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Stellingen behorend bij het proefschrift getiteld

Image-based ocular proton therapy
MRI in treatment planning and evaluation

MRI van het oog is nauwkeuriger dan conventionele oogheelkundige modaliteiten
om tumoromvang te bepalen, met name bij anterieur gelegen tumoren.
(dit proefschrift)

Polynome tumormodellen zijn in theorie in staat om een oogmelanoom volledig te
beschrijven, maar de echte uitdaging ligt in het juist positioneren van de tumorbasis
in de conventionele planningssystemen voor protonentherapie. (dit proefschrift)
Ellipsoide tumormodellen van het oogmelanoom geven geen goede weergave van
tumorvolume en zouden niet gebruikt moeten worden voor prognose, omdat ze
geen informatie toevoegen aan de veelgebruikte AJCC-classificatie. (dit proefschrift)
Farmacokinetische analyse van perfusiegewogen MRI heeft voor het beoordelen
van therapierespons geen toegevoegde waarde boven de semi-kwantitatieve
analyse die in de kliniek gebruikt wordt. (dit proefschrift)

De systematische overschatting van de tumor, ontstaan door bij meerdere
modaliteiten altijd de veiligste optie te kiezen, heeft een vergelijkbaar effect op
het bestraalde gebied als de reguliere marge.

Voor een behandeling waarbij we mensen op 0.2 mm nauwkeurig positioneren, is
het onbegrijpelijk dat we zo weinig verificatie hebben over de geometrie van het
00g en de locatie van organs at risk.

Uitkomsten van radiotherapie van oogmelanomen zouden per centrum
gerapporteerd moeten worden en niet alleen per behandelmethode.

Gezien de zeldzaamheid van het oogmelanoom is samenwerking tussen
protonencentra die oogtumoren behandelen essentieel. De MDR helpt hier, in zijn
huidige vorm, niet bij.

Het uitstellen van congresdeadlines is een belediging voor de mensen die hun
werk wel op tijd hebben ingediend.

Zorgen voor mensen zonder om te kijken naar het klimaat en dieren is zowel
inconsistent als ineffectief. Daarom zou in ziekenhuizen plantaardig eten de
standaard moeten zijn.
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NEDERLANDSE SAMENVATTING

Het oogmelanoom is een zeldzame vorm van kanker. Elk jaar krijgen ongeveer 200
tot 250 mensen in Nederland deze ziekte. Het oogmelanoom kan behandeld worden
met bestraling of door het oog te verwijderen. Voor grotere tumoren, of tumoren die
dicht bij de oogzenuw liggen, is bestraling met protonen de beste behandeling. Deze
bestraling maakt de tumor onschadelijk, maar zorgt er vaak voor dat mensen minder
goed gaan zien. Ook is er nu nog een operatie nodig om metalen clips op het oog te
plaatsen voordat de bestraling kan beginnen.

De onderzoeken in dit proefschrift maken deel uit van een groter project. Dat project
heeft als doel om in de toekomst nauwkeuriger te bestralen, en dat te doen zonder de
metalen clips. De onderzoeken gaan vooral over hoe MRI-scans van het oog kunnen
helpen bij het maken van het bestralingsplan en bij het beoordelen van het resultaat
van de behandeling.

In hoofdstuk 2 geef ik een overzicht van de rol van MRI bij verschillende delen in het
proces: bij het stellen van de diagnose, het maken van het bestralingsplan en achteraf
om te zien of de behandeling heeft gewerkt.

In hoofdstuk 3 heb ik onderzocht of de MRI-scans die we gebruiken geschikt zijn voor
het maken van een bestralingsplan. We ontdekten dat de MRI-scans van het oog niet
vervormd zijn en dus goed gebruikt kunnen worden.

Hoofdstukken 4 en 5 vergelijken MRl met de huidige methodes. In hoofdstuk 4 kijken
we naar de metingen van de dikte en diameter van de tumor. Hiervoor ontwikkelden
we eerst een automatische methode om de dikte en diameter te bepalen. We zagen
dat de verschillen tussen MRI en echo meestal klein zijn, maar dat MRI nauwkeuriger
is voor tumoren die aan de voorkant van het oog liggen. In hoofdstuk 5 vergelijken
we tumormodellen, die gebruikt worden bij het maken van het bestralingsplan,
met een 3D-intekening van de tumor. Hierbij kwamen we erachter dat de huidige
tumormodellen weliswaar zorgen dat we de hele tumor bestralen, maar dat ze ook
een overschatting geven van de daadwerkelijke tumor.

