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Abstract

Volumetric layers often encountered in medical image aislgre characterized by double and nested
bounding surfaces. The thickness of a volumetric layer atiat jon the bounding surface is the distance
from that point to the opposite surface. There exist sexaghihitions for the layer thickness. A newly
proposed thickness definition is the radial thickness, ivlsicefined as the distance between each pair of
corresponding points on the two surfaces with the same potadinate. The thickness values calculated
by the radial thickness definition are unique and does noti@pn the starting surface. In this paper,
we describe a class for calculating the radial thicknessefwmlumetric layer represented as coupled
and nested triangle meshes.

The classyt kRadi al Thi cknessCal cul at e, is implemented using the Visualization Toolkit (VTK),
www. vt k. or g. In this document, we describe the radial thickness caticulalgorithm and provide the
user with the source code and the input data to reproducesthits. The radial thickness calculation
described in this paper has a variety of applications irinlyithe thickness calculation for the skull vault,
which is the original motivation for this work.
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1 Introduction

Volumetric layers encountered in medical image analysisllys contains double and nested bounding sur-
faces, for instance, the skull vau$i][ the cerebral cortexg], and the myocardium of the left ventricl&]|

In the recent work®], we described a generic automatic landmarking methodtfactures with coupled
surfaces by minimizing the description length. In that meitthe local thickness gradients are considered
in formulating the description length. Once the landmarkoor surface is determined, its counterpart on
the other surface can be found directly. It has been emprishown that considering the thickness infor-
mation in landmarking volumetric layers will lead to modefish higher quality compared with performing
the landmark optimization on two surfaces independentiyhat work, we proposed a new thickness mea-
surement that is suitable to measure the thickness of thenattic layers. In this paper, we will give the
detailed implementation of this thickness definition ashasglthe usage of the appended source code.

The thickness of a volumetric layer at a point on the boundindace is the distance from that point to
the opposite surface. There exist several definitions ®iaker thickness. The most popular ones are the
closest thicknessT{ o) and the normal thicknes3orma) [2]- Tuose IS the distance from a point on one
surface to the closest point on the oth@korma is the distance from a point on one surface to the point
on the other in the direction of the surface normal. To find mege measure that performs reasonably on
every type of layers is impractical. We determine the lah@kiness as the distance between each pair of
corresponding points on the two surfaces with the same polardinate. This measure is named as the
radial thicknessTragial). We illustrate the measures ®fiose, Thormal» and Tragia ON an axial plane of the
skull boundary (see FiguiB. Different from measure®; s andThorma that depend on the starting surface,
the Tradial IS UNique and landmarks are grouped in pairs using this memsunt.
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Figure 1: Different thickness definitions illustrated onaatmf one axial plane of the skull boundary: (a)
the coupled surfaces; (b) the closest thickness measyréhgamormal thickness measure; (d) the radial
thickness measure used in this paper.



2 Algorithm Description

To calculate the radial thickness, the two coupled triamggshes are treated as a master mesh and a sup-
plementary one. As illustrated in Figutgd), each ray is determined by the vector from the center ¢h ea
vertex in the master mesh. The radial thickness calculasioo determine the distance between each ver-
tex on the master mesh and the intersection point of the gmoreling ray with the supplementary surface.
Specifically, this problem can be reduced to the problem etkimg if there is any intersection of a ray
and a triangle in the supplementary mesh, and determirsrgpdrdinates if it exists. We adopt the fast and
minimume-storage algorithm of ray/triangle intersectio@mining proposed ind]. A ray emitted from the
centerCy to one verte¥ in the master mesh is defined as

R(t) =Co+1D, 1)

whereD = (V —Cy)/||V — Cy|| is the normalized direction. A poinT;(u,v), on a triangle defined by three
verticesVy, V1, Vs is represented by

T(u,v) = (1—u—V)Vop+ UV + Wy, 2

where(u,Vv) are the barycentric coordinates, which satisfiesdlatdv are non-negative, as well as the sum
of uandv is not greater than one. It is apparent that the intersett@ween the rafR(t) and the triangle
T(u,v), is equivalent tdR(t) = T(u,Vv), which leads to the following equation

Co+tD=(1—U—V)V0—|—UV1—|—VV2. (3)

By rearranging the terms in EgB8)( we can easily have,

t
[—D,Vl—Vo,Vz—Vo] ul =0—V. (4)
Y,
By using the Cramer’s rule and definikg = V1 — Vo, E2 = Vo — Vg, andT = O —V, we obtain the solution
to Eqn.@) as
t 1 |T,E1, B
Ul=r——=—=—=5|I1-DT.El|. ©)
v PERE | pE T
Considering that
C1,C2,C3 =—(C1 xC3)-C (6)
=—(C3xCy)-Cy, (7)

we can further simplify Eqng) to speed up the computations in the following form

ul = P.T |, (8)
y [P-Eq Q.D

whereP = (D x Ez) andQ =T x Ej.



3 User's Guide

Thevt kRadi al Thi cknessCal cul at e class takes one VTK mesh input as the master mesh and the other
VTK mesh input as the supplementary mesh. The output is tfialrdnickness values, or the normalized
ones between 0 and 1. Each radial direction is determineldebyector from the center to each vertex in the
master mesh. There is a distance value for every directfaihete is no intersection between the ray and
the supplementary mesh, the radial thickness value wilebéos0. Alternatively, the user can also specify
the directions in a text file, in which each row with 3 real narsdbrepresent a direction.

