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Background: In recent years, eye-specific, high-resolution MRI protocols have become available for ocular tu-
mours, enabling 3D tumour delineation. Despite these advances, ocular proton therapy typically still relies on
model-based target volume definition. Therefore, the aim of this research was to compare model-based and
delineation-based target volume definition for ocular tumours.

Methods: Tumours were delineated for 70 uveal melanoma patients. From the delineated tumour base, poly-
nomial models of different degrees were generated. Additionally, model variations with expanded base and
added thickness were generated. Models were considered acceptable at a coverage level of 98% or a maximum
underestimation of 0.4 mm. The best model for each patient was defined as the acceptable model with the
smallest volume.

Results: For 69/70 patients, an acceptable tumour model could be generated, out of whom 12/69 needed an
expansion of the tumour base or added tumour thickness to produce at least one acceptable model. At a coverage
level of 98%, tumours were overestimated with 20.5% (5th-95th percentile: 5.7%-59.7%), corresponding to a
median absolute surface distance of 0.42 mm. Irregularly shaped tumours showed larger overestimations than
dome-shaped tumours (16.4% vs 36.6%, p < 0.001).

Conclusion: Tumour models as used in ocular proton therapy treatment planning systems can achieve acceptable
tumour coverage. However, to achieve this coverage, the tumour models overestimated the delineated tumour
volume.

1. Introduction However, several imaging modalities, such as B-scan ultrasound and

magnetic resonance imaging (MRI), reveal that up to 30% of ocular

Ocular proton therapy (PT) is one of the main treatment options for
intra-ocular tumours such as uveal melanoma, especially for larger le-
sions or those located near the optic nerve [1-3]. In ocular proton
therapy, most treatment planning systems, such as EyePlan, Eclipse
Ocular Proton Planning (EOPP), RayOcular and Octopus offer a model-
based approach for definition of the eye and the tumour [3-8]. In this
approach, the user defines a tumour base on the fundus view (a map-like
representation of the inside of the eye) and annotates the location of the
tumour apex. Subsequently, a polynomial function is then used to model
the three-dimensional tumour-vitreous interface. The degree of the
polynomial is manually selected by the user to achieve the best possible
correspondence to the observed tumour shape.

tumours can occur in complex shapes that are not easily captured by
mathematical models [9]. For example, mushroom-shaped, multi-
lobular, asymmetrical, and overhanging tumours have been described
[2,10-12]. In previous work, we evaluated simple ellipsoid tumour
models, generally used for prognosis, which do not offer sufficient
tumour coverage for radiotherapy purposes, highlighting the need to
assess the more flexible polynomial models with a delineated tumour
base that are used in ocular PT [9].

In many other tumour sites, tumour delineation based on 3D imaging
has long been the standard of care. In recent years, eye-specific, high-
resolution MRI protocols have become available for ocular tumours as
well [10,13,14], enabling geometrically accurate tumour delineation
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with sub-millimetre interobserver variation [15,16]. A shift towards
volumetric imaging in ocular proton therapy is visible in the latest
survey of ocular proton centers, where 14 out of 19 centers use MRI, CT
or both [17]. Furthermore, the three model-based treatment plannings
systems that were historically used most, have become obsolete and are
not maintained [3]. Currently, many ocular proton therapy centers are
in the process of implementing modern treatment planning systems
which allow for incorporation of 3D imaging and tumour delineation,
but also support a model-based approach of target definition [17]. Given
the expertise in model-based target definition and the possibility of
adopting a new delineation-based workflow in ocular proton therapy,
the aim of this research was to compare model-based and delineation-
based target volume definition for ocular tumours.

Physica Medica 148 (2026) 105895

2. Methods
2.1. Patients

For this study, data from two existing cohorts were analysed retro-
spectively. The first cohort consisted of 56 uveal melanoma patients who
received an MRI as part of clinical care or a scientific study between May
2019 and March 2021, receiving either brachytherapy, proton therapy
or enucleation. The second cohort consisted of 14 patients who under-
went MRI scans before proton therapy in the context of a prospective
scientific study between November 2022 and February 2024, resulting
in a total of 70 included patients. Both cohorts are described in more
detail in a previous paper [9] and both studies were conducted after
approval of the local ethics committee (METC Leiden-Den Haag-Delft,
NL73433.058.20 and NL57130.058.16).

