Image Processing Methods for an Exact Reproduction of

Unique Waxed Heart Specimens

Ivo Wolf, Manuela Makabe, Gerald Greil # , Matthias T horn, T al Geva*,

Stella Van Praagh*, Richard Van Praagh*, Hans-Peter Mei n zer

Deutsches Krebsforschungszentrum, Dept. MBI / H0100

ImNeuenheimer Feld 280, 69120 Heidelberg

# Universitätskinderklinik Tübingen, Dept. of P ediatric Cardiology

Hoppe˘Seyler Straße 3, 72076 Tübingen

*Children´s Hospital, Harvard Medical School, Dept. of P athology

300 Longwood Ave, Boston, MA 02115, USA

Email: I.Wolf@dkfz.de

Summary. P recise knowledge of cardiac anatomyforms the basis for diagnosis and treatment of congenital heart disease. Onlya few centers worldwide have access to specialized pathologycollections of hearts with congenital malform a - tions. Rare specimens cannot be replaced after loss or damage. To preserve, r e - produce, and publish the unique specimens of the Cardiac Registry, Children´s

Hospital Boston, for worldwide teaching and research purposes, we have d e - veloped the image processing methods described in this paper. The challenge is to preserve all relevant details unaltered in the reproduced models.

1 Introduction

Congenital heart defects are one of the most common congenital defects in children and often have a complex anatomic structure. Precise knowledge of cardiac anatomy forms the basis for diagnosis and treatment of congenital heart disease [1]. Static i m - ages in books are verylimited for the demonstration of complex three-dimensional

(3D) relationships. Virtual 3D models, which can be rotated and cut in anyplane are much more sufficient for this purpose. However, the perfect teaching and research tool would be a highlyaccurate reproduction of the original heart. Onlyanatomic spec i - mens provide the best possible wayto learn and understand the special relations and dimensions of cardiac malformations. For example, inserting probes into the spec i - mens help to clarifythe connections between di f ferent cavities.

Continued use of the specimens lead inevitablyto their gradual degeneration. Rare specimens cannot be replaced after loss or damage. As manycongenital heart defects can be surgicallycorrected nowadays, manyspecimens of the Cardiac Registryare unique, since this collection was established as cardiac surgerywas in a veryearly stage. Additionally, onlya fewcenters worldwide have access to specialized patho l - ogycollections.

A method for an exact reproduction of unique specimens is therefore desirable.

Conventional methods do not yield the accuracyrequired to showall details of the essential pathology.

2 Material and Methods

A unique collection of waxed heart specimens with congenital heart defects is avai l - able at the Cardiac Registryof the Children´s Hospital, Harvard Medical School,

Boston. In contrast to formalin fixed specimens, waxed hearts keep their original shape and therefore 3D dimensions are easier to appreciate. T welve of the 70 spec i - mens were repr o duced with our method.

T he hearts were digitized byhigh-resolution spiral computer tomography(0.5 mm slices with 0.2-0.3 mmoverlap, in-plane resolution < 0.25 mm) with a Siemens Vo l - ume Zoom4 scanner. T he specimens were placed on a flat Plexiglas ® plate, which can be more ea s ilyremoved fromthe data than the curved CT table.

For reproduction, we use stereo-lithographic rapid prototyping techniques, for which a surface representation of the model has to be generated. T he conversion of the voxel-data into a surface requires the selection of a threshold and must preserve the size, thickness and topologyof the heart specimen. A single threshold yields unsati s - factoryresults because of the high degree of accuracynecessaryto showall relevant details of the congenital malformation. In the following, we describe the steps of our reproduction scheme in further detail.

2.1 Removing the Plexiglas ® Plate

Since it is practicallyimpossible to place the Plexiglas ® plate exactlyhorizontallyon the CT table, the first step to its removal is to determine its position and normal. We use a least-squares fit to the plate outside the area where the heart actuallytouches it.

Simplydefining all voxels belowthe detected plate as background would yield a flat surface of the model in the parts of the heart that were in the immediate vicinityof the plate. T herefore, we calculate the mean value of the plate in the respective distance fromits top outside the area, where the heart lay, and subtract it along the whole plane. T he subtraction procedure is performed for all voxels inside and belowthe plate (Figure 1).

