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ABSTRACT

There has been an influx of imaging and treatment technologies into cancer radiotherapy over the past fifteen years. The
result is that radiation fields can now be accurately shaped to target disease delineated on pre-treatment planning scans whilst
sparing critical healthy structures. Two well known problems remain causes for concern. The first is inter- and intra-
observer variability in planning scan delineations, the second is the motion and deformation of a tumour and interacting
adjacent organs during the course of radiotherapy which compromise the planned targeting regime. To be able to properly
address these problems, and hence accurately shape the margins of error used to account for them, an intuitive and
quantitative system of describing this variability must be used.

This paper discusses a method of automatically creating correspondence points over similar non-polar delineation volumes,
via spherical parameterisation, so that their shape variability can be analysed as a set of independent one dimensional
statistical problems. The importance of ‘pole’ selection to initial parameterisation and hence ease of optimisation is
highlighted, the use of sparse anatomical landmarks rather than spherical harmonic expansion for establishing point
correspondence discussed, and point variability mapping introduced. A case study is presented to illustrate the method. A
group of observers were asked to delineate a rectum on a series of time-of-treatment Cone Beam CT scans over a patient’s
fractionation schedule. The overall observer variability was calculated using the above method and the significance of the
organ motion over time evaluated.

Keywords: radiotherapy, spherical parameterisation, spherical harmonics, shape description, shape analysis, rectum, cone
beam tomography

1. INTRODUCTION

The aim of radiotherapy is to deliver targeted radiation in small doses at planned intervals to an explicitly identified region
in a manner that eradicates all cancer cells whilst maximally sparing surrounding healthy tissues. To do this beams of
radiation are collimated to match the projected shape of a tumour from different directions and then applied sequentially.
Such ‘fractionated’ treatments are designed to exploit the potential for healthy cells to recover from radiation exposure more
quickly than diseased cells - this is the biological basis for radiotherapy. However, some healthy cells are inevitably
destroyed during treatment and a balance must be struck between ensuring that all cancerous cells receive the prescribed
tumourcidal dose and minimizing normal tissue complications.

The planning and review of a treatment increasingly relies on reconstructive, 3D digital imaging of the patient to reveal the
size, shape and location of a tumour within the body. Common imaging technologies are X-ray Computerised Tomography
(CT) and Magnetic Resonance Imaging (MRI). These map physical tissue characteristics (attenuation and primarily proton
density respectively) but do not directly differentiate diseased and healthy cells, i.e. tumours often look just like adjacent
healthy tissues. In addition there are imaging artefacts and performance limitations so that a tumour target, particularly one
that does not correspond to an organ boundary, is often ill defined. Furthermore, pre-treatment planning scans cannot reveal
the actual movements, deformations and radiation response of the target tumour and interacting adjacent Organs At Risk
(OAR) that will take place during the many days, potentially weeks, of treatment. The desire to improve patient setup and
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tumour targeting in this context has spurred the recent adoption of kilo-voltage X-ray imaging in the treatment room, most
notably in the form of wide field Cone Beam Tomography (CBT).

It is clear that during the course of treatment planning and delivery errors can accrue that could, if unaccounted for, result in
the radiation dose being incorrectly delivered. Failure to ensure that all of the target volume receives the whole prescribed
dose can cause the radiobiological failure of the entire treatment, whereas excessively exposing healthy tissue can have
serious short and long term side effects. Two of the main error sources are widely acknowledged to be inter- and intra-
observer variability in delineating the target and nearby OAR'™* and the involuntary internal motion of a patient’s organs
relative to the set-up markers used to position a patient at each treatment fraction™™.

Presently the uncertainties described above are accounted for by the addition of an ‘error’ margin to the delineated clinical
target volume (CTV), a process that in effect inflates the CTV into a planning target volume (PTV) according to some expert
clinical protocol®". The margins are intentionally large in order to avoid the risk of treatment failure described above. In
fact the risk of treatment failure as a result of organ shape change greater than the imposed margins is of current concern, as
highlighted by Roach in his editorial regarding De Crevoisier’s paper on prostate treatment failure using intensity modulated
radiotherapy (IMRT)'* . Large margins, however, also mean large volumes of interspersed healthy tissue are exposed with
the associated health implications. Ideally, the margins would be sculpted to accurately reflect the observed variability rather
than applying bulk expansions about the CTV. In order to be able to accurately shape a margin, however, it is necessary to
be able to first quantitatively measure the nature of the variability.