Hoofdstuk 6 gaat over een ander type tumormodel dat door andere onderzoekers
wordt gebruikt om het volume van een tumor te berekenen. Hier laten we zien dat dit
model het werkelijke tumorvolume overschat, en dat er ook grote verschillen tussen
verschillende patiénten zijn. Daarom is het niet verstandig is om dit type tumormodel
voor individuen te gebruiken.
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Hoofdstukken 7 en 8 gaan over het beoordelen van de effecten van de behandeling.
In hoofdstuk 7 tonen we aan dat een kwantitatieve analyse van perfusiegewogen MRI
(een manier om bloedtoevoer en -afvoer te bekijken) veranderingen na bestraling
aan kan tonen. Toch blijkt dat een eenvoudigere methode die nu in de kliniek wordt
gebruikt meestal voldoende is. In hoofdstuk 8 laten we zien dat de klinisch gebruikte
analyse van de perfusiegewogen MRI| een reproduceerbare methode is. Dat geldt ook
voor diffusiegewogen MRI van het oog, een methode die de beweging van moleculen
in het weefsel laat zien.

In hoofdstuk 9, de discussie, beschrijf ik de verschillen tussen de huidige werkwijze
en een nieuwe werkwijze. In deze nieuwe werkwijze zouden we beeldgestuurde
bestralingsplannen maken, zonder het gebruik van de metalen clips. Deze werkwijze
duurt in totaal korter, en heeft minder onzekerheden dan de huidige workflow.
Daardoor weten we met de nieuwe werkwijze, met MRI, waarschijnlijk beter waar de
tumor is in het oog. Maar zonder clips is het wel lastiger om zeker te weten waar het
00g naartoe kijkt. In dit hoofdstuk beschrijf ik de stappen die we nog nodig hebben
om deze werkwijze te gaan toepassen.
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ENGLISH SUMMARY

Uveal melanoma is a rare form of cancer of the eye. Each year, about 200 to 250
people in the Netherlands are diagnosed with this disease. Treatment usually consists
of radiation therapy or removal of the affected eye. For larger tumours, or those
located close to the optic nerve, proton therapy is the treatment of choice. This
technique effectively treats the tumour, but often results in loss of vision. In addition,
a surgery is currently required to place tantalum clips on the eye before the radiation
treatment can begin.

The studies presented in this thesis are part of a larger project aimed at improving
the accuracy of proton therapy for ocular tumours and enabling treatment without
the need for metal clips. Specifically, the research focuses on the role of ocular MRI
in both treatment planning and treatment evaluation.

Chapter 2 provides an overview of the potential roles of MRI in several stages, such
as diagnosis, radiotherapy planning, and post-treatment evaluation.

In Chapter 3, we investigated whether the MRI scans used in our centre are suitable for
treatment planning. We found that the ocular MRl images are geometrically accurate
and can therefore be reliably used for this purpose.

Chapters 4 and 5 compare MRI with conventional clinical methods. In Chapter 4,
we developed an automatic method to measure tumour thickness and diameter and
compared these measurements between MRI and ultrasound. Differences between
the two modalities were generally small, but MRI proved to be more accurate for
tumours located at the front of the eye.

In Chapter 5, we compared tumour models, which are commonly used in treatment
planning, with three-dimensional tumour delineations based on MRI. We found
that while current models ensure adequate tumour coverage, they also tend to
overestimate the actual tumour size.

Chapter 6 focuses on ellipsoid tumour models, which are used in the literature to
estimate tumour volume. We show that this model systematically overestimates the
true tumour volume and that there is large variability between patients. Therefore,
this type of model is not suitable for individual use.
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Chapters 7 and 8 deal with evaluating the effects of radiation therapy. In Chapter
7, we demonstrate that quantitative analysis of perfusion-weighted MRI can detect
post-radiation changes in the tumour. However, we also show that a simpler analysis
method, which is currently used in clinical practice, is generally sufficient. In Chapter
8, we confirm that this simpler perfusion analysis is reproducible, and the same
holds true for diffusion-weighted MRI, which measures the microscopic movement
of molecules within tissue.

