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ABSTRACT ARTICLE HISTORY
Background: The Danish Neuro Oncology Group (DNOG) has established national consensus guide- Received 17 May 2021
lines for the delineation of organs at risk (OAR) structures based on published literature. This study Accepted 29 August 2021
was conducted to finalise these guidelines and evaluate the inter-observer variability of the delineated
OAR structures by expert observers.

Material and methods: The DNOG delineation guidelines were formed by participants from all brain: inter-

g a q c . . rain; inter- observer
Danish centres that treat brain tumours with radiotherapy. In a two-day workshop, guidelines were variation; auto-
discussed and finalised based on a pilot study. Following this, the ten participants contoured the fol- segmentation
lowing OARs on T1-weighted gadolinium enhanced MRI from 13 patients with brain tumours: optic
tracts, optic nerves, chiasm, spinal cord, brainstem, pituitary gland and hippocampus. The metrics used
for comparison were the Dice similarity coefficient (Dice), mean surface distance (MSD) and others.

Results: A total of 968 contours were delineated across the 13 patients. On average eight (range six
to nine) individual contour sets were made per patient. Good agreement was found across all struc-
tures with a median MSD below 1 mm for most structures, with the chiasm performing the best with
a median MSD of 0.45 mm. The Dice was as expected highly volume dependent, the brainstem (the
largest structure) had the highest Dice value with a median of 0.89 whereas smaller volumes such as
the chiasm had a Dice of 0.71.

Conclusion: Except for the caudal definition of the spinal cord, the variances observed in the contours
of OARs in the brain were generally low and consistent. Surface mapping revealed sub-regions
of higher variance for some organs. The data set is being prepared as a validation data set for auto-
segmentation algorithms for use within the Danish Comprehensive Cancer Centre — Radiotherapy and
potential collaborators.
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Background

Various comprehensive guidelines for delineating normal tissue
structures in the brain exists [1,2] and are inherently dependent
on high quality and standardised magnetic resonance imaging
(MRI) [3]. The implementation of these guidelines and evaluation
of inter-observer variation has primarily been focussed on the
clinical target (CTV) [4-6] and gross target volumes (GTV) [7,8].
Few studies have investigated delineation-variation of normal
tissue structures in the brain. For the hippocampus, Bartel et al.
[9] found an interclass correlation of 0.56 and 0.69 for the left
and right hippocampus, respectively. The largest variations were
seen in the posterior and anterior-medial hippocampal regions
ranging from 1-2.5mm standard deviation (SD). For brainstem,
optic chiasm, eyes and optic nerves, Deeley et al. [10] found for
eight expert physicians a relatively low mean Dice similarity
coefficient (Dice) for the optic chiasm and optic nerves of 0.4
and 0.5, respectively. Mean Dice for the brainstem and eyes
were considerably better being above 0.8 for both structures. In
a later study by Deeley et al. [11] on the same patient cohort, it
was noted that when only using a single expert, ground truth
automatic segmentation of the small tubular structures per-
formed poorly. However, in the context of several experts, they
found that automatic segmentation performed no worse than
the experts. They concluded that the inter-observer variance
amongst the experts was similar to the automatic-to-expert vari-
ance, indicating that automatic systems are not inadequate but
that these structures are inherently difficult to segment.

The study aimed to evaluate inter-observer variability
amongst experts from the Danish Neuro Oncology Group
(DNOG) participating in a workshop for relevant normal tissue
structures in the brain. The results with multi-observer segmen-
tations will be used as a benchmark for future auto-segmenta-
tion algorithms.

Material and methods
Study design

Ten oncologists (two participants from five different centres)
were invited to participate in a two-day workshop with the task
to delineate the following normal tissue structure for 13 ran-
domly selected patients with brain cancer: optic tract left and
right (L+R), optic nerve L+ R, chiasm, spinal cord, brainstem,
pituitary, hippocampus L+ R and brain. Before the workshop,
the oncologists were asked to delineate a single pilot patient
that was distributed between the centres using the national
radiotherapy plan bank, DcmCollab and the audit tool within
[12]. The pilot patient was delineated according to the DNOG
guidelines which have been adapted to the recommendation of
Scoccianti et al. [1] for most organs except for the chiasm which
is defined according to Brouwer et al. [13] to ensure consistency
in OAR contouring relevant for both DNOG and the Danish
Head and Neck Cancer Group (DAHANCA) [14]. The first point
on the workshop agenda was to recapitulate delineations of this
pilot patient and discuss differences between delineations. This
was done to ensure a common understanding of the delinea-
tion guidelines before the subsequent individual delineation of
patients.
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The 13 patients were low-grade glioma patients previ-
ously treated with radiotherapy according to the DNOG
guidelines. All patients had an x-ray treatment planning com-
puted tomography (CT) scan of 2 or 3mm slice thickness
and a 1.5/3T contrast-enhanced T1 weighted MRI with an
approximately 1x1x1mm resolution.