At the Christie Hospital many patients are now receiving time of treatment CBT scans over some or all of their fractionation
schedule'® using an Elekta Synergy treatment machine specifically designed for image guided radiotherapy. This provides a
wealth of data that may be used to quantify the inter-fraction motion of both target volumes and OAR. The segmentation of
regions from these images is subject to observer variability, but with accurate knowledge of the nature of this variability the
significance of any changes as a function of time can be assessed. An accurate knowledge of the observer variability is also a
powerful tool to help in the creation and modification of delineation protocols.

Delineations are commonly compared via their total enclosed volume. This measure is literally a variability statistic that,
like the dose volume histogram, does not provide any data about the underlying spatial distribution of changes i.e. the
location of the variability. This paper seeks to show how shape description techniques can be applied in radiotherapy to
quantitatively describe the spatial variability of an object’s shape.

2. SHAPE DESCRIPTION
There are a myriad of different techniques that have been proposed to parameterize both two and three dimensional shapes
(see'”" and references therein). Descriptors fall into two basic camps, those that allow the recovery of the object’s shape

from the descriptors and those that don’t. In order to be useful in a radiotherapy setting, the variability in structures
delineated on medical images need to be presented in a manner that enables meaningful and quantitative conclusions to be
drawn about the nature of the variability. This essentially precludes the use of non-recoverable descriptors that, whilst giving
some quantitative dissimilarity measure between objects, do not inform the user in an intuitive way of the location and
magnitude of any variability.

The intuitive method of comparing like shapes, i.e. generic shapes that resemble each other but show significant variation, is
to establish correspondence points on the shapes and analyse the spatial variability of these points. This approach is the basis
of the two dimensional Point Distribution Model (PDM) of Cootes ez. al.”. Initially these correspondence points may be
established by manually placing landmarks in the image data. However, when comparing shapes without clear landmarks, it
is necessary to establish some automatic way of marking correspondence points on similar shapes. Caunce and Taylor'
extended the work of Cootes et. al. to three dimensions, using image processing techniques to directly create correspondence
points in volumetric MRI datasets. These techniques are not applicable to the genus zero closed surfaces created by
delineation (see Section 3). The genus of a surface is the maximum number of simple closed curve cuts that can be made in
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it without rendering it disconnected, roughly reflecting the number of holes through it. Genus zero surfaces are also known
as sphere or star like surfaces.

Remeijer ef. al.”* and Price and Moore™ have both described a simple polar comparison method, where the radial distance
from some point within a segmented medical image structure to its surface is expressed as a function over a sphere.
Correspondence between surface points is immediately established as a function of the polar and azimuthal angles. For non-
polar shapes, however, this method is not applicable as the distance from the origin of the spherical polar coordinate system
to the surface of the structure is not a single valued function.

Deurloo ef. al.** create a mean shape through scoring the voxels that fall within each delineation on the dataset and
isosurfacing this matrix at the 50% value. Correspondence points are then assumed to be established by projecting surface
normals from the mean shape to each of those to be matched. Kelemen er. al.”® build on the work of Brechbiihler et. al.*® and
use the parameterization of a closed surface onto a unit sphere with relative mesh triangle area and angle preservation to
establish correspondence at a set of regular points in angular parameter space. We use a combination of the above works,
further developed to analyse radiotherapy structure delineations.

3. GENUS ZERO SURFACE PARAMETERISATION

A two dimensional contour can be parameterised in terms of the distance of a point around the contour as a fraction of the
total perimeter length. When this measure is taken as a fraction of 27 radians, the contour can be thought of as being mapped
onto a unit circle, with the contour perimeter Cartesian coordinates becoming a function of the polar angle. The contour can
then be analysed using Fourier descriptors, a well known and used technique in the field of shape analysis®” *.
Correspondence points are established at arbitrary points in parameter space (i.e. at arbitrary points around the unit circle)
from a common origin, allowing the creation of a classic two dimensional point distribution model*.
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Figure 1 - A collection of discrete points (a) that make up a three dimensional medical image delineation, this is a rectum from a time-of-
treatment CBT dataset. The points are connected in some way that enables the structure to be displayed to screen, this is often as a series
of parallel plane contours (b) but may be as a three dimensional polygonal mesh (c) that can be rendered using raytracing techniques (d).
The axes show the external machine coordinates and anatomical directions.

