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ABSTRACT. Quantitative assessment of target volume contouring in radiotherapy
treatment planning is an important aspect of quality assessment and educational
exercises. The Conformity Index (CI) is a volume-based statistic frequently used for this
purpose. Although the CI is relatively simple to understand and can be calculated using
most treatment planning systems, it does not provide any information on the
differences in shape between the two volumes. We present a new morphometric
(shape-based) statistic known as the ‘‘mean distance to conformity’’ (MDC). For a
specific volume that is being evaluated against a reference volume, the MDC represents
the average distance that all outlying points in the volume must be moved in order to
achieve perfect conformity with the reference volume. The MDC comprises a
component related to under-contouring (where the evaluation volume is smaller than
the reference volume) and a component related to over-contouring (where the
evaluation extends beyond the reference volume). Furthermore, voxel-by-voxel
information on conformity errors can also be displayed using a volume–error
histogram. Calculation of MDC statistics is achieved using a three-dimensional grid
search algorithm. By using a range of scenarios comprising both theoretical and actual
clinical volumes, we demonstrate the increased utility of the MDC for the detection of
contouring errors.
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The precise delivery of tumouricidal doses to target
volumes, while limiting the dose to adjacent normal
tissue structures, is a central tenet of successful radio-
therapy. Quantification of the geometric uncertainties
associated with radiotherapy treatment planning,
namely the extent of spread of subclinical disease,
expected variations in shape, and inaccuracies or varia-
tions in treatment set-up, has become an important focus
of study [1]. In contrast, the uncertainties resulting from
inter- and intra-observer variations in target volume
delineation have tended to avoid such close scrutiny.

One of the major obstacles to assessing variations in
target volume delineation has been the lack of appro-
priate tools. The Conformity Index (CI) is a method that
has been used for outline evaluation [2–6]. Originally
developed for the evaluation of dose distributions for
stereotactic radiosurgery, the CI refers to the ratio of the
volume of overlap between outlines to the volume
encompassing the full extent of both outlines
(Figure 1). Two perfectly concordant volumes will have
a CI of 1, and two volumes that fail to overlap have a CI
of 0. Although the CI is relatively simple to understand
and can be calculated using most treatment planning

systems, it does not provide any information on the
differences in shape between the two volumes.

A number of morphometric (shape-based) techniques
for outline assessment have been described in the
literature; these techniques rely on identifying the
distance between corresponding points on two volumes.
Some authors have used deformable image registration
techniques to produce deformation maps that quantify
the change in shape between two outlines [7]. Alternative
line-based morphometric techniques involve projecting a
line from some arbitrary centre to the surface of each
contour, and making a measurement along this line [8–
11]. These techniques generally work well for near-
spherical shapes but can fail to function correctly for
complex outlines with concave elements. Subtle refine-
ments of the line-based morphometric methods use
surface normal projections from each point [12, 13], or
the establishment of the closest point on corresponding
outlines [14], for their line-based measurements. These
techniques may still fail to function for highly irregular
volumes and intersecting volumes. Moreover, the scor-
ing statistics generated using these techniques are often
difficult to interpret and do not allow for comparison
between studies or evaluation of the clinical significance
of the discrepancies.

In this paper, we present a novel morphometric
scoring tool that has been developed for automated
outline assessment. Our aim was to develop a tool with
the following features:
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1. A single scoring statistic that is representative of the
overall conformity of the two volumes being assessed.

2. Additional statistics that provide information on
whether the non-conformity is caused by over- or
under-contouring.

3. A method of display that would facilitate evaluation
of the clinical significance of the discrepancies.

Using both theoretical and real planning cases, we
compare our tool with the CI to assess its additional
benefit.

Methods

A scoring tool was written that is capable of importing
contour volumes from any Digital Imaging and
Communication in Medicine (DICOM) radiotherapy-
compatible treatment planning system. A three-dimen-
sional (3D) grid representation was established for
processing of the contour data. Each node in the grid
could adopt one of four states:

State 0: The node lies outside both reference and evaluation
volumes.