Finally, in Chapter 9, the discussion, | describe the differences between the current
clinical workflow and a proposed new workflow. In the new approach, treatment
planning would be based directly on MRI images, without using metal clips. This
image-based workflow is faster and introduces fewer uncertainties, which likely
improves the accuracy of tumour localization within the eye. However, without clips,
determining the exact direction of gaze remains a challenge. This chapter outlines
the additional steps required before such an MRI-based workflow can be implemented
in clinical practice.

13
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Chapter 1

UVEAL MELANOMA

Uveal melanoma is an ocular malignancy that arises from melanocytes in the uveal
tract, consisting of the choroid, ciliary body and iris (Figure 1). Although it is the
most frequently occurring primary ocular malignancy in adults, it is a rare disease
with an incidence from 2 to 10 per million per year, varying per region [1-3]. In the
Netherlands, between 200 and 250 patients are affected each year [4]. The disease
affects both men and women equally and most patients are approximately 50 to 70
years old at diagnosis. Risks factors include a fair skin colour, many skin naevi, light iris
colour, congenital ocular melanocytosis and having family members with cutaneous
or uveal melanoma [5, 6].

Patients often present with complaints such as blurred or distorted vision, light
flashes, visual field loss or photopsia [2]. However, about 30% of patients do not
experience any symptoms and are referred after routine examinations [7]. The nature
and amount of symptoms depend on tumour size and location. Furthermore, symptoms
may also be caused by accompanying exudative retinal detachment, which occurs
more frequently in larger uveal melanoma [8].

Patients are diagnosed by an ophthalmologist specialized in ocular oncology, most
often based on clinical examination of the lesion with indirect fundus ophthalmoscopy,
supported by several ophthalmological and radiological imaging modalities [9, 10].
In some cases, histopathological confirmation of the diagnosis is necessary. More
details about the different imaging modalities used in the clinical care for uveal
melanoma patients are described in chapter 1.2.

Several treatment options of the primary tumour exist. Eye-sparing treatment
modalities include plaque brachytherapy and external beam radiation therapy with
protons or photons. Furthermore, enucleation (surgical removal of the eye) may still be
the treatment of choice for very large uveal melanomas. High local control is achieved
with all aforementioned treatment modalities [11, 12], although complication rates
differ. Treatment options are further described in chapter 1.3.

Despite the high local control, disease-related death is high with about half of uveal
melanoma patients succumbing to metastatic disease in 15 years [13]. The most
common sites of metastases are liver and lungs [14]. Metastatic risk is related to
tumour size [15] and several cytogenetic features such as monosomy of chromosome
3 and alterations in the BAP1 gene [2, 12].

16
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Figure 1: Anatomy of a healthy right eye (transversal plane). Uveal melanomas can arise
from the choroid (~90%), the ciliary body (~6%) or the iris (~4%) [2].

IMAGING OF UVEAL MELANOMA

Several ophthalmological and radiological imaging modalities are combined in the
clinical care for uveal melanoma patients, with usage depending on application and
availability. In Figure 2, several imaging modalities are shown for a patient with uveal
melanoma. Below, their working mechanisms and usage are described.

Fundus photography

Fundus photography is one of the most frequently used imaging methods in the
ophthalmology practice. The patient’s pupils are dilated, after which an optical image
of the retinal surface using visible light is acquired. This is a widely available and non-
invasive technique, giving information on the presence of ocular lesions, their shape,
location, approximate size, and location. However, it yields a two-dimensional view of
the retinal surface without any depth information. Its use is limited with unclear media
such as cataract, vitreous haemorrhage, and silicon oil after vitrectomies. Due to the
limited field of view of 40 to 60 degrees in traditional systems [16, 17], stitching
of several separate photographs is necessary to obtain a composite view of the
retina. Furthermore, peripherally located lesions are sometimes difficult to visualize,
although modern wide-field systems are able to image up to 200 degrees of the retina
[18]. Additionally, obtaining tumour measurements from fundus photographs is not
possible, due to the patient-specific refraction characteristics [19, 20].
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Information from fundus photography is used in differential diagnosis, in treatment
planning and follow-up after treatment [21-23].

