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Abstract: Cardiac fibrillation is the complete dis-
organization of the heart’s electrical activity. The
administration of an electrical shock (defibrillation) is
the only known effective therapy to restore the heart’s
normal rhythm. Although defibrillation is success-
fully applied in clinical practice, the underlying
mechanisms remain poorly understood. Computer
simulations of defibrillation shocks are among the
most elegant methods to unravel this phenomenon,
however, todays models are still too simplistic in
several regards. Although whole ventricle computer
simulations have become tractable, essential anatom-
ical and functional features are still missing in these
models. To increase the predictive power of computer
simulations missing features have to be added. In
this study, we developed a first version of a computer
model of rabbit ventricles which is suited for defib-
rillation studies. At the current state, gross anatomy
and fiber orientations are accurately model based on
MRI data. In subsequent steps, the model will be
complemented by incorporating micro-anatomical
details like vessels and cleavage planes.
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Introduction

The administration of strong electrical shocks, re-
ferred to as electrical defibrillation, is the only known
therapy to restore a sinus rhythm in a fibrillating heart.
Although defibrillation is successfully applied in clini-
cal practice since world war II, key aspects of the under-
lying biophysical mechanism remain poorly understood.
Computer models have demonstrated to be a very valu-
able tool to gain insights into these mechanisms, how-
ever, defibrillation studies with such models are demand-
ing for two reasons: First, bidomain formulations which
account for current flow in both the intracellular and in-
terstitial/extracellular domain are better suited for such
studies than the computationally significantly less expen-
sive and theoretically less general monodomain formu-
lations. Besides, the computation of a shock enforces
very small time steps down to 1µsand less which further
increases the computational burden. Further, there are
additional requirements regarding the mesh quality. The
use of unstructured grids is almost mandatory to allow

a smooth representation of the organ boundaries, since
boundaries defined on structured grids tend to cause ar-
tifactual currents due to tip effects at the jagged surface.
However, although mesh generation using unstructured
grids is not as straightforwardly accomplished as with
structured grids, there are major advantages too. Fine
discretization is required within the myocardial volume
only, whereas outside the tissue, in the bath or within
the blood filled cavities, much coarser discretizations are
acceptable. With increasing distance from a myocardial
surface the spatial resolution of a mesh can be reduced
without decreasing the accuracy of the solution while the
number of unknowns can be reduced significantly.
The goal of this study is to develop a method which trans-
forms a mesh, defined on a structured grid, into an un-
structured mesh pursuing two major goals, first, to allow
smooth representation of the organ boundaries, and, sec-
ondly, to achieve a significant reduction of the number
of unknowns and thus reduce the computation workload
associated with the elliptic portion of the bidomain equa-
tions.

Materials and Methods

The development of the computer model is based on
available MRI data of rabbit’s ventricular geometry [1].
MRI data are voxel-based and thus can easily be trans-
formed into a hexahedral mesh. However, due to the
edgy representation of surfaces, hexahedral meshes are
unsuited for defibrillation studies since artifactual cur-
rents arising at the element edges are inevitable. Conse-
quently, to obtain a smooth representation of the organs
boundary the hexahedral mesh was transformed to a tetra-
hedral mesh as follows:

Edge Detection:Points on the myocardial surfaces
were obtained by differentiating binary images of the
cross-sections. Sorting the point set in each cross-section
led to an oriented boundary curve. Dot pitches greater
than the spatial discretization served as criterion to sepa-
rate myocardial surfaces. The location of the boundary’s
barycenters in each cross-section allowed the discrimina-
tion of left and right endocardium as well as of the epi-
cardium (see Fig. 1).

Surface Constitution and Smoothing:A parametric
approach with Non-Uniform Rational B-Splines [2] was
chosen to represent the global surfaces. On each bound-
ary curve, N equidistantly distributed points were se-
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Figure 1: Left: Binary image generated from one hex-
ahedral mesh layer.Right: Boundary curves were ob-
tained from differentiated binary images. The barycen-
ters served as criterion to discriminate epicardial (black),
left (green) and right (red) endocardial boundaries.

lected.N points inM sections formed the setS of M×N
control points. The net ofS control points was param-
eterized using NURBS.S vertices and two knot vectors
(discretization of the parameter space alongu andv) de-
fined the surfaces of the endocardial cavities and the epi-
cardium in 3D space (see Fig. 2).

