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Abstract

We present a tool for visualizing the wall motion and
thickness of the left ventricle. Smooth surface recon-
structions of the epicardial and endocardial surfaces
are computed from MRI slice data, and used to com-
pute wall thickness along the epicardial surface. The
epicardial surface is then displayed color-coded by wall
thickness. Wall motion can also be visualized as the
epicardial surface is drawn beating in real time. We
believe that this is an intuitive interface for the study
of ventricular function and treatment planning.

1 Introduction

The precise calculation of wall thickness requires care-
ful and improved modeling of endocardial and epicar-
dial surfaces, as well as a robust method of computing
the distance between these surfaces. We have recently
developed a novel method of reconstructing smooth
tensor product surfaces from cross-section data [5].
Here, we apply this method to produce high quality
smooth reconstructions of the epicardial and endocar-
dial surfaces of the left ventricle, based on MRI data
(Figures 3 and 5).

We also present a method of computing LV wall
thickness as a function of location on the endocardial
surface. The computed wall thickness is presented by
color-coding the endocardial surface (Figure 6). The
final product is a three dimensional, dynamic presen-
tation of both surfaces beating in real-time, with a
strong color cue for instantaneous LV wall thickness.

The surface construction uses a minimum area trian-
gulation of contour data (Figure 2) to build a smooth
tensor product Bezier surface. Since the triangula-
tion guides the surface construction, the final surface
reflects the optimality of the triangulation. However,
since the contour data originates from a smooth object
(the left ventricle) a smooth reconstruction is likely to
be much more faithful to the true shape of the ob-
ject than a piecewise planar triangulation. This is also

reflected in more accurate measurements of thickness.
Minimal surface area is widely accepted as an optimal-
ity criterion for surface reconstruction, but previous re-
constructions have either been optimal triangulations
[1, 3, 4, 6, 7] or smooth surfaces that largely ignore
optimality criteria (e.g., [8]).

Our surface reconstruction is efficient because we
do not force the computation of the exact minimal
surface. Spline theory [2] is used to optimize the inter-
polation. The accuracy and smoothness of the surface
can be controlled by the user. Our emphasis is on the
computation of open and closed isoparametric curves
of the surface, which are needed to define a tensor
product Bezier surface. We are also able to control
sampling density by filling and pruning isoparametric
curves, for accuracy and economy.

2 Reconstruction

The problem of reconstructing a surface from serial
sections is classic, and moderately well understood.
The conventional approach is to create an “optimal”
triangulation (usually minimal surface) of data points
organized as planar polygons (Figures 1 and 2). This
creates a polyhedral approximation to the actual sur-
face. A smooth surface reconstruction has certain ad-
vantages over such a piece-wise planar triangulation; in
particular, the tensor-product Bezier form is well be-
haved and well understood. In [5] we present a method
of producing such a reconstruction for surfaces which
are topologically tubes. This is precisely the type of
surface typically reconstructed from MRI data of the
left ventricle.

The key idea behind our reconstruction method is
to use a triangulation of the original data to guide the
construction of “flow lines” both vertically and hor-
izontally along the tubular surface. So-called “seed
points” are distributed in one dimension, and allowed
to “flow” in the orthogonal direction (Figure 5). At
each stage, the process adapts to make sure that the
surface is well formed (flow lines do not intersect) and



that it captures all essential features of the raw data
(new seed points, and hence new flow lines, are intro-
duced as necessary).

3 Results on surface quality

We measure the quality of the surface reconstruction
by removing one slice from the data, reconstructing
the surface with various methods, and measuring how
well they predict the missing slice.

Table 1: Average distance from data points on missing
slice (in mm)

Our method Optimal Triang
Data 1 1.268 1.628
Data 2 1.120 1.240
Data 3 1.820 1.792
Data 4 1.545 1.617

All data sets are taken from segmented MRI of the
endocardium of the left ventricle. In all data sets, the
middle 5th slice of 9 slices has been removed. Data
set 1 is the reconstruction of phase 10, data set 2 of
phase 16, and data set 3 of phase 19. These are typical
examples that show the range of performance of the
two methods: our method is typically 5-10% better.
Data set 4 is the average across all 20 phases. Our
method is 10% more accurate on average. We have
run the methods over different data sets with similar
performance.