Data preparation and sanity cheques

Data were imported and analysed in MATLAB R2020b (ver-
sion 9.9.0.1467703). Before any comparison was made
between observers, sanity cheques were performed based on
Matlab code in two ways: First, all contours consisting of sep-
arate non-connected volumes were identified and manually
inspected (by a single person who had not participated in
the segmentation work) for missing slices or major contour-
ing errors - volumes were corrected if this could be done
simply by deleting clearly wrongly delineated volumes. If the
errors would have required re-delineation (e.g., a missing
slice) the whole volume was deleted. Second, for all organs
with laterality (left or right) the centre of mass of the organ
relative to the centre of the image was calculated and any
left/right naming errors were corrected. In all of the sanity
cheques, only information from the single observer's seg-
mentation under evaluation was used.

Comparison metrics

All contours were sampled to the resolution of the CT-scan
in structure specific 3D masks. Based on these masks a range
of metrics were computed: Dice, Jaccard index (Jaccard),
Mean Surface Distance (MSD), Hausdorff distance (HD) and
Hausdorff 95% distance (HD95). The Dice and Jaccard are
both overlap metrics with values of one for perfect overlap
and values of zero for no overlap. For two volumes (A and B)
they are defined as:

2(ANB)
A+B

The MSD measures the average distance between the sur-
face of two contours, and is defined by the one-sided Mean
Surface Distance (msd):

1 .
msd(A,B) = Nz; min la—b|
ac

1

Dice =

MSD = = (msd(A, B) + msd(B,A))

NI

|| a— b denotes the Euclidian distance between points a
and b.

The HD measures the maximum of the shortest distances
between two surfaces and is defined from the one-sided
Hausdorff distance (hd):

hd (A,B) = maxmin || a—b ||
acA beB
HD = max (hd(A, B) + hd(B,A))
The HD95 is calculated similarly to the HD. However,

instead of the max in the definition of the hd, the 95" per-
centile is calculated.
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For a given segmentation under evaluation, each metric
was calculated pairwise between a specific segmentation
and each of the remaining segmentations done by the other
observers. The mean value of these formed the specific seg-
mentations metric.

Surface mapping

For all segmentation masks, surfaces were formed as triangu-
lated meshes represented by faces and vertices. To visualise
the spatial distribution and location of the inter-observer
variability of these surfaces, the standard deviation (SD) of
distances between observers was mapped in two steps, also
illustrated in Figure 1: First, for each patient and OAR, a ref-
erence contour was selected as the contour with the lowest
MSD (compared to the other observers). From each surface

point (vertex) of this reference contour, the shortest distan-
ces to the remaining contours were calculated with sign
(negative if inside the reference, positive if outside) and the
SD of these distances was calculated. The surface of the ref-
erence contour was coloured by assigning the SD to the
faces (interpolated from the corresponding vertices).
Secondly, to get the individual patient surface maps of the
inter-observer variation in the same coordinate system, affine
image registration (linear transformation including transla-
tion, rotation, shear and scaling) was used on the binary
masks of the reference contours from each patient to a spe-
cific patient selected arbitrarily as a reference patient. Based
on this registration, the SD surfaces were registered to the
coordinate system of the reference patient and the mean SD
surface was calculated by finding the nearest surface point.
These measures were used to visualise the inter-observer var-
iations when averaged across all patients and observers.

A) Step 1: Surface mapping of standard deviation (SD) for each patient
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Figure 1. lllustration of surface mapping of the inter-observer variation in segmentation. First, as illustrated in (A), the standard deviation (SD) in distance from the
different segmentations to a specific segmentation selected as a reference were calculated for each patient and plotted on the surface of the reference contour.
Secondly, as illustrated in (B), these patient-specific surfaces of the variation (SD), were transformed to a reference patient allowing the patient-specific surfaces to
be plotted on the same surface and allowing for calculation of the SD across patients.
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Figure 2. Boxplot of Dice similarity coefficient (Dice) and Mean Surface Distance (MSD) measures for the OAR in the brain. The individual data points indicate each
observer's patient-specific mean measure. Due to large variations in the caudal end of the spinal cord, metrics for the spinal cord are not shown in the boxplot but

can be found in Table 1.

Table 1. Median volumes and comparison metrics with corresponding interquartile ranges shown in parentheses.