The three dimensional analogue of parameterising a closed contour onto a circle is the parameterisation of a genus zero
closed surface onto a unit sphere, the three Cartesian coordinates becoming functions of the spherical angles. The
preservation of geodesic distance about the contour as a fraction of the total length of the contour is replaced with the
preservation of relative area as a fraction of the total surface area. As in two dimensions, correspondence points are
established at regular points in parameter space, aligning the parameterisation coordinates taking the place of choosing a
common origin.
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A medical image delineation is a series of discrete points scattered throughout a three dimensional volume with some
connectivity between them. Often these are a series of contours in the axial plane (x-y plane in the radiotherapy external
machine quoted in out figures) with each point in the contours assumed to be connected to the next in a linear fashion,
although some delineation algorithms work directly with a three dimensional polygonal mesh. Figure 1 shows various
representations of the same rectal delineation on a CBT dataset. The parameterisation of meshes onto a sphere is a young
and active research area, albeit well known. A genus zero closed surface can always be parameterised onto a sphere using
either conformal (angle preserving) or equiareal (area preserving) techniques®".

Brechbiihler uses a diffusion model to map a mesh onto the unit sphere, here a vertex is chosen as the ‘north’ pole and
another as the ‘south’, the south pole is given a value of « radians, the north 0 radians and a discrete Laplace equation solved
to find the latitude of each vertex in the mesh. To find the longitude an arbitrary ‘dateline’ is created between the north and
south vertices and a cyclic Laplace equation solved, with the longitude being incremented by 2m radians if a connection
moves to the ‘east’ off the dateline and decremented by the same amount for moving ‘westward’ onto the dateline®®. We
follow this technique to obtain an initial approximation of the mapping and then use a global optimisation routine to
minimize relative area and angular distortion of the now spherical triangles of the mesh. The objective function we have
chosen uses a combination of equiareal and conformal factors, summing the square difference of the spherical and mesh
relative triangle areas together with the square difference of spherical and mesh triangles’ three relative side lengths (as a
fraction of their perimeter length):
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Here A; ™" is the area of the i' spherlcal triangle and A;™*" is the area of the 1 " planar trlangle in the surface mesh; 1;"""" is

the length of the j" side of the i' spherlcal triangle, 1; mesh the length of the j" side in the i planar mesh triangle, P;*"" and
P,™*" are the perimeter length of the i™ spherical and planar trlangles respectively. The relative weight of the equiareal and
conformal contributions to the function is controlled by the ‘a’ parameter. There are N triangles in the mesh.

We also impose constraints of 3 radians on the vertex angles to prevent triangle flipping, this is reasonable in the context of
none of the original polygon mesh triangles having highly obtuse angles. A solution is sought using the Numerical
Algorithms Group non-linear constrained optimisation routine e04ugg®. The global approach used by Brechbiihler®® and
ourselves has inherent problems associated with it in that optimisation is computationally very expensive for large meshes
consisting of several thousand vertices and the existence of local minima that can distort the final optimisation. Quicken et.
al.* use a multi-resolution optimisation, where the mesh is decimated through some levels, optimised and then re-populated
with the removed triangles, re-optimising at every level. This approach can speed up the process and help to remove the
local minima.