Confocal scanning laser ophthalmoscopy

Comparable to conventional fundus photography systems, confocal scanning
laser ophthalmoscopy (CSLO) systems are used to create an image of the retinal
surface through the patient’s pupil. However, CSLO uses a laser to scan the retina.
Its applications are similar to fundus photography systems, although CSLO is able
to produce an image with increased contrast compared to modern wide-field fundus
photography systems, at a similar resolution of 6-8 ym [24].

Fluorescein angiography and indocyanine green angiography

Tumour vasculature can be visualized using fluorescein angiography (FAG)
and indocyanine green angiography (ICGA) [25]. Both are based on the intravenous
injection of a fluorescent dye, which is visualized with blue light in the case of FAG and
near-infrared light for ICGA in intervals of several seconds up to seven minutes after
injection. Due to the larger size of the indocyanine green molecules, it has an affinity
for choroidal vasculature, while FAG is used to visualize retinal vasculature [22]. Both
methods only visualize the surface of the lesion and do not offer 3D information about
the tumour. FAG and ICGA often have a role in differential diagnosis and may aid in
tumour delineation for treatment planning. Furthermore, changes in FAG and ICGA
imaging has been described after treatment of uveal melanoma [26].

Fundus autofluorescence

Fundus autofluorescence (FAF), comparable to FAG and ICGA, enables visualization
of fluorophore emission in the patient’s fundus after excitation. In contrast to these
dye-based methods, FAF exploits intrinsic autofluorescence, eliminating the need for
intravenous contrast administration [27]. FAF can contribute to differential diagnosis.
Furthermore, changes in FAF images after brachytherapy have been observed, possibly
enabling early treatment response assessment [28, 29].

Ocular ultrasonography and ultrasound biomicroscopy

In ultrasonography and ultrasound biomicroscopy (UBM), imaging is performed based
on high-frequency sound waves, which are reflected by ocular structures. Since these
sound waves have a higher penetration depth than light, ultrasound imaging is able to
obtain depth information, enabling measurements of tumour thickness and diameters.
However, ultrasound is operator-dependent, with standard deviations in tumour
thickness and diameter of 0.2 mm and 0.8 mm between different observers [30].
Additionally, ultrasound has limited soft tissue contrast and the correct measurement
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angles have to be selected during the exam, as image reconstruction in other planes
is not possible afterwards.

B-scan ultrasonography (10-20 MHz) is used most often for tumour dimensions of
posterior uveal melanoma, with an axial and lateral spatial resolutions of around 0.15
and 0.45 mm, respectively [22]. Ultrasound biomicroscopy uses higher frequencies
(35-100 MHz), enabling axial resolutions of around 0.05 mm, at the cost of penetration
depth (~3-6 mm). This allows high-resolution visualization of the anterior segment
and the relationship between tumour and surrounding structures, such as the ciliary
body [31].

Optical coherence tomography and OCT-angiography

Optical coherence tomography (OCT) is imaging based on the interference patterns
of low-coherence near-infrared light, reflected by ocular structures. Used in several
retinal and macular diseases, it can image the layers of the retina and choroid. OCT has
a high resolution of 10-20 ym, but a limited penetration depth of about 1-2 mm [32].
In uveal melanoma, it may be used for thickness measurements of very thin lesions
and for imaging of subretinal fluid. In the context of proton therapy planning, OCT
can be used to measure the distance between macula and fovea [33].

With OCT-angiography, intratumoral vasculature can be visualized by comparing
several OCT scans performed at different timepoints at the same location. It can aid
in the distinction between small uveal melanoma and naevi [34, 35] and is proposed
as an non-invasive marker for macular and peripapillary blood flow reduction after
radiation therapy [36, 37].

Ocular biometry

Ocular biometry is not necessarily an imaging modality, but a measurement technique
to determine characteristics of the eye. Although primarily used for the calculation of
intra-ocular lens power in cataract surgery, measurements such as axial length and
anterior chamber depth are used in the context of proton therapy planning as well
[38, 39]. Measurements in eyes with posteriorly located tumours must be interpreted
with caution [40], as the signal might be reflected by the tumour surface instead of
the scleral wall.
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Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a three-dimensional imaging modality with
excellent soft tissue contrast, offering both anatomical and functional information.
Although first described in the year 1983, the clinical use of MRI was initially
limited [41]. However, since the last decade, its use has been increasing due to the
development of eye-specific surface coils and dedicated scan protocols [42-45].
The current role of MRI in the clinical care for uveal melanoma patients is elaborately
described in the systematic review in chapter 2.