Figure 2:Left: Two-dimensional(u,v) NURBS parame-
ter space.Right: Equivalent transformation of(u,v) pa-
rameters into the real world coordinate system.

Smooth organ surfaces were mandatory for the defib-
rillation simulations to avoid artifactual currents arising
at the element edges. Varying the NURBS order allowed
to control the smoothness of the surfaces as can be seen
in Fig. 3.

Surface Triangulation:The NURBS parameter space
was discretizised alongu (direction apex to base) and
v (circumferential direction) to result in the desired dis-
cretization∆s (≈ 250µm) in real world coordinates. The
summation of all∆s defined the boundary curve length
L. The number of grid points̃N(ui) on each smoothed
boundary curve was computed from the quotient of curve
lengthL and the desired spatial discretization∆s, where
Ñ(ui) ≈ L/∆s. The number of nodes along the circum-
ference changed from layer to layer. Before triangulating
the surface, nodes were shifted in circumferential direc-
tion to avoid any ”funny” surface elements. Quadrilater-
als placed between neighboring boundary curvesui and
ui+1 were used to form the surface elements.∆Ñ trian-
gles were inserted to account for unequal curve lengths,

Figure 3: Influence of different NURBS order settings on
the smoothness of the surfaces.

where

∆Ñ = Ñ(ui+1)−N(ui) (1)

FEM-Mesh Generation:Commercial softwareHy-
permesh(Altair Engineering, Germany) was used to gen-
erate a volume tetrahedral mesh with the triangulated epi-
cardial and endocardial surfaces as boundaries. Three
different domains were created: the endocardial cavi-
ties (I ), the myocardium (II ) and the bath (III ) (see Fig.
4). The dimensions for the bath volume were chosen by
adding 2mmon each side of the rabbit’s heart. Memory
requirements enforced the decomposition of the surfaces
into subdomains of 1mmheight. These were meshed se-
quentially and put together again. Due to numerical con-
siderations and in order to keep solution times low, the
tetrahedral mesh coarsens from the myocardial surfaces
towards the areasI and III . No adaptivity of the finite
elements was allowed inside the myocardium.

Figure 4: Domain decomposition. No adaptivity during
element generation was allowed in area II.
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 Fiber Interpolation: The fiber orientations were
mapped from the hexahedral grid onto the tetrahedral
grid. The mapping was carried out componentwise via
nearest neighbor interpolation using the Matlab routine
griddata3(The MathWorks Inc., Natick, USA):

dx(~r0)→ dx(~rn) (2)

dy(~r0)→ dy(~rn) (3)

dz(~r0)→ dz(~rn), (4)

where~r0 is the fiber orientation on the original hexahe-
dral grid and~rn the corresponding orientations onto the
unstructured grid.

Numerical Solution:Induction of reentry and the sub-
sequent application of a defibrillation shock was sim-
ulated using the softwareCARP [3]. The numerical
method was described in detail in [4]. The dynamic mem-
brane behavior during normal excitation spread and dur-
ing shock delivery was based on [5] and [6].

Results

Surface Constitution and Smoothing:MRI data of
rabbit’s ventricular geometry was transformed into a hex-
ahedral mesh. The extracted boundary curves were pa-
rameterized and smoothed using NURBS (see Fig. 5).

Figure 5: View on smooth epicardial surface of the rabbit
heart. Hexahedral surface vertices (structured grid) are
plotted in green dots.

FEM-Mesh Generation:Commercial software gener-
ated a volume tetrahedral mesh onto an unstructured grid.
A summary of the finite element quantities and number of
vertices is shown in Tab. 1.

Table 1: Comparison of finite element numbers and ver-
tices distribution in raw data and developed 3D model

Myocardium Total

Hexahedra 470.201 1.732.599

Vertices 522.841 1.776.320

Tetrahedra 3.073.529 5.082.272

Vertices 547.680 862.515

The generation of quality volumetric meshes closely
corresponds with geometric characteristics, such as the
edge length distribution (see Tab. 2).