It has been found by the authors of this paper that the choice of ‘poles’ can have an unexpectedly significant impact on how
close the initial parameterisation is to one which is optimal. Figure 2 illustrates the point by showing the results of choosing
either those vertices separated by the greatest Euclidean distance in object space or those that close a series of co-planar
contours. We choose the closing vertices of the most superior and inferior contours, resulting in an ordered parameterisation
that reaches the optimisation conditions much faster than other cases, and is less prone to errors. CBT delineations are
generally composed of many more axial contours than ones based on a traditional planning CT scan due to the increased
resolution along the inferiosuperior axis. To further improve parameterisation computational speeds where necessary,
contour averaging can be employed to reduce the number of vertices in the mesh.
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Figure 2 — The choice of ‘poles’ on a genus zero polygon mesh can significantly affect the initial parameterisation. Choosing the closing
vertices of an axial delineation (d) results in a dateline roughly orthogonal to the contours (thick line on wireframe) with a resulting ordered
parameterisation (e and f). If the poles are taken to be the vertices with the greatest Euclidean separation (a) the initial parameterisation
will require greater optimisation. The data shown here is the same as that in Figure 1.

4. CREATION OF CORRESPONDENCE POINTS

To establish correspondence points, the parameter nets must first be commonly aligned, since after optimisation they are
rotated at some arbitrary angle to each other. Both Quicken er. al.”® and Kelemen et. al.” use the system proposed by
Brechbiihler*® which makes use of the fact that the three sets of parameterised Cartesian coordinates form functions over the
surface of the sphere. It is well known that any piecewise continuous function over some closed interval, [a,b], can be
expanded in terms of a complete set of orthogonal functions, namely a generalised Fourier series. The spherical harmonics,
the angular solution of the Laplace equation, form such a system and as such can be used to expand a function over the
surface of a sphere, this particular harmonic expansion is sometimes thus known as the Laplace series®":
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Here Y" (6,¢) are the spherical harmonics and ¢/ are the harmonic coefficients expanding the function f (6,¢) with @and

¢ the polar and azimuthal angles respectively. The series is hierarchical, low order expansions approximating the gross
variability of the function with successively higher frequency information added as more terms are added. If the three
coordinate functions over the sphere are expanded to only the first order (£ =1), the resulting shape is an ellipsoid
approximating the coarse elongation of the parameterised object in object space (see Figure 3). The method then depends
upon an assumption that the first order expansions of similar shapes will result in ellipsoids with the same (or very similar)
elongation. By rotating the parameter nets on the unit sphere until they have a common distribution on the first order
ellipsoids, the parameter systems are aligned and any point in parameter space can be taken as a correspondence point.
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This method, however, fails for structures such as the rectum where there is only one obvious axis. Figure 3 shows how
when viewed along the major axis, there is often no distinct minor axis; this makes it possible to align the latitude of the
parameterised vertices by placing a pole at one end of the major axis but impossible to align the longitudes correctly.
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Figure 3 — The first order Laplace series expansion of an object parameterised onto a sphere results in an ellipsoid approximating the
elongation of the parameterised object (a), the major axis of the ellipsoid is indicated by the arrow. Viewing the ellipsoid along the major
axis (b), however, shows that for some objects, such as the rectum shown here, there is not sufficient difference in the orthogonal object
elongations to make the minor axis distinct, the object tends towards being a spheroid. (c) and (d) show the second and fifth order Laplace
series expansions of the rectum delineation respectively with the expansion becoming closer to the original shape.

We use two landmarks to align the parameterised rectal delineations. One is placed at the anus, which is relatively immobile,
and serves to align the latitudes, the other is placed at the fatty tissue pad where the prostate and rectum are closest and is
used to align the longitudes correctly (Figure 4). The closest points on the delineation to the landmarks are calculated via
optimisation of the Euclidean distance from them to the points within each mesh triangle described by their parametric
equations. The same calculation hence yields the barycentric coordinates of the closest points allowing their
parameterisation via a simple weighted trilinear interpolation.

S. ANALYSIS OF CORRESPONDING POINTS

The simplest method to describe the variability of shapes once correspondence points have been established is to treat each
point in parameter space individually. In the case of polar shapes, where correspondence is immediately established from a
common origin as a function of the spherical angles, each correspondence point reduces to a simple one dimensional analysis
of the radial distance from the origin as described thoroughly by Remeijer er. al.**. However, where a shape has been
parameterised as described in Section 4, the correspondence points will result in a ‘vertex cloud’ in three dimensions. This
can be analysed in exactly the same manner, breaking the cloud into three orthogonal components. These could be taken
using the external radiotherapy machine coordinate system or in relation to the surface normal of the mean shape. A total of
four maps would then have to be displayed, one showing the variability in each of the three orthogonal axes and the other the
overall magnitude of the variability.