X-ray imaging

X-ray imaging uses a stationary X-ray source and detector to form a 2D image based
on X-ray attenuation. Due to the limited soft tissue contrast, it does not have a role in
differential diagnosis or follow-up. However, lateral and axial X-ray images are used
in position verification for ocular proton beam therapy. Here, tantalum clips, which
are sutured to the sclera, can be visualized.

Computed tomography

Computed tomography (CT) uses a rotating X-ray source and detectors to form a
3D anatomical image. Spatial resolutions of 0.5 to 1.0 mm can be achieved [46].
However, due to its limited soft tissue contrast, the role of CT in differential diagnosis
is limited. In treatment planning for stereotactic radiotherapy and in some proton
therapy centres, CT is used to determine stopping power [39, 46-48]. Furthermore,
CT of the lungs and liver has a role in the detection of metastatic disease.

Radionuclide-based imaging modalities

Radionuclide-based imaging modalities, such as single photon emission computed
tomography (SPECT) and positron emission tomography (PET) provide functional
assessment of tumours. Both use intravenously administered radionuclides to assess
tissue perfusion and metabolic activity. Although larger uveal melanomas are
described to be visible on both modalities [49, 50], their use in clinical practice is
limited due to their spatial resolution of 4 to 8 millimetres [50, 51], availability and
cost. However, especially PET-CT has been described to have a role in the detection
of metastatic disease and in differential diagnosis, if the ocular lesion is suspected
to be a metastasis of another primary tumour.
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Figure 2: Several imaging modalities for a patient with a large mushroom-shaped uveal
melanoma located temporally from the optic nerve of the left eye. (A) Fundus photograph,
(B) fundus angiography, (C) B-scan ultrasound, (D) OCT-scan, (E) T2-weighted MRI-scan, (F)
contrast-enhanced T1-weighted MRI-scan. Several structures are annotated: (1) tumour, (2)
macula, (3) optic nerve, (4) retinal detachment, (5) lens and (6) ciliary body.
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TREATMENT OPTIONS AND SELECTION

History of uveal melanoma treatment

Historically, enucleation (surgical removal of the eye) was the only treatment for uveal
melanomas. Eye-sparing techniques emerged in the 1900s, with the first mention
of radiation treatment in 1903, when a 3-year-old patient with retinoblastoma was
treated with X-ray exposure through a lead place perforated to treat both eyes [52].
In 1915, the first report of a choroidal melanoma treated with an implant with a
radium isotope was published [53]. In 1930, the insertion of a radon seed in a choroidal
sarcoma was reported [54]. In this era, radiation therapy was mostly used as a salvage
option for patients with a tumour in their only functional eye. Around the 1960s,
curved brachytherapy plaques gained popularity, first with cobalt-60 [55], and later
with ruthenium-106 [56]. In the 1980s, iodine-125 brachytherapy emerged in the
United States.

First reports of the use of proton therapy date back to 1978, when the first patients
were irradiated in Boston [57]. Interestingly, the current set-up still shows many
similarities to the set-up described in this paper. Charged particle therapy with helium
ions was performed from the 1980s [58]. In Europe, proton therapy was used for uveal
melanoma from 1984 at the Paul Scherrer Institut in Switzerland [59], from 1989
at Clatterbridge in the United Kingdom [60] and from 1991 at the Centre Antoine
Lacassagne in Nice [61].

The major shift from enucleation to eye-sparing techniques was driven by the
Collaborative Ocular Melanoma Study (COMS). In a randomized trial, enucleation
was compared to iodine-125 plaque brachytherapy, resulting in no significant
difference in survival at 5, 10, and 12 years [62, 63]. Because of these findings, eye-
sparing treatments have increasingly become standard options when feasible, with
enucleation reserved for very large tumours.