A: Tumour delineation and
automatic measurement of thickness h

B: Tumour base, extracted from
delineation

X = d/dmax

C: For each point in base: determine model height

y = h - |hxSF|

SF=1
SF=2
SF=3
SF=4
SF=5
SF=6
SF=7
SF=8
SF=9
SF =10

ARERN

D: Project height from tumour base,
parallel with thickness vector

E: Produce variations with added thick-
ness and expanded base

Fig. 1. Generation of a geometric tumour model from a delineated tumour. (A) Tumours were delineated (green contour) and the thickness (red line) was determined
automatically; (B) the tumour base (green line) was extracted from delineation; (C) for each point in the tumour base, model height was determined based on distance
d from base centre to the point, distance d,,q. from base centre to outer contour in the same direction, thickness h and shape factor SF; (D) model height was projected
from tumour base (green line), parallel to the thickness vector (dashed red line); (E) variations of the standard tumour model (red line) with added thickness (yellow

line) and expanded tumour base (orange line) were produced as well.
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2.2. MRI acquisition and analysis

Tumours were delineated on the 3D contrast-enhanced T1-weighted
scans (Fig. 1A), with the 3D non-contrast-enhanced T1-weighted scan
and 3D T2-weighted scans used as a reference to distinguish the tumour
from surrounding structures. These MRI scans were acquired witha 3 T
MRI scanner (Ingenia Elition, Philips Healthcare, the Netherlands) with
a 4.7 cm surface receive coil (Philips Healthcare), using an earlier
described protocol [13,14]. The MRI scans had an acquisition voxel size
of 0.8x0.8x0.8 mm?, a reconstruction voxel size of 0.4x0.4x0.4 mm® and
the contrast-enhanced T1-weighted scan was acquired in 2 min and 7 s.

Tumour delineation was performed by one observer (LK) and the
contours were verified and, if necessary, corrected by an ophthalmic
MRI expert (JWB) with 12 + years of experience. For overhanging tu-
mours, the projection of the tumour top on the retina was also included,
similar to the clinical workflow.

Tumour thickness and largest basal diameter were computed auto-
matically based on the 3D tumour delineations according to a previously
published method [18].

2.3. Tumour models

Tumour models were generated using Python (version 3.12.7). The
tumour thickness was determined automatically [18] and the tumour
base was extracted from the delineated tumour (Fig. 1B). For each point
on the tumour base, the height of the model was calculated by taking
into account the tumour thickness, the distance from that point to the
edge of the base and a shape factor. That shape factor defined the degree
of the polynomial used to model the tumour’s vertical profile, where a
value of 1 resulted in a pyramidal shape and a value of 10 approximated
a cilindrical shape (Fig. 1C). The calculated heights were then projected
from the corresponding points in the base, parallel with the vector of the
tumour thickness, resulting in a three-dimensional reconstruction of the
tumour geometry (Fig. 1D).

We expect that some tumours, for example asymmetrical or over-
hanging tumours, may be more accurately described with a larger base
or a larger thickness. Therefore, for each patient, variations of the
standard model were created: one with 0.5 mm added thickness, one
with an expansion of the base contour of 1.0 mm, and a combination of
both.

For all four tumour variations (standard model, with added thick-
ness, with expanded base and with added thickness and expanded base),
models were created with shape factors ranging from 1 to 10 in in-
crements of 0.1. The code to generate these tumour models is available
on GitHub: github.com/MREYE-LUMC/OPT_tumourmodels.

2.4. Model evaluation

All models were compared to the tumour delineation and evaluated
based on volume and surface distance metrics.

2.4.1. Volume and surface distance metrics

Tumour coverage and volumes of overestimation and underestima-
tion, relative to the delineated tumour volume, were determined.
Additionally, signed surface distances were determined between the top
of the delineated tumour and the top of each model, as at the tumour
base both contours were identical by definition. Here, negative distances
corresponded to model contours that were inside the delineated tumour
contour and vice versa. Minimum and median surface distance, as well
as the 5th and 95th percentiles, were determined. Additionally, the
median absolute surface distance was determined to quantify overall
deviation regardless of direction.

2.4.2. Selection of best models
Models were considered acceptable if they either had a coverage
larger than 98% or a minimum surface distance of greater than —0.4
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mm, meaning the model contour was allowed to lie at most 0.4 mm
inside of the delineated contour, corresponding to the MRI reconstruc-
tion voxel size and the size of the dose grid used in the treatment
planning system at our centre. The best model was then selected from all
acceptable models and was defined as the model with the lowest
volume.