In their 1995 paper Cootes et. al. assume that each set of corresponding vertices do not move independently of each other,
being partially correlated in some way™. There are three degrees of translational freedom at each correspondence point and
thus a set of N shapes can be represented as a point cloud in 3n dimensional space if there are n points. Applying principal
component analysis (PCA) to this 3n dimensional space, the major modes of variability can be found. Instead of using the
direct point data, Kelemen ez. al. analyse the variability of the Laplace series coefficients, again using a PCA approach to
find the major modes of variability”. In both cases the modes of variability are created from a mean shape. This can be
used, as both Cootes et. al. and Kelemen ez. al. do, to create a statistical shape model where the major modes of variation are
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balanced against some image information to automatically segment a grey-level image. Alternatively, we propose, a
variability map can be created by tracing the displacement of the correspondence points.
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Figure 4 — Transparent raytracing of rectal delineation together with the relative positioning of two landmarks (a), the anus and
prostate/rectum interface. The lines point to the closest point on the surface of the mesh to the landmarks, the mesh triangles that contain
these points are shown in a darker shade. These points are parameterised via a spherical interpolation of the latitude and longitude of the
surrounding vertices. An anatomical diagram of the region is also shown (b). The average inferiosuperior distance between the landmarks
is ~65mm to provide a scale for the image.

6. CASE STUDY

At the Christie hospital, patients are being selected to receive time-of-treatment 3D CBT scans during some or all of their
treatment fractions as part of the emerging image guided radiotherapy (IGRT) programme. This study uses a set of 16 CBT
scans from a male prostate cancer patient taken serially over his entire fractionation schedule of 3 weeks. The rectum was
delineated in each image set by between 2 to 4 observers, a mixture of research clinicians and radiographers, with the total
number of delineations standing at 45.

Figure 5 shows the overall observer variability for the entire dataset. The population variability was estimated for each
image set, treating each component (in external machine coordinates) of each correspondence point as a one dimensional
statistical problem, in the usual way and averaged over all the imagesets:

N
§= N;ZZ(’?, —71-)2 Imagesets, i = 1 >N 3
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Where r is the correspondence point coordinate in object space, N is the total number of imagesets and n; is the number of
observers from the i imageset. The magnitude at each point is calculated as the norm of the separate coordinate
components. This statistic actually contains both the inter- and intra-observer variability, the sparseness of this particular
dataset preventing their separation.

Once the nature of the observer variability is known, it is possible to create maps showing the deviation from the mean
required at each correspondence point in order for the change to be considered significant. Assuming that the distribution of
the observer variability is normal®*, the standardized deviate can be calculated for any arbitrary significance level. The two
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tailed deviates for significance levels of P=0.05 and P=0.01 are 1.96 and 2.58 respectively. As there are many
correspondence points over the surface, there is an expectation that some number of points (5% and 1% respectively) will
show significant deviations by chance. Applying the Bonferroni correction® * adjusts the probability level to take account
of this; the two tailed deviates for significance levels of P=0.05 and P=0.01 with 1800 correspondence points are 4.19 and

4.54.
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Figure 5 — The overall observer standard deviations. (a) shows the x component, (b) the y component, (c) the z component and (d) the
magnitude of the variability at each correspondence point established in parameter space. The delineation shows the overall mean surface
over the 16 image sets. The deviation from the mean required for a particular significance level is proportional to both the standardized
deviate and the standard error and hence will have the same distribution as the variability. The additional colour bars below the standard
deviation show the deviation required to be considered significant and the P=0.05 and P=0.01 levels for the different components,
including the Bonferroni correction. The position of the rectum delineation relative to the prostate and anus is shown in Figure 4.

