhe depth

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

simulation results (right).