Before calculating the radial thickness, we need to incthéeheader file

#i ncl ude "vtkRadi al Thi cknessCal cul ate. h",

and declare an instance in the following way,

vt kRadi al Thi cknessCal cul ate radi al Thi cknessCal ;

The master mesh and the supplementary mesh can be set by

radi al Thi cknessCal . Set Mast er Mesh(i nner); \\

[l "inner’ is an inner skull nmesh in the format of VIK

and

radi al Thi cknessCal . Set Suppl enent ar yMesh(outer); \\

[/l "outer’ is an outer skull nesh in the format of VIK

Users can specify the file name to save the radial thickndass/ay

radi al Thi cknessCal . Set Thi cknessFi | eNanme( "t hi cknessFile");

Actually there will be two output files. One is “thickness=tkt”, which contains the radial thickness values,
while the other output is “thicknessFileormalized.txt”, which saves the normalized ones.

Finally, the thickness calculation can be triggered by

radi al Thi cknessCal . Start Thi cknessCal cul ate();

Aside from using the vector from the center to each vertexinrmhaster mesh, which is the default mode,
the user can also explicitly specify the directions by gt direction file in the following way

radi al Thi cknessCal . Set DirectionsFi | eNane("directions");



4 Results

In this section, we firstly describe the packages requiragktwerate the results presented in this study. The
radial thickness calculation and visualization is perfedhon the human skull vaults afterwards.

4.1 Required Packages

In order to reproduce the results presented in this papegygar needs to compile and run the attached code
with the following packages:

e CMake 2.4.6

e Visualization Toolkit VTK 5.0.3
The class/t kRadi al Thi cknessCal cul at e is based on the Visualization Toolkit. The output can be
a file containing the normalized radial distances accortlinitpe vertex order in the master mesh, or
according to the direction order if the direction file is Sfied. The distance values can be plotted on
the master mesh to visualize the distance variation eXplici

e KWMeshvisu H]
KWMeshvisu is adopted to visualize the calculated radisiagices on the master mesh. Each radial
thickness for the corresponding vertex in the master mesblig-coded for visualization. This kind
of thickness representation provides a qualitative utideding of the layer data, such as the regions
with high and low thickness values. The normalized thickrids is in the right form as required by
KWMeshvisu, which looks as follows,

NUMBER_OF_PQO NTS = 5685

DIMENSION = 1
TYPE = Scal ar
e Neurolib?

The VTK2Meta tool in the MetaMeshTools project from the Nsilr package is adopted to convert
the mesh data from the VTK format to the Meta format, which barloaded in KWMeshvisu for
visualization.

4.2 Results on Human Skull Vaults

To illustrate the applicability of the proposed class, wplgjit to calculate the local thickness of the human
skull vault, which is defined as the upper part of the skull andn open coupled-surface structure. The
skull volume was segmented from the head CT data acquirde: &rince of Wales Hospital, Hong Kong.
The field of view of the CT data is 512 512 and the voxel size is 0.49mm0.49mmx 0.63mm.

Figure 2 shows the coupled (inner and outer) surfaces of the skult vaawed from the back and the top
respectively. The radial thickness values are calculasatjuthe algorithm described in this paper. FigBre
and4 present the color-coded thickness values on the inner aed swrfaces of the skull vault, respectively.
In Figure3, the inner surface is taken to be the master surface, wheleuker surface is the selected to be
the master surface in Figude Note that in our program, if there is no intersection betwi® ray and the
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supplementary surface, we artificially set the thicknedsevat that direction to be zero, which causes the
appearance of a ribbon of zero values in the inner surfadeeagkull vault as shown in Figuia).

From the results, we can find that the resultant radial téskrvalues represent the layer thickness reason-
ably, which is consistent with our observation in Fig@reThus, it can be concluded that for the structures
with a near-spherical morphology radial thickness is aablgtthickness measurement. Another observation
is no matter whether the master surface is the inner surfate @uter surface, the resultant thickness value
for each particular vertex will not be altered, except inttherginal regions.

(a) (b)

Figure 2: Coupled surfaces of the skull vault: (a) the baekwi(b) the top view.

5 Conclusion

In this paper, we provide the implementation of a new thiskmgefinition for the volumetric layer structures
proposed in§]. This implementation is encapsulated in théRadi al Thi cknessCal cul at e class, which
also contains a realization of the fast ray/triangle irgetion algorithm $]. The provided class is potentially
applicable to various problems involving the assessmettteothickness of the volumetric layer structures.
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A Implementation Notes

Thevt kRadi al Thi cknessCal cul at e class takes two VTK mesh files as inputs. One is the supplemnent
mesh file, and the other is the master mesh. The center anddia¢ directions of the volumetric layer can
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Figure 3: The color-coded thickness values plotted on thiacei of the inner skull: (a) the back view; (b)
the top view; (c) the color bar used to code the normalizezktdss values.
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Figure 4: The color-coded thickness values plotted on thiaca of the outer skull: (a) the back view; (b)
the top view; (c) the color bar used to code the normalizezkttdss values.
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be calculated from the master mesh data. In both the useifispemode and the default mode, for each
direction, the distance from the center to the supplemgmegsh is calculated as the distance between the
center and the intersection between the ray and a triangheisupplementary mesh. In the user-specified
mode, the distance to the master mesh can be calculated sathe way as to the supplementary mesh.
Whereas, in the default mode, the distance from the centdretonaster mesh in a certain direction can
be achieved directly as the distance between the centethangettex in that direction. Besides using the
distance files as outputs, there exist other two APIs to aatistances directly:

vtkFloatArray* GetRadialThickness();
vtkFloatArray* GetNormalizedRadialThickness();
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