State 1: The node lies within the reference volume but not
the evaluation volume.

State 2: The node lies within the evaluation volume but
not the reference volume.

State 3: The node lies within both volumes.

A new statistic was developed to describe the shape
difference between the two volumes encoded in the grid,
namely the ‘‘mean distance to conformity’’ (MDC). This
is defined as the mean distance of each outlying voxel
from the reference contour. Thus for two complex
volumes, the MDC can be thought of as the average
distance that the outlying points in the evaluation
volume would have to be moved in three dimensions
to achieve perfect conformity with the reference volume.
The dimensions of MDC are given in millimetres.

The calculation algorithm is explained below and in
Figure 2.

1. Reference and evaluation volumes are imported from
the treatment planning system.

2. The volumes are represented in a 512 6 512 6 512
grid, where each node in the grid represents a 1 mm3

volume in the planning dataset.
3. Each node inspects the grid to determine if it lies

within the reference volume or the evaluation
volume, or both.

4. If a node lies within only one of the volumes, it
performs a grid search through adjacent nodes in
three dimensions until it finds the edge of the other
volume. The conformity error for the node under
evaluation is calculated as the vector distance
between the start node and the end node in three
dimensions, and is stored as a parameter within the
node.

5. The grid search calculation maintains the sign of the
conformity error for each node. In this way, it is able
to distinguish between an over-contouring error
(where the evaluation outline extends beyond the
reference outline) and an under-contouring error
(where the evaluation outline falls within the refer-
ence outline).

6. The conformity errors are summed across the entire
network to calculate the MDC. The MDC score
comprises two components: one due to errors of
over-contouring and the other from errors of under-
contouring.

7. Finally, the conformity errors in all the nodes of the
grid are binned to create an error–volume histogram.
The frequency at which each level of conformity error
is observed is plotted as a percentage of the
encompassing volume.

Figure 1. Illustration of the Conformity Index in two
dimensions. The Conformity Index is defined as the area of
overlap between two outlines, divided by the area that
encompasses both outlines. In three dimensions, the volume
of overlap is divided by the encompassing volume.

Figure 2. Diagram representation of the cellular automaton
network. A series of nodes from a single axis of the network
is shown. Two outlines have been entered into the node. The
blue contour is the reference contour and the red contour
the evaluation contour. The green voxels have been
determined to lie within both outlines. The light blue voxels
are within the reference outline but not within the
evaluation outline and represent under-contouring errors.
The light red voxels are within the evaluation outline but not
the reference outline and represent over-contouring errors.
For two of the nodes indicated by the red and blue circles,
the distance to the nearest contour has been displayed. Note
that over-contouring errors are given positive values and
under-contouring errors are given negative values.
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The algorithm was implemented using a 32-bit Pascal
Compiler (Codegear Delphi 2009; Embarcadero
Technologies, San Francisco, CA) with an 8-core
2.5 GHz Intel Xeon workstation (Broadberry Data
Systems, Wilmington, DE). By implementing a multi-
threaded optimisation, a typical pair of outlines can be
scored in 3 min. On a typical 3 GHz single processor
workstation used by commercial treatment planning
systems, calculation time is approximately 10 min.

Evaluation of the scoring tool was carried out by
comparing theoretical contour volumes, as well as real
volumes obtained at a national radiotherapy training
course (‘‘Fundamentals of Radiotherapy Planning’’,
Cambridge 2008) with permission of the course dele-
gates. For each analysis, the following data were
generated:

1. The CI value.
2. The MDC value.
3. The under-contour and over-contour errors.
4. The error–volume histogram.

Illustrative scenarios were chosen to demonstrate the
utility of the tool.

Results

Comparison of CI and MDC statistics

For this analysis, two identical spheres with a 25 mm
diameter were created in the treatment planning system.
The spheres were placed at increasing separation
between their centres to represent three examples of
conformity (high, moderate and low; Figure 3). As the
spheres are separated, the CI values fall, the MDC values
rise and the error–volume histograms show a broader
range of conformity errors. As identical spheres were
used for the two outlines, the under- and over-contour
contributions to the MDC are identical (Figure 4).