Table 2: Analysis of intra- and extramyocardial tetrahe-
dral elements in reference to its edge length distribution

Parameter Myocardium Cavities, Bath

Mean valueµ 275.81µm 390.18µm

Std. Deviationσ 49.01µm 175.40µm

Coarser tetrahedral elements were produced in the en-
docardial cavities and the bath as it is shown in Fig. 6.

Figure 6: The view to the heart’s basis shows the size
variation of the finite elements: high density of similarly
sized surface elements in myocardial areas - coarsening
of the elements in the surrounding area.

Fiber Interpolation: The fiber orientations were in-
terpolated from the hexahedral grid onto the unstructured
tetrahedral grid with the Matlab functiongriddata3 (see
Fig. 7).

Figure 7: Mapping of fiber orientations between hexahe-
dral grid (black arrows) and tetrahedral grid (red arrows).

Shock Delivery:Consistent with published data, de-
spite the use of plate electrodes which produce a homo-
geneous external electric field, virtual electrodes (see Fig.
8) were observed next to cathodal and anodal polariza-
tion under the electrodes as a consequence of unequal
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 anisotropy ratios between intracellular and interstitial do-
main. The rise of transmembrane voltages were limited
by electroporation and a hypotheticalIa current which
was incorporated to account for the membrane’s asym-
metric response to shocks. Artifactual effects like ob-
served when using voxel-based hexahedral meshes were
not observed.

Figure 8: Next to cathodal and anodal polarizations, vir-
tual electrode polarizations of opposite polarity due to the
presence of unequal anisotropy ratios, were observed.

Discussion

Many mesh generation problems involve the forma-
tion of elements on arbitrary three-dimensional surfaces
[7]. 3D surfaces are typically represented by NURBS.
The development of our 3D computer model is based
upon this approach. The modification of the NURBS or-
der provides an elegant method to smooth the organ sur-
faces (see Fig. 5), where the endocardial cavities and
the epicardium form not intersecting, closed boundary
curves. However, basal cross-sections of the MRI data
which do not fulfill this constraint, were not meshed.
The mesh quality can have a considerable impact on the
computational analysis in terms of the quality of the so-
lution and the time needed to obtain it. Different param-
eters, e.g. the skew, the shape, the volume or the edge
length distribution estimate the mesh quality. The com-
mercial mesh generator created tetrahedral elements in
the myocardium with mean edge lengthµ = 275.81µm
and standard deviationσ = 49.01µm (see Tab. 2). This
suffices the desired mean edge length of 250µm.
The second major goal of this study, besides the smooth-
ing of the organ boundaries, was to reduce the number
of unknowns in order to relieve the computation work-
load. The total amount of vertices was bisected (see Tab.
1), whereas the vertices within the myocardium nearly
remained the same.

Conclusions

The development of a 3D computer model based on
MRI data of a rabbit heart was presented. As the edgy
representation of the underlying hexahedral volume mesh
is unsuited for defibrillation simulations, a transforma-
tion onto an unstructured grid was found working off fol-

lowing steps: boundary detection, surface creation using
NURBS, surface triangulation, finite element generation
in Hypermeshand interpolation of the fiber orientations
between structured and unstructured grid under Matlab.
The choice of the NURBS order allowed to control the
smoothness of the epi- and endocardial surfaces.
In a further step, the model will be validated with ex-
perimental data to get good agreement regarding con-
duction velocity and action potential duration. To lo-
cally adjust these parameters the model has to account
for cardiac heterogeneities in both function and structure.
More details of the cardiac ultrastructure (connective tis-
sue, vessels) and the functional heterogeneity (transmural
and apicobasal) will be included in later versions of the
model. Defibrillation studies force to solve the bidomain
equations in nano-second time steps. The numerical so-
lution of these equations with millions of unknown vari-
ables and up to 50.000 time steps for one single shock
challenges even state-of-the-art technology.
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