2.4.3. Sensitivity to varying thresholds and shape factors

The sensitivity of the results for different acceptance thresholds was
investigated: in addition to the previously mentioned threshold of 98%
coverage or a maximum underestimation of 0.4 mm, three other
thresholds were evaluated: (1) a more lenient threshold with a coverage
of 95% or a maximum underestimation of 0.4 mm; (2) a threshold of the
coverage of 95% and a maximum underestimation of 0.4 mm; and (3) a
stricter threshold with a coverage of 98% or a maximum surface distance
of 0.2 mm.

Furthermore, as the optimal shape factor was selected with a preci-
sion of one decimal, a level of accuracy that may be challenging to
achieve in clinical practice, the sensitivity of the results to variations in
the shape factor was evaluated. For each overall best model (i.e. one per
patient), the analysis was repeated using three alternative shape factor
values: the shape factor rounded down, rounded up, and rounded up
plus one.

2.5. Statistics

For each variation, the number of patients with an acceptable model
was reported. Median and 5th and 95th percentiles of all volume and
surface distance metrics were calculated for all best models.

Additionally, tumour shape was assessed visually by two observers
(LK, JWB) and classified as regular (dome-shaped or flat lesions) or
irregular (mushroom-shaped, bilobular or other asymmetrical shapes)
[9]. Differences in tumour overestimation, gsth percentile surface dis-
tance and shape factor between regularly and irregularly shaped tu-
mours were evaluated with an unpaired t-test or Mann-Whitney U test,
depending on the results of the Shapiro-Wilk test for normality.

3. Results

Average tumour thickness and largest basal diameter were 6.4 +
3.0 mm (range 1.3-12.9 mm) and 15.0 + 3.7 mm (range 7.2-22.4
mm). AJCC 8th edition TNM staging [19] was as follows: T1: 13%, T2:
14%, T3: 50%, T4: 23%. 50/70 tumours had a regular shape and 20/70
had an irregular shape.

For 69/70 patients, an acceptable tumour model could be produced
with either the standard model or one of the expanded variations, out of
whom 12/69 needed one of the variations to produce at least one
acceptable model (Table 1). However, for an additional 25 patients, one
of the expanded variations produced a model with a smaller over-
estimation than the standard model, due to a lower shape factor that
resulted in an acceptable model.

For one patient, no acceptable tumour model could be produced with
the threshold of coverage of 98% or maximum underestimation of 0.4
mm. This patient had a very flat tumour with a large diameter and
acceptable models could only be produced with the more lenient
threshold of 95% coverage.

With the best models, an average coverage of 98.1% was achieved
(5th-g5t™ percentile: 94.2% — 98.7%), corresponding to a relative over-
estimation of the delineated tumour volume of 20.5% (5th-95th
percentile: 5.7% — 59.9%, Table 1, Fig. 2). For the entire group, the
median 57 percentile surface distance was —0.23 mm (Fig. 2C), with the
lowest values observed in the largest tumours. Similarly, median 95th
percentile surface distance was 1.10 mm, with larger tumours exhibiting
higher values (Fig. 2D). This effect likely occurred because the models,
despite larger surface distances, still adhered to the 98% coverage
threshold, due to their large volume. Examples of patients with
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Table 1

Volume and distance metrics for all variations of tumour models. Median and 5th-95th percentiles are shown. The overall best model was the model with the lowest
overestimation.