This exercise was extended to determine what level of
MDC might be considered as a threshold for an
acceptable conformity between volumes. A wider range
of separations between the two spheres was used to
produce a graph correlating the change in MDC with the
CI (Figure 5). Our own measurements of inter- and intra-
observer variation for glioblastoma using CT and MRI
show that a CI value of 0.8 is an acceptable threshold for
variation between expert observers [15]. The equivalent
acceptable MDC would be approximately 1.6 mm. The
graph shows that, as the CI value falls, there is a
progressively steeper rise in the MDC value, suggesting
that the MDC is a more sensitive indicator of the
magnitude of error in conformity than the CI.

Identification of a focal discrepancy between two
contours

In this scenario, the evaluation volume is almost identical
to the reference volume, but there is a significant focal
variation in the contour on a single slice. This error might
occur if the evaluation contour is incorrectly expanded to
take in an apparently abnormal appearance in the planning
image, such as a blood vessel (Figure 6). Analysis of the
evaluation volume with the reference volume gives the
following statistics: CI50.98, MDC50.09 mm, over-con-
tour51.49 mm and under-contour50.60 mm.

The results indicate that the volume-based CI statistic
was unable to identify the small area of discrepancy
between the two volumes. However, the MDC score is
higher than would be expected (CI of <0.8; MDC of
1.6 mm), again suggesting that the MDC is a more
sensitive measure of non-conformity than the CI.
Inspection of the error–volume histogram shows that
the non-conformity is attributable to a small proportion
of the evaluation volume, which is significantly different
(up to 9–10 mm) outside the reference volume.

Analysis of clinical cases

Delegates at the training course were provided with a
T1 weighted MRI scan that was registered to the
planning CT scan. The contouring instructions stated
that the gross tumour volume (GTV) should include all
contrast-enhancing tissue on the MRI scan. Three sample
volumes were analysed using the scoring tool and were
compared to a reference volume prepared by an
experienced neuro-oncologist. The scoring statistics for
the volumes are given below.

Delegate 1
Values for Delegate 1 were: CI 50.71, MDC 52.99 mm,

over-contour 52.96 mm and under-contour 50.02 mm.
In this example (Figure 7), the CI value indicates

moderate conformity with the reference volume.
However, the components of the MDC value suggest
that the delegate is tending to systematically contour
3 mm larger than the reference volume. This is con-
firmed by the characteristic ‘‘right shift’’ shape of the
error–volume histogram. The axial section and 3D
display from the treatment planning system confirm
the tendency for this delegate to over-contour. On further
discussion with the delegate, it became clear that the
instruction for outlining the GTV had been misunder-
stood. The delegate had included peri-tumoural oedema
in the GTV in addition to the contrast-enhancing area of
the tumour cavity, and hence the evaluation volume is
consistently larger than the reference volume.

Figure 3. Two spheres with a
25 mm diameter are constructed in
the treatment planning system, with
increasing distance between their
centres. The conformity index values
for these three pairs of volumes are
0.88, 0.69 and 0.28, respectively.
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Delegate 2
Values for Delegate 2 were: CI 50.82, MDC 51.48 mm,

over-contour 50.24 mm and under-contour 51.23 mm.
In this example (Figure 8), the CI value indicates good

conformity with the reference volume. However, the MDC

score components suggest a tendency for the delegate to
under-contour. On inspection of the error–volume histo-
gram, it is evident that the error is largely due to an area of
under-contouring of 5 mm. This can be seen in the axial
section and 3D display from the treatment planning system.

Figure 4. Results of Conformity Index (CI) and mean distance to conformity (MDC) evaluation for two spheres with increasing
distance between centres.

Morphometric assessment of radiotherapy treatment planning volumes
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Delegate 3
Values for Delegate 3 were CI 50.89, MDC 51.27 mm,

over-contour 50.50 mm and under-contour 50.80 mm.
In this example (Figure 9), the CI value indicates a

high degree of conformity with the reference volume and
this is borne out by the low MDC score. The subcompo-
nents of the MDC score show a balance of under- and
over-contouring errors, all of which are small. The axial
section and 3D display from the treatment planning
system shows the high degree of conformity between the
reference and evaluation volumes.