We have also compared our method with other
smooth surface methods (ones that are not guided by
any optimality criteria) and its accuracy is better, of-
ten markedly so depending of course on the choice
of method. For example, on data sets 1-4, another
smooth surface method yields errors of 1.760, 2.768,
2.216, and 1.925mm.

The above table demonstrates that our method is
at least comparable (usually much better) than the
straightforward triangulation method, in terms of cre-
ating a surface which passes very near the original,
actual, unknown surface. The point, however, is that
the tensor product Bezier surface is much smoother
than the triangulation, and gives a more natural ap-
pearance. The results above show that we can gain
these benefits without sacrificing accuracy.

4 Calculation of Wall Thickness

Having reconstructed both the endo- and epicardial
surfaces, it is natural to ask about the LV wall thick-
ness (everywhere). See Figure 6. This computation is
subtle.

We have investigated four different methods of com-
puting wall thickness. We consider every vertex on
the endocardial surface; the problem is to annotate
that point with the distance to the epicardial surface.

The first, obvious approach is to consider every ver-
tex in our representation of the endocardial surface,
compute a distance to the (single) point on the epi-
cardial surface, and pick the smallest distance. If our
surfaces were represented in fine enough detail, this
might be sufficient. However, note that the natural
“wall thickness” does not always correspond to the
shortest distance. We should also consider the vectors
normal to both surfaces. Distances calculated along
lines which are tangential to the surfaces are not likely
to represent “wall thickness” in any meaningful way.

The second approach is to cast a ray from the single
point on the endocardium, in the direction of its sur-
face normal, and find the intersection of this ray with
the epicardium. This method is often adequate, but
suffers from the fact that the endocardial surface is
often “jaggy”, containing many small surface features
which perturb the surface normal.

A third approach is to reverse the ray casting, and
send rays from the (relatively smooth) epicardium to
the endocardium. This method is more well behaved;
the problem is that it misses large portions of the en-
docardium, which is the surface we want to color code.
This problem can be somewhat alleviated by propagat-
ing known distances.

The fourth (and our preferred) method is a hybrid
of the first three. We begin by casting rays from the
(relatively smooth) epicardium. This paints the en-
docardium with distances and directions. These dis-
tances and directions are propagated into unpainted
regions. This first pass is considered to be hints about
distances and directions. In subsequent passes, we cast
rays from the endocardium to the epicardium, and
compute the surface normal at the epicardium. When
the ray cast from the endocardium generates a surface
normal at the epicardium (to within a tolerance), we
have converged. If not, we assign the new surface nor-
mal at the epicardium as the direction in which to cast
the next ray from the endocardium. Perhaps surpris-
ingly, this process converges very quickly.



Figure 1: Input: segmented contours from MRI

5 Figures

6 Data acquisition and imple-
mentation

Our implementation was developed on a Silicon
Graphics Indigo2 Extreme workstation. The data was
acquired on a 1.5T (Tesla) Magnetic Resonance Imag-
ing (MRI) system (ACS, Philips Medical Systems,
Shelton, CT) using a gradient-echo pulse sequence.
The images are of short-axis (relative to the heart)
slices that are stacked at each phase of the heart beat
to produce a time series of volume images (Figure 1).
Slice thickness and gap varied between the studies, but
a typical value for slice thickness is 8mm with a gap
between adjacent slices of 4.8mm. Contrast between
the blood pool and myocardium (heart muscle) is used
to detect the endocardial wall of the left ventricular
chamber using an automatic segmentation process. A
similar process is used to detect the epicardial wall (be-
tween heart muscle and right ventricular blood pool,
lung, and diaphragm). Approximately 90% of endo-
cardial and 80% of epicardial outline pixels are the
result of automatic processing alone.

Figure 2: Optimal triangulation

Figure 3: Optimal smooth surface



Figure 4: Vertical flow lines

Figure 5: Endocardial and epicardial surfaces

Figure 6: Thickness-coded smooth surface
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