Standard model With added With expanded base With added thickness and expanded Overall best model
thickness base
Number of patients with acceptable 57 58 68 69 69
model
Median shape factor 2.5(1.8-4.7) 2.2 (1.7—4.6) 1.8(1.1-4.3) 1.4(1.1-3.3) 2.3(1.2-4.3)
Volume metrics
Coverage [%] 98.1 (94.4 -98.4) 98.1 (92.8 - 98.6) 98.3 (94.5 -99.1) 98.5 (98.0 — 99.2) 98.1 (94.2 - 98.7)
Overestimation [%] 17.5 (5.5 -51.5) 20.1 (7.7 -51.7) 28.8 (14.0 - 84.6) 30.9 (12.6 - 63.3) 20.5 (5.7 - 59.9)
Distance metrics [mm]
5th percentile surface distance —0.23 (-0.38 - —0.21 (—0.46 — —0.17 (—0.44 - —0.22 (-0.39 - 0.14) —0.23 (—0.46 —
0.10) 0.20) 0.31) 0.06)
Median surface distance 0.45 (0.18 - 1.14) 0.56 (0.25 -1.10) 0.44 (0.15 - 1.53) 0.42 (0.12 - 1.09) 0.41 (0.14 - 0.87)
g5t percentile surface distance 1.31 (0.53 - 3.00) 1.35 (0.61 - 2.90) 1.22 (0.58 - 3.57) 1.08 (0.54 - 3.16) 1.10 (0.53 - 2.71)
Median absolute surface distance 0.45 (0.19-1.14) 0.56 (0.26 — 1.10) 0.47 (0.19 -1.53) 0.42 (0.15 - 1.09) 0.42 (0.18 - 0.88)
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Fig. 2. Relationship between model performance and tumour thickness: (A) underestimation, (B) volume overestimation, (C) 5th percentile of signed surface dis-
tance, (D) 95" percentile of signed surface distance. Negative signed surface distance corresponds to a that model contour is inside the delineated tumour contour.
Regularly shaped tumours are shown in light blue, irregularly shaped tumours in dark blue. Annotated points are shown in detail in Fig. 3.

relatively high underestimation or overestimation are shown in Fig. 3. irregularly shaped tumours, respectively (Fig. 4A,B). Differences in

In irregularly shaped tumours a larger amount of overestimation of shape factor between regularly and irregularly shaped tumours were not
the tumour was required for an acceptable model: medians for relative significant (2.3 for regular shape and 2.2 for irregular shape, p = 0.66).
overestimation were 16.4% and 36.6% (<0.001), with g5t percentile However, variations to make the tumour model larger were used more
surface distances of 0.99 mm and 2.08 mm for regularly shaped and often in irregularly shaped tumours (41% of regularly shaped tumours
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A:

Standard model, SF 1.7

Coverage 82.9%

Volume underestimation 17.1%

5th perc. surface distance -0.16 mm

G

Added thickness model, SF 1.8
Coverage 98.3%

5t perc. surface distance -0.52 mm
95th perc. surface distance 2.65 mm

v/
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B: \

Added thickness model, SF 2.0
Coverage 98.0%

Volume overestimation 74.6%

95t perc. surface distance 2.13 mm

D:

Standard model, SF 3.2

Coverage 96.0%

Volume overestimation 29.2%

95 perc. surface distance 3.3 mm

Fig. 3. Examples of delineated tumours (green) with their best-performing tumour model (red). (A) Small tumour with a relatively large volume underestimation of
17% (arrows). This model was accepted because the maximum underestimation was still within 0.4 mm. (B) Asymmetrical (overhanging) tumour that required a
manual expansion of the tumour base (dashed green line) to achieve an acceptable coverage, resulting in a large overestimation of 74.6%. The area at the white arrow
was not covered by the standard model. (C) Large mushroom-shaped shaped tumour with relatively large areas of over- and underestimation (white arrows) but with
a coverage of over 98%. (D) Dome-shaped tumour with flat extension (white arrow), which is overestimated by the tumour model, resulting in a relatively large large

95™ percentile surface distance of 3.3 mm.

and 85% of irregularly shaped tumours, Fig. 4C,D).

At the more lenient threshold of 95% coverage, all patients had an
acceptable tumour model, with a median overestimation of 10.6%. The
stricter thresholds resulted in a decreasing number of patients meeting
the requirements (n = 61 for the 95% coverage and maximum under-
estimation of 0.4 mm threshold) or an increasing overestimation (22.2%
for the maximum underestimation of 0.2 mm). All results for the
different thresholds are shown in Supplementary Table 1-4.

In the analysis for robustness to variation in shape factors, each step
of 1.0 in shape factor corresponded to an increase of overestimation of
approximately 15 percentage points and approximately 0.3 mm in the
5th percentile surface distance (Supplementary Table 5). Rounding
down to the nearest shape factor resulted in a decrease in coverage to a
median of 94.9%, corresponding to a 5th percentile surface distance of
—0.44 mm.

4. Discussion

This study compared geometric tumour models used in treatment
planning systems for ocular PT to delineated ocular tumours. The results
show that acceptable tumour models could be generated for almost all
patients, although especially irregularly shaped tumours often needed
expansion of the tumour base, extra thickness, or both. Furthermore, at

this coverage level, tumours were overestimated by approximately 20%.
Our observation that geometrical tumour models are larger than the
delineated tumour volume is consistent with the findings reported by
Via et al. [20] and Marnitz et al. [21]. However, the comparison per-
formed by Marnitz et al. resulted in an even larger difference, which may
be explained by our use of automated optimisation of the shape factor.