The deviate varies linearly with deviation from the mean and in inverse proportion to the standard error of the mean (Table
1), hence the variability, standard error and deviation will all have the same distribution. Figure 5 shows the deviations
required from the mean to be considered statistically significant, within this dataset, to a level of P=0.05 or P=0.01. The
authors acknowledge that this analysis assumes that the population mean and variance are known, whereas of course they
have only been estimated from a sample of this, however, we believe it to be sound when comparing means which
themselves for a subset of this data.
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Variability component | X | Y | z | Magnitude
Standard error (mm) | 011052 | 024169 | 0.64—181 | 0.80 — 2.34

Table 1 — The range of the standard error of the mean surface. The distribution will be as for the variability shown in Figure 5.

Figure 6 shows the variability of the mean surfaces generated from the CBT scan taken at each treatment fraction. Figure 7
shows the percentage of the mean surfaces that deviate from the overall mean surface by more than the P=0.01 statistically

significant amount shown in Figure 5.
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Figure 6 — The standard deviations of the mean for each imageset (fraction date) about the overall mean surface. (a) shows the x
component, (b) the y component, (c) the z component and (d) the magnitude of the variability at each correspondence point.
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Typical values for the one dimensional overall observer variability previously quoted in the literature are: 0.0mm—3.6mm
(prostate)zz, 0.0mm—2.5mm (bladder)*’ and 0.0mm—2.1mm (bladder)**. The variability magnitudes in Figure 5 are higher
than this, although the very large values are dominated by the y and z components towards the inferior end of the delineation.
This is broadly due to different outlining methods employed by the different observers with some continuing much further
towards the anus (i.e. in the negative z direction) that others. As the rectum tends to curve in an posterior direction as it
approaches the anal canal, a higher y component variability would also be expected. With a sufficient contouring protocol in
place, this would be eliminated.

The distribution for the standard deviation of the mean surface over the fractionation schedule (Figure 6) is markedly
different to that of the observer variability, with the maximum variation seen at the superior end of the structure, especially in
the y component. Figure 7 shows that lateral (i.e. X component) variability is significant, with respect to the overall observer
variability, over the entire structure although quite small in scale. There is little significant z component movement, but large
(up to 6mm), and statistically significant, movement is seen in the anteroposterior (i.e. y component) direction at the superior
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end of the anterior wall. It is this motion that is of great concern during the treatment of disease in the pelvic region as the
target region can be shifted out of the beam path and OARs into it.
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Figure 7 — The percentage of the mean surfaces generated for each imageset that exceed the P=0.01 significance deviations from the
overall mean given in Figure 5 (including Bonferroni correction). (a) shows the x component movement, (b) the y component, (c) the z
component and (d) the magnitude.

7. DISCUSSION

The case study presented in Section 6 uses a simple technique to show where significant motion of the rectum is seen over
the 16 treatment fractions for one patient. The analysis is based upon several reasonable and highly practical assumptions:
that the inter- and intra-observer variability is normally distributed, that the observers are representative of the population of
observers and that the mean surfaces created for each scan imageset are normally distributed about an unchanging overall
mean.

The case study highlights the methodology, further studies are planned to produce more extensive datasets at a wider range
of anatomical sites. With a bigger and more complete dataset, including multiple delineations by the same observer on each
imageset (to allow the separation of the inter- and intra-observer effects from the overall observer variability) a more
complex mixed effects statistical model could be used. This could be used to test if there were any effect upon the mean
surface as a function of time rather than assuming it is constant — it seems possible that during treatment there will be some
effect upon not only the target but also on the OAR.
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8. CONCLUSIONS

A method of using quantitative statistics to measure the variability of non polar radiotherapy delineations has been presented.
This technique has been used to show, in a small case study, that statistically significant movement of the rectal walls over
the period of one patient’s fractionation schedule are observed. The use of evidence based points, polar selection, minimal
landmarking that is relevant to the anatomy being investigated and intuitive displays of results in 3D makes the use of
advanced analyses of shape more accessible to the clinical community.

As image guided radiotherapy becomes more common place, large numbers of complete image datasets tracing a patient’s
progress through treatment ,with the associated delineation libraries, will become available. It is the authors’ hope that this
data can be processed, using this and similar techniques, to eventually yield statistically robust models of population organ
motion and how this motion responds to radiation therapy. This will allow the definition of evidence based non-uniform
error margins that will help to spare healthy tissue from unnecessary radiation exposure whilst ensuring the entire target area
receives the correct tumourcidal dose.
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