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Summary. Predse knowledge of cardiac anatomy forms the basis for diagnosis
and treament of congenital heat disease. Only a few centers worldwide have
accessto spedadlized pathology colledions of heats with congenital malforma-
tions. Rare spedmens canna be replacel after lossor damage. To preserve, re-
produce, and pubish the unique spedmens of the Cardiac Registry, Children’s
Hospital Boston, for worldwide teading and reseach puposes, we have de-
veloped the image processng methods described in this paper. The challengeis
to preserve dl relevant detail s unaltered in the reproduced models.

1 Introduction

Congenital heat defeds are one of the most common congenital defeds in children
and dften have a @mplex anatomic structure. Predse knowledge of cardiac aatomy
forms the basis for diagnosis and treament of congenital heat disease [1]. Static im-
ages in bodks are very limited for the demonstration of complex threedimensional
(3D) relationships. Virtual 3D models, which can be rotated and cut in any plane ae
much more sufficient for this purpose. However, the perfed teading and research tool
would be ahighly acairate reproduction of the original heat. Only anatomic sped-
mens provide the best passble way to lean and understand the spedal relations and
dimensions of cardiac malformations. For example, inserting probes into the sped-
mens help to clarify the mnnedions between different cavities.

Continued use of the spedmens lead inevitably to their gradual degeneration. Rare
spedmens cannot be replaced after lossor damage. As many congenital heat defeds
can be surgicdly correded nowadays, many spedmens of the Cardiac Registry are
unique, since this colledion was established as cardiac surgery was in a very ealy
stage. Additionally, only a few centers worldwide have accsesto spedalized pathol-
ogy colledions.

A method for an exad reproduction of unique spedmens is therefore desirable.
Conventional methods do not yield the acaracy required to show all details of the
essential pathology.



2 Material and Methods

A unique olledion of waxed heat spedmens with congenital heat defeds is avail-
able & the Cardiac Registry of the Children’s Hospital, Harvard Medicd Schodl,
Boston. In contrast to formalin fixed spedmens, waxed heats kee their original
shape and therefore 3D dimensions are eaier to appredate. Twelve of the 70 sped-
mens were reproduced with our method.

The heats were digiti zed by high-resolution spiral computer tomography (0.5 mm
slices with 0.2-0.3 mm overlap, in-plane resolution < 0.25 mm) with a Siemens Vol-
ume Zoom 4 scanner. The spedmens were placal on aflat Plexiglas® plate, which can
be more eaily removed from the data than the aurved CT table.

For reproduction, we use stereo-lithographic rapid prototyping techniques, for
which a surfacerepresentation of the model hasto be generated. The conversion of the
voxel-data into a surfacerequires the seledion of a threshold and must preserve the
size, thicknessand topdogy of the heat speamen. A singe threshold yields unsatis-
fadory results because of the high degree of acarracy necessary to show all relevant
detail s of the congenital malformation. In the following, we describe the steps of our
reproduction scheme in further detail .

2.1 Removing the Plexiglas® Plate

Sinceit is pradicaly impossble to pacethe Plexiglas® plate exadly horizontally on
the CT table, the first step to its removal is to determine its paosition and normal. We
use aleast-squares fit to the plate outside the aeawhere the heat adually touches it.
Simply defining all voxels below the deteded plate & badground would yield a flat
surfaceof the model in the parts of the heat that were in the immediate vicinity of the
plate. Therefore, we cdculate the mean value of the plate in the respedive distance
from its top autside the aeg where the heat lay, and subtrad it along the whole
plane. The subtradion procedure is performed for al voxels inside and below the
plate (Figure 1).

2.2 Optimal Threshold Calculation and Conversion in Surface Representation

The onversion of voxel data into a surface representation, e.g. by means of the
Marching Cubes algorithm [2], requires the definition of a threshold. Manual thresh-
old seledion yields opticdly similar visuali zaions for a wide range of threshold val-
ues. Lower thresholds sam to be better at the first glance, since thin structures like
heat valves tend to have lower houndsfield-unit values due to partial volume dfeds.
Lowering the threshold naturaly increases the thickness of all other parts of the
model, e.g. of the vessl walls (Figures 2a and 2k, solid arrows). The solid volume of
the model varies up to 30% depending on the chosen threshold. When lowering the
threshold, small vessls are dosed completely due to this effed before dl valves ap-
pea, espedaly in smal heat spedmens. Closing of vessls that are not closed in the
original spedmen dramaticaly changes the type of pathology and is therefore unac-
ceptable.



Fig. 1. (a) Original slice with detected plate. Reconstructed slices along
the top of the plane (b) before and (c) after subtraction.

We @plied the method o Wiemker and Pekar [3] for an automatic detedion of
the optimal threshold. The method allows for the cdculation of the total absolute
gradient value on the surfacegenerated by the seledion of athreshold for all possble
threshold values in a single path through the volume. Using a similar technique, the
resulting surface aeafor al possble threshold values can also be computed in a sin-
gle path. Thus, the mean absolute gradient on the surfacefor all posdble threshold
values can be cdculated. The threshold that yields the maximal mean absolute gradi-
ent is eleded for the surfacegeneration.

For validation if this actually provides a result with corred thickness our software
allows to measure the thicknessof structures in the 3D visualization. The user clicks
on the structure of interest and the thicknessis cdculated along the viewing ray. If the
surfaceof the structure is not perpendicular to the ray, alocd least-squares fit of the
surface ca provide the new diredion of measurement. These virtual measurements as
well as red measurements on a rapid-prototyping model bath confirmed the plausibil-
ity of the seleded threshold.

The onversion of the voxel-data into the surfacerepresentation is performed using
vtk (Kitware, Inc., New York, USA). For large spedmens, a simplificaion of the
generated surface mesh is necessary to comply with the spedficaions of rapid-
prototyping machines, which can only handle data of up to approx. 80 MB (in binary
STL format). Mesh simplificaiion and visualizaion of the simplificaion error as a
color-coded surfacerenderingis also dame by the goplication of vtk.

2.3 Interactive Local Threshold Adaptation

The threshold value seleded as described in the previous ®dion yields corred thick-
ness of those parts of the model that are not serioudly affeded by partial volume -
feds (thus, the larger parts), but, sinceit is rather high, substantial parts of the valves
tend to vanish and some of the visible parts of the valves may be not conneded to the
main part of the model.

These problems can be more predsely analyzed and correded in two-dimensional
slices than in 3D reoonstructions. Therefore, the mesh is cut with two-dimensional
dices and the resulting contours — color coded acmrding to a wnneded component
analysis — are displayed as overlays on top d the voxel data, see Figure 2c. In the
figure, the voxel data is sown with alower threshold than the one used for the mesh
generation, so that the valve (arrow) is now completely visible.



Fig. 2. (a), (b) Visuaizations of unchanged data set with (a) the cdculated
optimal threshold and (b) a lower threshald. (c) Interadive definition o areafor
locd adaptation o threshold. (d) Result after adaptation. Arrows: seetext.

Our software dlows using locdly a different (lower) threshold to make the valves
visible in the visualizaion and the reproduced models. A rough delineaion of the
areg where the lower threshold should be gplied, is aifficient, as the polygon in
Figure 2c.

Figure 2d shows that with this technique the valve (dashed arrow) is now present
and the thicknessof the vessls and ather structures are preserved (solid arrow); com-
pare with Figures 2a,b.
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