Most of the overestimation occured at the vitreous body, however, if
a base expansion was required to adequately cover the tumour, the
overestimation also occurred along the retina and choroid. Both
coverage and overestimation of the tumour depended on the shape
factor of the tumour model: with shape factors rounded down, coverage
decreased to about 95%. However, depending on the tumour shape and
location, the effect on the collimator size and therefore irradiated vol-
ume is likely smaller.

Few papers have addressed margin calculation in ocular PT. In the
studies by Wulff et al. [22] and Bjorkman et al. [23], the tumour model
itself is not considered. Our results show that an increase or decrease of 1
in shape factor resulted in about a 0.3 mm difference in the 5 percentile
surface distance, i.e. a possible underestimation or overestimation of the
tumour contour. It may be advisable to incorporate this variation in the
margin recipe. Nevertheless, the margin of 2.5 mm has been widely used
in clinical practice across multiple centres, resulting in high local control
rates [24-28]. This suggests that the tumour models used in clinical
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Fig. 4. The influence of tumour shape (regular shape: n = 50, irregular shape: n = 20) on model performance. (A) Irregular tumours show a larger relative
overestimation; (B) and a larger 95th percentile surface distance; (C). Shape factors did not differ significantly; (D) Irregular tumours needed an expansion of the

standard model more often.

practice provide sufficient coverage with the current radiation tech-
nique. It is likely that either the user already expands the tumour base
during model creation — similar to the approach in this study — or that
the single beam dose delivery used in ocular PT, inherently irradiates
regions potentially uncovered by the tumour model.

The workflow in this paper uses the same tumour base for the
ground-truth delineation and the tumour model, mitigating potential
missed flat tumour components [29] and eliminating any effects from
the base delineation typically performed in the fundus view in clinical
practice. In practice, the difference between base delineation in a 3D
imaging viewer and the fundus view, based on clip-tumour distances and
tumour diameters, might be larger than the differences between model-
based and delineation-based target volume delineation as described in
this study. This is especially relevant because differences of about 1 mm
in clip-tumour distances between different measurement modalities are
not uncommon [12]. In this context, MRI-based delineation fused with
fundus imaging [29,30] may improve the accuracy of base delineation.

Furthermore, various projection methods are possible to generate the
tumour top from the delineated tumour base. In this paper, we applied a
curved projection where the height was projected relative to each point
of the tumour base. An alternative method would project relative to
plane perpendicular to the eye at the apex location. We compared these
approaches for the standard, unexpanded, model and found that they
resulted in tumour models with similar performance (Supplementary
Fig. 1 and Supplementary Table 6).

Additionally, we limited the target volume to one geometric model.
Although for tumours with a flat component, splitting it in multiple
volumes might result in less overestimation, the added complexity
would be similar to switching to a delination-based target definition
(Supplementary Fig. 2) [6,8].

In this study, the impact of the differences between model-based and
delineation-based target volume definition on irradiated volume was not
assessed. In most centres offering ocular PT, a single passive scattering
beam with a patient-specific collimator is used, with patients gazing at a
LED at a predefined gazing angle [3]. This workflow, which deviates
from conventional external radiotherapy practices, results in an irradi-
ated volume that is inherently significantly larger than the delineated
volume. It is therefore possible that under- and overestimations
observed in this study have a limited effect on irradiated volume.
Moreover, in the case of overestimation, the effect on organs at risk
might be limited, as overestimation primarily involves the vitreous
body.

The acceptance threshold of a coverage of 98% and a maximum
underestimation of the tumour contour of 0.4 mm is somewhat arbi-
trary. The 0.4 mm corresponds with the size of the dose grid used in the
treatment planning system at our centre. To assess the robustness of
these thresholds, we also evaluated both more lenient and stricter
thresholds. Our results showed that overestimation decreased with the
more lenient thresholds, whereas a stricter threshold led to fewer pa-
tients meeting the criteria for an acceptable model.

5. Conclusion

All tumour models as used in ocular proton therapy treatment
planning systems can achieve acceptable tumour coverage. However, to
achieve this coverage, the tumour models overestimated the delineated
tumour volume.
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