Current availability and treatment selection

Worldwide, treatment availability for uveal melanoma varies considerably.
Ruthenium-106 brachytherapy is offered in approximately 100 centres in the world
[64], while iodine-125 is mainly used in large ocular oncology centres in the United
States [65]; in Europe, the use of iodine-125 has been described in Sweden [66] and
Spain [67]. Currently, about 20 centers in the world perform ocular proton therapy
(OPT). Most of the treatments are performed with a dedicated fixed horizontal
beam line, although newer centres often centres use non-dedicated gantry-based
solutions [68]. Photon-based techniques, such as stereotactic radiotherapy, are more
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widely available, as is enucleation. Treatment selection generally depends on local
availability, tumour size, tumour location, and patient preferences. In the Netherlands,
treatment options include ruthenium-106 brachytherapy, proton beam therapy,
stereotactic radiotherapy, and enucleation. Below, several available treatment options
are discussed in more detail.

Ruthenium-106 brachytherapy is the preferred option for smaller tumours (<7 mm in
thickness and <16 mm in basal diameter) and is performed at the Leiden University
Medical Center (LUMC) for about 50% of uveal melanoma patients in the Netherlands.
This modality delivers highly localized beta radiation and provides excellent local
control, but its limited penetration depth restricts its use to smaller lesions, and it is
less suitable for tumours adjacent to the optic nerve, where placement of the plaque
is technically challenging and local recurrence rates are higher [69].

Compared with ruthenium-106, iodine-125 brachytherapy offers greater penetration
depth, which allows treatment of larger tumours. However, iodine-125 also has a
less steep dose fall-off than ruthenium and a more heterogeneous dose distribution
compared with protons. Trofimov et al. [70] conducted plan comparisons between
iodine-125 brachytherapy and proton therapy for a large number of virtual tumours:
proton therapy was more favourable across most metrics, but iodine-125 performed
better for a small number of cases, such as large nasally located tumours. In the
Netherlands, iodine-125 brachytherapy is not currently available. Any consideration
of its use should weigh factors such as costs, quality assurance requirements, and the
number of patients who might benefit relative to proton therapy.

Stereotactic (photon) radiotherapy (SRT) is more widely available than proton therapy
and is performed for ocular tumours in the Netherlands at the Erasmus Medical Center.
Many centres have described a high local control with stereotactic radiotherapy
[71-73]. However, in the Netherlands, uveal melanoma is a standard indication for
proton therapy, due to the more favourable toxicity profile compared to SRT [74].
Several treatment planning comparison studies describe dosimetric advantages of
proton therapy compared to stereotactic radiotherapy. For example, Fleury et al. [46]
described higher mean doses on the optic nerve, macula, retina, anterior segment and
lacrimal gland with SRT, although the D2% on the anterior segment was higher with
proton therapy. Similarly, Gerard et al. [75] and Weber et al. [76] describe higher doses
on the optic disk, macula, lacrimal gland and contralateral eye with SRT. In contexts
where proton therapy is also available, SRT might especially be considered in a
palliative setting or for patients who are unable to undergo clip surgery, which is
still needed for proton therapy [77].
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Enucleation remains an important option for very large tumours or when patients
prefer not to undergo radiotherapy, and it is performed in about 25% of cases.
Importantly, there is no strict cut-off for the choice between proton therapy and
enucleation; the decision is always made in close consultation between the patient,
ocular oncologist, and radiation oncologist.

Proton therapy in detail

Ocular proton therapy is generally recommended for larger tumours and tumours with
a juxtapapillary location, which together account for about 25% of patients in the
Netherlands. . Its clinical value stems from the depth-dose characteristics of protons,
most notably the Bragg peak, which enables the delivery of high radiation doses to
the tumour while minimizing exposure to surrounding ocular structures, especially
compared to photons [78].

Ocular proton therapy differs from proton therapy for other tumour sites in several
important ways. Compared to most extraocular targets, uveal melanomas are small
(typically less than 10 mm in thickness and under 20 mm in diameter) and located
at shallow depths, usually within 3 cm of the surface [33]. The small scale is further
emphasized by the close proximity of critical structures such as the optic nerve and
macula, which necessitates a sharp lateral penumbra. In addition, the mobility of
the globe presents unique challenges for treatment delivery. These factors have
historically led to the development of dedicated horizontal passive-scattering
beamlines equipped with patient-specific brass apertures to minimize the lateral
penumbra, the use of fixation lights to stabilize gaze, and the surgical placement
of tantalum clips to facilitate precise target definition and patient positioning [79].