2.2 Optimal Threshold Calculation and Conversion in Surface Representation

T he conversion of voxel data into a surface representation, e.g. bymeans of the

Marching Cubes algorithm[2], requires the definition of a threshold. Manual thres h - old selection yields opticallysimilar visualizations for a wide range of threshold va l - ues. Lower thresholds seemto be better at the first glance, since thin structures like heart valves tend to have lower houndsfield-unit values due to partial volume effects.

Lowering the threshold naturallyincreases the thickness of all other parts of the model, e.g. of the vessel walls (Figures 2a and 2b, solid arrows). T he solid volume of the model varies up to 30% depending on the chosen threshold. When lowering the threshold, small vessels are closed completelydue to this effect before all valves a p - pear, especiallyin small heart specimens. Closing of vessels that are not closed in the original specimen dramaticallychanges the type of pathologyand is therefore una c - ceptable.

We applied the method of Wiemker and Pekar [3] for an automatic detection of the optimal threshold. T he method allows for the calculation of the total absolute gradient value on the surface generated bythe selection of a threshold for all possible threshold values in a single path through the volume. Using a similar technique, the resulting surface area for all possible threshold values can also be computed in a si n - gle path. T hus, the mean absolute gradient on the surface for all possible threshold values can be calculated. T he threshold that yields the maximal mean absolute grad i - ent is selected for the surface generation.

For validation if this actuallyprovides a result with correct thickness, our software allows to measure the thickness of structures in the 3D visualization. T he user clicks on the structure of interest and the thickness is calculated along the viewing ray. If the surface of the structure is not perpendicular to the ray, a local least-squares fit of the surface can provide the newdirection of measurement. T hese virtual measurements as well as real measurements on a rapid-prototyping model both confirmed the plausibi l - ityof the selected threshold.

T he conversion of the voxel-data into the surface representation is performed using vtk (Kitware, Inc., NewYork, USA). For large specimens, a simplification of the gene r ated surface mesh is necessaryto complywith the specifications of rapidprototyping machines, which can onlyhandle data of up to approx. 80 MB (in binary

ST L format). Mesh simplification and visualization of the simplification error as a color-coded surface rendering is also done bythe application of vtk.

2.3 Interactive Local Threshold Adaptation

T he threshold value selected as described in the previous section yields correct thic k - ness of those parts of the model that are not seriouslyaffected bypartial volume e f - fects (thus, the larger parts), but, since it is rather high, substantial parts of the valves tend to vanish and some of the visible parts of the valves maybe not connected to the main part of the model.

T hese problems can be more preciselyanalyzed and corrected in two-dimensional slices than in 3D reconstructions. T herefore, the mesh is cut with two-dimensional slices and the resulting contours ˘ color coded according to a connected component analysis ˘ are displayed as overlays on top of the voxel data, see Figure 2c. In the figure, the voxel data is shown with a lower threshold than the one used for the mesh generation, so that the valve (arrow) is nowcompletelyvisible.

Fig. 1. (a) Original slice with detected plate. Reconstructed slices along

the top of the plane (b) before and (c) after subtraction.

Our software allows using locallya different (lower) threshold to make the valves visible in the visualization and the reproduced models. A rough delineation of the area, where the lower threshold should be applied, is sufficient, as the polygon in

Figure 2c.

Figure 2d shows that with this technique the valve (dashed arrow) is nowpresent and the thickness of the vessels and other structures are preserved (solid arrow); co m - pare with Figures 2a,b.

Acknowledgements

We thank Richard Nawfel, Dr. Carl J. Krinopol and especiallyAnn McGinnis for their help with the CT acquisition of the heart specimens.

Literature

1. Van P raagh R: Morphologic Anatomy. In: Fyler DC (eds.): Nadas´ P ediatric Cardiology,

Hanley& Belfus, Inc., P hiladelphia, 17-26, 1992.

2. Lorensen WE, Cline HE: Marching Cubes: A High Resoultion 3D Surface Construction

Algorithm. ACM Computer Graphics 21(4):163-169, 1987.

3. Wiemker R, P ekar V: Fast Computation of Isosurface Contour Spectra for Volume Visual i - zation. P rocs Computer Assisted Radiologyand Surgery2001:372-377, 2001.

Fig. 2. (a), (b) Visualizations of unchanged data set with (a) the calculated optimal threshold and (b) a lower threshold. (c) Interactive definition of area for local adaptation of threshold. (d) Result after adaptation. Arrows: see text.

(a) (b)

(c) (d)