Discussion

Quantitative assessment of target volume contouring
in radiotherapy treatment planning is an important
aspect of quality assessment and educational exercises.
However, providing such feedback is a time-consuming
exercise, and automated methods that produce a single
scoring statistic are desirable to accelerate the process.
The CI has been used for the comparison of treatment
outlines where there is significant interobserver varia-
bility [3, 4]. However, the CI fails to provide information
on the differences in shape between the two volumes,
which may be significant clinically.

We present a new morphometric scoring tool for
volume assessment based on a new statistic known as
the MDC. The MDC is easily understood as the average
distance that outlying points within the evaluation
volume need to be moved in order to achieve perfect
conformity with the reference volume. The scenarios
presented in this manuscript demonstrate that the MDC
is similar to the CI in terms of its ability to assess
differences between pairs of contours. However, analysis

Figure 5. Graph showing the variation of mean distance to conformity (MDC) with change in Conformity Index (CI) for two
spherical volumes. The trendline shows a near exponential relationship between MDC and CI. Assuming a threshold CI of 0.85 as
an acceptable standard, this equates to a threshold MDC of 1.6 mm.

Figure 6. Illustration of the effect of a focal discrepancy
between two otherwise near identical outlines. A represen-
tative axial image is shown from the treatment planning
system. The error–volume histogram shows a small volume
that extends up to 9–10 mm outside the reference volume.
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of the components of the MDC provides additional
information on the extent of under-contouring and over-
contouring for a specific contour. The impact on local
tumour control of geographical miss owing to under-

contouring during radiotherapy treatment planning is
generally accepted. The impact of over-contouring on the
risk of toxicity is less well established. Both over- and
under-contouring tend to be caused by a large degree of

Figure 7. Representative slice and
error–volume histogram from Dele-
gate 1. A systematic over-contouring
error can be visualised in the treat-
ment planning system (reference
outline is red; delegate outline is
cyan). The ‘‘right shift’’ appearance
of the error–volume histogram con-
firms this finding. gtv, gross tumour
volume.

Figure 8. Representative slice and
error–volume histogram from
Delegate 2. This delegate tends to
under-contour, as shown in the
treatment planning system (refer-
ence outline is red; delegate outline
is cyan). This is confirmed by the left
shift of the error–volume histogram.
gtv, gross tumour volume.
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uncertainty over the apparent edge of the target, which
may be improved by providing additional imaging with
higher soft-tissue contrast or by training in cross-
sectional imaging.

The histogram display of the conformity errors
obtained from voxel-by-voxel calculation of our scoring
tool can also offer useful information relating to small
but significant discrepancies between contours. As the
algorithm operates in three dimensions, it is able to
handle volume shifts occurring in the cranio-caudal axis,
as well as those in the axial plane. The algorithm is also
able to handle complex bifurcating volumes. In addition,
the tool has been designed to accept contours created by
any DICOM radiotherapy-compatible treatment plan-
ning system, which increases its utility as a quality
assessment and educational tool.

The weakness of the tool is mainly related to its
computational load. Calculation times for the scoring of
large volumes on a standard single processor work-
station with limited memory will be significantly
increased. In addition, the 1 mm resolution accuracy
may be insufficient for contour assessment in high-
precision radiotherapy treatment such as stereotactic
radiosurgery. Planned developments for the tool include
support for the overlay of DICOM image data, a user-
definable voxel grid size and a batch-processing mode,
which could evaluate multiple outlines without user
intervention and save scoring statistics to disc.

Conclusions

The MDC, a shape-based statistic for the evaluation of
radiotherapy treatment planning contours, provides

additional information over the CI as an assessment
statistic. It has potential value for the quality assessment
of radiotherapy treatment planning and as an educa-
tional tool. Further studies are planned to assess its
utility in a range of clinical situations.
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