Volume (cm?) Dice Jaccard MSD (mm) HD (mm) HD95 (mm)
Brainstem 27.2 (24.1-31.3) 0.89 (0.88-0.90) 0.79 (0.78-0.81) 1.0 (0.9-1.1) 6.6 (5.7-7.3) 3.3 (3.0-3.7)
Spinalcord 5.3 (2.6-7.5) 0.57 (0.44-0.60) 0.43 (0.30-0.47) 5.8 (4.9-8.4) 31 .9 (27.0-43.5) 16.4 (14.2-21.8)
Chiasm 0.2 (0.1-0.3) 0.71 (0.64-0.76) 0.55 (0.48-0.62) 0.5 (0.3-0.6) 9 (2.1-3.7) 1.6 (1.3-2.0)
Optic nerve left 0.9 (0.6-1.1) 0.59 (0.52-0.63) 0.42 (0.36-0.46) 1.0 (0.9-1.4) 9 (5.1-8.2) 3.9 (3.2-4.5)
Optic nerve right 0.8 (0.7-1.1) 0.59 (0.55-0.64) 0.42 (0.38-0.48) 1.1 (0.7-1.3) 5 (4.1-7.7) 3.9 (2.3-4.7)
Optic tract left 0.2 (0.1-0.2) 0.63 (0.57-0.68) 0.46 (0.40-0.53) 0.6 (0.5-0.8) 4 (2.8-4.2) 2.1 (1.7-2.4)
Optic tract right 0.1 (0.1-0.2) 0.60 (0.53-0.67) 0.44 (0.37-0.51) 0.7 (0.6-0.9) 5(2.9-3.9) 2.1 (1.8-2.5)
Hippocampus left 2.1 (1.7-2.5) 0.69 (0.63-0.73) 0.53 (0.47-0.58) 0.8 (0.7-1.1) 7 (6.0-8.2) 3.3 (2.8-3.9)
Hippocampus right 2.1 (1.7-2.5) 0.72 (0.65-0.75) 0.57 (0.49-0.61) 0.7 (0.6-0.9) 0 (5.3-7.5) 2.8 (2.6-3.5)
Pituitary 0.2 (0.2-0.3) 0.46 (0.34-0.54) 0.32 (0.22-0.40) 1.3 (1.0-1.7) 3.9 (3.5-4.9) 2.8 (2.3-3.4)

The metrics are as follows: the Dice similarity coefficient (Dice), Jaccard index (Jaccard), Mean Surface Distance (MSD), Hausdorff distance (HD) and Hausdorff

95% distance (HD95).

Results

A total of 968 contours were delineated across the 13
patients. On average eight (range six to nine) individual con-
tour sets were made per patient. The Dice and MSD are
shown in Figure 2 and all metrics tabulated in Table 1. Good
agreement was found across all structures with a median
MSD below 1 mm for most structures, with the chiasm per-
forming the best with a median MSD of 0.45mm. The Dice
was primarily included to allow comparison to previously
published studies and was also in this study found to be

highly volume dependent. The brainstem (the largest struc-
ture) had the highest Dice value with a median of 0.89,
although the median MSD with a value of 0.96 mm was
slightly higher than the average value.

The mean SD surfaces are shown in Figure 3 with individ-
ual plots shown in the Supplementary figures 1-10. Several
of the spinal cord delineations did not include the caudal
part, which is contrary to the guidelines. This resulted in
large and irrelevant inter-observer variations, hence metrics
are omitted in Figures 2 and 3, but are listed in Table 1.
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Figure 3. Surface maps of the inter-observer variability given as the mean standard deviation (SD) across the 13 patients are shown in (A). Anatomical directions
are illustrated in (B). Due to large variation in the caudal end of the spinal cord maps for the spinal cord is not shown. Individual animated maps can be found in

Supplementary figures 1-10.

Discussion

Inter-observer variability in the segmentation of organs at
risk in the brain by experts from the Danish radiotherapy
centres was, compared to prior work, in general, low and the
segmentations were of high consistency. The variability
measured in our study represents a best-case scenario; the

observers did the segmentations following a review and dis-
cussion of present guidelines, and in a clinical setting the
variability would be expected to be higher. Ongoing quality
assurance of segmentations across centres is likely needed to
maintain both the inter and intra-centre consistency. In the
context of benchmark for future auto segmentation
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validation, this data will set a high bar for the performance
of these algorithms.

Bartel et al. evaluated the multi-centre inter-observer vari-
ability in the delineation of the hippocampi by seven observ-
ers and reported a generalised conformity index, which is a
similar metric to the Jaccard index reported in this study.
They found a generalised conformity index of 0.56 and 0.69
for the left and right hippocampus compared to a slightly
worse median Jaccard of 0.53 and 0.57 respectively in this
study. Bartel et al. performed surface mapping of the SD
with a very similar approach, however, without calculating
the mean SD surface as presented in this study. Their individ-
ual patient maps were, however, similar with a maximum SD
of approximately 2 mm, predominantly at the anterior and
posterior regions.

