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Mesh-Based Size and Shape Comparisons

Introduction

The use of landmarks in Landmark-Based Size Comparisons and Landmark-Bosed Shope Comparisons
was very important because they:

provide recognizable points with direct one-to.one correspondencel

incorporate information regarding structures of anatomical and medical importance.

However, there are some limitations on the use of landmarks:

some areas of the skull are not well represented by available landmarks;

landmarks by their nature are highly detailed and localized features. The reproduction accuracy
of SLA modelling may be different for the larger, flatter regions of the skull which lie between
Iandmarks;

the identification of landmarks, even by a clinical anatomist, introduces human measurement errors
in addition to the instrumental errors.

Consequently, the work in this paper complements the previous landmark-based study' by measuring
those surface regions between landmarks without relying on the identification of anatomical landmarks.

On each skull and model in the sample, a detailed triangular grid was marked on the outer surface. The
grid was not reliant on the identification of anatomical landmarks. Instead, gridlines were drawn by hand
in an attempt to capture the salient features of the size and shape of each skull, and were thus permitted
to vary between skulls. Typically, the gridlines were spaced about 5-10mm apart. This resolution was
increased to 2-5mm for the facial regions in order to model more accurately the detailed surface there.

The 3D coordinates of the intersection points of the grid were then measured individually using the
Microscribe device, and the networking structure of the grid was recorded using the Amapi software.
From this data, the size and shape of the outer surface of each skull was modelled as a discrete mesh,
defined in terms of a list of vertices and triangular faces. Typically, the mesh comprised about 600
m6asured vertices and 1000 faces.

Despite the instrumental, software and practical difficulties associated with collecting this type of data,
the majority of the skull outer surface was modelled with the exception of the following regions:

the base of the skull;

the mandible and teeth;

the orbital and nasal cavities.



2 Estimate of measurement errors

The accuracy of the device was estimated, before and after the study, using a test object and was found
to be approximately 0.28mm in agreement with the manufacturer's statement. However, an additional
source of error results from the discrete nature of the mesh, since curved surfaces are being approximated
by flat faces. It is not easy to calculate this error exactly, but it can be estimated under reasonable
assumptions, namely that:

the local curvature of the skull surface is approximately spherical;

the radius of curvature is 10-50mm;

the spacing between mesh vertices is Smm.

Simple geometric construction shows that the error between a spherical surface and the straight Iine
connecting two vertices depends on the curvature of the surface and the spacing between the points.
(The error is maximal halfway between the vertices, and decreases sinusoidally to zero at each vertex.)
The radius of curvature of a skull is typically 50mm for the majority of the cranium, sides and back,
but is likely to be higher for the detailed features of the face. We therefore assume a value of around
20mm, which results in a ma:<imal error of about 0.75mm. Let rz denote the error variance of points on
a curved skull surface compared with the closest point on the piecewise-planar mesh, estimated by

i2 =0.T52 +0.282 = (o.8mm)2.

This error is assumed to be the same for both skulls and models.

(2.1)

3 Comparing size-and-shape

Consider corresponding skull and model meshes, denoted *s and *y respectively. The two meshes do
not, in general, have the same structure, i.e. they have a different number of vertices and faces, and
different networking. We can, however, derive from each mesh a similar matrix of corresponding points
which summarizes its size and shape. Denote these matrices Xs and Xy, respectively. We take the skull
mesh as a reference mesh and construct the matrix X5 from the ns vertices of the mesh .t5. Then we

construct the matrix X ru by identifying those n5 points on the surface of mesh X,r,r which are closest

the vertices of the reference mesh X5. (This method of identifying closest points on one mesh to the
vertices of another is also used in the ICP algorithm to align two meshes with different structures.)

The null hypothesis is that these matrices are two samples from the same distribution,

X - Nxxtut0r,r,).

In this case, the difference is also normally distributed,

(3.1)

(3.2)

(3.3)

arid

Define a distance statistic D2 between the two meshes as follows:

(Xu-Xs)- Ny*y(0,2r2),

llxu-Xsll2-Xk,u.

nz -llxu -Xsll'u - ----F-, D' - X2K*M. (3.4)

The results for the 2 skull-model pairs are shown in Table 1. Both skull-model pairs show a significant
difference in size-and-shape between model and skull.
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3998
572
554

49.0
47.8 1785

0.004
0.018

Table 1: Size-and-shape comparisons

4 Comparing size

\Ve can also estimate the size of the two meshes by calculating the centroid size 55 and S,11 of the
matrices X5 and Xp1, respectively. We assume the normal model for size, as derived in Landmorlc-Based
Size Comparisons and define a test statistic Z:

Su-Ssy-91 z-rV(0,1).
'/2rz

(4.1)

In the case where the test proves significant (e.8. , > 1.96), we can estimate the relative size change Y,

(4.2)

from which we can obtain a suitable confidence interval. The results for the 2 skull-model pairs are

shown in Table 2. Both skull-model pairs show a significant difference in size. In both cases, the model
is larger than the skull by about 1%.

1.012 * 0.001 1.029 * 0.004

Table 2: Size comparisons. The relative size increase Y is shown and compared with the relative size

increase }i obtained from the landmark-based study. (Confidence intervals are for 95%.)

Comparing size-and-shape after correcting for size

At least part ofthe size-and-shape difference observed in Section 3 is due to the size difference observed in
Section 4. Rescaling the model mesh by the appropriate factor removes the size effect and highlights the
residual size-and-shape difference due to shape. The results are shown in Table 3. There is no evidence
of any size.and-shape difference after correcting for size.

Table 3: Size-and-shape comparisons after correcting for size

6 Comparing surface-to-surface distances

It is also of clinical interest to examine the distances between corresponding points on the model and
skull mesh surface. This provides a useful estimate of the error at any point on the model surface.
Suitable statistics for the average surface error are shown in Table 4. For both skull-model pairs the
mean surface error is 1.5 t 0.1mm (95% confidence interval).

,=*,Y-NO/G),

3598 I 1809 t825 15.1
3998 I 1833 1855 20.7
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Average distance (mm)
mean median rms

1.5 r 0.1 1.1 2.t
1.5 r 0.1 1.2 2.0

Table 4: Average distance between corresponding points on skull and model. The mean distance is
shor,r-n with a 95% confidence interval.

.A.s before, the models can be rescaled to correct for the size error observed in Section 4. Then the surface.
to-surface distance gil'es an estimate of the surface errors due to the shape component of size-and-shape.
The results are shown in Table 5. The mean surface error is now 1.4 * 0.1mm and 1.0 i 0.1mm for skull
3598 and 3998 respectively.

Table 5: Average distance between corresponding points on skull and model, after correcting for the size
error. The mean distance is shown with a 95% confidence interval.

7 Discussion

The results presented here should be considered tentative, pending further statistical investigation.
Firstly, the degrees of freedom used assumes full independence in three dimensions, but in fact the
true number of degrees of freedom is likely to be reduced which will alter the determination of statistical
significance. Work is in progress to quantify this effect more precisely. Secondly, the assumption of
independence of neighbouring mesh points may not be reasonable. Work is in progress to investigate
the autocorrelations between vertices within a mesh, and the correlations involved in the closest point
matching between two co-registered meshes.

Average distance (mm)
mean median rms

1.4 + 0.1 1.1 1.9
1.0 + 0.1 0.7 1.6
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