Below, several steps in the clinical workflow at HollandPTC are described. Details may
differ per treatment centre and alternatives are described in chapter 9.

Pre-treatment imaging

Pre-treatment imaging typically consists of fundus photography, ocular
ultrasonography, ocular MRI, and biometry [40, 80]. These modalities are used
to obtain detailed measurements of both the eye and the tumour, providing the
anatomical information necessary for accurate treatment planning. An overview of
the measurements obtained for treatment planning is provided in Table 1, with further
details discussed in chapter 1.2.
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Table 1: Measurements obtained for treatment planning of ocular proton therapy.

Measurement Modality

Eye

Axial length Biometry, MRI
Transversal diameter MRI

Anterior chamber depth Biometry

Limbus diameter Biometry

Thickness of the sclera MRI

Tumour

Prominence Ultrasound, MRI

Diameter Ultrasound, MRI
Clip-tumour distances Surgical measurements, MRI
Distance to optic nerve MRI, fundus imaging, OCT
Distance to macula Fundus imaging, OCT
Shape of the tumour base” Fundus imaging, FAG"

* Tumour shape is not measured quantitatively, but these modalities can aid in the assessment of the
delineated target volume.

Clip placement surgery

Prior to treatment, tantalum clips are surgically placed on the surface of the sclera
by an ocular oncologist at the referring hospital (Figure 3A). Each clip has a diameter
of 2.5 mm and a thickness of 0.2 mm. The procedure is performed under general
anaesthesia. During the subsequent radiotherapy workflow, the clips serve a dual
purpose: they provide markers that aid in accurate tumour delineation during
treatment planning, and they function as reference points for patient positioning [80].

Treatment planning

Treatment planning for ocular proton therapy can be performed with different
treatment planning systems, most of which use a model-based approach. This
contrasts with conventional radiotherapy planning, where delineation, dose
calculation and optimization are generally performed with 3D CT-images, often co-
registered with MR imaging. Examples of model-based treatment planning systems
are EYEPLAN and OCTOPUS [81, 82], which were both in-house developed and used
for the majority of ocular proton therapy patients up to now. Varian Medical Systems
developed a similar system called Eclipse Ocular Proton Planning (EOPP), which is
used at HollandPTC. More recently, RayStation developed the RayOcular module,
which enables the integration of the eye model with 3D imaging [48].
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In model-based planning, an ellipsoidal eye model with a predefined density is
formed based on measurements of the axial length and transverse diameter of the
patient’s eye. This eye model is fitted onto the position of the tantalum clips (Figure
3B). A fundus view, which is a 2D schematic map of the inner eye, is used for the
delineation of the tumour base (Figure 3C-D). The tumour base is drawn based on the
clip-tumour distances, tumour diameters and measurements to structures such as the
optic nerve. The tumour top is then formed using a polynomial, the degree of which
can be chosen by the user to reflect the tumour shape (Figure 3E) [83].

After definition of the target volume, several gazing angles can be evaluated, and
the best gazing angle is chosen based on dose to organs at risk and feasibility.
For example, in Figure 4, gazing direction to the right results in sparing of the anterior
chamber, while the dose to the macula is lower with a left gazing direction.

In many proton centres, among which HollandPTC, ocular proton therapy is performed
using a passive scattering horizontal beam [80, 84]. Therefore, a patient-specific brass
aperture is manufactured, based on the treatment plan, which is used to shape the
proton beam. Here, a lateral and distal margin of 2.5 mm are used [85].
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Figure 3: Target volume delineation in Eclipse Ocular Proton Planning. (A) Clips are placed
surgically by an ocular oncologist. (B) The ellipsoid eye model is based on eye measurements
and fitted onto the four clips. (C,D) Two different angles from the fundus view with clips: tumour
base is delineated, using clip-tumour measurements and diameters. (E) The most appropriate
degree of the polynomial is chosen to form the tumour top.
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Figure 4: Treatment planning and resulting DRR. (A) An example of a treatment plan with

gazing direction right (polar angle 25 degrees), sparing the anterior chamber. (B) Example
of a treatment plan with gazing direction left (polar angle 25 degrees), lowering the macula
dose but with a higher dose on the anterior chamber. (C, D) X-ray images (axial and lateral)
taken during patient positioning with overlay of the aperture shape and clips (green lines).