Compared to the study by Deeley et al., who reported the
inter-observer variability by eight observers’ segmentation of
organs at risk in the brain, the variability was lower in our
study. They found mean Dice values of the brainstem,
chiasm and optic nerves (as one structure) of 0.825, 0.392
and 0.499 compared to 0.89, 0.71 and 0.59 (for both left and
right optic nerves) in this study. While both CT and T1 MRI
were available in their study, other factors might be the
cause of the larger variability; no contrast was apparently
used, their patients were all selected as high-grade glioma
with relative large tumours close to the delineated organs at
risk and the observers in our study did their segmentations
immediately after review and discussion of present
guidelines.

A wide range of metrics is used for comparing segmenta-
tions [15,16]. In this study, several metrics were used to allow
comparison with published studies. Both overlap metrics
(Dice and Jaccard), as well as metrics related to the distance
between surfaces (MSD, HD, HD95), were used. While the
overlap metrics are well defined and relatively easy to calcu-
late, they carry little information in themself. The volume
dependency of these metrics is well known and also present
in our study with larger volumes having larger overlap
metrics.

The surface mapping of the SD and the generation of a
mean SD on a representative surface revealed that for sev-
eral organs sub-regions of higher uncertainty were present.
In addition to the hippocampi as described above, this was
especially notable for the brainstem and the optic nerves.
For the brainstem, the SD at the cranial end and at the mid-
dle cerebellar peduncles were 1.5-2 mm compared to an SD
of less than 1 mm for the rest of the surface. The higher vari-
ance in these regions is expected due to the lack of clear
anatomical borders and tissue contrast. For the optic nerves,
the variation was largest at the posterior end with an SD of
2.5-3.5mm compared to an SD of less than 1mm at the
anterior end, presumably connected to a slightly different
approach in the transition from the optical nerve to the
chiasm. These localised regions of larger variability show the
limitations of summarising metrics such as the MSD and HD.
Therefore, when evaluating automatic segmentation, a com-
parison of any deviation between manual and automatic
segmentation with inter-observer variations could preferably
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also be done based on the surface mapping to identify local
areas of discrepancies.

In our study, neither the impact of inter-observer variabil-
ity on measured dose to OAR nor the impact on the radio-
therapy planning was investigated. While variation in a
measured dose, i.e., the difference in dose due to differences
in delineations but with the same dose distribution, is clinic-
ally relevant, the measured variability is highly dependent on
the dose distribution. For example, looking at the mean dose
to a given organ, the more the local dose at a surface point
differ from the mean dose to the same organ, the higher the
impact of the spatial variation at that specific point [17]. An
impact on treatment, i.e, where changes in delineations of
OAR would lead to different treatment plans, is most likely
to happen for structures considered critical serial OAR with
max/near max dose constraints. The brainstem and optical
nerves are both such OAR and the surface regions with sys-
tematically higher variation observed in our study could be
considered in the treatment planning process. This could be
done either by careful evaluation of the segmentation when
target regions are located near these regions and/or by
applying heterogeneous PRV margins.

In Denmark, patients are referred to proton therapy based
on a treatment plan comparison between photons and pro-
tons. The consistent segmentation shown in this study will
allow a consistent comparison in dose to OAR across centres
and observers. It will also allow for better normal tissue com-
plication (NTCP) models to be developed and validated, as
the variances and hence the dose-response relationship has
less variance [18].

In the future, these findings and data will be used as a
benchmark for automatic segmentation methods, where the
inter-observer variability can be compared to any potential
differences observed between automatic and manual seg-
mentations. In a first step, such an evaluation can be done in
a separate dataset where any observed differences between
automatic and manual segmentations can be compared to
the inter-observer variabilities observed in the present study.
If a given automatic segmentation algorithm is determined
to be of sufficient precision and thereby final, it can be
tested directly on the data in this study. Such a final evalu-
ation should only be performed once for a given algorithm
to avoid overfitting and the results should be published. The
authors are open to collaboration on evaluating automatic
segmentation algorithms.

Conclusion

The observed variances in the T1 MRI-guided contours of
OARs in the brain were low and consistent with a mean sur-
face distance typically lower than 1T mm. For some organs,
surface mapping did reveal sub-regions of higher uncertainty
with a mean SD of 2-3mm. The data will be used as valid-
ation data set for auto-segmentation algorithms for use
within the Danish Comprehensive Cancer Centre -
Radiotherapy and potential collaborators.
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