Delivery

At HollandPTC, ocular proton therapy is delivered in four consecutive daily fractions
to a total dose of 60 GyE (Figure 5). For head immobilization, patients are fitted
with a front-shell thermoplastic mask in combination with a bite block and a band
at the back of the head to ensure stable head positioning. Prior to each fraction, the
treated eye is anesthetized with topical drops, and the eyelids are displaced using
either an eyelid retractor or adhesive strips to provide an unobstructed beam path
and to protect the eyelids. Patient positioning and gazing direction are verified with
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orthogonal X-rays, which visualize the surgically placed tantalum clips (Figure 4).
The clips are then matched to the digitally reconstructed radiograph (DRR), which is
produced by the treatment planning system. During beam delivery, a live video feed
is used to monitor of eye position. The beam delivery takes approximately 40 to 60
seconds per fraction.

Figure 5: Eye treatment room at HollandPTC.

Follow-up methods and treatment outcomes

After proton therapy, treatment response assessment is usually performed using
ultrasound and fundoscopy. Tumour regression after proton beam therapy for uveal
melanoma is typically slow, with ultrasound studies showing that measurable
shrinkage may take up to 32 months [86], and early increases in prominence can
represent transient changes rather than true progression [87]. MRI may aid in early
surveillance, as semi-quantitative perfusion-weighted MRI techniques have shown
favourable changes three months after treatment, a timepoint when for most patients
no change in size is visible yet [88].

Local tumour control after ocular proton therapy is excellent, with large series
reporting 5-year local control rates around 95-96% [79, 89-92]. Loss of visual acuity,
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however, remains one of the main side effects: most series document a substantial
decline in visual acuity during the first two years after treatment and high rates of
severe visual impairment by five years (results vary by cohort and pre-treatment
vision, with some series showing >70% of patients with severe visual impairment at
5 years [91]).

The pathologies behind post-treatment vision loss often co-exist: radiation retinopathy
and maculopathy (radiation damage to retinal microvasculature, with maculopathy
referring to disease of the retinal vessels at the macula), optic neuropathy, exudative
retinal detachment, cataract (treatable with lens replacement), and vitreous
haemorrhage may all have an impact on visual acuity. Radiation retinopathy is a
chronic, progressive, dose-dependent occlusive vasculopathy that most commonly
develops in the irradiated retina and macula but may have functional consequences
beyond the highest-dose region [93]. Larger tumours and those associated with pre-
existing exudative retinal detachment are at greater risk of post-treatment retinal
detachment and related complications [79].

Neovascular glaucoma is one of the leading reasons for secondary enucleation after
proton therapy, although rates of enucleation for toxicity have declined with improved
management (including anti-VEGF therapy) [94, 95]. Other late effects such as, light
sensitivity, dry eye and eyelash loss also contribute to reduced quality of life.

THIS THESIS

The work in this thesis was performed in the context of the clipless proton therapy
project, a HollandPTC-Varian project with researchers from the LUMC, ErasmusMC,
TU Delft and HollandPTC. This project aims to enable clipless ocular proton therapy
with several milestones: (1) the development of a setup for clipless positioning, (2)
the use of MRI in ocular treatment planning, (3) the validation of a clipless MR-based
workflow and (4) the development of a blood serum-based staging method.

This thesis describes several steps towards the second milestone. Chapter 2
discusses the different applications of MRI in the clinical care for uveal melanoma
patients. Chapter 3 evaluates the geometric accuracy of the dedicated eye-specific
MRI protocol to determine its suitability for radiotherapy planning. In chapter 4,
conventional ultrasound tumour dimension measurements are compared with MRI-
based measurements, while chapter 5 extends this comparison to model-based versus
MRI-based target volume definition. Chapter 6 contrasts commonly used ellipsoidal
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tumour models for prognostication with delineated tumour volumes. Shifting focus to
treatment response assessment, chapter 7 explores quantitative perfusion-weighted
MRI in a large cohort of patients before and after therapy, and chapter 8 investigates
the reproducibility of the clinically used semi-quantitative perfusion-weighted MRI.
Chapter 9 provides a discussion of the key findings in this thesis, their implications,
and potential future directions.
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